
KIT SCIENTIFIC REPORTS 7621

ISSN 1869-9669 

Nuclear Fusion Programme

Annual Report of the Association 
Karlsruhe Institute of Technology (KIT)/EURATOM

January 2011 - December 2011





I. Pleli (ed.)  

Nuclear Fusion Programme

Annual Report of the Association Karlsruhe Institute of Technology (KIT)/EURATOM 

January 2011 – December 2011



Karlsruhe Institute of Technology

KIT SCIENTIFIC REPORTS 7621

Cover page photograph

Breeder Unit Mock-up for European Blanket Module for ITER – Manufacturing process of
Cooling plate with cooling channels (right side) and manifold (left side)

Fabrication Mock Up for demonstration of preliminary Welding Procedure Specification (pWPS) in
accordance with ITER relevant codes and standards.
This is performed by Electron Beam welding technique, considering aspects of low distortion assembly,
Post Welding Heat Treatment (PWHT) and Non Destructive(NDE) and Destructive Examination
(DE) qualification processes.
Additionally, the following technologies are involved to ensure a high quality manufacturing result:
Spark Erosion, 3-dimensional computerized numerical control (CNC) machining featuring smooth
milling finishing, Electron beam drilling and later on 1-step Cooling Plate U-form bending.
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Preface 
 

With Europe and the world increasingly con-
scious about the need to move towards sustain-
able energy production, fusion is receiving even 
more attention as an inherently sustainable and 
safe potential source of energy, and is called to 
accelerate its development path towards energy 
production. Urgency has now become particular-
ly important in Germany, where the political con-
sensus is to abandon nuclear energy within 10 – 
12 years, and to shift completely towards sus-
tainable energy by 2050. This path is mirrored by 
the recommendations of an independent expert 
panel charged by the European Commission in 
2011 with the monitoring of the European fusion 
programme. The message by the panel, echoed 
by the Commission, is clear and has been well 
understood: The EURATOM programme should 
attain more urgency, and become even more 
ambitious.  

The KIT Fusion Programme is well prepared, and certainly willing, to move along these lines. 
We are advancing many of the technologies that will be required to make a fusion power 
plant work efficiently and reliably, taking full benefit of fusion´s potential of being “clean” and 
inherently safe. This includes reduced activation materials, superconducting magnets and 
components, microwave plasma heating systems, vacuum and tritium systems of the fusion 
fuel cycle, high-duty components required inside the plasma vessel like the breeding blanket 
and the divertor, high-temperature He cooling systems, fusion neutronics, remote handling, 
plant system dynamics, plasma wall interaction mitigation, as well as specific safety studies. 
A number of these approaches will be crucial already to make the next step to fusion energy, 
i.e. ITER, a success.  

All in all, taking into account the different sources of funding, about 250 experts from 8 KIT 
institutes (Institute for Advanced Materials / Applied Material Physics – IAM-AWP, -/ Material 
and Bio Mechanics – IAM-WBM, -/ Material Process Technology – IAM-WPT, Institute for 
Material Handling & Logistics – IFL, Institute for Pulsed Power and Microwave Technology – 
IHM, Institute for Neutron Physics & Reactor Technology – INR, Institute for Data Processing 
and Electronics – IPE, Institute for Technical Physics – ITEP) are contributing to the KIT Fu-
sion Programme, organised in cross-border task forces and teams according to the compe-
tences required.  

Concerning our participation in ITER construction, we reached a level of 16 active F4E 
grants, 6 of which were newly started in 2011. In most of these activities, we are relying on 
excellent cooperation with our partners from the other European fusion laboratories. Moreo-
ver, we could start one service contract directly with IO, referring to high voltage instrumenta-
tion feedthroughs, and two framework service contracts with F4E about the testing and char-
acterisation of cryomaterials. Within the “Broader Approach”, we continued our dedicated 
work, inter alia, on the superconducting current leads for JT60SA, and on several contribu-
tions to IFMIF EVEDA.  

Innovation and spin-offs are becoming more and more important to demonstrate that fusion 
research is bringing benefits already now, and we´ll not have to wait for tangible results until 
the second half of the century. In this sense, the KIT Fusion Programme was pleased to ac-
tively participate in the F4E workshop on “Managing Intellectual Property, Dispute Prevention 
and Technology Transfer in Fusion” that was held at the end of November at Barcelona. KIT 
presented 3 of its recently developed technologies, i.e., an advanced beam tunnel design, 
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developed for the W7-X gyrotrons, for application in any kind of medium and high power mi-
crowave tube, a “ductile” layered tungsten material, and a unique method for quench detec-
tion in high-current superconducting magnets. These examples are illustrating that fusion 
technology is a very versatile area with many applications in different fields.  

 

Klaus Hesch 
July 2012 
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Plasma Wall Interaction 
 
In the tokamak reactors ITER and DEMO, transient events such as disruptions and edge 
localized modes (ELMs) can result in melt motion, vaporization and brittle destruction (BD) of 
the tungsten (W) and beryllium (Be) plasma facing components (PFCs). In order to simulate 
tolerable transients and disruption mitigation by massive gas injection (MGI), computer codes 
are being developed at KIT. The wall damages by the plasma and runaway electrons (RE) as 
well as the impact of eroded atoms on the plasma are also modeled. 

The magneto-hydrodynamics and radiation tokamak 
code TOKES calculates, in a toroidally symmetric ap-
proach, MGI atoms and plasma contamination by di-
verse impurities in the vessel, and the plasma and radia-
tion fluxes onto the wall. The fluid dynamics code 
MEMOS simulates the melt motions on W and Be sur-
faces and heat transport in material bulk. The thermo-
mechanics code PEGASUS is used to simulate the BD 
of W. The RE energy deposition is modeled with the 
Monte-Carlo code ENDEP. Main models for melt mo-
tion, BD and MGI have been validated with experiments 
on plasma guns, electron beams and the tokamaks JET, 
TEXTOR and DIII-D. 

A significant issue of ITER design is the occurrence of 
disruptions, which can limit the lifetime of PFCs. For 
disruption mitigation, MGI is a promising tool. Model-
ing with TOKES has been focused upon the plasma 
thermal quenching (TQ) caused by argon MGI. The 
code was successfully validated against two JET exper-
iments: one with Joule heating and plasma energy con-

tent W = 0.8 MJ, and another one with neutral beam heating and W = 3.2 MJ. During TQ the 
injected gas is ionized and Ar ions of a temperature of ~100 eV expand making one toroidal 
turn during ~0.5 ms, which soon provides toroidal symmetry. Then a cooling wave terminates 
the plasma in ~3 ms. The TOKES radiation cooling model includes anomalous plasma ther-
mal transport across ergodized magnetic surfaces. 

Disruption mitigations by MGI can result in the generation of runaway electrons (RE), which 
can damage the wall. Numerical simulations for the consequences of RE impact on the PFCs 
were carried out for JET, ITER and DEMO conditions. The energy distribution of RE was 
assumed to be exponential as exp(−E/E0) or Gaussian as exp(-(E/E0)

2) functions of the RE 
energy E. The characteristic energy E0 depends on the device. The energy depositions cal-
culated by ENDEP were used in MEMOS to examine melting (starting heating from a wall 
temperature of 800 K for ITER and DEMO, and from room temperature for JET). A reasona-
ble agreement between ENDEP and MEMOS numerical simulations and JET experiments 
was achieved. Then predictive modeling on melt damage to the ITER vessel wall was per-
formed. The simulations were performed for the RE deposition energy in the range of 30-
100 MJm-2 over 0.05-0.3 s. Calculations of the RE impact on a hypothetical ITER mono-block 
blanket made of W with imbedded water cooling copper pipes resulted in the following con-
clusions. Main heat absorption in W occurs in the subsurface layer ~10 μm, 20% of impacting 
RE energy is converted into X-ray radiation, a fraction ~25% is reflected by back-scattered 
electrons, and due to strong bulk absorption only 0.5% of X-ray energy is released in the 
pipe. For a RE energy deposition of 30 MJ/m2 and exposure time 0.1 s the W armor surface 
does not melt. In the case of DEMO, the RE impacts would probably result in W surface 
melting and evaporation, which is due to a large thickness of the W layer on the EUROFER 
substrate, required for providing a large PFC lifetime. 

 
The triangular and magnetic flux meshes in 
the poloidal projection. The gas injector lo-
cates at the mid-plane. 
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The validation of MEMOS by modeling experiments 
from the tokamak TEXTOR has been continued. 
MEMOS simulations were performed for long-time 
plasma heat loads with heat fluxes up to 30 MW/m2 
and duration τ ~ 5 s. The simulations have demon-
strated a reasonable agreement with TEXTOR results. 
New calculations with MEMOS have been also carried 
out for ITER, focusing mainly on the magnitudes of 
melt splashing of Be and W under pulsed heat loads. 
Particular concern in the upper baffle region is about 
the misaligned leading edges between neighboring 
divertor cassettes. The melt damage is estimated for 
assumed misalignments of 3 mm, heat loads Q = 50 – 
200 MJ/m2 and τ ~ 0.5–3 ms. The main damage oc-
curs there due to strong melt motion and a radiative 
vapor layer. A melt pool up to 0.4 mm and a wear layer 
about 0.1 mm are obtained after one pulse. These re-
sults initiated elaborations of ITER baffle design. 

Interpretation of dedicated experimental observations 
at the plasma gun QSPA-Kh-50 (Kharkov, Ukraine) 
has been performed aiming at further improvements of 
PEGASUS BD models for the W dust generation 
caused by ELM-like loads above the melting threshold. 
Analysis shows that the surface cracking after the 
resolidification can produce W dust with characteristic 
sizes of particles from 1 to 10 μm. The particles can 
leave the surface with the velocities up to 10 m/s. Then they cross the scrape-off layer (SOL) 
and evaporate in the confined plasma. For ITER, the resulting influx into the core is estimat-
ed about ~5×1018 W ions after one ELM of 0.75 MJ/m2 power density and 0.25 ms duration. 
The corresponding radiation cooling produced by the W ions is roughly estimated to be about 
150-300 MW, which can be intolerable. 

Numerical investigations for DEMO using ENDEP and MEMOS were undertaken. The FW 
blanket module made from W-clad EUROFER steel mono-block with imbedded water or he-
lium cooling tube was implemented in MEMOS. The blanket was numerically tested under 
the steady-state and transient heat loads of plasma and RE fluxes scaled from ITER. For 
VDE impact with Q ≥ 50 MJ/m2 and τ ≤ 0.1 s the W thickness h required to prevent 
EUROFER from creeping is h ≥ 1.4 cm, however, then melting can occur. For h = 0.3 cm the 
sustainable steady-state loads are up to ~14 MW/m2. The RE heat generation in W occurs in 
the subsurface layer of ~1 cm, thus the cooling pipes are not affected. 

One of the most critical issues of DEMO is an excessive power loading to the plasma facing 
component, particularly to the divertor plates. Divertor concepts based on movable targets 
and some passive cooling, e.g., by radiation losses, could be an option to tackle the problem. 
Therefore, a preliminary assessment for replacing the conventional actively cooled divertor 
plates by a set of passively cooled moving targets was carried out. It is concluded that there 
are many potential difficulties with a moving divertor plate concept, which need to be ad-
dressed in a detailed engineering design and eventual testing. It is not yet clear whether a 
moving plate system would be more or less feasible than other similar ideas for a divertor, 
e.g., moving belts, pebble divertor or liquid walls. 

MEMOS profiles versus TEXTOR data. Com-
parison of the final erosion profile of W target; 
Q=20 MW/m2, τ=6 s. 
 

Sketch of a misaligned edge between 
monoblocks on the sides of two divertor 
cassettes. 
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Physics: Heating and Current Drive - ECRH 
 
Electron Cyclotron Heating & Current Drive (ECRH & CD) will play a major role in forthcom-
ing long pulse or continuous fusion devices like ITER, W7-X and DEMO. Due to its excellent 
coupling to the plasma and well localized power deposition in the plasma, microwaves in the 
range of 100 – 200 GHz are already applied in existing fusion machines to heat and stabilize 
the plasma and to drive a toroidal current, which would be of particular importance for a con-
tinuous tokamak. Since many years, KIT has been developing high power gyrotrons as mi-
crowave sources, diamond window units, and launchers to inject the power into the fusion 
plasma.  

Together with several European institutions and with a commercial partner, KIT developed 
the gyrotrons for the W7-X heating system. Continuous progress is being reported on the 
tests of the series gyrotrons and the assembling of the complete ECRH system at IPP 
Greifswald.  

The development of a 2 MW, CW, 170 GHz coaxial cavity gyrotron for ITER has been pur-
sued within the EU Gyrotron Consortium, acting as a single scientific partner for F4E. The 
goal of this development is the supply of sources for 170 GHz ECH & CD to ITER, providing 
8 MW CW power.  

In another European consortium, the ITER ECRH Upper Launcher is being developed to-
gether with ultra-low loss diamond torus windows. The main purpose of these launchers is 
plasma stabilization, an additional equatorial launcher will provide central plasma heating. 

For DEMO as the next step on the fusion step ladder towards power generation, new con-
cepts of ECRH heating like frequency tuneable systems are under development, including 
ECRH RF sources, launcher components and broadband windows. 

Microwave Heating for Wendelstein 7-X 
 
The ECRH system for W7-X (10 MW, 140 GHz, CW) will be 
provided under the responsibility of KIT together with nation-
al and European partners. Many components of the trans-
mission system, HV-systems and in-vessel-systems have 
been installed at IPP Greifswald, and have been already 
used for testing new concepts and components for ECRH. 
Progress has been made w.r.t. performance improvements 
of the series gyrotrons. In 2011, two series gyrotrons (SN4R, 
SN6) have been tested and successfully accepted, both 
showing the specified output power of 1 MW at CW opera-
tion. Several improvements have been included in the series 
gyrotrons, such as a corrugated beam tunnel, reduced RF 
loading of inner components, modified cooling of the output 
window and an enhanced beam sweeping system at the 
collector, resulting in a stable series production. Further work 
has been spent to include diagnostics and power measure-
ment. All four ECRH plug-in launchers have successfully 
passed the tests and are ready to be installed in W7-X.  

Development of the European 170 GHz Gyrotron for 
ITER 
 
The modified and refurbished first industrial prototype of the 
coaxial cavity gyrotron was delivered end of September 2011 to CRPP. Several experiments 
were performed until December 2011, yielding 2 MW output power and 45% efficiency in 
short pulse operation. Although the results were promising, the tests with the industrial proto-

 
W7-X gyrotron collector and transversal 
field sweeping system. 
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type were terminated due to a fatal error in the cooling system. Based on that, F4E is con-
sidering to switch to an 1 MW backup solution.  

At KIT, the short-pulse pre-prototype tube was operated with a new launcher, reducing the 
stray radiation from 7% to 5.5%. Activities have been started in order to design, manufacture 
and test a cooled normal-conducting (NC) coil for CW operation of the KIT Oxford instru-
ments magnet, as required for 2 MW operation. 

Other Developments on Gyrotrons 
 
Besides the major scientific topics described above, several accompanying activities were 
ongoing. A new spectral measurement system was developed, allowing the calculation of 
instantaneous spectra and the identification of undesired mixing signals. A measurement 
example is shown in the figure below. This high dynamic and wide band measurement tech-
nique is essential for investigations on parasitic oscillations. 

Since multi-frequency gyrotrons together with 
step-tuneability of the tubes is becoming more 
important for future devices, KIT is developing 
broadband technologies (e.g. Brewster angle 
diamond window) for these systems. 

KIT is also involved in the development and 
definition of ECRH systems for next generation 
fusion devices (DEMO). It will require gyrotrons 
with improved performance, e.g. higher effi-
ciency and reliabilty. Taking those requirements 
into account, in a first step the new design of an 
emitter concept for an electron gun of a gyrotron 
has been continued, aiming at innovative inves-
tigations on gun performance as well as at the 
qualification of improved emitter materials.  

 
 

Design of the ITER ECRH Upper Launcher 
 
After the successful Pre-
liminary Design Review at 
ITER IO in end of 2009, it 
took two years until a 
follow up contract be-
tween Fusion for Energy 
and the developing Asso-
ciations could be signed 
and started. The ECHUL-
CA consortium (KIT, 
IPP/D, CNR/I, CRPP/CH, 
FOM/NL with KIT as the 
leading party) could re-
activate the design of the 
ITER ECRH upper 
launcher with its main purpose of focused current drive for plasma stabilization. The goal of 
the ongoing design iteration is to improve the overall design and to finalize the components 
outside the vacuum vessel, waveguides, shutter valves and the millimeter wave diamond 
windows.  

 
Measurement example of spectrum versus time at a W7-
X gyrotron. It can be seen in the waterfall plot that, after a 
startup process, a modulation appears and vanishes 
again.  
 

 
Preliminary design of the ITER ECRH Upper Launcher. 
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In a separate contract, the diamond window design could be improved, in cooperation with 
the colleagues at JAEA in Nara, Japan, where an installed diamond window prototype unit 
could luckily withstand the Tohoku earthquake in March 2011. The high power, long pulse 
tests at JAEA helped to mitigate non ideal millimeter wave mode content reducing the cou-
pling of spurious higher order mode into small gaps of the assembly. 

In parallel, the basis for the potential next ECRH generation window is being developed: a 
frequency tuneable system could make obsolete the state of the art fixed frequency angular 
steering system for electron cyclotron resonance matching. The critical key component for 
this step is a working diamond broadband window design. Three approaches are in devel-
opment: tuneable double disk units (ASDEX UG), surface modified disks (anti-reflex surface 
texturing by laser) and a sophisticated window unit with the diamond disk asymmetrically 
brazed in the Brewster angle suppressing nearly all critical reflections. First prototypes have 
been designed and manufactured, tests have been started. 

Accompanying the design activities for the ITER ECRH Upper Launchers, possible manufac-
turing routes have been checked with large scale prototypes tested in the Launcher Handling 
and Testing Facility Karlsruhe. A facility extension has been initiated allowing vacuum bake 
out experiments monitoring outgassing rates of prototype surfaces obtained from different 
manufacturing routes as welding, brazing or powder based hot isostatic pressing (HIP). 

 

Magnets and Affiliated Components 
 
The long-standing experience of KIT in the development of fusion magnets including associ-
ated components was exploited in 2011 to support design and construction of major fusion 
plants. Outstanding are the procurement of high temperature superconducting current leads 
for Wendelstein 7-X, the corresponding development for JT-60 SA, the materials testing of 
magnets structural parts for ITER at cryogenic temperatures, and the development of high 
temperature superconducting coils for future fusion power stations. 

To characterize ITER components under axial as well as 
torsion load, a dedicated cryogenic test facility was commis-
sioned. The performance characteristics of the TORSION 
facility allow for axial loads of +/- 100 kN and momentum of 
+/- 1000 Nm at temperatures down to 4.2 K. Within the de-
velopment of high voltage axial breaks for ITER working at 
cryogenic temperature, this facility helped to perform me-
chanical quasi-static and fatigue tests at room temperature 
and 77 K. It was shown that the breaks met all specified me-
chanical requirements. 

 

 

 

The procurement of high temperature super-
conducting (HTS) current leads for Wendel-
stein 7-X has started. After successful testing 
of two prototypes in 2010, series production is 
under way. Till the end of 2011, 4 of altogether 
14 current leads were fabricated and tested in a 
special cryostat connected to the TOSKA facil-
ity. 

 
 

TORSION facility. 
 

 
Series production of HTS current leads for W7-X at KIT. 
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For the TF and CS magnets of JT-60SA, 
6 leads for a maximum current of 26 kA 
and 20 leads with a maximum current of 
20 kA are required. To come to a fast 
and economic testing sequence, the Cur-
rent Lead Test Facility Karlsruhe 
(CuLTKa) is under construction. The pre-
sent planning expects the assembly of 
CuLTKa being finished until end of 2012. 

For fusion reactors beyond ITER, the use 
of high temperature superconducting 

(HTS) magnets would result in many economic advantages, e.g. tremendous saving of cool-
ing power and abandonment of the thermal shield. A comparative study has been conducted 
based on REBCO (RE=Rare Earth-Ba-Cu-O) coated conductors that have high potential for 
use in fusion magnets due to their applicability at high fields and temperatures > 50 K. Four 
different cable designs propagated worldwide were compared including also the KIT concept 
using Roebel-Rutherford cables. Criteria comprised mechanical stability, AC losses, scalabil-
ity in current performance and prospects for industrial manufacturing. The KIT solution, 
where Roebel cables are used as strands for Rutherford cables, turned out to be most ad-
vantageous. 

 

Breeding Blanket 
 
The development of breeding blankets, their integration in the core of a fusion reactor and 
their testing are central elements of KIT´s long term programme towards a fusion power re-
actor.  

In particular KIT is developing Helium cooled concepts for these systems, namely the Helium 
Cooled Pebble Bed (HCPB) blanket. Several activities are also in support of the Helium 
Cooled Lithium Lead (HCLL) blanket concept developed by CEA. In addition, tasks have 
been performed for the improvement (in fabrication, characterization and modeling) of func-
tional materials like Li-orthosilicate, Beryllium and Beryllium alloys. 

R&D for helium-cooled blanket concepts has been done in 2011. Three Helium Cooled 
blanket concepts have been analyzed in this EFDA task: Helium Cooled Pebble Bed 
(HCPB); Helium Cooled Lithium Lead (HCLL) and Dual Coolant Lithium Lead (DCLL). The 
advantage of Helium Cooling is in the fact that Helium presents the better compatibility with 
all the materials used in the fusion reactor. The first two concepts (that are supported in the 
EU breeding blanket programme as candidates for the DEMO blanket and selected for the 
Test Blanket Programme in ITER) have been considered in more details. Open issues will be 
addressed in the future. 

One important aspect for the application of the Helium Cooled Lithium Lead (HCLL) blanket 
concept is the understanding of the fundamental properties of magneto hydrodynamic (MHD) 
flows like pressure drop in generic geometric elements of liquid-metal circuits. For this, a 
closed liquid-metal circuit has been designed and manufactured. As working fluid, the liquid 
metal alloy GaInSn has been chosen, since this fluid is liquid at room temperature, non-toxic 
and nonflammable, which allows easy handling. 

The EUROBREED training network is integrating almost the all the important aspects of the 
breeder blanket programme, including development of breeder materials, characterization 
and modelling of properties, testing of these materials in out-of-pile experiments, their inte-
gration in ITER, and also some aspects for the integration in the future DEMO reactor. In 
2011, the activities related to the EUROBREED network were carried on in their full extent 

 
CuLTKa – Current Lead Test Facility Karlsruhe. 
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for the third year; the conclusion of the network is foreseen for September 2012. Progress 
meetings were held in Madrid (May) and Karlsruhe (October) with presentation of the work 
by all the trainees, presentation and visit of the host laboratories and Meeting of the Coordi-
nation Board. 

Heat removal from the first wall of the 
Helium-Cooled-Pebble Bed Test Blanket 
Module (HCPB TBM) was studied within 
an EFDA task. The purpose of the inves-
tigation was to experimentally prove the 
numerically found decrease of heat trans-
fer coefficient due to the asymmetry of 
heat loads at the first wall of the HCPB 
TBM. This task was successfully accom-
plished. The investigation of heat transfer 
in the first wall has confirmed the 3D CFD 
models by experimental data. Based on 
detailed analysis of experimental and 3D 
CFD data in the framework of this task, 
an improved design of cooling channels 
in the first wall was proposed. An experi-
mental facility named GRICAMAN has 
been designed for the investigation of the 
flow distribution in the coolant system of 
HCPB TBM, and construction has started. 
First results will be obtained in 2012. 

The laboratories working on the European TBM programme have organized themselves in 
the European Test Blanket Module Consortium of Associates (TBM-CA, with the partici-
pation of KIT, CEA, ENEA, CIEMAT, RMKI and NRI), with KIT providing the project leader 
and hosting the central support team. A major activity for the design of the EU Test Blanket 
Systems in ITER was performed in the framework of an F4E Grant, where KIT has the re-
sponsibility to define the strategy to ensure a reliable and accurate tritium measurement at 
the outlet of the TBM in view of benchmarking the neutronics calculation. As a necessary 
step for this, a first conceptual design of the tritium accountancy system for the ITER TBM 
has been completed. 

Procurement and Quality Control of Lithium Orthosilicate Pebbles. In collaboration with 
Schott AG, Mainz, KIT is developing and investigating slightly hyperstoichiometric lithium 
orthosilicate pebbles to be used in the HCPB blanket. In 2011, 4.7 kg of Li4SiO4 (OSi) peb-
bles were delivered and characterized in three batches (OSi 10/2). The batches showed 
clear differences between the material specifications, the SiO2 excess and crush loads. Fur-
ther investigations to clarify the reasons for this are in progress. As part of the Broader Ap-
proach DEMO activities, the KALOS facility (KArlsruhe Lithium OrthoSilicate) was assem-
bled to investigate a modified fabrication process for the lithium orthosilicate pebbles. The 
new experimental setup was used to study blended breeder ceramics consisting of lithium 
orthosilicate, lithium metatitanate and also lithium metasilicate. It has been proven that the 
process can be operated successfully with the new setup and compositions. Additionally, 
these modifications also lead to higher process control resulting in a narrow size distribution. 

Synthesis of Tritium Breeder Ceramics from Metallic Lithium. In the presently known 
powder or melt based fabrication processes for ceramic breeder pebbles, either lithium hy-
droxide hydrate or lithium carbonate is used as a starting material. For the fabrication of 6Li 
enriched pebbles, which are needed for the last two phases of ITER, the variety of 6Li en-
riched compounds is limited as most of the established enrichment techniques for lithium 
provide only metallic 6Li. Metallic lithium though, cannot be directly used as a raw material in 
these processes. Therefore KIT investigated different chemical reaction routes to transform  

 
Final assembling of equivalent grid/cap channels. 

 



-- x -- 
 

 
 

Experimental setup – test facility (drawing), single nozzle beam and the new oven. 
 

metallic lithium into nonmetallic compounds that are suita-
ble as starting materials in the subsequent fabrication pro-
cesses for breeder pebbles. 

For the future use of breeder blanket material in the form 
of pebbles it is important to model the Thermo-
mechanics of Pebble Beds. In reality, the pebbles pro-
duced by the manufacturer are polydisperse with a certain 
size distribution. The results of the stress-strain response 
show that the polydisperse pebble assemblies show a bet-
ter behaviour as compared to mono sized assemblies. This 
suggests that the overall crush resistance for the 
polydisperse assembly is better; but the residual strain 
after unloading is higher, resulting in a large gap formation. 
Hence, the pebble size distribution should be chosen so as 
to make a compromise between the crush resistance and 
the gap formation. 

Beryllium is considered as candidate material for the first wall of future fusion reactor and as 
neutron multiplier material for the fusion blanket, where its resistance against radiation is 
very important. Mobility of point defects produced under irradiation and their mutual interac-
tions influence the formation of radiation induced microstructures and define the macroscopic 
response of irradiated material (e.g., swelling or irradiation growth) which in beryllium is sig-
nificantly affected by gas production. A Combination of ab initio and MD methods proved to 
be a useful approach for the study of point defect clusters. In particular, several types of self 
interstitial atom (SIA) clusters were observed in MD and ab initio: (i) triangular configurations 
in basal plane (stacking fault), (ii) planar C-C clusters, which may present possible seeds for 
interstitial loop formation and (iii) non planar clusters. Further investigations are required to 
clarify their relations to a- and c-type interstitial loops experimentally observed in beryllium 
under irradiation. Macroscopic effects as, e.g., swelling of beryllium are greatly influenced by 
the amount of accumulated transmutation helium. Atomic scale simulations of beryllium be-
havior under irradiation are necessary for understanding of basic mechanisms and reliable 
prediction of microstructural changes. A very important conclusion of this work is that helium 
is essential for the stabilization of vacancy clusters, which are otherwise unstable. The direct 
consequence of this fact for the practice is that voids cannot grow in beryllium under electron 
irradiation, while helium bubbles can be formed under neutron irradiation due to helium pro-
duced by nuclear transmutations. Thus, it can be to concluded that the presence of transmu-
tation helium is the necessary condition for the evolving of porous microstructures in berylli-
um. 

 
Reaction of liquid lithium and silica in a 
nickel crucible. 
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Divertor 
 
The development of divertors, their integration in the core of a fusion reactor and their testing 
are central elements of KIT´s long term programme towards a fusion power reactor. In par-
ticular, KIT is developing Helium cooled concepts for these systems, using W/W-alloy sys-
tems.  

In 2011 a review of water-cooled Divertor Concepts in the EFDA 3PT frame was done, which 
serves as a starting point for appropriate design improvement. Also in the EFDA frame, a 
review of the status and perspective of development of the He-cooled divertor was done and 
the progress reported.  

Progress at KIT included investigating and 
developing W deep drawing for Tungsten 
divertor thimbles and High Heat Flux Tests 
on 1-Finger (more than 1000 cycles with 12 
MW/m2 were achieved) and 9-Finger mod-
ules. 

 

 

 

Structural Materials - Steels 
 
Reduced Activation Ferritic/Martensitic (RAFM) steels are reference structural materials for 
in-vessel components of a Fusion Power Plant because of their better irradiation resistance 
and improved radiological properties, as compared to commercial martensitic steels. EURO-
FER is the European development foreseen as material for structural parts of ITER-TBM and 
DEMO blanket and divertor. One of the most crucial items for the application of EUROFER is 
its performance under intense neutron irradiation. This question – which can be ultimately 
only answered by IFMIF – was tackled in 2011 activities of KIT. 

A comprehensive assessment of the ef-
fects of neutron irradiation on blanket and 
divertor materials was done putting the 
emphasis on the review of the tensile, 
Charpy impact, fracture toughness and 
low cycle fatigue properties of EUROFER 
97 steel irradiated up to a displacement 
damage dose of 80 dpa. The assessment 
also comprised irradiation experiments 
where He was artificially brought into the 
material matrix by doping the material 
with boron that builds up He under neu-
tron bombardment as transmutation 
product. This technique tries to compen-
sate for one of the shortcomings of fission 
reactor irradiations where, compared to 
irradiation under real fusion neutrons, the 
formation of He is inadequately small. An 
estimation of the helium induced extra 
embrittlement, expressed as the increase of the DBTT (Ductile-to-Brittle-Transition-
Temperature), was done (cf. figure). These findings provide an important contribution to the 
estimation of service lifetime of in-vessel components in future fusion machines. 

 
Successful deep draw attempts from 1 mm thick tungsten 
sheet for mass production of divertor thimble (Ø15 x 1). 
 

 

Helium induced extra embrittlement vs. extra helium amount for 
irradiated boron doped steels. 
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The HCLL concept for DEMO blankets and 
ITER TBM uses liquid metal Pb-15.7Li as 
breeding material. The aim of the PICOLO 
loop is to study the corrosion attack of flowing 
Pb-15.7Li on structural materials. For a closed 
testing loop it is difficult to describe the fate of 
the dissolved corrosion products in terms of 
transport, deposition, forming of precipitates 
etc. Refurbishment of several parts of the PI-
COLO loop gave the unique opportunity to 
carry out post mortem analyses of the mag-
netic traps and other drained components. 
The testing showed that oversaturation of Fe 
in Pb-15.7Li leads to precipitates at cooler 

sections of the system, and the installed magnetic trap for purification did not collect all exist-
ing particles leading eventually to the plugging of the EM pumping channel. These findings 
indicate the risks caused by corrosion products concerning safe and reliable operation of Pb-
15.7Li systems. 

The instrumented indentation technique, which is an enhancement of the conventional hard-
ness measurement, allows the determination of multiple mechanical properties. In combina-
tion with the analysis by Artificial Neural Networks, the method reveals viscoplastic material 
properties like tensile and cyclic behaviour. Requiring only small testing volumes and offering 
the possibility to re-use already tested specimens, the indentation technique is specifically 
suited for the remote-handled use of irradiated specimens in a hot cell environment. Two 
indentation systems have been devised, developed, and recently installed at the KIT Fusion 
Materials Laboratory: The first one with operation parameters of up to 200 N and up to 
600 °C and the second one, a high temperature indenter, with 2 N load and up to 1000 °C 
service temperature. 

 

Hot Cell Indentation devices: 3 N / 1000 °C (left) and 200 N / 650 °C (right). 

 

Structural Materials – Refractory Alloys 
 
The development of a divertor for DEMO or a power plant is very challenging since heat 
loads of up to 10-15 MW/m² have to be removed in standard operation. KIT is pursuing a 
concept based on helium cooling and a modular arrangement of cooling fingers, which use 
refractory materials as a protective tile at the plasma facing side, and refractory materials as 

 

Plugging of the electro-magnetic pump by precipitates. 
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structural material forming the cap of the cooling fingers. Tungsten and tungsten alloys are 
presently considered for both applications mainly because of their high temperature strength, 
good thermal conductivity, and low sputter rates. For armour materials, high crack resistance 
under extreme thermal operation condition is required, while for structural materials, suffi-
cient ductility within the operation temperature range is mandatory. Both material types also 
have to be stable with respect to high neutron irradiation and transmutation rates. 

The reference concept for the helium 
cooled divertor implies the manufacturing of 
cooling fingers consisting of steel tubes 
connected to tungsten thimbles. To shape 
this cap, a tungsten plate with a thickness 
of 1 mm and a diameter of 26 mm was 
deep drawn in a universal testing device 
under a high vacuum and at high tempera-
ture into a thimble with a height of 10 mm 
and an outer diameter of 15 mm. The deep 
drawing technique combines two impor-
tant benefits: (i) it fits the needs of a mass 
production technique which is necessary 

taking into account the large number of several hundred thousand cooling units required, and 
(ii) due to the weak grain boundaries of tungsten the grains should follow the contour of the 
thimble which is also realized by deep drawing a plate, in other words, ‘grain boundary 
alignment’. 

The use of tungsten as structural material 
in the reference concept is limited to the 
high temperature parts which must be con-
nected to the lower temperature parts built 
from the reduced activation fer-
ritic/martensitic steel ODS-EUROFER. Re-
alizing such kind of joining by diffusion 
bonding is restricted by many problems 
related to the large differences in melting 
temperatures and coefficients of thermal 
expansion and the forming of brittle inter-
metallic layers. A low activation vanadium 
sheet was introduced as an interlayer to 
mitigate thermally induced residual 
stresses at the interface caused by differ-
ent values of the thermal expansion. Com-
prehensive test series were carried out to 
find optimal diffusion bonding parameters, which on one hand can guarantee a sound bond-
ing with high strength, ductility and toughness to survive the thermo-mechanical divertor 
loading, and on the other hand can mitigate the problem of induced residual stresses and the 
formation of carbon rich phases causing embrittlement. Optimal hipping parameters were 
found to be 700 °C for process durations of 1 h. 

Main drawback for the use of tungsten as structural material is its inherent brittleness at the 
favoured divertor operation temperature window. Based on the experience that bcc metals 
such as tungsten can become more ductile by prior cold working, several layers of thin tung-
sten foils with a thickness of 0.1 mm were assembled by brazing them together. In this way a 
tungsten laminate emerged. Charpy impact toughness tests demonstrated, that a tungsten 
laminate can dissipate energy at lower temperatures compared to tungsten plate material 
and that the idea of expanding the ductile properties of a tungsten foil to a bulk material by 
assembling and joining several layers of tungsten foil was successfully realized. A tungsten 
laminate pipe made by rolling-up a tungsten foil, followed by a subsequent brazing process 

Deep drawing of tungsten thimbles performed in high vacuum at 
600°C.  

Improvement in strength and ductility of the joint by reducing the 
bonding temperature down to 700 °C and for process duration 
of 1 h, σ – ε curves for specimens tensile tested at RT and  
550 °C. 
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was manufactured. This component can dissipate high amounts of energy in a Charpy test 
and shows complete ductile fracture already at 200 °C. The development of a tungsten mate-
rial that is ductile at lower temperatures can open a path to the design of gas cooled divertors 
consisting of larger parts with simpler geometry. 

 

Charpy impact toughness tests at 300 °C with tungsten pipes made from rod material (left) and tungsten foil (right). 
 

 

Nuclear Data 
 
Theoretical and experimental activities have been conducted in the frame of F4E grants and 
contracts with ITER, EDFA-PPPT and EFDA-JET to provide nuclear data developments, 
including measuring techniques, and nuclear analyses for ITER and DEMO. The KIT contri-
bution to the theoretical activities for nuclear data is on the evaluation of general purpose 
nuclear cross section data, the qualification of new and updated data evaluations and the 
development of advanced computational schemes for sensitivity calculations. 

The experimental activities aim at providing the experimental data base required for the vali-
dation analyses and the development of experimental techniques needed for the nuclear 
TBM (Test Blanket Module) test programme in ITER. The focus of the KIT contribution is on 
measurements of nuclear responses in TBM mock-up experiments and on advanced meas-
urement techniques both for ITER-TBM and for future experiments at JET. 

Besides the regular support to KIT fusion projects, the fusion neutronics group at KIT has 
dedicated contributions to ITER and DEMO design by specific nuclear analyses comprising 
neutron/gamma transport simulations as well as shut-down dose rate calculations using the 
Rigorous-2-Step method (R2S). 

The analyses of neutronics experiments on a 
mockup-up of the Helium-cooled Lithium-Lead 
(HCLL) TBM revealed a deviation from the 
nominal Lithium concentration in PbLi. To 
resolve this issue, several different measure-
ments have been conducted to assess the real 
Li6 concentration at various locations within the 
assembly. This includes time-of-arrival slow 
neutron spectra, transmission measurements 
with a moderated AmBe source (for relative 
differences), atomic absorption spectroscopy 
and ICP mass spectrometry. The results indi-
cated a depletion in Li6 (about 3.5 at%) at a Li 
content of 0.62 wt% in LiPb  

Based on these and other confirmative meas-
urements the post-analyses of the experi-

 
The HCLL-TBM neutronics mock-up. 
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ments have been revised, and KIT contributed by sensitivity and uncertainty calculations for 
the tritium production rates using the MCSEN code. 

For the development of a passive spectral neutron flux density measurement method in the 
ITER-TBM based on material activation and a pneumatic transport system for short irra-
diation and measurement cycles an activity on the selection of appropriate activation reac-
tions and materials has been performed. Candidates have been selected and their re-
sponses to a HPGe gamma-ray detector have been simulated by combined EASY-2007 and 
MCNP calculations. 

A task has been devoted to preliminary investigations of the suitability of a combination of 
lithium glass scintillators, optical fibers and photodiodes as candidates for TBM diag-
nostics. To this end, a pulse-height spectrum has been measured from a Cf-252 spontane-
ous fission source which showed a slightly lower energy resolution compared to using a 
photo multiplier tube instead of the photodiode. 

For future experiments on 
JET for validation of shut-
down dose rate predictions, 
an assessment of the suitabil-
ity of neutron and gamma 
detectors has been con-
ducted. KIT in collaboration 
with Technical University 
Dresden investigated a 
Cadmium-Zinc-Telluride 
detector with a special elec-
trode arrangement. The 
small-size detector can be 
operated at room tempera-
ture and is suitable for meas-
urement positions close to 
JET structures. 

The R2S approach, devel-
oped originally at KIT, has 
been extended to mesh-based calculations (R2Smesh) recently. This scheme has been vali-
dated extensively and is utilized in a number of applications. For the previous dose rate 
measurement campaign at JET in 2009/2010, KIT provided R2Smesh calculations for the 
comparison to the experimental values and to complimentary Direct-1-Step calculations. To 
define a radiation map for DEMO both during and after plasma operation, KIT contributed 
with a first assessment focusing on remote handling issues to be extended in 2012.  

The R2S scheme is part of the neutronics computational services provided to ITER Diag-
nostics Team in order to improve the shielding performance of the Diagnostic Generic Equa-
torial Port Plug (EPP) in ITER. Based on local models of the EPP, parametric analyses have 
been performed to find suitable design options, particularly to avoid neutron streaming 
through various gaps. A promising solution has been integrated in the general ITER neutron-
ics model Blite for global assessments and further improvements.  

Calculated pulse height spectrum in a HPGe gamma-ray detector from Nb fol-
lowing a 30 s irradiation (10 s cooling time).  
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Shutdown dose rate (μSv/h) map for the local EPP model with optimal single labyrinth and vacuum boundary conditions. 

 

International Fusion Materials Irradiation Facility (IFMIF) 
 
Broader-Approach Activity: IFMIF Test Cell and High Flux Test Module 
In the Engineering Validation and Engineering Design Activities (EVEDA) for the International 
Fusion Material Irradiation Facility IFMIF, which is an element of the Broader Approach ac-
tivities launched jointly by several European countries and Japan, the German contribution 
includes engineering tasks for the IFMIF Test Cell and the IFMIF High Flux Test Module. 
According to the planning for EVEDA, these tasks will be performed in the timeframe up to 
12/2013.  

The IFMIF facility is dedicated to fu-
sion-relevant irradiation of structural 
and functional material specimens, 
with the objective to create an experi-
mentally validated material properties 
database suitable for design and li-
censing of future fusion power plants. 
The facility is composed of several 
subsystems, namely the 40MeV 
250mA deuteron accelerator facility 
(AF), the lithium target facility (LF) and 
the test facilities (TF). The Target- and 
Test Cell (TTC) is part of the test facili-
ties, containing the lithium target neu-
tron source and the test modules. It 
has the primary function to shield the 
environment against the intense radia-
tion generated by the target, and to 
safely contain all hazardous materials. 
Inside the TTC, the target and test modules are arranged, as shown in the Figure. 

 

 
Overview on the irradiation experiments inside the IFMIF Target- and 
Testcell (TTC). 
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Engineering Design and Validation for the HFTM 
The High Flux Test Module (HFTM) is the irradiation device for miniaturized samples of struc-
tural materials. The HFTM is positioned immediately behind the neutron source inside the 
TTC. The HFTM contains up to 24 irradiation rigs/capsules with approximately 80 SSTT 
samples each. It is possible to adjust individual temperatures for the specimens in each rig, 
in the range of 250 – 550°C. The design of the HFTM-Assembly has been improved regard-
ing the assembly/disassembly process, which has to be performed partially under hot cell 
conditions by remote handling tools. It was sought to remove cost-driving and time consum-
ing processes from the assembly, in order to improve the overall process in the IFMIF irradia-
tion operation. A major step was the simplification of the finalizing weld-seams to close the 
HFTM-Assembly after insertion of the capsules.  

Engineering Design of the Target- and Test Cell (TTC) 
The design of the TTC has been significantly modified from the previous MTC concept. A 
driving motivation was the necessity to avoid polymer-based electrical connectors within the 
irradiation cavity.  

Further Modifications are: 

• The cross-section has been changed to a rectangular shape to adapt better to the 
test modules 

• Instead of a vessel (bearing both mechanical and vacuum-pressure loads), the sup-
porting walls are now made directly from the concrete of the radiation shield, with a 
steel liner inside to provide an inert and gas tight surface. 

• The gas-sealing function has been moved above the top shielding plug, enabling the 
use of polymer-based sealing materials instead of difficult-to-handle metal gaskets. 

• The electrical interfaces to the test modules are no longer performed by electrical 
connectors. Instead, the cables from the modules are fed-through gas tight plugs on 
the top of the modules. 

The Preliminary Design Review for the new test cell design has been performed in 09/2011. 

Neutronics Analysis for the IFMIF Test Facility and High Energy Beam Transport  
Section 
The objective of this work was to support the engineering design of the IFMIF Test Facility 
(TF) with the Test Cell (TC) within the IFMIF-EVEDA/BA framework. The TC is the central 
part of IFMIF where two deuteron beams react with the liquid lithium target and the Test 
Modules (TMs) are placed for irradiation. Neutronic analyses are performed to provide vari-
ous nuclear responses which are required for the engineering design of the facility (material 
damage, gas productions, heating, etc.) and for safety related assessments (activation of 
various components, air and gas, biological doses to work personnel and the public).  

All previous nuclear analyses were conducted with a standard TC model that has been man-
ually devised according to the CDR design. However, the TC presently designed has a very 
different geometry with significant impact on neutronic aspects. Therefore, a new TC model 
was converted into the geometry representation by utilizing the McCad conversion software 
developed at KIT.  

The nuclear heating rate, displacement damage and gas production rates in the TC vessel 
wall were calculated with the new geometry model. Pronounced peaks were obtained around 
the beam ducts entrance region due to back-streaming neutrons. The helium production was 
shown to be too high if re-welding is considered. A wall thickness of more than 350 cm is 
needed to satisfy the dose rate limit during operation of less than 10 µSv/h in rooms adjacent 
to the TC. The dose rate on the top access cell floor is estimated to be around 20 µSv/h and 
well less than 100 µSv/h. Thus, substantial improvement has been achieved in the shielding 
capability for the access cell in the present TC design.  
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Fuel Cycle – Vacuum Pumping 
 
Since two decades, KIT has been developing vacuum pumping systems for fusion reactors.  

The concept of cryogenic pumping based on cryosorption at activated charcoal has been 
successfully demonstrated at KIT, and is now the common technology used for all primary 
vacuum pumping systems at ITER. As these cryopumps are part of the European procure-
ment package for ITER, KIT has been charged with the elaboration of the complete build-to-
print package of the torus and cryostat cryopumps and the neutral beam (NB) cryopumps. 
These pump designs are unique and will have to be validated by a 1:1 scale prototype. After 
manufacturing in the European industry, the prototype of the torus and cryostat cryopump 
(the so-called pre-production cryopump) will be tested in the TIMO-2 facility at KIT, whereas 
the NB prototype pump will be manufactured and tested in the neutral beam test facility 
MITICA which is under construction at Consorzio RFX, Padova, Italy. 

As outstanding engineering 
highlight in 2011, the detailed 
design of the pre-production 
torus cryopump of ITER, could 
be finalised. The main chal-
lenge of this activity was to de-
sign this prototypical pump in 
such a way that it can be op-
tionally used at ITER as a 
spare pump. This requires 
elaborating a design in compli-
ance with requirements which 
were emerging at ITER for a 
long time, so that a strongly 
iterative working style had to be 
adapted. Besides the central 
3D CATIA product, the final package contained a number of 230 2D manufacturing drawings 
and about 1400 weld descriptions. Along the design evolution process, off-normal event 
cases have been studied and a full thermal, mechanical and seismic load analysis was made 
to be able to demonstrate full compliance with EN 13445, the reference code for this compo-
nent. The design was approved from F4E and ITER and will be given to the manufacturer 
who will be identified until mid 2012 in a call-for-tender procedure.  

The detailed design development of the NB/MITICA prototype cryopump made excellent 
progress in 2011. The design could be further elaborated to the level of great detail already 
in many areas. The focus of the work in 2011 was given to an impressive catalogue of FEM 
analyses and a re-design of the cryopanels of the 4.5 K circuit. To ensure that the tempera-
tures along the cryopanel fins stay acceptably low also in areas that are exposed to the very 
high electron heat loads originating from the ion source, the fins will now be copper plated, 
which ensures improved thermal conductivity.  

In a parallel activity, KIT was supporting the Consorzio RFX team with specific know-how on 
the cryoplant concept design, based on the many years of experimental cryopump charac-
terisation and TIMO operation. Until the end of 2011, a first draft of a Technical Specification 
for the cryoplant to operate the HNB cryopump could be elaborated.  

The scientific highlight in 2011 was the successful organisation of an international workshop 
in the area of vacuum gas dynamics, held in May at Leinsweiler, with 60 participants from 19 
countries from all over the world. This indicates the leading role of the KIT fusion programme 
in this field. For the first time, representatives of academia, engineering science and industry 
were brought together in an environment which allowed for perfect interaction and exchange. 
Many new contacts have been made which will definitely be helpful to initiate new collabora-

 
The build-to-print design of the ITER pre-production cryopump has been 
finalised. 
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tions in the next future. The importance to simulate transient flow phenomena was clearly 
highlighted, as a result of which first activities have been launched in this direction. Another 
important topic discussed was the modelling of neutral gas flow patterns in the divertor in a 
physically consistent way that means combining the EIRENE/SOLPS approach for the 
plasma side with a sound Direct Simulation Monte Carlo approach for the neutral gas side. 
This work will be integrated in the upcoming EFDA ITER Physics Programme.  

2011 was also characterised 
by the start of the new EFDA 
Power Plant Physics and 
Technology activity. A study 
of potential improvements 
and simplifications of the 
ITER inner fuel cycle in view 
of different power plant con-
cepts with different require-
ments was conducted. As 
main outcome, the concept 
of Direct Internal Recycling 
(DIR) was developed, which 
introduces a short-cut for the 
torus exhaust gas around 
the tritium plant in order to 
reduce the tritium invento-
ries, to improve the balance 
of plant, and to allow for 
shortest processing times. Within the new EFDA framework, a detailed assessment of poten-
tial vacuum system solutions for a fusion power plant was launched. It was clearly found that 
the ITER solutions are very specific and a simple extrapolation to the larger scale of a fusion 
power plant is not considered to be attractive. The main result of this study was a clear defi-
nition of the characteristics a vacuum system for a power plant must have, namely being 
continuous, non-cryogenic, and providing a separation between hydrogenic species and he-
lium close to the divertor. KIT has developed a concept design of a candidate pumping sys-
tem that fulfils these requirements and first proof-of-principle tests are planned for 2012. 

 

Fuel Cycle – Tritium Plant 
 
The Water Detritiation System (WDS) and the Isotopic Separation System (ISS) of the ITER 
tritium plant will be European contributions. Both systems have been set up at technical 
scale in the Tritium Laboratory (TLK) of KIT in order to characterize the performances of 
various components for WDS and ISS processes in different working conditions and configu-
rations as needed for ITER design. 

The concept of direct internal recycling (DIR) has been developed in order to 
simplify the fuel cycle for a fusion power plant significantly.  
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The TRENTA facility has been upgraded and 
fully commissioned to the stage TRENTA-4, 
allowing combined operation of the Water 
Detritiation System with the Cryogenic Dis-
tillation representative of the ITER WDS and 
ISS protium separation column. Since the ITER 
WDS will be the final barrier against tritium dis-
charges into the environment, tritiated streams 
from the ISS will be routed to the LPCE (Liquid 
Phase Catalytic Exchange) column of the WDS. 
The aim is to investigate interdependencies 
between the two systems taking into account 
different scenarios with composition fluctuations 
in the stream returned from the ISS. 

An important result in 2011 was the determina-
tion of the influence of deuterium on the trit-
ium separation performance of the LPCE col-
umn, essential component of the WDS. Up to 
50% of D were in the tritiated feeding water. 
The outcome serves for benchmarking the 
modelling code as well as supporting the de-
sign of the ITER LPCE column. 

The TRIMO software developed over the last 
decade for the dynamic simulation of the ITER 
fuel cycle was upgraded to the TRIMO++ ver-
sion. This new version written in C++ takes the advantages of the programming language 
such as reliability and high flexibility offering the user the freedom to set up any configuration 
by linking of fuel cycle components in a modular way. 

The water detritiation facility of TLK was used to demonstrate that it is possible to concen-
trate the volume of large amounts of JET tritiated water. During the last years of operation, 
JET has generated and temporarily stored on site tritiated water with an average rate of ap-
proximately 10 tonnes per year. JET is investigating alternative ways to the reference solu-
tion of shipping the tritiated water back to Canada. One drum of JET tritiated water contain-
ing about 180.5 l with an average tritium concentration of 0.41 GBq/kg was received by TLK 
for volume reduction and thus, tritium enrichment. The tritiated water had been purified be-
fore at SCK•CEN by passing the water through a series of ion filters. After processing the 
JET water in the TRENTA-3 facility at the TLK, the final reduced volume was only 6.25 kg 
with an average tritium concentration of 11.85 GBq/kg, which gives a volume reduction factor 
of about 29. 

 

Part of TRENTA facility. 
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Modelling of Cracked and Molten Divertor and First Wall Material under High 
Transient Loads-benchmark against Experiments for ITER Transient Power 
Load Simulation (WP11-PWI-04-03-01 and WP11-PWI-04-03-02) 
 
Introduction 
 
In fusion tokamak-reactor (ITER, DEMO) the transient and off-normal plasma events (ELM, 
RE, VDE and disruption) may produce strong erosion (vaporization, melting and cracking) of 
the PFC materials (beryllium, tungsten, CFC etc.). 

For modelling of armour materials erosion, particularly a melt motion damage including heat 
transport into bulk materials, the incompressible fluid dynamics code MEMOS has been 
used. The validation of MEMOS by modelling experiments from plasma gun QSPA-T and 
from the tokamak TEXTOR has been continued. Also new calculations with MEMOS has 
been carried out, focusing mainly on the magnitudes and the thresholds of melt splashing of 
Be and W under pulsed heat loads. 

Brittle destruction (cracking) of tungsten armour under action of ELMs is considered as a 
serious problem for ITER divertor. The cracking can produce W dust with characteristic sizes 
of particles ranged between 1 and 10 μm. The particles can leave the surface with the veloci-
ties up to 10 m/s, then they cross the scrape-off layer (SOL) and evaporate in the confined 
plasma. For W surface cracking due to loads below the melting threshold the thermo-
mechanics code PEGASUS was earlier applied. The code PEGASUS describes such pro-
cesses in W and CFC as crack formation, thermal conduction and dust production. In 2011 
interpretation of experimental observation at the plasma gun QSPA-Kh-50 aiming further 
validation and improvements of PEGASUS models has been performed. 

Validation of MEMOS code and simulations of PFC melt layer erosion in ITER and 
DEMO 
 
The tungsten melt layer deformation caused by JxB force at TEXTOR has been modeled 
with the code MEMOS [1]. In the case of RE impact and long-time VDE a melt layer can exist 
up to several seconds. TEXTOR Experiments show that the JxB force generated by the 
thermo-emission electrons accelerates the melt layer and leads to a large scale melt motion 
damage (up to 1 mm per event). MEMOS simulations were performed for long-time plasma 
heat loads with heat fluxes in the range 15 – 30 MW/m2 on the timescale of 5-6 s in a strong 
magnetic field. The model of space-charge limited thermo-emission current based on the 
modified Child-Langmuir expressions was implemented. The heat loads Q = 18, 20, 22 and 
30 MW/m2, τ =5 and 6s having rectangular space profile and time shape were applied. The 
brush size is taken D=1 cm with the distance between brushes of 0.05 cm and radius of the 
brush edge rounding Re=0.2 cm, thickness of the tungsten target is taken of 3 mm. It is also 
assumed that the back side of the tungsten target is passive-cooled by radiation. Results of 
simulations carried out for the heat loads in the range 18–30 MW/m2 over 5-6 s have demon-
strated a reasonable agreement with TEXTOR data (Fig.1 and Fig. 2). 
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Fig. 1: MEMOS final erosion profile of W target for different 

heat loads Q=18 MW/m2, τ=6 s; 20 MW/m2, 6 s;  
30 MW/m2, 6 s. 

 
 

 
Fig. 2: MEMOS profiles vs. TEXTOR data. Comparison of 

the final erosion profile of W target; Q=20 MW/m2, 
τ=6 s 

Application of PEGASUS code for interpretation of QSPA-Kh50 experiments 
 
The dust production rate due to ELM-like heat load is investigated in the quasi-stationary 
plasma accelerator QSPA Kh-50 [2]. It is shown that W surface under ITER ELM-like heat 
loads of 0.75 MJ/m2 melts and under 0.45 MJ/m2 does not melt. Analysis shows that the sur-
face cracking under action of thermo-stress results in solid dust ejection. W influx into the 
ITER is estimated about ~5×1018 W atoms per one ELM of 0.75 MJ/m2 power density and 
0.25 ms time duration. Corresponding radiation cooling power of produced W impurities is 
roughly estimated to be about 150-300 MW.  

The mass loss at 0.75 MJ/m2 (above melt threshold) is ~5 µg/cm2/pulse after 200 pulses (Fig. 
3). Irradiation of the second tungsten target has been performed with 260 repetitive shots 
below the melting threshold. At 0.45 MJ/m2 (below melt threshold) the mass loss is 
~1.6 µg/cm2/pulse. Since the erosion rate for the dust particles does not depend on the 
plasma density, for ITER it should be approximately the same as in the QSPA-Kh50 facility. 

The measured W particles are produced from cracking of solid tungsten surface, because all 
they start from the surface after 0.2 ms from the plasma arrival at the target. Results of 
PEGASUS simulation show that the particles are starting probably after re-solidification of 
melt layer, which occurs at 0.23 ms from the start of heating (Fig. 4). 

 
 
Fig. 3: Target mass loss rate vs. the number of pulses in 

the QSPA-Kh50 facility for the shots with surface 
heat load of 0.75 MJ/m2. 

 

 
Fig. 4: Calculated time dependences for the surface tem-

perature and the melt layer depth for the QSPA-
Kh50 shot with energy density of 0.75 MJ/m2.  
The melt layer totally re-solidifies at 0.23 ms. 
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Effect of off-normal events on reactor first wall 
 
The energy deposition and erosion of W/EUROFER blanket module for the FW of DEMO 
reactor due off-normal events (VDE, ELMs) is calculated [3]. The simulations were performed 
for the RE deposition energy in the range of 30-100 MJm-2 over 0.05-0.3 s. In the case of a 
“hot” VDE, all stored plasma energy is deposited to the FW area over 0.3 - 1sec. It is shown 
that the minimum W thickness needed to prevent failure of the W/ EUROFER bond (as-
sumed to be the EUROFER creep point) is so large that armour surface melts.  

A possible option for DEMO’s FW design is a sandwich type block structure, which consists 
of a water coolant tube embedded in the EUROFER heat sink, to which the W armour is at-
tached. EUROFER has a creep temperature point assumed to be ~750°C. 

The calculations were performed by the codes 
ENDEP and MEMOS. Most of RE energy is 
deposited within ~0.1 mm of armour layer. In 
the case of VDE, almost all plasma energy is 
converted into heat melting and W surface 
evaporation . In the case of RE, the percent-
age of absorbed energy in W armour reaches 
~60%, while the percentage of energy emitted 
as photons is ~11-15%. The rest of RE energy 
is reflected off by back-scattered electrons 
(~16-34%) The EUROFER creep point limits 
the minimum W thickness (indicated in Fig. 5 
by vertical arrows for 30 MJ/m2/0.1s and 
50 MJ/m2/0.05s cases). For instance, for the 
RE case with moderate energy deposition 
density and exposure time (50 MJ/m2 and 
0.05s, respectively), the W armour thickness 
must be ≥ 1.4cm in order to reduce the 
EUROFER temperature below the creep 
point. However, at that thickness the W armour will melt. Only in the case of 30 MJ/m2/0.1s 
for thickness ≤ 0.8cm the W surface doesn’t melt and it is possible to avoid the creep thermal 
stresses. The total molten and evaporated thickness is ~2 mm for W, this, depending on the 
VDE and RE frequencies, would seriously restrict the armour lifetime. 

The energy deposition into the W armour is a surface phenomenon. For RE deposition at 
energy densities ≥ 50 MJ/m2 and deposition times ≤ 0.1s, the minimum armour thickness 
required to prevent EUROFER from creep or thermal stresses is ≥1.4cm. Almost always 
melting occurs. The loss of creep strength at relatively low temperature represents the main 
drawback of EUROFER as a structural material. 

PFC lifetime in fusion reactor under steady state operation 
 
The feasibility of the FW sandwich type blanket made of W/EUROFER (see Fig.6) is ana-
lyzed in fusion reactor steady-state operation under normal conditions [4]. The energy depo-
sition into W armours of various thicknesses and the level of erosion caused by the RE and 
VDE impact were performed with the codes ENDEP and MEMOS. 

During normal operation the erosion of the FW could mainly occur due to collisions with hot 
neutral atoms and actions of transients. Fig. 7 shows that when incoming heat flux Q reaches 
~14 MW/m2 the interlayer temperature exceeds the critical creep point Tcrit ~ 50ºC for 
EUROFER and the structural material can experience strong thermal distractions. Such val-
ues of Q one can expect in DEMO for transient events like ELMs or convective radial plasma 
losses, associated with unstable convective cells in the SOL region during steady-state op-

 
Fig. 5: The maximum of EUROFER temperature and max-

imum W melt layer as a function of W armour thick-
ness. 
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eration. Under steady-state operation for heat flux value~13.5 MW/m2 the surface armour 
temperature increases with the armour thickness (but stays below the melting point) and heat 
flux into water coolant remains below CHF value. For heat flux ≥ 10 MW/m2 W temperature 
approaches a limit of~900-1050 K beyond which the degradation of the structural properties 
and crack formation can be expected. To keep the W surface temperature below 1 keV, the 
armour thickness must be ≤ 3-4 mm. It is estimated that the layer of that thickness could be 
sacrificed within three years of continuous operation owing to sputtering erosion. 
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Fig. 6: Sketch of blanket module used for the 

computation of the plasma impact. 
 
 

 
Fig. 7: W surface temperature & max. EUROFER temperature vs. 

heat power flux Q under steady-state operation. 

Simulation of transient heat flux damage on leading edges in the ITER all-tungsten 
divertor 
 
The consequences for W material damage as a result of plasma heat loads on the vertical 
faces of the misaligned leading edges between the divertor cassettes due to the downwards 
vertical displacement events expected on ITER is investigated by using the MEMOS code 
[5]. Melting can occur more readily under transient heat loads mainly on the leading edges 
on which plasma fluxes can impinge at nearly normal incidence. Particular areas of concern 
are the edges present on either side of gaps between neighbouring divertor cassettes, in the 
upper baffle region of the outer vertical target plates. Simulations of W melting are per-
formed. Estimated heat loads on W mono-blocks in the worst expected ITER VDEs can ex-
ceed several hundred MJ/m2 flowing parallel to the magnetic field for durations of a few ms. 
Melt layer damage is estimated for single plasma loads in the range Q = 50 – 200 MJ/m2, 
with pulse durations between 0.5 – 3 ms and edge misalignments (Fig. 8, the lateral surface 
G) up to several mm in order to cover the worst possible mechanical misalignment in the 
current divertor design. The principal finding is that the most significant contributors to dam-
age on misaligned edges are the radiative vapour shielding coupled with a strong melt mo-
tion. 

Calculations show that the incoming plasma flux heats the surface up to high temperature 
such that significant evaporation occurs (see Fig. 9). The evaporated material expands to-
wards the incoming plasma and essentially screens the target surface from the plasma 
stream (so that the direct heating by the plasma is reduced by a large factor). The evapo-
rated material is heated by the plasma up to rather high temperatures so that the plasma 
shielding layer becomes the source of intense radiation (at the level of several GW/m2). This 
intense radiation lasts for a slightly longer time than the plasma loads. Typical plasma pres-
sures in the plasma shield region are comparable with the pressure of the incident plasma 
stream and will be on the order of several bars for the intense VDE loads at near normal in-
cidence considered here. The radiation from the plasma shielding heats the target surface 
and surrounding components and can cause significant damage even in shadowed regions. 
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Fig. 8: Sketch of misaligned edge between monoblocks on 

sides of two neighbouring divertor cassettes. 
 

 
Fig. 9: Surface profiles, max. melt pool depth and evaporation 

profile along the lateral surface G; Q = 200 MJ/m2, 
τ = 4 ms. 
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Development of the PWI Basis in Support of Integrated High-Z Scenarios for 
ITER. Demonstration of Liquid Plasma-facing Components Behaviour under 
ELM-like Load (WP11-PWI-04-04-01) 
 
Introduction 
 
The behaviour of Li layer on various porous substrates is now under investigations at differ-
ent tokamaks (FTU, NSTX). Experiments demonstrated that the ‘lithization’ of vessel surface 
leads e.g. to strong reduction of heavy impurities in the plasma and longer wall lifetime for 
high power heat loads. A heating system increases the Li temperature above the melting 
point (450 C) resulting in a thin (from several microns to several tens microns) lithium film 
formation on the chamber wall. The impact of the hot confined plasma transients can con-
taminate plasma by Li ions owing to physical sputtering, melting and evaporation. The be-
haviour of Li coated PFC materials still remains an important issue. 

In 2011 the melt motion code MEMOS was upgraded to take into account capillary porous 
system and Li layer recovery under transients (ELM) impact. New numerical simulations 
were performed under the following conditions: the melt motion and the evaporation of Li film 
on impermeable tungsten substrate, the Li coating of 5-50 µm thickness on W bulk material 
and W capillary porous system. The reference heat load Q = 0.1 MJ/m2 during the reference 
pulse load time τ = 0.5 ms was assumed, magnetic field B = 5 T, tangential pressure varied 
in the range 2×10-4 to.2×10-3 bar, electric current component normal to the target surface 
varied in the range 5 – 50 A/cm2, initial surface temperature T0 = 30 C (assuming that Li can 
melt during the transient). The thickness of evaporation layer has been investigated for the 
reference pulse duration and heat load ranged between 0.1 and 0.4 MJ/m2. The applied force 
and the energy flux correspond to the rectangular pulse shape. The time shape of the pulse 
were simulated as 
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recoiling the “real ELM” shape. 

The results show that significant evaporation starts 
at heat loads ≥ 0.2 MJ/m2 (Fig. 1). For the reference 
heat load the vaporization is negligible, and the melt 
motion only causes the melt layer damage. In calcu-
lations the effects of tangential plasma pressure and 
the JxB force on liquid Li motion were investigated 
as well as the dependence of the surface damage 
on the pulse shape.  

The effect of different ELMs pulse shape on the 
formation of crater is shown in Fig. 2 and Fig. 3, 
where craters are caused by the tangential pressure 
for different thickness of Li layer and after 3 ms from 
pulse trail. The rectangular pulse shape demon-
strates somewhat higher surface damage in com-
parison with the “real ELM” pulse shape. In scenari-
os with ΔLi = 5 µm, the removed melted materials from the crater bottom is recovered by the 
capillary forces from the W porous matrix and the thickness of liquid Li at the crater bottom 
remains about 0.4 µm (see Fig. 3).   

 
Fig. 1: Depth of evaporation vs. heat loads. Thick-

ness of Li layer Δ=20µm, No motion. Pulse 
shape given by Eq. (1). 
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Fig. 2: Crater shape caused by the tangential pressure for 

different thickness of Li layer after 3 ms from pulse 
trail. Rectangular pulse shape. 

 

 
Fig. 3: Crater shape caused by the tangential pressure for 

different thickness of Li layer after 3 ms from pulse 
trail. Pulse shape given by Eq. (1). Capillary porous 
system is taken into account. 

 

Conclusions 
 
A model of porous substrate has been implemented into the MEMOS code and its effect on 
the melt motion damage was analysed. The effect of porous substrate on the melt motion 
damage was investigated for low heat loads accounting for the Li vapour shielding influence 
on melt layer thickness. It is concluded that for transients like weak ELMs the compensation 
of Li losses by the substrate source will not be so effective against evaporation or molten 
layer removal. The remaining liquid Li layer is estimated to be below 0.4 µm, which could 
easily evaporate under high heat loads. 
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Optimization of Disruption Mitigation Techniques – Analysis and Modelling 
(WP11-PWI-06-02-02 and WP11-PWI-06-02-03) 
 
Numerical Modelling of Heat Deposition by Runaway Electrons and MGI  
Validation Simulations against JET 
 
Introduction 
 
A significant issue of ITER operation is the occurrence of disruptions, which can limit the life-
time of plasma facing components (PFCs). During the thermal quench of disruption relativ-
istic runaway electrons (RE) can appear. In big tokamaks probably RE by avalanches  will be 
generated. Disruption mitigation by massive gas injection (MGI) can also result in generation 
of RE. Runaway electrons can damage the first wall. Therefore, theoretical analyses and 
numerical simulations for RE stopping power in plasma and consequences of RE impact on 
the PFCs has been carried out in 2011, for ITER and DEMO conditions. To estimate the RE 
damage dedicated numerical simulations have been performed with the energy deposition 
Monte-Carlo code ENDEP for CFC, Be and W targets, for theoretically predicted RE beam 
parameters. The energy distribution of RE was assumed to be exponential as exp(−E/E0) or 
Gaussian function exp(-(E/E0)

2) with RE energy E. The characteristic energy E0 depends on 
the device. 

Another activity has concerned modelling of massive gas injection (MGI) of noble gas argon 
with the integrated tokamak code TOKES. In the simulations, the injected gas gets ionized in 
the core and then the contamination results in fast loss of plasma energy by radiation emis-
sion. TOKES MGI model is successfully compared with two argon experiments on tokamak 
JET. 

Comparison of CFC and tungsten mono-block blanket concept for fusion reactor 
 
Estimations of the RE impact on the ITER mono-block FW blanket made of CFC or W with 
imbedded Cu pipes with water cooling result in the following conclusions [1]. Heat generation 
in W occurs at the subsurface layer ~10μm, and in CFC ~1000 μm. W surface does not melt 
and CFC does not experience a brittle destruction. 

  
Fig.1: Heat release in CFC and in Cu pipe as a function of 

radial distance from FW surface for RE energy of 
30MJ/m2 over 0.1s.  

 
 

Fig. 2: Maximum W surface temperature as a function 
of distance from the surface to the Cu pipe. 

Calculations show that in the case of W 20% of RE energy is converted into X-ray radiation, 
but due to strong absorption inside bulk W only 0.5% of X-ray energy is released in the Cu 
pipe. For the CFC case, a small but significant heat generation can occur in the Cu water 
pipe (see Fig. 1). The maximum W surface temperature as a function of distance from the 
surface to the Cu pipe is shown in Fig. 2: for mono-energetic RE beams and incident angle 
~1º. For a RE energy deposition of 30MJ/m2, which is the value expected in ITER, and 0.1s 
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exposure time, the W armor surface does not melt. However, for the DEMO case RE elec-
trons will evaporate and melt the W surface.  

The evolution of the CFC and W surface temperature during and after RE impact has shown 
in the Fig. 3. It is seen, that the melting point for W is reached at ~0.4ms for RE pulse dura-
tion of 10ms and energy of 30 MJ/m2. The evolution of temperature at the Cu pipe for the 
CFC and W case in ITER for runaways of a power 30MW/m2 lasting 0.1 and 0.01sec is 
shown in Fig. 4. 

 
Fig. 3: The evolution of the surface temperature for CFC and 

W during and after RE exposure times at 0.1-0.01s 
and RE energy of 30MJ/m2. 

 
 

Fig. 4: The evolution of temperature at the Cu pipe for the 
CFC and W case in ITER for runaways of a power 
30MW/m2   lasting 0.1 and 0.01sec (dashed lines). 

For DEMO (PPCS model C) the RE energy deposition and erosion of W/EUROFER blanket 
module for the first wall is estimated. The simulations were performed for the RE deposition 
energy in the range of 30 – 100 MJ/m2 over 0.05 - 0.3 s. Mono-energetic RE beams (50 and 
80 MeV) and RE beams with a Gaussian energy distribution centred at the energy E0 ≈ 
18,5 MeV is assumed. The energy deposition time of RE is in a range of 0.05 – 1 s. It is 
shown that the minimum W thickness needed to prevent failure of the W/ EUROFER bond 
(assumed to be the EUROFER creep point) is so large that armour surface melts. 

Estimations of the runaway elastic scattering cross-section in multi-component fusion plasma 
with massive gas injection [2] have shown, that the increase of effective charge number with 
RE energy reduces the growth rate of the primary and secondary (avalanche) electron pro-
duction. This effect can explain the absence of RE in some experiments with MGI. 

Calculations have been done for energy deposition and erosion of W/EUROFER blanket 
module for DEMO first wall due to the runaway electrons and vertical displacements events 
(VDE) [3]: For RE with energy density ≥ 50MJ/m2 and deposition times ≤ 0.1s the armor 
thickness required to prevent EUROFER from creep or thermal stresses is ≥1.4cm. However, 
in this case, the heat transfer to the coolant is insufficient and the W surface melts. VDE 
causes surface energy deposition into the W armour, which results in a vaporization, which 
cannot reduce the heat transfer. Therefore, both RE and VDE transients will pose a major 
lifetime problem in DEMO design. 

Calculations of the required thickness of W armor for preventing W melting and evaporation, 
and EUROFER creeping under steady-state DEMO conditions keeping tolerable impurity 
concentration have been presented in [4]: For 13.5 MW/m2 and 4 mm W/EUROFER sand-
wich structure the minimum thickness of the tungsten armor of 3mm will keep the maximum 
EUROFER temperature below the critical limit for EUROFER steel. 
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Modelling of runaway electrons impact for ITER and DEMO 
 
For DEMO (PPCS model C) the RE energy deposition and erosion of W/EUROFER blanket 
module for the first wall has been estimated. The simulations were performed for the RE 
deposition energy in the range of 30-100 MJ/m2 over 0.05-0.3s. Mono-energetic RE beams 
(50 and 80 MeV) and RE beams with a Gaussian energy distribution centred at the energy E0 

≈ 18,5MeV have been assumed. The energy deposition time of RE has been considered in a 
range of 0.05-1s. The results show that the minimum W thickness needed to prevent failure 
of the W/ EUROFER bond (assumed to be the EUROFER creep point) is so large that the 
armour surface melts. 

For RE with energy densities ≥ 50MJ/m
2
 and deposition times ≤ 0.1s the armor thickness 

required to prevent EUROFER from creep or thermal stresses is ≥1.4cm. However, the heat 
transfer to the coolant is insufficient and W surface melts. VDE causes surface energy depo-
sition into the W armor, which results in a vaporization, which cannot reduce the heat trans-
fer. Therefore, both RE and VDE transients will pose a major lifetime problem in DEMO de-
sign. 

Simulation of massive gas injection (MGI) with tokamak code TOKES 
 
Tokamak experiments demonstrated effective ioniza-
tions of injected atoms G (G = Ne, Ar, He) during MGI, 
the following MHD activity, which causes the thermal 
quench (TQ) within a few ms when the ionization front 
reached the magnetic surface of safety factor q = 2, 
and a radiation flush. On the short time scale, the ioni-
zation of G-atoms localized near the jet entry can have 
as result a strong variation of the plasma parameters 
on poloidal coordinate y. For example, the electron 
temperature Te decreases drastically near the jet. This 
can significantly decrease the ionization rate resulting 
in deep jet penetration. 

In 2011, the modelling with the tokamak code TOKES 
has been focused upon further development of the 
code aiming MGI simulations (Fig. 5). The plasma 
transport is calculated in the confined region with 
closed magnetic surfaces, as well as in the SOL and in 
the private region, where the unclosed surfaces cross 
the wall. Preliminary predictive simulations for ITER 
have been performed, with the conclusion that after the 
radiation flush the maximum wall temperature can exceed the beryllium melting point. 

TOKES has been successfully validated against two JET experiments on argon MGI [5]. Ex-
perimental results on MGI of noble gas into the various JET discharges have been analysed 
and two of them has been chosen for simulation. These are JPN76314 with ohmic heating 
only, plasma energy content W=0.8 MJ and H-mode discharge JPN77806 with W=3.2 MJ. 
The injected gas is ionized and plasma of the temperature TAr = 100-50 eV expands with 
velocity of V|| = 2.5Cs ~ 5×106 cm/s and makes one toroidal turn during ~0.5 ms, which soon 
provides toroidal symmetry.  

 

Fig. 5: TOKES triangular and magnetic flux 
meshes. Position of gas injector. 
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Fig. 6 demonstrates the comparison of simulated 
and experimental centre temperature Te0(t). The 
good fitting indicates that the simulation reproduces 
main processes of thermal quench. TOKES radia-
tion model was coupled with plasma thermal 
transport across deteriorated magnetic surfaces. 
The first consequence of the core instabilities ap-
pears to be the small deteriorations of toroidal 
symmetry and thus slight overlapping of nested 
magnetic surfaces, which drastically increases 
electron cross-transport by thermal conductivity 
along entangled magnetic field lines (3D thermal 
transport). After the start of cooling plasma periph-
ery the instabilities can develop at many rational 
values of q in the core, but they remain moderate 
until t > tq2. The coupling parameter which drives 
the thermal conductivity is the ratio of plasma ener-
gy to radiation loss energy. 

 
 
 

Conclusions 
 
Numerical simulations of W armour damage under the runaway electron heat loads are car-
ried out using the codes ENDEP and MEMOS. For the energy density deposition of RE ≥ 
50MJ/m2 and deposition times ≤ 0.1s into the W armour, the minimum armour thickness re-
quired to prevent EUROFER from creep or thermal stresses is ≥1.4cm. Almost always melt-
ing occurs. Thus, the loss of creep strength at relatively low temperature represents the main 
drawback of EUROFER as a structural material. Therefore, RE will pose a major lifetime is-
sue in DEMO depending on disruption frequency. 

For MGI modelling for ITER, TOKES radiation model was coupled with plasma thermal 
transport across deteriorated magnetic surfaces. For MGI, the obtained results provide useful 
benchmarks, but more work is needed for further development of the code TOKES in order 
to reach reliable integrated modelling including plasma and surface aspects as the injector 
gas dynamics in the vessel. The TOKES scenario for the thermal quench of MGI at JET has 
been developed based on available JET experimental database. For two different JET dis-
charges a reasonable agreement has been reached. 
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Preliminary Concept Studies of Alternative Concepts for Heat Removal in Fu-
ture Fusion Reactors based on Moving or Liquid Targets, or Hybrid Systems  
of it (WP11-PEX-01-ACT3-01) 
 
Introduction 
 
The most critical issue of a fusion reactor is an excessive power loading to the plasma facing 
component, particularly to the divertor plates. For the electric power production Pnet = 1 GW, 
operation availability A = 0.5 and the heat-electricity transformation efficiency η = 0.3 the 
power exhausted in the vessel follows as Pexh = fnPnet/(Aη) ≈ 1.3 GW with fn = 0.2. As a refer-
ence case we consider a DEMO with centre plasma major radius R0 = 8m. The heat flux is 
estimated as Qexh = Pexh/2(2πR)ws ≈ 260MW/m2, assuming the width of the power fall-off as 
ws = 5 cm and neglecting the radiation losses. This heat flux exceeds the technically ac-
ceptable limit for any material. The power loading mitigation scenarios using intensive radia-
tion by externally launched impurities has not been proved yet against its consistency with 
burning plasma operation and will not be considered here. Tilting the divertor plate in poloidal 
plane is another option. However, in order to reduce power load to acceptable level of 
5 MW/m2, the plates must be tilted to very small angle in respect to plasma stream: 
5/260 = 0.019 rad ≈ 1 grad. This seems unrealistic; the poloidal size of inclined target be-
comes rather large: 2.5m. Furthermore, a critical issue of such a divertor is the compatibility 
with the cooling system. In general, the actively cooled tokamak divertor concept has many 
drawbacks. mong those drawbacks are the erosion of the divertor plates and the material re-
deposition, the requirement of the frequent removal of the plates, the requirement of high 
temperature of the PFCs > 600°C for efficient electric power generation. PFC surfaces must 
be thin enough to conduct the heat to the coolant and to avoid erosion, yet thick enough to 
protect interlayer and structural material from destruction. Divertor concepts based on mova-
ble targets and passive cooling could be an option. This work consists of a preliminary as-
sessment of some concepts based on replacing the conventional actively cooled divertor 
plates by a set of passively cooled moving targets.  

Designs with steadily rotating target 
 
In Fig.1 an array of rotating discs of small thickness is considered as divertor targets, which 
experience the power flux of incident plasma. Thin plasma stream locally hits (strike zones) 
the discs and due to rotation, the absorbed heat is rather homogeneously distributed over the 
disc volume. Each disc is hollow, being connected to its rotation axis via conical binding, so 
that there are no places on the disc and the binding, which are heated permanently. In prac-
tice the binding and the disc experience a homogeneous distribution of radiation power over 
irradiated surface. In the designs the cooling occurs in a special chamber surrounding the hot 
target plates. The chambers could contain water or helium as a coolant. The fast replace-
ment of the coolant substance in the chamber provides an effective removal of the heat and 
the radiation. Rest of power leaks through the gaps of the cooling system, reaches the re-
mote surfaces of the vacuum vessel of tokamak and exhausts there. The radiation losses 
can be estimated by Stefan-Bolzmann formula, which in the case of tungsten for the surface 
temperature Ts = 3000 K gives qrad ≈ 1.4 MW/m2. Then, for the value of the exhausted power 
per toroidal length Pexh/2(2πR) = 13 MW/m, the required radius of disk is about Rd ≈ 3 m, 
which is too large to be appropriate. In Fig. 2 some variant is introduced hinting that the discs 
can also be inclined and how to use momentum of the plasma stream shifting it for keeping 
disc rotation without an additional engine. 
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Fig. 1: Divertor pales made from W as rotating discs: front and 
top view. 

 

Fig. 2: Alternative design of oblique discs shifted aside of 
plasma stream. 

 
The radius of plasma facing surface can be reduced in an-
other design based on a spinning segment of spheroid, 
which resembles a half-egg spinning about its vertical axis 
(Fig. 3). Estimations show a technically acceptable size of 
the spherical target. However, high vapour pressure of W 
surface psat~0.36 bar for expected temperatures Ts ~ 5500 K 
will strongly contaminate plasma. Large psat is an serious 
obstacle for applying radiation cooling of the target. Howev-
er, the target can be isolated from the confined plasma by 
using the cooling chamber with rather narrow slot for plasma 
incoming to the target. Only unimpeded W vapour flow near 
the plasma has chance to get into the gap. It can be shown 
that impurities near the target can be effectively entrained by 
the plasma stream and brought back to the target. Some 
part of W atoms can penetrate into the SOL and bulk. De-
tailed 3D calculations are required to assess the impurity 
behaviour in the main plasma. The main drawback of the 

model is the accidental contact of the plasma stream with the slot edge with consequent 
thermal erosion and strong contamination.  

Concept of toroidally moving divertor segments  
 
The alternative divertor concept considered here is based on rapidly moving toroidally 
divertor plates on rails (Fig. 4). These divertor plates would absorb the plasma heat flux with 
their thermal inertia, after which they would be removed from the vessel for processing. 
When outside the tokamak, these plates could be cooled, cleaned etc., and then returned to 
the vessel in an automated loop. This scheme could provide near optimal divertor surfaces at 
all times, and avoid the need to stop machine operation for repair of damaged or eroded 
plates.  

In this model the plates are toroidally segmented and form a ring around the bottom of a 
tokamak, with the two divertor strike zones. The plates could be inserted and removed. The-
se plates could be inserted vertically down into position to cover the divertor strike points, 
which would face these surfaces as shown at the right, and then could be removed from be-
low. This plate exchange could be done at each toroidal segment, or the plates could be ro-
tated in the toroidal direction within the vessel. The plates would be inserted and removed 
between the TF coils and carried on a conveyer belt to a plate processing area. 

 
 
Fig. 3: Rotating spheroid with partially 

melted W. 
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Fig. 4: The horizontal plates are replaced with a radial 

motion and rotated in an offset toroidally to sweep 
the heat flux over the plate radius. 

 
 

Fig. 5: The tungsten plate thickness as a function of the 
surface and average bulk temperature for 
Pexh = 1.3 GW. 

The required plate speed can be determined by the thermal diffusion times and the width w 
of the heated region at the divertor strike points. If the divertor plates are not actively cooled, 
their thickness and thermal diffusion time within the tokamak will be determined by the max-
imum allowable surface temperature and the incident plasma heat flux. We assume that a 
thermal heat load of Q (Watts) is absorbed by the plates over an area determined by the 
toroidal circumference 2πR (cm) and the width of the plasma-heated region of the divertor 
plates w (cm). V=2π R w d. The plate thickness d (cm) over which the heat penetrates during 
an exposure time τ (sec) can be estimated from the thermal diffusivity D of the plate material 
(cm2/sec) as: D = d2 /3τ.  We take this distance “d” to be the optimal thickness for the plates. 
The thermal diffusivity is D = (κ/cρ) where κ is the thermal conductivity, c the heat capacity, 
and ρ the plate density. The average temperature rise Tave of the plates over the thickness d 
after an exposure time τ is Tave ~ Qτ/[c2πRw]. The optimal plate thickness is linearly propor-
tional to the assumed max average temperature and inversely proportional to the local power 
density on the plate (Fig. 6). 
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Fig. 6: The toroidal speed of plate vs the average plate 
temperature Tav. 

Fig. 7: The time over which plate remains exposed by Q for 
given temperature Tav. 

 

The required plate speed can be determined by the thermal diffusion and the width of the 
heated region at the divertor strike points,Vplate ~ w/τ so that a new region of each plate is 
exposed whenever the plate was near its local temperature limit. Fig. 6 and Fig. 7 show the 
plate velocity as a function of an average temperature and the thermal diffusion time vs plate 
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thickness. For example, for a tungsten plate, w = 15cm, Tave = 600ºC, the vertical sweep rate 
would be Vr~w/τ∼4.4 cm/sec, so if the plate length is~300 cm the residence time of the plate 
in the divertor region would be ~ 68 sec. Plasma thickness is taken as 15 cm and diffusion 
time 4.6 sec. 

There are many potential difficulties with such a moving divertor plate concept, which would 
need to be addressed in a detailed engineering design and eventual testing. It is not yet clear 
whether a moving plate system would be more or less feasible than other similar idea for a 
divertor, e.g. moving belts, pebble divertor or liquid walls. 

Staff: 
 
Yu.L. Igitkhanov 
I.S. Landman 
 

Acknowledgement 
 
This work, supported by the European Communities under the EFDA contract of Association 
between EURATOM and Karlsruhe Institute of Technology (KIT), was carried out within the 
framework of the European Fusion Development Agreement. The views and opinions ex-
pressed herein do not necessarily reflect those of the European Commission.    



 -- 19 --

Review of Problems for Steady-state DEMO Variants (WP11-DAS-PLS-P02-01) 
 
Introduction 
 
The difference between a steady state DEMO design and a pulsed one is expected to be so 
significant, that they will in fact be two different machines. Projecting the existing long-pulse 
experiments in tokamak (TORE SUPRA) and stellarator (LHD) to DEMO one can conclude 
that on the plasma physics side, efficient external current drive will need high temperature 
and low density, which might be in conflict with high density operation and exhaust at high 
P/R. This would need a compromise. Also, the need for alignment of pressure and current 
profiles may need sophisticated control, maybe in conflict with the limited diagnostics capa-
bilities allowed on DEMO. On the technology side, pulsed operation will introduce additional 
mechanical and thermal cyclic loads which will impact on the structural materials. The need 
for efficient external current drive calls for a high electrical efficiency of the H&CD systems 
[1].  

Here we are reviewing some problems related to the DEMO steady-state operation, namely:  

1) the plasma impact on the FW during a long range steady-state operation and  
2) the plasma–wall interaction associated with sputtering erosion during a long pulse expo-

sition of heat and particle flux into the FW material and consequent bulk plasma contam-
ination [2]. 

The plasma impact on the FW during a long range steady-state operation  
 
Here we consider steady state DEMO operation under normal conditions, when the sandwich 
type blanket first wall module is considered (see Fig.1). Heating of a W-clad EUROFER PFC 
by radiation and neutral flux as well as by transients like ELM is discussed. We have ana-
lysed the cases, when heat fluxes into coolant (water) remains under critical heat flux (CHF) 
value. We assume the heat transfer into rectangular tube of 10mm x 18mm cross-section 
with a water temperature of 150°C. The rest parameters and limitations are similar to ITER 
blanket cooling system [3].  
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Fig. 1: Sandwich type blanket first wall module used for 

the Monte Carlo MEMOS computation of the plas-
ma impact. 

 
 

Fig. 2: W surface temperature and maximum EUROFER 
temperature vs net incoming heat flux Q under 
steady-state operation.  

During normal operation the erosion of the FW and baffle surface could mainly occur due to 
collisions with hot neutral atoms. Undergoing charge–exchange collisions with the hot ions at 
the separatrix or in pedestal region, energetic neutrals will deliver the plasma energy to the 
armour surface, thus producing a strong sputtering. Fig. 2 shows the armour surface temper-
ature and the maximum EUROFER temperature (interlayer temperature) for different incom-
ing heat flux values Q. When Q reaches~14 MW/m2  the interlayer temperature exceeds the 
critical value Tcrit.~ 550ºC and EUROFER can experience intolerable thermal distraction [4]. 
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Such values of Q can be expected in DEMO due to transient events like ELMs or convective 
radial plasma losses, associated with unstable convective cells in the SOL region during 
steady-state operation. Calculations show that for expected incoming fluxes the W surface 
temperature remains below the melting point and evaporation is negligible. Calculations have 
been performed for armour thickness Δw=3mm and for EUROFER thickness ΔEUROFER = 
4mm. Fig. 3 shows the maximum W temperature under design heat load (13.5 MW/m2 for the 
limiter, and 0.5 MW/m2 for the FW) as a function of the W armour thickness. It is shown that 
under steady-state operation for heat flux value~13.5MW/m2 the surface armour temperature 
increases with increasing the armour thickness, whereas the W/EUROFER interlayer tem-
perature remains almost unchanged. For low power load of~0.5MW/m2 a weak dependence 
of the armour surface temperature and the interlayer temperature on armour thickness is 
shown. Under expected steady-state operation heat loads and the thickness of W armour, 
surface temperature remains well below the vaporization and melting points and, as calcula-
tions also show, coolant heat flux remains below CHF, thus avoiding severe degradation of 
the heat removal capability.  

For incoming heat flux ≥10MW/m2 W tempera-
ture approaches a soft limit of~900-1050K 
based on the degradation of the structural 
properties and on possible crack growth 
through the W, the EUROFER could eventually 
be affected . To keep the W surface tempera-
ture below 1keV, the armour thickness should 
be taken ≤ 3-4 mm. As it will be shown further, 
this thickness could be sacrificed during three 
years of continuous operation by taking into 
account only the sputtering erosion.  

Variation of the surface armour temperature 
and interlayer temperature with EUROFER 
thickness is shown in Fig. 4, for given DW 
=3mm and Q=13.5MW/m2. Under these condi-
tions and ΔEUROFER ≤ 4.5mm, there will be 
no thermal degradation of the structural mate-
rial properties. Fig. 5 shows heat loads and 
corresponding thickness of EUROFER when 
operation causes no thermal degradations (re-

gion below the curve). Arrow indicates the thickness value for the same case as in Fig. 4. 
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Fig. 4: Maximum temperature of W and EUROFER vs 

EUROFER thickness. For ΔEUROFER < 4.3 mm max. 
EUROFER temperature remains below the critical 
value. 

 
Fig. 5: Critical incident heat flux Qcrit vs EUROFER thickness 

when interlayer EUROFER temperature exceeds the 
critical value~550 ºC that poses a thermal stress prob-
lem; W armour thickness Δw=3mm. 
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Fig. 3: Maximum armour surface temperature and maxi-

mum EUROFER temperature vs armour thickness 
ΔW for two cases of incoming heat fluxes 
Q=13.5MW/m2 and 0.5MW/m2; SS water cooled 
rectangular channel; ΔEuROFER= 4mm, ΔSS =0.4mm, 
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Calculations show that the volumetric heating associated with the neutrons is not particularly 
demanding for the first walls blanket design, whereas the surface heating is important in term 
of allowable temperatures and stresses. 

Sputtering erosion in a long-range operation 
 
The important erosion process for the FW and baffles under steady-state DEMO operation is 
expected to be physical sputtering, since the W surface temperature remains below the melt-
ing point and ignition of arcing is insufficient for life-time limitation under normal operation [5]. 
The thickness, d, of plasma facing elements (e.g., the FW blanket armour, limiter, etc.) sput-
tered during Δt operation time by incident particle fluxes Γj of different species j, can be ex-
pressed as [6] 
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where At is the target atomic mass (in amu), ρt is the target material density, Yj(E,θ) is the 
sputtering yield of particle j with energy E and angle of incidence θ, and Γj is the flux of parti-
cles j. The brackets in (1) represent an average over the angular and energy distribution of 
the incident particles. Thus, the precise determination of the erosion rate needs the correct 
form of the energy distribution function of the incident particles and the sputtering yield 
Yj(E,θ). Here we present the results of erosion rate calculations taking into account deviation 
from the Maxwellian distribution function at the divertor plates due to the sheath acceleration 
and the angular dependence of the sputtering yield. 

Following [6] the averaged sputtering yield, defined as the yield averaged over the distribu-
tion of energy and angle of incidence of the projectiles, is given by  
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Fig. 6: The thickness of (a) W armour of First Wall and (b) divertor plate sputtered during one year of continuous operation 

by various particle fluxes of D/T/5%He of incident ions J(cm-1sec-1). 
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Here M0 is a Mach number of incoming particle flux (which must be taken to one at the 
divertor plate according to Bohm condition and to zero at the FW), S(ε, t) represents the sput-
tering yield for a certain energy and angle of incidence of the particles. This dependence can 
be described by the revised Bohdansky formula [7] for the energy dependence and the 
Yamamura formula [8] for the angular dependence. Using these formulas, the erosion rate of 
the W armour sputtered during one year of continuous operation by various particle fluxes of 
D+T+5%He++ incident ions is shown in Fig.6a for the FW and in Fig. 6b for divertor plates. 
The stronger erosion of the divertor plates compared with the FW erosion is due to the ac-
celeration of incoming ions in the sheath potential and the deviation of energy distribution 
function from Maxwellian. It is seen that at temperatures ≤ 100eV sputtering of W material is 
negligible. However, for neutrals, undergoing the charge-exchange collisions in the pedestal 
region, strong erosion can be expected for particle fluxes several orders of magnitude ex-
ceeding the DEMO expected values: 1014-1015/cm2/s. The most intensive W ions release due 
to charge-exchange collisions is expected from baffles. However, due to rather low level of W 
sputtering rates even for higher pedestal temperatures and expected particle fluxes of hydro-
gen isotopes and 5% of helium, the impurity concentrations will remain below the fatal values 
for W impurities~0.005% under steady-state operation and normal conditions. However, the 
sputtering with external impurity ions could pose a problem and must be simulate numerically 
by a transport code.  

Conclusions 
 
Our calculations show that under steady state operation and ITER like coolant conditions the 
interlayer temperature is weakly dependent on the W armour thickness in the wide range of 
incoming heat fluxes.  

The maximum W armour thickness is limited by the maximum allowable temperature of 
EUROFER under maximum steady-state design loads. The armour surface temperature in-
creases with the armour thickness increase and for the reference case of ~3mm remains well 
below the tungsten melting point.  

Both temperatures of the W surface and the EUROFER interlayer are increasing with an in-
crease of incoming heat flux. For reference conditions (Δw~3mm, ΔEUROFER~4mm), the maxi-
mum heat flux which does not causes intolerable thermal stresses in structural material is 
about ~13.5MW/m2. Calculations show that for DEMO envisaged conditions [9] (particle flux-
es and boundary temperatures) the total sputtering erosion of the W armour by the charge-
exchange neutrals could reach~1mm during one year of steady-state operation.  

In the case of off-normal events, the calculations show that in the ‘hot’ VDE case the energy 
deposition into the W armour is very shallow (~nm) and causes surface melting and evapora-
tion. The absorption of slow VDE power requires thicker W armour to maintain the maximum 
heat flux and temperature in the material structure to acceptable level. It is shown that the 
presence of a vaporized layer and a macroscopic molten layer is unavoidable for expected 
exposition times and power loads. The RE deposit their energy deeper into armour and for 
energies ≥ 50MJ/m2 and deposition times ≤ 0.1s, the minimum armour thickness required to 
prevent EUROFER from thermal distraction is ≥1.4cm.However, this size of layers doesn’t 
prevent the W surface from melting. At higher RE energy deposition rates (≥100MJ/m2 in 
0.1s), the required armour thickness to prevent creeping destruction is even larger so that 
the bulk of the armour layer will melt and evaporate. 

Although W/EUROFER bound is compatible with high neutron fluencies, the loss of creep 
strength at relatively low temperature represents the main drawback of EUROFER as a 
structural material. Our estimations of erosion of the FW by charge-exchange neutrals and 
the divertor plates by incoming ions show the importance of angular dependence of sputter-
ing yield and, particularly, the sheath potential effect. 
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Simulation of ITER First Wall Energy Loading during Mitigated Disruptions and 
Runaway Electrons (F4E-GRT-315 (PMS-PE)) 
 
Introduction 
 
Disruptions in ITER are the most serious threat to plasma-facing component (PFC) integrity. 
Stored energies during burning plasma operation will be much higher than anything which 
can be achieved in today’s devices and ITER will face the prospect of very serious plasma 
induced damage to first wall and divertor armour. 

The objective of this task is to provide estimates of expected energy loading and conse-
quences for armour material. In particular, the calculations should address two specific is-
sues: the energy loading and any resulting material damage on the FW due to photonic radi-
ation loads at the thermal quench (TQ) resulting from disruptions mitigated by massive gas 
injection (MGI); and damage resulting from runaway electron (RE) impact during the current 
quench (CQ).  

Current state of work 
 
The first activities have been started in October. So far the 
implementation of ITER vessel surface shape into the inte-
grated tokamak code TOKES was done. The triangular grid 
needed for description of injected neutrals of noble gases is 
generated (Fig. 1). Two-dimensional data on magnetic flux 
configuration is decoded and it seems it can be used in 
TOKES. The location of gas injector and injector parameters 
such as sort of gas are also delivered and going to be imple-
mented. 

Concerning the first wall damage calculations using the 
ENDEP and MEMOS codes, some additional data (the geom-
etry of the first wall panel(s) (2D), the incident angle of RE 
impact, the slow/fast RE loss specifications) should be provid-
ed by IO in order to perform the first calculations.  
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Fig. 1: ITER shape and triangular 
grid. 
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Microwave Heating for Wendelstein 7-X (CoA) 
 
Introduction 
 
In the recent years electron cyclotron resonance systems have been established as a stand-
ard method for localised heating (ECRH) and current drive (ECCD) in fusion relevant plas-
mas. Thus, ECRH will be the basic day-one heating system for the stellarator W7-X, which is 
currently under construction at IPP Greifswald. In the first stage W7-X will be equipped with a 
10 MW ECRH system operating at 140 GHz in continuous wave (CW). The complete ECRH 
system will be provided by KIT, which in 1998 established, together with EU partners, the 
'Projekt Mikrowellenheizung für W7-X’ (PMW). The responsibility covers the design, devel-
opment, construction, installation and integrated tests of all components required for station-
ary plasma heating on site at IPP Greifswald. PMW also coordinates the contributions from 
Institut für Plasmaforschung (IPF) of the University of Stuttgart (IPF), which is responsible for 
the microwave transmission system and part of the HV-system, and from the team at IPP 
Greifswald, which is responsible for the in-vessel components and for the in-house auxiliary 
systems. PMW benefits also from the collaboration with Centre de Recherche de Physique 
des Plasmas (CRPP) Lausanne, Commissariat à l´Energie Atomique (CEA) in Cadarache 
and Thales Electron Devices (TED) in Vélizy.  

A contract between CRPP Lausanne, FZK Karlsruhe and TED, Vélizy, had been settled to 
develop and build the continuously operating series gyrotrons. The first step of this collabora-
tion was the development of a prototype gyrotron for W7-X with an output power of 1 MW for 
CW operation at 140 GHz. This step has been finished successfully.  

Seven series gyrotrons have been ordered at the industrial company TED. First operation 
and long pulse conditioning of these gyrotrons are being performed at the teststand at KIT, 
where pulses up to 180 s at full power are possible (factory acceptance test, FAT), 30 
minutes shots at full power are possible at IPP (site acceptance test, SAT). Including the pre-
prototype tube, the prototype tube and the 140 GHz CPI-tube, ten gyrotrons will be available 
for W7-X. To operate these gyrotrons, in addition to the Oxford Instruments and Accel mag-
nets, eight superconducting magnetic systems have been manufactured at Cryomagnetics 
Inc., Oak Ridge, USA.  

The completion of the project made further progress in 2010. Most of the components of the 
transmission system, HV-systems and in-vessel-components have been ordered, manufac-
tured, delivered and are ready for operation at IPP Greifswald. A part of the existing ECRH 
system has been already used to test new concepts and components for ECRH. Some delay 
arose in the project during the last 1-2 years due to unexpected difficulties in the production 
of the series gyrotrons.  

Series Gyrotrons 
 
The first TED series gyrotron SN1 has been tested successfully at FZK and IPP in 2005 
(920 kW/1800 s). It fulfilled all the specifications; during the acceptance test no specific limi-
tations were observed. In order to keep the warranty this gyrotron has been sealed, one pro-
totype gyrotron is routinely used for experiments.  

The next series gyrotrons showed a more or less different behavior with respect to parasitic 
oscillations excited in the beam tunnel region. These oscillations resulted in an excessive 
heating of the beam tunnel components, in particular of the absorbing ceramic rings. The 
gyrotrons re-opened after operation showed significant damages due to overheating at the 
ceramic rings and the brazing of the rings. A possible solution was proposed and successful-
ly tested by KIT. As the main difference to the usual beam tunnel this design features corru-
gations in the copper rings which handicap the excitation of parasitic modes. The first W7-X 
gyrotron equipped with an improved beam tunnel was delivered and tested at KIT in 2010. 
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During the tests at KIT no parasitic oscillations originating from the beam tunnel region were 
observed. In early 2011 this tube was delivered to IPP for final Site Acceptance Tests (SAT). 
This gyrotron produced 1.02 MW directed RF power at the output window (0.95 MW in the 
absorber load) with an efficiency of 42%. The pulse length was limited to 353 s due to arcing 
in the absorber load.  

 
Fig. 1: Output power, beam current and operating voltages of series gyrotron SN4R, measured at IPP Greifswald in the absorber 

load.  
 
 

At IPP an advanced beam sweeping system at the collector was used. This system is a 
combination of the usual vertical field sweeping (VFSS) and a transversal field sweeping 
(TFSS), which results in a strong decrease of the peak temperature at the collector and a 
more homogeneous distribution of the thermal loading (see Fig. 2).  

 

 
Fig. 2: Gyrotron collector and transversal field sweeping system (left), temperature distribution of the loaded collector along the 

axis of SN4R (right). 
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Due to this sweeping system it was possible to operate SN4R at a higher beam current with 
increased output power. 

The next series gyrotron SN6 has been taken into operation at KIT in short pulse. First tests 
show an output power of 1.024 MW at 50 A. The Gaussian beam content of the RF output 
beam has been measured with an IR system, the analysis of the profiles gave a TEM00 con-
tent of 97%. Further conditioning and long pulse tests are being performed.  

 
 
Fig. 3: Output power and cathode voltage versus beam current for series gyrotron SN6, measured during first short pulse tests 

at KIT.  
 
 

 
Transmission Line 
 
The transmission line consists of single-beam waveguide (SBWG) and multi-beam wave-
guide (MBWG) elements. For each gyrotron, a beam conditioning assembly of five single-
beam mirrors is used. Two of these mirrors match the gyrotron output to a Gaussian beam 
with the correct beam parameters, two others are used to set the appropriate polarization 
needed for optimum absorption of the radiation in the plasma. A fifth mirror directs the beam 
to a plane mirror array, the beam combining optics, which is situated at the input plane of a 
multi-beam wave guide. This MBWG is designed to transmit up to seven beams (five 140 
GHz beams, one 70 GHz beam, and one channel connected to the N-port launchers via a 
switch) from the gyrotron area (entrance plane) to the stellarator hall (exit plane). To transmit 
the power of all gyrotrons, two symmetrically arranged MBWGs are used. At the output 
planes of the MBWGs, two mirror arrays (beam distribution optic, BDO) separate the beams 
again and distribute them via two other mirrors and CVD-diamond vacuum barrier windows 
to individually movable antennas (launchers) in the torus.  

The manufacturing and installation of the components of the basic transmission system have 
been completed. Cooling tube manifolds to supply the mirrors and stray radiation absorbers 
mounted in the towers in front of the stellarator are being prepared for installation early next 
year.  

In 2011, gyrotron SN4R was installed in Greifswald, and beam characterization and the sub-
sequent design and manufacturing of the surfaces of the two matching mirrors for this tube 
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has been performed. SN6 is presently under test at KIT Karlsruhe, where the beam parame-
ters are being measured.  

Further remaining work includes diagnostics and power measurement of the gyrotron beams. 
The receivers attributed to the directional couplers on the mirrors M14 and related alignment 
control are in fabrication. The water-cooled version of the "long load” was put into operation 
and tested successfully. This load (Fig. 4) consists of a 23 m long stainless steel tube with a 
water jacket, which is tapered down towards the end. The inner diameter is reduced from 56 
mm at the beam input down to 38 mm at the load end in three steps in order to match the 
power absorption of the waveguide to the power loss along the guide. A non-linear horn (di-
ameter 80 – 56 mm) at the input avoids spill-over of the Gaussian input beam at the wave-
guide entrance. The calculated absorption of the waveguide is 80 %. The remaining power is 
dumped in a standard calorimetric load, which is designed for 1 MW power in repetitive 
short-pulse operation. This load can be operated in CW mode at lower power. The present 
tests have demonstrated a CW capability of at least 140 kW.  High-power test of the long 
load in combination with the calorimeter and the Maquette gyrotron showed that the absorp-
tion of the stainless-steel waveguide is somewhat dependent on the power level as well as 
on the input polarization within a range of 74 to 82 %. This is explained by the increase of 
damping with increasing wall temperature in the waveguide, as well as by finite precision in 
the alignment of the whole system. The power level used for the test was up to 820 kW, 
short-pulse, and 650 kW at 60 s, limited by the output power of the Maquette tube. Further 
tests are planned in the frame of acceptance of the next series gyrotron. 

 

 
Fig. 4:  Input section of the long load, showing matching horn, and the absorbing waveguide with cooling connection. 
 
 

In the past years, the ECRH system at IPP -Greifswald was used as a test bed for novel 
components, e.g. for test of high-power diplexers. These devices are developed for use as a 
combiner for the power of two gyrotrons as well as a fast directional switch (FADIS) between 
two outputs, and therefore are of potential interest for ITER.  

Based on the experience gained from the tests, very compact diplexers have been designed 
and built. The diplexer MC IIIb is compatible with the corrugated waveguides system used at 
ASDEX Upgrade, and is intended to be used there for in-line ECE experiments. For this pur-
pose, a new resonator mirror drive was built by TNO in Delft, and the diagnostics for the 
drive control was upgraded and simplified. Commissioning at ASDEX Upgrade is planned for 
next year. An evacuated version (MQ IV) compatible with the ITER system is being designed 
at present (see Fig. 5). Provided that funding for the manufacturing is available, high-power 
tests on the ITER test system at JAEA, Naka are foreseen.  
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Fig. 5: Design of the diplexer MQ IV compatible with the ECRH system on ITER (waveguide diameter 63.5 mm, distance of 
adjacent guides 300 mm). The top plate with the mirror drive and the absorber tubes is removed to reveal the resonator 
geometry and the beam path shown in red dotted (resonant channel) and blue dash-dotted lines (non-resonant channel). 

 
 

In-vessel components 
 
The four refurbished ECRH-plug-in launchers have successfully passed the official vacuum 
leak test for W7-X in-vessel components. They also demonstrated the robustness and reli-
ability of their motor drive mechanism in mechanical cycling tests of the front steering mirrors 
in the MISTRAL-chamber in vacuum.  

For two of the N-ports of W7-X, "remote-steering" (RS) launchers are foreseen. This is due to 
the fact that front steering launchers as used in the A and E ports will not fit into these narrow 
ports. The remote-steering properties are based on multi-mode interference in a square 
waveguide leading to imaging effects: For a proper length of the waveguide, a microwave 
beam at the input of the waveguide (with a defined direction set by a mirror system outside of 
the plasma vacuum) will exit the waveguide (near the plasma) in the same direction. For W7-
X, the vacuum window, a vacuum valve as well as a mitre bend must be incorporated into 
the 4.6 m long waveguide, as shown in the conceptual design Fig. 6. 

In 2011, the N-port engineering design activity was frozen. The project is waiting for the final 
approval of a BMBF application on support for developing and constructing two remote-
steering launchers. This application (collaboration of IPP with IPF and two industrial partners) 
was filed in 2011, with the expectation to start early 2012.  
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Basic research on the optimization of remote-steering antennas was continued at IPF Stutt-
gart.  

In the frame of a diploma thesis, investigations on the influence of a mitre bend and gap in 
the waveguide were performed on a slightly scaled antenna mock-up made from square cor-
rugated waveguide. The results show that both elements can be included in the launcher 
without remarkably reducing the performance in the reachable steering range of -12° <  ϕ  < 
12°. 

In parallel, the IPF-FD3D full-wave code has been adapted to the problem of finding the 
waveguide dispersion relation for arbitrarily deformed waveguide cross sections. A 
waveguide cross-section with outward bulges resulting in an increased angular steering 
range has been identified. The PROFUSION code was extended to calculate the remote-
steering qualities of the deformed waveguide. 

A first mock-up for investigations of deformed waveguide cross-sections was built, and 
measurements are underway. 

 
Fig. 6: Conceptual design of the remote steering launcher, which is designed for the narrow N-ports of W7-X. The insert left, 

bottom shows the design of the corrugated (nearly) square waveguide with vacuum flange and cooling connection. The 
insert top, right shows the transverse field structure of an m= 15 mode in the slightly bulged waveguide cross-section. 

 
 

The final design of electron cyclotron absorption (ECA) diagnostics, which measures the 
transmitted ECRH power, the beam position and polarization, was completed. A prototype 
waveguide bundle was successfully test-assembled in the W7-X vacuum chamber. A minor 
rerouting of the waveguides in the plasma vessel had become necessary, due to collisions 
with other in-vessel components. The design is officially approved as collision free now and 
the production drawings were completed. The counter part of the plasma vessel waveguide 
bundles are the four B-port inserts with vacuum interfaces for the waveguides. Vacuum leak 
tests of the first B-port insert showed, that some of the mica vacuum interface windows were 
damaged by a superelevated compacting pressure. Therefore, the waveguide vacuum inter-
faces have been slightly modified. They were reassembled into the B-port plug-in and are 
presently leak-tested.  

The microwave material test chamber, which measures the material properties at 140 GHz 
with low-power stray radiation, was upgraded within a Bachelor thesis in co-operation with 
the Humboldt University Berlin. A detailed investigation of the radiation field inside the sphere 
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helped to improve the measurement accuracy significantly. This small chamber is also used 
to calibrate the stray radiation detectors for the MISTRAL chamber and for W7-X. 

The stray radiation in W7-X will also be monitored by so called “sniffer” probes, which are 
highly over-moded spherical resonators. It is planned to install at least one probe in every 
W7-X module. The probes have been characterized in collaboration with the Eindhoven Uni-
versity of Technology (TU/e). The detailed design for their integration into W7-X plasma ves-
sel is ongoing. 
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Analysis of Design Issues, Interfaces and Preparation of the Procurement  
Arrangement for the ITER Gyrotron (F4E-2009-GRT-034-01) 
 
Design and Development of the European Gyrotron (F4E-2009-GRT-049-01) 
 
Introduction 
 
The development of a 2 MW, CW, 170 GHz coaxial cavity gyrotron for ITER is pursued within 
the European Gyrotron Consortium (EGYC, consisting of CRPP, Switzerland; KIT, Germany; 
HELLAS, Greece; CNR; Italy), which acts as one scientific partner for F4E, and in coopera-
tion with ISSP, Latvia. The goal of this development is the supply of sources for 170 GHz 
ECH & CD at ITER providing 8 MW CW power, to cover the EU contingent on ECH & CD 
sources in ITER. In contrast to other contributors to ECH & CD on ITER, the EU plans to 
provide sources with 2 MW RF power per unit (ITER minimum specification: 1 MW) in order 
to reduce cost and space requirements, to be able to double the system power if requested 
and to establish the - essentially more powerful - coaxial technology. 

While the industrial gyrotron prototype, built by Thales Electron Devices (TED, France), is 
tested at CRPP, KIT provides support to the development through component design, scien-
tific investigations and collaboration, as well as low and high power tests. The latter are done 
with KIT’s modular pre-prototype gyrotron (see figure 1). In particular, KIT is solely responsi-
ble for the design of cavity, uptaper and mode converter system, and, with the position 
change or Dr. Ioannis Pagonakis from CRPP to KIT, also for the electron gun and other as-
pects of the electron optical system up to the collector. KIT also supports the experimental 
phases at CRPP in the frame of mobility missions. 

In parallel to the coaxial 2 MW gyrotron activities, a 1 MW conventional cavity design was 
prepared in 2010 as a fallback solution. Since the coaxial ITER gyrotron project is strongly 
delayed due to an unexpected repair cycle of the prototype, the strategic decision about 
keeping the 2 MW design or switching to a conventional 1 MW design is under strong dis-
cussion and will be taken early in 2012. 

   
Fig. 1: Coaxial 2.2 MW 170 GHz short pulse pre-prototype gyrotron at KIT (left); the refurbished industrial long pulse prototype 

at delivery end September 2011 (mid); and the same prototype, installed at the CRPP test stand inside the ASG magnet 
(right).  
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Status of work at the beginning of 2011 
 
The refurbishment of the industrial prototype for the ITER gyrotron was started in 2009 and 
aimed at delivery to CRPP Lausanne in summer 2010. Due to various delays, the delivery 
date had to be shifted first to end March 2011 – finally, the delivery took place end Septem-
ber 2011. The first problem was a leaky brazing at the ceramic collector insulator during the 
final bake-out of the tube. 

To fill this gap of experiments, the KIT pre-prototype was equipped with the old 165 GHz-
gun, after the 170 GHz-gun also failed due to a crack in a gun insulator. In former short-pulse 
experiments with the new KIT dimpled-wall launcher, an internal stray radiation of 7% was 
measured. The next hot experiments with a different launcher-antenna designed by IAP Niz-
hny Novgorod were set up to determine the change of stray radiation level due to the 
launcher exchange. 

Since it was obvious that, on the one hand, the KIT electron guns reached the end of their 
life time, on the other hand, an increase of pulse length was highly desirable for more scien-
tific insight and for a better support to the long pulse experiment with the industrial prototype 
at CRPP, the so-called modular project was started. In 2009 the pre-prototype produced a 
world-record power of 2.2 MW at 170 GHz with good efficiency, which was a major step for-
ward and now requires validation at longer pulses. The modular project should transform the 
short pulse pre-prototype into a modular medium-pulse and, if possible, into a pre-tested 
long-pulse tube.   

Regarding theory and simulation, first steps for a further improvement of the quasi-optical 
system through phase correcting mirrors or smoothing of the launcher structure have been 
made, initiated within the dissertation of Dr. Matthias Beringer on a 4 MW coaxial gyrotron, 
which was finalized end 2010. A different dissertation on simulation code improvement was 
started, aiming at a better interaction description through realistic magnetic field modelling. 
The simulation work on GRT-034 regarding the influence of stray-magnetic fields in the ITER 
environment was also started, in strong collaboration with CRPP. 

After the successful redesign of the beam tunnels of the coaxial gyrotron and the conven-
tional tubes at KIT, the investigations on parasitic oscillations were extended to investigations 
on dynamic ACI and the possible influence of tolerances and misalignments on parasitic os-
cillations.   

Achievements in 2011 
 
High power tests with the industrial prototype at CRPP 
 
After a large number of unexpected delays caused by smaller damages and process prob-
lems, the modified and refurbished first industrial prototype was finally delivered end Sep-
tember 2011 to CRPP. The experiments have been performed until 9th of December and 
have been strongly supported by all EGYC associations, including continuous presence of 
KIT experts at the experiment. 

First of all, the experiment had to prove that the site acceptance test criteria were fulfilled, 
such that the tube could be accepted by the customer F4E. After this, F4E would take over 
the ownership from the manufacturer TED, and the actual RF experiments could be started. 
After a first four days of rapidly improving RF operation, with a performance close to the 
specification, the tube broke on 9th of December, The first observation was quite disappoint-
ing, since the gyrotron arrived with a leak that developed during transport. The leak could be 
sealed by a special resin, as shown in figure 2, but the tube fell back to an unbaked condi-
tion, which made long pulse operation questionable. Despite this problem, the vacuum could 
be regained and quickly improved; during all subsequent experiments the vacuum behaviour 
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was clearly better than that of an unbaked tube, which raised hopes on long pulse operation, 
but this was finally disabled by the terminating accident.  

 
Fig. 2: C. Lievin (TED) fixing the vacuum leak. 

 
 

The achievements of the site acceptance test and the short phase of RF experiments are in 
overview: 

• The SAT acceptance tests were successfully completed at the end of November: 
o The gun design changes have been validated. The tube stood the high voltage 

without any problem without and with magnetic field - in strong contrast to the first 
design - and permitted the operation at nominal parameters. 

o Good alignment of the inner rod has been done (0.06mm accuracy), and the over-
all tube position in the magnet has also been verified. 

o The conditioning time needed to reach high power operation was surprisingly 
short, especially if the leak is taken into account.  

• RF tests started on December 5th: 
o The tube showed excellent potentialities: Within four days, it was possible to reach 

nominal parameters (90 kV, 75 A) and extract 2 MW of output power with an effi-
ciency of 45% on the right mode. Pulse lengths were limited to ca. 1 ms pulses. It 
should be noted that no particular optimization other than the magnetic field value 
was done, in particular the depression voltage was arbitrarily set to 30.5kV – at the 
nominal 35 kV, the efficiency would have exceeded 48%. Further optimization 
appeared easily possible. See figures 3 and 4. 

o No low frequency oscillations were observed. The new beam tunnel concept was 
again (after the pre-prototype measurement) validated at short pulse on this tube. 

o The microwave beam symmetry was measured with thermal paper and found to be 
very good, and in agreement with experiments and simulations made at KIT (see 
figure 5). 

o One strange observation is that the mode’s starting currents were unexpectedly 
high. 
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• An internal ceramic RF absorber failed on December 9th during an accidental (but not 
uncommon) operation under wrong mode rotation, putting an early end to the experi-
mental phase. It is under discussion if the mode jump is indicating a reduced stability 
region. 

The short reminder of the year was dedicated to post-evaluation of the event and the meas-
urements, as well as on discussions of the implications. This will be continued in 2012, the 
possible consequences and conclusions are not established at the end of 2011.   

Fig. 3: Measured RF output power of the industrial prototype for different magnetic field settings. 
 

Fig. 4: Measured total efficiency of the industrial prototype for different magnetic field settings. 
Note that due to the short experimental time the efficiency was not optimized. 
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Fig. 5: The RF output beam pattern of TE34,19 in simulation (left, linear scale), thermal camera measurement at the KIT-pre-

prototype (mid) and in thermal paper measurement at the refurbished prototype (right) shows very good agreement and 
beam alignment at the RF window. 

 
 

High power tests at KIT and redesigns of the pre-prototype 
 
Since no high power experiments could be done in 2010, the plans for these experiments 
were shifted to 2011. After several problems were solved, it was possible to operate the pre-
prototype again in short pulses with the 165 GHz gun. This gun is unfortunately not suitable 
for application of the additional normal conducting coil, which would be necessary for 2 MW 
operation, so only some 1 MW working points from former tests could be reproduced. The 
major result of these investigations was that the stray radiation could be reduced from 7% to 
5.5% by employing the IAP launcher. This result motivates the further work on smoothed KIT 
rippled-wall launchers. During this experiment, it became obvious that the the gyrotron could 
not not be operated furthermore using the old gun, so the experiments were stopped after 
that result. 

In order to regain the capability for hot experiments, the modular project was taken further. 
First, the aim was to use the refurbished KIT 170 GHz-gun in June to do a fast validation 
experiment relevant for the redesigned electron gun of the industrial prototype. This experi-
ment appeared to be of strategic relevance, since the decision on keeping or dropping the 
2 MW concept was, and is still, under investigation through the TAP expert group on gyro-
trons for F4E – this group was set up to elaborate a recommendation for TAP on the 2 MW 
program. After both the gun delivery and the decision point were delayed until end of the 
year, no further high power tests were done at KIT in 2011. The next tests are scheduled in 
February 2012. The preparation activities for these tests were running throughout the year, 
starting with design, manufacturing and test of a cooled normal-conducting (NC) coil for CW 
operation of the KIT Oxford instruments magnet, as required for 2 MW operation. The tests 
done in 2009 used a pulsed uncooled NC coil. Mid of the year, after the gun delivery was 
delayed, the decision was taken to modify the pre-prototype already in the first step by 
equipping it with a small shaft that fits the cooled NC coil (see figure 6). These mechanical 
modifications, together with other mechanical adaptions and improvements, lasted until end 
of 2011 and will be finalized for the first tests. 
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Fig. 6: Sketch of the KIT pre-prototype gyrotron with small gyrotron body inside the magnet (rotated; up is right side). The brown 

shape is the cooled NC coil inside the magnet (blue), and the red thick material at the upper magnet end is a new isolating 
spacer that shifts the gyrotron in the right position and also allows depressed collector operation with high voltage standoff. 

 

Quasi-optical systems for ITER gyrotrons 
 
The pre-prototype experiments mentioned above have shown clearly that the level of stray 
radiation created by the rippled-wall launcher and its quasi-optical system needs to be re-
duced. In addition, it was desired to increase the fundamental Gaussian mode content of the 
RF output beam further above 96%. Two approaches were pursued, first to equip the exist-
ing “first version” launcher with phase correcting mirrors (figure 7) to increase the Gaussian 
Content, and second to refine the launcher design by smoothing its surface to achieve both 
lower stray radiation and higher Gaussian content, even with smooth mirrors. Both ap-
proaches required some code work and investigations on the best filtering methods for 
smoothing without degrading performance. Finally, both approaches succeeded and resulted 
in design improvements: While the phase correcting mirrors approach could increase the 
Gaussian content even to 99%, as shown in simulation (in cold tests 97% has been meas-
ured), the smoothed launcher approach reached around 97% in simulation with an significant 
reduction of stray radiation. The hardware for both designs is now available, cold measure-
ments of the smoothed launcher are scheduled at the beginning of 2012, and both system 
variants will be tested in high power tests during 2012, too. 

In addition, some redesign work for the 1 MW ITER backup design was started, since a 
check of the manufacturer TED showed that the first design would not fit the foreseen hous-
ing. 

Finally, the dissertation of Jens Flamm on efficient simulations of tapered launchers was 
nearly finished by the end of the year, resulting in a new analysis code that can directly con-
sider the small taper angles of real world launchers – until now, this could only be done in 
slow analysis codes like SURF3D. 

Last not least, it should be mentioned that the KIT quasi-optical millimetre-wave VNWA had 
to be upgraded from outdated software and operating systems to make these measurements 
possible. In addition, the RF backward-wave tube sources had to be replaced by solid state 
devices, which in return called for new mixers to maintain system sensitivity. All these redes-
ign and upgrade works were being done and are continued by trying to bring the backward 
wave tubes into operation again, for even increased system dynamic. 
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Fig. 7: Phase correcting mirror for improved Gaussian RF beam content. 

 
 

Investigation of the ITER stray magnetic field on gyrotron operation 
 
In the context of the F4E GRT-034 Task No. 1, the effect of the ITER stray magnetic field 
(SMF) on the operation of the European gyrotron has been studied. The SMF include the 
magnetic field generated by neighbouring gyrotrons, the ITER tokamak and also fields gen-
erated by the ferromagnetic structural materials used in the ECRH building. The 3D self-
consistent electrostatic code ARIADNE has been used for the evaluation of the stray mag-
netic field effect on the electron beam in the cavity and the collector region. It is shown that 
the beam parameters at the cavity of the gyrotron are not significantly affected by the SMF. 
On the other hand, the magnetic field lines in the collector region are significantly deformed 
in the presence of the SMF. A part of the electron beam is guided to the non-appropriately 
cooled part of the collector surface, while the electron beam power is distributed in a signifi-
cantly smaller area of the collector walls. In order to address the problem, the use of an ad-
vanced transverse sweeping system is proposed, which would allow to compensate the stray 
magnetic field and to improve the collector operation. A manuscript dedicated to this study 
with title "Study of the ITER SMF Effect on the EU 170 GHz 2 MW Coaxial Cavity Gyrotron" 
has been submitted to the journal IEEE Transaction of Plasmas Science.  

Investigation of the modulation capability of the ITER gyrotron 
 
In the framework of the F4E GRT-034 Task No. 2, the power modulation capabilities of the 
2MW, 170 GHz gyrotron for ITER have been addressed. One of the critical parts of the tube 
is the collector, which will experience an increased load in the case of modulated operation 
of the gyrotron (where the averaged efficiency will be decreased).  
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One of the main results obtained from the 
transient thermomechanical analysis with 
ANSYS show that the less efficient modula-
tion with the body power supply will raise the 
peak temperature and therefore the 
thermomechanical stress inside the collector 
wall beyond critical values and therefore 
should be avoided. As a consequence, the 
more efficient modulation with the main power 
supply should be preferred. Nevertheless, 
even in this case the peak temperature and 
stress will be slightly increased compared to 
the nominal operation point. Therefore, more 
investigations are needed to optimize the col-
lector surface shape or to increase the 
sweeping frequency. 

 
 
 
 
 
 
 
Theoretical and experimental investigations on parasitic oscillations and related effects: Sim-
ulation code improvement, ACI investigations and measurement system development 
 
Triggered by the investigations on beam tunnel oscillations started in 2009, there is a grow-
ing interest on parasitic oscillations and their implications. While the beam tunnel oscillation 
problem appears solved, the search for parasitic frequencies in experiment resulted in a 
number of observations of high interest for further research. This coincided with observations 
of dynamic after cavity interaction (ACI) processes in simulation that led to similar RF spectra 
and had a clear influence on performance. For this reason, the activities on code improve-
ment, particular ACI investigations as well as improving spectral millimetre wave measure-
ment systems and applying them at gyrotron experiments were and are continuing.  

Code improvement is done in the frame of a dissertation, aiming at incorporating enhanced 
numerical models for non-uniform magnetic fields in interaction simulations. The older code 
versions were assuming a constant magnetic field only or a simplified model, which is suit-
able inside the resonator, but increasingly loses dependability outside, in locations where the 
parasitic oscillations are generated. First versions of the new code are being tested; one 
simulation example featured a surprisingly good coincidence between simulated and para-
sitic frequencies.  

In a broader view, investigations on the influence of numerically induced reflections on ACI 
and their reduction are ongoing, in strong collaboration with colleagues from HELLAS and 
CRPP. First results show a strong influence of numerical reflections on ACI, but it is also 
found that when these influences are removed, strong dynamic ACI can still appear. All these 
code improvement activities are continued, aiming at creating a simulation tool that can relia-
bly predict the appearance of parasitic oscillations and support their suppression by design. 

On the experimental side, the next spectral measurement system is being developed as a 
part of another dissertation work. With the system developed in 2009, it became possible to 
display millimetre wave spectra in large bandwidth with high dynamic resolution, as long as 
the oscillations remained stationary enough over a millisecond range. The new system is 
utilizing fast digital oscilloscopes, receiving a downmixed time domain signal with bandwidths 

 
Snapshot of the temperature distribution in the collector wall 
during nominal operation (obtained with ANSYS) 
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exceeding 2 GHz. This permits the calculation of instantaneous spectra, and with a special 
dual-receiver technique, undesired mixing signals can be safely excluded while actually in-
creasing the usable bandwidth. The system is under development, with the particular prob-
lem of having to acquire large amounts of data very quickly and over long time ranges. A 
measured example is shown in figure 8. This high dynamic and wide band measurement 
technique is essential for investigations on parasitic oscillations, especially when the aim is to 
check by measurement that no such oscillation appears. Here it can be said that in the coax-
ial pre-prototype, after being equipped with the corrugated beam tunnel, it could be shown 
through such measurement systems that no parasitic RF oscillations were generated. While 
this result appears of little interest seen from the measurement technique side, it is very hard 
to obtain and at the same time it is an important performance feature of the gyrotron. Other 
gyrotrons, which are also under investigation, are still creating parasitic oscillation spectra, 
thus justifying the further development of the measurement systems. 

Fig. 8: Measurement example of spectrum versus time at the SN6 W7-X gyrotron. It can be seen in the waterfall plot (top left) 
that, after a startup process, a modulation appears and vanishes again. The example is just shown in small band; the 
actual measurement bandwidth expands over two separate ranges of 2 GHz each. 

 
 

Conclusions and prospects 
 
The unfortunate conditions for the coaxial gyrotrons during 2011 can only partly be balanced 
be the impressive list of successes during the four days RF experiment phase of the indus-
trial prototype. A significant part of 2012 will be dedicated to the post-evaluation of the meas-
urements and of the damage event. However, it should not be overlooked that even the short 
measurement campaign represents a quantum leap for the industrial prototype: For the first 
time, a coaxial industrial prototype was operated reaching the high design power of 2MW at 
high efficiency of 45% and at good beam quality, without any parasitic oscillations. 

Since the damage comes under high time pressure and also otherwise difficult times for fu-
sion technologies, a re-evaluation of project plans should be considered. It is currently open 
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if the 1 MW backup design project will be re-activated. In any case, KIT will prepare for such 
an event. 

Another parallel opportunity to go on with coaxial gyrotron developments is the modular pro-
ject, which actually was set up to be a substitute in exactly such a damage case as experi-
enced. This project will in any case start through the next pre-prototype tests scheduled in 
February right after the refurbished gun was delivered. This experimental phase concen-
trates on component tests in short pulse, and the most important component to be redes-
igned and validated is the RF absorber scheme at the mirror box. In addition, this experiment 
will be operated with depressed collector, opening another chance to quickly determine effi-
ciency limits in short pulse. Other components to be tested during the year are the new 
quasi-optical systems and several different beam tunnels.  

The test stand will need further modifications in view of upcoming longer pulse tests. These 
activities will go on through the whole year. The same is true for the efforts on code im-
provement and measurement systems mentioned above. 

Industrial Partner 
 
TED Thales Electron Devices, Velizé, France ;  
TED is the manufacturer of our gyrotrons and their components, formally associated to the 
F4E grants through procurement contracts with F4E. 
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Technological Requirements of an Electron Cyclotron Current Drive System for 
DEMO (WP11-DAS-HCD-EC-01) 
 
ECRH systems have demonstrated successful heating, current drive and plasma stabilisation 
in several fusion experiments. With growing RF power, pulse length, efficiency and reliability 
of gyrotrons, ECRH has become one of the first choices for heating and plasma stabilisation 
in existing and planned fusion devices.  

Today, 2 MW CW RF windows (small band) and transmission lines, and 1 MW CW sources 
(single or dual frequency) with 50 % efficiency are considered state of the art up to 170 GHz. 
2 MW gyrotrons are under investigation, even 4 MW sources appear feasible, and investiga-
tions on broadband concepts have been launched.  

With its small RF wave length and easy plasma access, ECRH offers the advantage of small 
antenna structures and torus openings together with a well controlled localized heating, 
which is particularly useful for plasma stabilisation and shaping current drive profiles. 

In this task the specific R&D needs and a development roadmap for an ECH&CD system for 
DEMO are analysed. The technology requirements and specifications for a nuclear environ-
ment are assessed for the power sources, transmission lines, RF windows, antenna, diag-
nostics, interfaces and remote handling issues. The activity includes a RAMI analysis (reli-
ability, availability, maintainability, inspectability).  

Based on the assumptions of a DEMO 1 (ITER like) and DEMO 2 (CW machine with a large 
amount of non-inductive current drive) tokamaks the technological developments in the vari-
ous fields (gyrotron, window, launcher, remote handling, critical issues) are being addressed. 
The main differences between ITER and DEMO with respect to the ECH&CD system are 
mentioned and necessary developments towards DEMO are analysed.  

Staff: 
 
G. Gantenbein 
S. Kern 
D. Strauss 
 

Acknowledgement 
 
This work, supported by the European Communities under the contract of Association be-
tween EURATOM and Karlsruhe Institute of Technology, was carried out within the frame-
work of the European Fusion Development Agreement. The views and opinions expressed 
herein do not necessarily reflect those of the European Commission. 

 



 -- 49 --

Advanced Gyrotron Development 
Studies on Electron Beam Diagnostic Systems (CoA) 
 
Introduction 
 
One of the big unknowns in experimental gyrotron diagnostic is still the electron energy dis-
tribution at the absorption in the collector. Even though the distribution can be simulated with 
many tools today, a measurement in full operation is impossible yet. On one hand, the en-
ergy distribution is one of electron beam features that determines the possible energy recov-
ery, on the other hand, the measurements performed after interaction would give valuable 
insight into the interaction mechanisms, as well as a good tool for code validation. 

One possibility for creating a diagnostic tool for energy distribution is to measure the X-ray 
spectra that are emitted as bremsstrahlung at the collector. One of the problems is the re-
construction of the electron’s energy distribution through de-convolution. Other problems are 
uncertainties and possible error sources through shielding. With such a diagnostic in hand, 
an important tool would be available for further optimisation of gyrotron efficiencies and simu-
lation codes.  

Status of work at the beginning of 2011 and achievements in 2011 
 
The X-ray electron beam diagnostic is currently developed within a collaboration among KIT 
and the St. Petersburg State Polytechnical University (SPbSPU), Russia. In 2010, an exten-
sive theoretical study on the calculation of electron energy distributions from bremsstrahlung 
was accomplished. The result was that a very good reconstruction of energy distributions is 
possible if the radiation is measured through materials and walls which don’t absorb strongly, 
like the ceramic isolators on the gyrotron or additional windows, for example at the collector. 

In 2011, an X-ray spectrometer “AmpTek X-123CdTe” was purchased and sent to St. Pe-
tersburg for first experimental tests. Unfortunately, the transfer caused customs problems in 
Russia, which delayed the whole project by several months and made it impossible to con-
tinue the measurements on a KIT gyrotron at the end of the year. Nevertheless, experimental 
measurements could be done with an “Introvolt 120” X-ray source. Several spectra were in-
vestigated (see figure 1). It was found that the calculation of electron energies from meas-
ured data required a code modification in order to take into account the distortions and the 
characteristic lines and to pre-process the measured data accordingly.  It was subsequently 
possible to reconstruct test spectra by running the source sequentially at different voltages. 
Using such measurements, the influence of the pre-processing parameters was studied in 
detail (figure 2). After these tests finished successfully, a shielding box for the spectrometer 
was designed to reduce the influence of both external electromagnetic influences as well as 
the strong static magnetic field at the gyrotron.  

Conclusions and prospects 
 
The experimental tests foreseen at KIT could not be performed due to the lack of a suitable 
gyrotron experiment. Through the experimental preparation with the “Introvolt 120” X-ray 
source and the corresponding code modifications, the necessary experience was gathered to 
continue with measurements on a gyrotron at KIT. For this purpose, the step-tunable gyro-
tron will be equipped with a dedicated collector that features a top window for measure-
ments. The shielding box for the spectrometer was already built.  
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Fig. 1: Photon spectra of different types measured with X-ray tube with tungsten target at U = 100 kV – for different conditions of 

X-ray generation and propagation to spectrometer sensor. 
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Fig. 2: Electron energy distributions reconstructed from X-ray spectrum for X-ray operation regime “100 s at 110 kV + 75 s at 70 
kV” with usual basis (energy points are eU= 33, 36,…, 120 keV, step 3 keV) and different weight functions  on energy dis-
cretization intervals and steps:  
(a) the usual weight function W = E2; 
(b) the same weight function divided by 3 in an interval near characteristic radiation lines; 
(c) the same weight function divided by 10 in an interval near characteristic radiation lines; 
(d) weight function is equal to basic function for the highest energy W = A120(E). 
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Design of a low power gyrotron for the test of a new emitter concept 
 
The design phase of a 28 GHz, 15 kW gyrotron for the test of a new segmented emitter is 
nearly finished. The new emitter type is based on small individual emitter rods, heated in the 
rear part of the segment. The goal of this project is to combine several segments to a ring-
shaped structure to replace the conventional emitter ring. This concept allows the influence 
of the emission current of each emitter segment and therefore enables the control of the az-
imuthal homogeneity of the emission, which is not possible in the case of conventional ring-
shaped emitters. 

This work is done in collaboration with Calabazas Creek Research (USA), which will design 
and build the cathode part of the tube in two variants, one equipped with the new segmented 
emitter (see Fig.3 left part) and one with a conventional ring-shaped emitter, for comparison 
measurements. 

All other parts of the gyrotron are under development at IHM and reached now the final de-
sign phase (see Fig.3 right part), including the electron beam optics, cooling, material selec-
tion and UHV technology. First brazing tests with relevant materials have been performed at 
the IHM mechanical workshop. 

 

 

Fig. 3: Drawings of the cathode section with segmented emitter (left) and of the complete test gyrotron (right). 
 
 

Design and test of a high power stainless steel microwave load 
 
Conventional high power microwave loads usually use a ceramics coating to absorb the RF 
power. Unfortunately, this concept has the drawback that local hot-spots may appear on the 
load surface that will cause ablation of the coating. To avoid this problem, we designed a 
load manufactured solely from stainless steel and increased the overall absorbing area of the 
device with additional U-shaped stainless steel pipes. Since experiments in 2010 without 
active cooling of the load showed promising results, we equipped the inner pipe structure 
with water cooling (leaving the outer structure still without active cooling). The results ob-
tained with this set-up allowed RF pulses of 550 kW for 30 s and 780 kW for 20 s, respective-
ly, indicating a significant performance increase compared to the measurements of 2010. 
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Fig. 4: The stainless steel microwave load prepared for the second measurement in 2011. 
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Advanced Gyrotron Development 
Step-Tunable Gyrotron (CoA) 
 
Introduction 
 
In recent years electron cyclotron resonance heating and current drive (ECRH and ECCD) 
has been established as a successful instrument in magnetically confined fusion plasmas. 
Gyrotrons are the unique devices which meet the extraordinary requirements of those appli-
cations: output power in the MW range, 100 – 200 GHz output frequency, and pulse length of 
several seconds up to continuous wave (CW). Due to its excellent coupling to the plasma 
and the very good localization of the absorbed RF power, ECRH is applied in present day 
machines and is also foreseen in large forthcoming fusion project: it will be the main heating 
system for the stellarator W7-X which is currently under construction and it will play a major 
role in the ITER tokamak. In particular, advanced tokamaks are operated in a plasma regime, 
where MHD instabilities which may limit the performance are present. To a large extent the 
stability in a tokamak is influenced by the distribution of the internal plasma currents, which 
can be manipulated by the injection of RF waves. The location of the absorption of RF waves 
with the angular frequency ω  is dependent on the resonance condition ω−kzvz=ωc (kz: z-
component of the wave number, vz: electron velocity along z-axis). Thus, by changing the 
wave frequency ω the absorption can be moved to any radial position where the local cyclo-
tron frequency of the electrons ωc holds for the expression above.  

Industrial gyrotrons in the relevant frequency range with an output power of about 1 MW are 
usually designed for a fixed frequency. However, frequency tunable gyrotrons are not a 
standard product, since these broadband tubes require additional optimization of major com-
ponents of the gyrotron like the electron beam forming optics, cavity, quasi-optical mode 
converter and output window.   

For experiments on plasma stabilization at ASDEX Upgrade (IPP Garching) with advanced 
ECRH and ECCD, multi-frequency tunable (105 – 143 GHz) 1-MW long-pulse gyrotrons are 
highly needed.  

Experiments with modified profile of resonator 
 
According to our program established in 2010 it was decided to modify the profile of the up- 
taper in the resonator in order to suppress the effect of After Cavity Interaction (ACI) of the 
spent electron beam with a traveling EM wave. The ACI effect was observed in numerical 
simulations and was believed to be the possible reason for low mode purity of the RF beam 
at the output window, and reduced efficiency of the gyrotron.  

The machining of the new resonator was performed at the IHM workshop in order to reduce 
the costs. The profile of the produced resonator was measured and it was found within the 
range of acceptable tolerances.  

Experiments with a new resonator started in August and continued until October 2011. Dur-
ing that period various comparative measurements have been performed allowing conclu-
sions on the influence of the up-taper geometry on the performance of the gyrotron, based 
on the assumption that parasitic frequencies are excited in the up-taper. Experimental meas-
urements showed that at usual operation condition a specific parasitic oscillation was still 
present with each excited cavity mode (at different frequencies). A detailed study of the de-
pendency of the frequency of parasitic oscillations on cathode voltage and magnetic field 
was performed.  

The power measurements were made for several cavity modes at different frequencies for 
comparison with the original resonator and, in addition, at higher frequency range four modes 
with radial number 9 were studied.   
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With the short pulse experiment It was found that for a number of modes, which have the 
matching caustic radius, it was possible to obtain nearly one megawatt power at nominal 
beam current and a efficiency of about 26 %. Though according to the calculations of the 
electron beam properties the pitch factor (ratio of perpendicular to parallel electron velocity) 
is larger than a nominal one. Operation of the gyrotron at higher power was followed by the 
appearance of both high frequency parasitics and low frequency electron beam instability in 
the range of few tens megahertz. 

In Table 1 the list of measured modes is reproduced with achieved power and beam proper-
ties used during operation. 

Table 1: Frequency, power and efficiency of measured modes at nominal parameters of operation. 

Mode Frequency, [GHz] Ucath, [kV] Ibeam, [A] Power, [kW] Efficiency, % 

TE19,7 119,5 93,0 41,1 880 23,0 

TE20,7 124,1 91,7 41,0 890 23,6 

TE22,7 130,9 90,0 40,0 900 25,0 

TE22,8 140,0 91,7 41,0 960 25,5 

TE23,8 143,3 90,3 39,1 980 27,5 

TE24,9 155,9 91,7 41,1 980 26,0 

TE25,9 159,2 91,0 40,4 1000 27,2 

TE26,9 162,5 89,7 40,4 990 27,3 

TE27,9 165,9 90,0 40,4 950 26,1 
 
In the table the efficiency of short pulse operation is calculated without taking into account 
the effect of voltage depression. In a long pulse operation one could expect higher efficiency 
to be obtained. 

In order to characterize the possible limitations of the output power one could measure its 
dependence on the beam current. Such dependency was measured for two modes: TE22,8 

and TE23,8 , which is shown in Fig. 1. 
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Fig. 1: Output power in dependence of the beam current for the modes TE22,8 and TE23,8. 

 
 

A further increase of the beam current was limited by the heating power supply of the cath-
ode. In both cases the power depends linearly on the current. The interesting point is that in 
both plots the efficiency does not reach saturation and is still growing with the current. From 
this result we may conclude that, in order to improve the performance, the resonator itself 
may be optimized.  
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ESRAY calculations of the electron beam parameters such as pitch factor and radius for op-
eration in the TE23,8 mode show that the pitch factor exceeds the nominal one ( 1.3) signifi-
cantly. Operation of the gyrotron at reduced pitch factor close to the nominal one shows an 
output power reduction of approx. 200 kW. The inconsistency between the theoretical calcu-
lations and experimental performance is still the subject of study. 

The frequency dependency of parasitic modes on the cathode voltage and magnetic field 
was studied. The results of the measurements are plotted in Fig. 2 (a) and (b). Parasitic os-
cillation demonstrates gradual dependence both on the beam voltage/energy and magnetic 
field amplitude. The change of the working mode in the cavity from TE22,8 to TE23,8 nearly 
does not affect the frequency of the parasitics. From this we may conclude that parasitic and 
gyrotron oscillations are not strongly coupled and the parasitics may occur at different sec-
tions of the resonator or even in the downtaper of the beam tunnel section. In addition, in 
contrast to the gyro mode the parasitics show a stronger dependence on the magnetic field 
and the cathode voltage change which is characteristic for BWO type interaction. 

At the moment the origin of this oscillation is still the subject of investigation. 
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Fig. 2: Frequency of resonator and parasitic modes in dependence of the voltage (a) and magnetic field (b). 
 
 

A special study was performed to investigate the influence of beam disposition on the RF 
field profile pattern measured by IR-camera. The Gaussian content detected for the main 
mode TE22,8 is at the value 79% instead of 93% expected from calculations of the Quasi Op-
tical System (QOS). Such a low value of Gaussian content was stably reproduced at different 
positions of the electron beam in the cavity and various regimes of operation by the same 
mode of oscillation. In principle, in the case of multimode oscillation the power of each mode 
must be sensitive on the operation. Therefore, the beam pattern must strongly vary, which 
was not the case. A new type of QOS having higher efficiency is developed (see below). 

New quasi-optical mode converter 
 
A new type of quasi-optical mode converter for the step-tunable gyrotron was developed with 
the use of an improved code for the launcher and mirrors synthesis. The improvements of 
the code reduce the stray radiation from the launcher and, therefore, thermal loading on in-
ner construction parts of gyrotron. Generally the Gaussian content is higher for the main op-
erating modes. 

The Fundamental Gaussian Mode Content (FGMC) of the field calculated at the last section 
of the launcher is presented in Table 2. 

The launcher will be used together with a quasi-elliptical mirror and two new toroidal mirrors.  
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Table 2: Calculated Fundamental Gaussian Mode Content at the 
last Brillouin zone of the launcher for 9 modes. 

Mode Frequency [GHz] FGMC [%] 

TE17,6 104.9 97.8 

TE18,6 108.2 96.8 

TE19.6 111.5 94.7 

TE19.7 120.8 97.8 

TE20.7 124.1 98.9 

TE21.7 127.4 98.2 

TE21.8 136.7 93.2 

TE22.8 140.0 95.6 

TE23.8 143.3 97.4 

 
CVD-diamond Brewster window 
 
The efficient operation for a large number of operating modes at different frequencies is only 
possible by using a broadband synthetic diamond Brewster window fabricated by chemical 
vapor deposition (CVD). Due to the large Brewster angle of 67.2° deg, the diameter of the 
disk has also to be rather large in order to have sufficient aperture for the RF beam. One disk 
with a thickness of 1.7 mm and a diameter of 140 mm was developed by Element Six and 
already delivered. This disk can be used for the elliptic shape of a Brewster window with an 
effective aperture of 50 mm. 

Because of the ellipticity, the stresses during the brazing procedure are different from circular 
disks. These stresses were calculated to be increased by a factor of 1.3. After successful 
preliminary brazing tests at TED with a quartz disk and a small diamond disk the brazing of 
the 140 mm diamond disk was finished at TED. This disk will be introduced into housing, 
experiments with the gyrotron are foreseen.  
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Fusion Researcher Fellowship (WP11-FRF-KIT/D’Andrea) 
 
Implementation of a 3D Particle-in-cell Code for the Simulation of Gyrotron 
Components 
 
The main purpose of this project is the numerical simulation of the launcher and cavity reso-
nator and mode converter of gyrotrons using a state-of-the-art, high-order, MPI-parallelized 
kinetic code, which is highly flexible, and equipped with a multitude of physical models for a 
wide range of applications in space and laboratory plasma physics, namely HALO-PIC. 

The first gyrotron component, which was successfully simulated with the high order HALO-
PIC code at IHM, is the complete 140 GHz TE22,6 mode with a simple Vlasov launcher. The 
numerical experiment is initialized by an analytical (time dependent) electromagnetic wave at 
the entrance of the wave guide. The whole computational domain was discretized with ~2.6 x 
106 tetrahedrons with a characteristic discretization length of ~10-3 (about 0.5λ: λ wavelength) 
and the fields were approximated by a fourth order method. Furthermore, this simulation re-
quired 512 processors of the LAKI cluster at the HLRS (Höchstleistungsrechenzentrum 
Stuttgart) for about 10 CPU hr. Perfect conducting boundary conditions are prescribed on the 
metallic parts, while open boundaries are assigned at the border of external space. The pic-
ture shown below is recorded at t=2.1ns and clearly shows that, as expected, the wave trav-
els the cylindrical part and then propagates in the free space with an almost plane shape. In 
the external area interferential phenomena are taking place and it is also possible to recog-
nize that some waves are possibly travelling inside the cylinder. A cylindrical section was cut 
at the cylinder radius R0 and then “unwrapped” to be able to inspect the resolution around the 
reflection area (see figure right). This area is extremely important since it is from here that 
the electromagnetic wave exits the launcher and then hits the mirrors system. The code sim-
ulates the emitted wave accurately and the results show how other waves that reach this 
area can deviate the outcoming wave. 

In the next step the cavity of a TE3,1 second harmonic gyrotron will be modeled and simulat-
ed. 

 

 
X-Z cross section showing the field amplitude (Bz) of the TE22,6 launcher and Z-θ representation of the TE22,6 launcher cut 
region (right). 
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Design, Analysis and Documentation to Produce the ITER EC H&CD Upper 
Launcher Final Design - Part 1 (F4E-GRT-161-01) 
 
Introduction 
 
This grant is a contract between F4E and the recently formed European EC Upper Launcher 
Consortium of EURATOM Associates ECHUL-CA, in which the best qualified European la-
boratories in the area of ECH antenna, namely KIT Karlsruhe (D, project leadership), IPP 
Garching (D, together with IPF at University Stuttgart), CRPP (CH), CNR (I) and ITER-NL 
(specifically: FOM, NL) have joint forces to develop a high quality ITER ECH antenna sys-
tem. The development starts with the preliminary design (figure 1) as developed in former 
contracts between the EFDA and the Associates involved. 

 
Fig. 1: Preliminary design of the ITER ECH Upper Port Plugs. 

 
 

In this project with a duration of 24 months the following design activities for the four ITER 
ECH upper launchers will be defined: Firstly, the final design of components related to the 
first confinement system, which are essentially the closure plate, the external waveguides 
and the sophisticated high power diamond windows. Secondly, one design iteration step of 
the in-vessel launcher components is foreseen, including the quasi-optical system with the 
different mirror sets, and the structural system including actively cooled components close to 
the plasma such as the first wall panel.   

Status of work 
 
In 2011, a detailed proposal has been successfully elaborated, and the contract between 
F4E and ECHUL-CA could be signed in October. After the kick-off meeting at the end of No-
vember, first activities have been started, and the first intermediate reports are in progress. 
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Manufacturing of ITER ECH Upper Port Plug Structural System Prototypes 
(BMBF Reference No. 03FUS0010) 
 
Introduction 
 
The ITER ECRH (Electron Cyclotron Resonance Heating) system features four upper 
launchers to inject up to 20 MW of mm-wave power into the plasma. They will be installed 
into upper ports in order to counteract plasma instabilities. 

An upper launcher basically consists of 
the launcher port plug and the mm-
wave system. The port plug is the cas-
ing of the launcher. It accommodates 
the launcher mm-wave system, which 
is composed of individual waveguides 
and a set of mirrors to inject the micro-
waves precisely to the targeted plasma 
instabilities. In combination with dedi-
cated shielding elements, the port plug 
provides protective and accurate instal-
lation of the mm-wave components. 
Figure 1 shows the launcher, mounted 
in one of the upper ports of the ITER 
Tokamak.  

Preliminary design of an EC H&CD port plug 
 

The outer structure of the launcher 
consists of two main components, 
the plasma-facing Blanket Shield 
Module (BSM) and the launcher 
main frame, and is designed as a 
cantilevered beam, bolted at the port 
extension of the vacuum vessel [1]. 
The launcher has to withstand very 
high moments during plasma disrup-
tions [2], causing strong bending of 
the launcher [3]. In the front area of 
the launcher, very high nuclear heat 
loads will occur. These heat loads 
decrease with radial distance from 

the plasma. For the specific part of the launcher structure directly behind the BSM, a double-
wall frame has been designed, consisting of two shells of stainless steel with ribs in between, 
forming meandering cooling channels. Figure 2 gives an outline of the present launcher de-
sign. 

Motivation for double wall prototyping 
 
The mechanical design of the ECRH port plug structure introduces high-level requirements 
for potential manufacturing procedures. The very high mechanical loads during plasma dis-
ruptions require a rigid structure to comply with the maximum allowable limits of deflection of 
the plug. The welding of such strong joints usually causes shrinkage and distortion of the 
welded structure, while the installation of precisely performing mm-wave-components re-
quires high dimensional accuracy. Therefore prototyping is mandatory to gain experience on 
the behavior of the component during manufacturing. To benefit optimally from the results of 
prototype manufacturing, a full-size mock-up of the double wall segment was envisaged to 

 
Fig. 1: Outline of the ECRH Upper launcher. 

 

 
Fig. 2: The EC H&CD upper launcher. 
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provide maximum experience on the influence of the welding parameters, shrinking effects 
and dimensional accuracy. The double-wall prototype is also foreseen to be tested at the 
Launcher Handling Test Facility (LHT) at KIT, where structural components can be tested 
under ITER operating conditions [5] to verify simulations on heat removal and flow character-
istics of coolant. 

Design of the double wall prototype 
 
The design of the prototype was basically derived from the preliminary design of the double 
wall area of the launcher. It consists of two shells, forming the trapezoidal contour of the 
mock-up, and two cover plates at the front and the rear side of the prototype. The gap be-
tween the shells is used as cooling passage. To verify the heat removal performance of the 
prototype, standard flanges at the entrance and the exit of the cooling path provide connec-
tions for proper installation at LHT [6]. Figure 3 illustrates the design and the coolant flow 
scheme. 

 
 

Fig. 3: Double wall section prototype with coolant flow scheme. 
 

The coolant enters the prototype in the bottom area and is branched off into two symmetrical 
channels to provide homogenous cooling for both of the side walls. The cooling water is re-
combined again in the top area to leave the prototype at its front side. Ribs between the side-
walls and in the top area are forming meandering channels. To avoid dead-flow zones in the 
corners, leakage gaps between the ribs and the cover plates are foreseen.  

The typical dimension of the prototype is 1200 x 1100 x 800 mm³. The wall thickness is 30 
mm, while the distance between the shells (and thus the width of the cooling channels) is 20 
mm. The mock-up was considered to be made from ITER-grade stainless steel. However, 
the availability of this material is very restricted, thus the use of stainless steel 316L, which 
has rather identical chemical and mechanical properties, is envisaged.  

Manufacturing concepts 
 
After the successful manufacturing of the single wall prototype [7] by MAN Diesel & Turbo in 
Deggendorf/Germany, it was decided to continue this collaboration. Based on the KIT de-
sign, MAN D&T developed three different manufacturing strategies for the double wall mock-
up:  

• Design with ribs  

The inner shell is welded out of two bent shells. Ribs will be welded onto the inner shell. 
They are designed to provide the mechanical stiffness and rigidity of the assembly. The outer 
shell consists of four parts, of which the lateral segments feature dedicated cut-outs for prop-
er connection with the ribs. The double wall structure is closed by plates on the front and the 
back side. 
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• Design with studs 

The inner and the outer shell consist of two bent shells each. Welded bolts between the 
shells provide mechanical integrity of the structural system. Dedicated baffles between the 
shells form the coolant flow duct without rigidly coupling the casing elements. The double 
wall structure is closed by plates on the front and the back side.  

• Design by deep-drilling 

The basic profile of the trapezoidal structure will be made by welded sheets. Cooling chan-
nels are machined into these sheets by deep-drilling. The cooling channels will be connected 
by machined manifolds on both face sides. As for the other design concepts, cover plates 
close the body. 

A first evaluation of the three different manufacturing variants was performed. It turned out, 
that the design variant with ribs requires a big amount of weld metal deposit, which would 
cause unacceptable deformation of the casing; therefore this variant was abandoned. To 
compare the two remaining manufacturing routes, it was decided to fabricate two pre-
prototypes on a small size level, representing a section of the prototype side wall. The typical 
dimensions of the pre-prototypes are 1000 x 500 x 80 mm³, including the sharp bend profile 
of the prototype, thus the challenging geometry of the original cooling channels will be simu-
lated as well.  

Analysis and manufacturing of pre-prototypes 
 
Pre-prototype with stud design 
 
For proper removal of heat loads, it is necessary to have an optimum arrangement of the 
studs and the ribs to get a uniform velocity profile of the cooling water flow. Therefore the 
flow characteristics were analyzed by numerical simulation. The basic model features three 
meandering flow channels with a cross-section of 20 x 125 mm each. The ribs are just linear 
joints between the studs. In the flow reversal areas, there are leakage gaps with 5 mm width. 
The coolant mass flow is 2.25 kg/s. Figure 4 shows the simulation of the coolant flow.  

 
Fig. 4: Flow regime of the basic model (stud design). 

 

The figure on the left hand side shows the coolant velocity related to flow direction. It illus-
trates the substantially inhomogeneous distribution of the water flow. The right hand picture 
shows the x-vector. The blue areas in the lower and the upper channel and the non-colored 
area in the mid channel show even effects of return flow. The first leakage gap between the 
first and the second channel works very well, while the second one between the second and 
the third channel is almost without effect due to very low flow velocity. The pressure loss 
within the basic model was calculated to 0.015 MPa. The flow characteristics of the basic 
model will lead to very inhomogeneous cooling with potential hot spots in the structure. To 
optimize the cooling performance, additional baffles were installed in order to homogenize  
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the flow. This was done in an iterative process to find the optimum arrangement of the baf-
fles.  

The installation of the baffles led to a considerable uniformity of the velocity profile, except in 
the sharp edged bends at the entrance and between channel two and three, where strong 
gradients occur. However, this effect is even advantageous, because these gradients acti-
vate turbulences and thus improve the heat transfer. For comparison purposes, the ribs close 
to the plugs were only installed in channel one and two. The left hand picture in figure 5 
shows the total velocity of the optimized flow regime. As above, the right hand picture shows 
the x-vector and indicates the disappearance of the return flow. An additional positive effect 
of the baffles is the decrease of the pressure loss, which is about a third less than for the 
basic model and adds up to approximately 0.01 MPa.  

 
Fig. 5: Flow regime of the refined model (stud design). 

 

The plug design was manufactured of 30 mm stainless steel plates. The basic shapes of the 
plates were formed by jet-cutting. The plugs were machined from rolled steel. Appropriate 
weld preparation was performed and a specific sequence of the welding was applied to min-
imize shrinking and warping of the component. Finally, the manifolds on both face sides were 
closed by welded cover plates.  

Pre-prototype with deep-drilling design  
 
The deep-drilled pre-prototype was manufactured out of 80 mm stainless steel plates. The 
basic shapes of the plates were formed by jet-cutting. For the given dimensions, the deep-
drilling could be performed in one working step; thus a stageless shape of the bores was 
achieved. The manifolds on both face sides were closed by welded cover plates.  

The deep-drilled pre-prototype features three meandering coolant channels, each formed by 
four parallel deep-drilled bores of 30 mm diameter. The distance between the longitudinal 
axes of the bores is around 36 mm. Combining four bores to one cooling channel results in a 
cross section of about 2800 mm², which is slightly larger than for the plug design. Also the 
leakage gaps were designed.  

The fluid dynamics simulations were performed. The basic model features three meandering 
flow channels, each consisting of a bundle of four cylindrical sub-channels. The coolant mass 
flow is 2.25 kg/s. Figure 6 shows the results of the fluid dynamics simulations.  

It can be shown that substantial discrepancies in terms of flow velocity and pressure occur 
inside the different cylindrical sub-channels. The right hand sided illustration in figure 6, 
where the x-vector of the coolant flow is given, shows an extremely critical situation in the 
first cooling channel, where a return flow can be observed in the lowermost sub-channel. 
Thus a certain ratio of the coolant forms a loop, which reduces the cooling capability signifi-
cantly. This effect can also be observed in the second channel (obviously in opposite direc-
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tion). In the third cooling channel no return flow occurs, however there are strong differences 
of coolant velocity from 0.3 m/s up to 1.3 m/s.  

 

 
Fig. 6: Flow regime of the basic model (deep-drilled). 

 
 

To optimize the flow characteristics of the 
deep-drilled pre-prototype, throttles were 
inserted into the particular sub-channels. 
After performing several iteration steps, an 
optimum combination of throttles of differ-
ent sizes was found to provide a flow re-
gime of reasonably homogenous proper-
ties. The pressure loss of this model was 
calculated to be less than 0.007 MPa. Fig-
ure 7 shows the flow velocities along the 
cooling channels and the almost uniform 
flow directions inside the sub-channels.  

Comparison of the pre-prototypes 
 
Based on the fluid dynamics simulations and the manufacturing of the pre-prototypes, an 
evaluation of the manufacturing routes was made. The fluid dynamic simulations showed 
insufficient flow regimes for both of the basic design approaches. However, by placing baffles 
(for the stud design) and throttles (for the deep-drilled design), the coolant flow can be opti-
mized to guarantee proper removal of nuclear heating. Having done this, both pre-prototypes 
show good flow characteristics and shall be deemed as equal, however the pressure loss is 
around 30% smaller for the deep-drilled one.  

The difference on manufacturing effort is substantial. Total manufacturing time is about twice 
for the stud design, compared to the deep-drilling design. Due to the significantly lower num-
ber of welded joints, the geometrical accuracy of the deep-drilled layout is superior to the 
stud design. To match the required tolerances, additional machining of the surfaces would be 
necessary for the stud design. However, additional machining, in particular polishing, is nec-
essary anyway to fulfill the surface quality requirements of structural In-vessel components 
under vacuum conditions [8]. The machining of the circular cooling channels matches the 
tolerances within 1 mm. The material consumption is slightly higher for the deep-drilled vari-
ant.  

Conclusion and next steps 
 
To verify the preliminary design of the ITER EC H&CD upper launcher and to identify opti-
mum manufacturing procedures for rigid port plug structures, prototyping of dedicated seg-
ments of the launcher structure is mandatory. For the double wall segment of the launcher 

 
Fig. 7: Flow regime of the refined model (deep-drilled). 
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main frame, a manufacturing study is under progress. To identify the preferable design and 
the optimum manufacturing route, two pre-prototypes were sketched and manufactured. Flu-
id dynamic simulations have been performed in order to evaluate and optimize the cooling 
performance of the different designs. Both prototypes were delivered in July 2011 by the 
manufacturer MAN Diesel & Turbo Deggendorf to KIT, where they were recently tested. 
Based on these test results the decision about the manufacturing route for the full size proto-
type will be made [9]. 
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Goal Oriented Training Network on Remote Handling (WP10-GOT-GOTRH) 
 
Overview 
 
The aim of the EFDA Goal Oriented Training Network on Remote Handling (RH) “GOT RH“ 
is to train engineers for activities in support of the ITER project and the long-term fusion pro-
gramme within the European Associations, Fusion for Energy, the ITER Organization, and 
industry. The GOT-RH is a practical level project for increasing the coherence of RH training 
within a collaborative context, involving 5 EURATOM Associations: TEKES - Finland; coordi-
nation, CEA - France, CIEMAT - Spain, FOM - Netherland,and  KIT - Germany. The project, 
which will last for 3 - 4 years (depending on the time neded for the recruitment of the train-
ees), was started on October 1st 2010.  

Planned activities and status  
 
The work of GOT RH is organised in three work packages. WP1 covers case studies with 
mentoring support on the ITER RH system requirements with concept and design develop-
ment including virtual reality (VR) prototyping. WP2 is dedicated to the ITER RH control sys-
tem requirements, architectures and designs including VR prototyping. WP 3 includes high 
level training courses and workshops. 

The KIT trainee will be involved in the topic “Maintenance of components of the ECH Upper 
Port Plug”, which is part of WP1. The aim is to identify the major requirements and to elabo-
rate RH procedures for providing a high availability of the ECH Upper Port Plug system.  

The trainee will work on two basic aspects of remote handling: first on the optimization of the 
Upper Port Plug design (components and structure) with respect to remote handling proce-
dures, and second, on the use of standardized tools where possible, and the development of 
specialized tools where necessary. Additionally, he will get familiarized with F4E’s quality 
management. The training includes stays at the partner laboratories and attending the pro-
ject meetings, the participation to relevant conferences (e.g. SOFT, SOFE) and the presenta-
tion of the work progress at the RH workshops of the GOT-program.  

The KIT trainee has started his work on the 1st of September 2011. 

The first event of the common training for the GOT-RH Trainees (WP3) was the 5th Karlsruhe 
International School on Fusion Technologies, Karlsruhe, September 19-30, 2011, which was 
attended by the GOT-RH trainees from TEKES, CIEMAT and FOM as well. 

In this early stage until the end of 2011, the training was concentrated on the introduction to 
design and analysis tools (e.g. CATIA V5 and ANSYS), to ITER design (UPP and HC) and to 
DEMO/FPP conceptual design, on the acquisition of basic knowledge on the ECH-UL system 
and on Remote Handling issues (including review of ITER documentation). 
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Candidate Remote Maintenance Schemes and Solutions  
(WP11-DAS-RH-00-01, -01-01, -04-01 and -06-01) 
 
Introduction 
 
This Task Agreement describes the review and assessment work to be conducted as part of 
the EFDA Power Plant Physics & Technology Work Programme 2011, to evaluate the re-
mote maintenance schemes for future Fusion Power Plants (FPPs). Although the main em-
phasis is on the maintenance of in-vessel components, future work will encompass ex-vessel 
activities linked to the maintenance of in-vessel components, in particular transport between 
the vessel and the hot cell, and suitable ex-vessel maintenance activities. The proposed re-
view activities on RAMI and on standardisation should therefore not be limited to in-vessel 
maintenance operations. The review is being co-ordinated jointly by a representative of the 
Associations and a representative of industry.  

Part of these activities will also contribute to the execution of the DEMO Design Activities 
(DDA) in the IFERC Project under the Broader Approach (BA) Agreement, whose implemen-
tation is under the responsibility of Fusion for Energy. Following the F4E Governing Board 
Decision approving a proposal from F4E to seek the collaboration of EFDA for the implemen-
tation of the DDA, the EFDA Steering Committee agreed to conduct these activities within 
the PPPT programme.   

WP11-DAS-RH-00-01: Task Coordination  
 
The different activities to be carried out within this task need overall coordination. In particu-
lar, it has to be noted that in some cases, several associations are participating in the execu-
tion of each subtask, and therefore special care has to be devoted to ensure efficient com-
munication between the various groups in order to maximise synergies and avoid duplica-
tions. 

WP11-DAS-RH-01-01: Review of the ITER/PPCS divertor maintenance scheme  
 
An updated review of the applicability of the ITER divertor maintenance scheme shall be car-
ried out including an analysis of the availability, feasibility and reliability of the system.  

Activities to be planned for the period of 2012-2013 shall be defined according to the analysis 
above.  

WP11-DAS-RH-04-01: Connection of in-vessel components  
 
Connecting technologies are critical to all remote maintenance approaches. 

The operation of a fusion reactor will create unprecedented levels of neutron damage and 
transmutations in the steel of the cooling pipes and the structures, affecting the quality and 
reliability of the welds contained. Furthermore, the high background radioactivity will have a 
impact on the posibility to conduct volumetric weld inspection by conventional means.  

Therefore, the following studies are foreseen to define further studies in 2012-2013:  

• Literature study to evaluate the impact of transmutation on weldability. Consultation 
with industry is advisable to examine alternative weld technologies, their relative heat 
input to the joints and the consequential impact on re-weldability. Alternative joining 
techniques such as metal seals or others shall be examined to make an initial as-
sessment of their applicability for the anticipated temperature, pressures and radia-
tion levels in a DEMO environment, and to different cooling media (water, Helium and 
liquid metals). 
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• Literature search and review to evaluate which technologies could be applied to con-
duct weld inspection within the DEMO environment.  

WP11-DAS-RH-06-01: Preliminary Definition of the DEMO Port Plugs 
 
This sub-task is an attempt to preliminarily define the DEMO port plugs. Significant differ-
ences are expected between the pulsed and the steady-state options, so that these two ap-
proaches have to be considered separately.  

The activity includes the preliminary definition of the port plugs opening number and size in 
the pulsed and steady state DEMO cases. Input from other groups working on assessment of 
H&CD systems and from the task coordinator is expected. 

The blanket MMS segmentation, that was analysed in the PPCS study, was rather optimistic 
with respect the toroidal space assumed, that is needed to accommodate the toroidal field 
coils: the approach was based on certain assumptions with respect the main reactor configu-
ration. The assumptions made for the segmentation of the MMS have to be revisited, consid-
ering the differences expected between pulsed and steady state devices. In particular, the 
expected impact of the change in the Port Plug dimensions and number has to be taken into 
account, checking to which extent the flexible conceptual design proposed for the MMS 
segmentation can be adapted. From the results of this sub-task, further work to be carried 
out in 2012-2013 shall be identified.   

Status of work 
 
First activities were started after the kick-off meeting in October 2011; the final report is to be 
delivered in March 2011. A follow up contract by EFDA is in preparation. 
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Review of the Vertical Maintenance System Concept (WP11-DAS-RH-02-01) 
 
Introduction 
 
In a Fusion Reactor the plasma facing components (mainly Blankets and divertors) are sub-
jected to intense neutron, thermal, EM and particle loading. All these loads constitute a limi-
tation in the lifetime of these components. This leads to the necessity of a scheduled re-
placement of them during the lifetime of the reactor. The replacement operation of the blan-
kets has analogy to the re-fuelling of a nuclear reactor; the plant has to be shut-down for a 
relatively long time, the Vacuum Vessel (VV) should be open and high irradiated parts of the 
reactor core need to be assembled / disassembled in Remote Handling (RH) procedures. 
Analogous case is the divertor; due to intense particle loading the expected lifetime of solid 
target plates is limited to few full power years (FPY); this means that the divertor components 
will require several replacements during the reactor life. The duration of these replacement 
operations will constitute the major contribution to the reduction of availability of the reactor 
and it is considered one of the major issues that have to be solved in the fusion plant design 
in direction of an economical viable energy source.  

Very few concepts of reactor maintenance have been proposed and studied in detail. One of 
this is the Vertical Maintenance System (VMS) that has been adopted in almost all EU stud-
ies as reference concept for DEMO and for a Fusion Power Plant (FPP). This concept was 
adopted in the NET project, in ITER CDA and later in the DEMONET version that was the 
basis for the European Breeding Blanket Development up to 2000. Only during the PPCS 
studies an ITER-like system (“large modules”) has been used as basis for the comparison of 
the different reactor models. In successive studies the VMS was again considered as refer-
ence concept; like in the short DEMO studies of 2006-2008. In this study a model of reactor 
was elaborated by EFDA (EFDA design 2007) on the basis of PROCESS system code opti-
mizations. The final DEMO conceptual results on in-vessel integration issues have been de-
veloped by different organisations (KIT, CEA and EFET) following the same requirements 
and the same parameters to obtain consistent outcoming.  KIT elaborated a conceptual de-
sign of DEMO that is illustrated in Figure 1.   

The VMS is based on large vertical ports located at the top of the VV in the space between 
two adjacent TF-coils; this allows to extracting the blanket that is segmented in vertical ele-
ments. Usually each blanket sector (16 sectors in a 16-TF-coils-machine) is divided in 5 ver-
tical segments (3 outboard and 2 inboard segments) that are small enough to be extracted 
from the port. In-vessel movements of the segments are supported by RH-machines operat-
ing inside the vacuum vessel. The vertical ports are used also to route the pipes coming from 
the segments allowing a direct access to the pipe connection for cutting and re-welding op-
erations.  

In general the divertor concept is excluded from this type of maintenance. Single null reactor 
configurations with a divertor in the lower part of the VV require a separate maintenance sys-
tem that in general is based on cassette like in ITER. However, the rail of the cassette sys-
tem can be integrated in the VMS giving the support for in-vessel machines necessary to 
move the segments inside the VV.  

The classical VMS implementation requires the opening of all the 16 vertical ports and the 
use of all these ports for the segment extraction. In this case large casks are adopted to 
transport the blanket segments to the Hot Cell Facility (HCF) avoiding contamination of the 
reactor buildings.   
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Discussion 
 
The VMS concepts is one of the most studied concepts of DEMO/FPP maintenance; it gives 
a conceptual solution to several key issues in the fusion reactor maintenance: 

 
 
Fig: 1: KIT DEMO lay-out (E. Magnani et al.: Design conflicts arising between different tasks for in-vessel integration DEMO 

conceptual studies, EFDA TW6-TRP-007-D2-D3, Final Report (2008). 
 
 
• Necessity to reduce drastically the replacement time for components of the power core 

like blanket and divertor systems whose lifetime is much lower than the foreseen plant life-
time (condition that become more mandatory increasing the performance of the plant in di-
rection to an economically viable FPP). For this reason it is required to reduce the number 
of replaceable units, reducing handling operations in VV of hydraulic, mechanics and elec-
tric connections. The standard VMS concept (applied to a 16-sector-reactor) requires 80 
segments each with own independent hydraulic connections (e.g. for cooling and tritium 
extraction purposes). 

• Necessity to have good accessibility of the connections of the replaceable units and pro-
tect them vs. neutron heating and damages. This requirement calls for moving these con-
nections in outer part of the in-vessel region (beyond shielding structures). In particular re-
weldable connections should be protected by He transmutation reactions and RH attach-
ment by neutron heating and damages. In the VVS the hydraulic connections of the seg-
ments are moved in the vertical access port in a zone of relatively simple accessibility and 
lower radiation field. 

• Possibility to use a crane for the movemnt of the large segments that is enabled by a ver-
tical access to the power core. 

• Possibility to design all the parts of the removable units at the same lifetime class avoiding 
operation of refurbishment in hot cell for reusing less irradiated sub-components. In any 
case blanket and divertors (for which a large difference in the lifetime is foreseen) are al-
most independently handled (vertical port only for the blanket and lower ports for the 
divertors). Also the thickness of the blanket segments can be tailored in order to optimise 
the volume of the materials that need to be frequently replaced. 

• The mentioned studies have also highlighted the drawbacks and issues related to this 
concept. The following list is not exhaustive: 

• Necessity to handle very large and heavy components through relatively small access 
ducts with high precision. In particular the movement required by these components in the 
vessel is complex. Only the mid outboard segments could be moved in a straight vertical 
movement; for the others it is necessary to move the sector in toroidal-radial direction to 
reach their final position in the reactor. Additional movements will be also necessary to 
cope with the selected attachment system. The kinematic has to be studied in more detail 
and the assistance inside of the VV of RH machine seems essential. 
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• The removable units have to be mechanical attached to the VV to withstand several large 
loads (e.g. EM loads). The design of this attachment system is complicated by the thermal 
mismatch among the inner power core at high temperature (it is required to have sufficient 
efficiency of the power generation system especially in FPP conditions) and the outer 
power core that can be fixed to the VV at lower temperature level (usually 100-150°C).  In 
DEMO-2007 two concepts have been studied: High Temperature and Low Temperature 
Shield. An assessment of the two concepts has been done in the past and in the frame of 
this work. The conclusion of the authors indicates an advantage of the first, for the follow-
ing reasons: 

− relatively simple basic idea of attachment with shear keys and bolts (at the bottom) 
between parts that can be kept at the same temperature level. 

− simpler RH machinery, it can be avoided to have a separate, special robot in the up-
per region; 

− no necessity of additional connections among group of elements;  

− no separate cooling is required for the attachment elements, they can be integrated 
into the general cooling system of the MMS; 

− more precise installation, no link between installation errors 

− attachment more adaptable for “special cases” (e.g. considering insertion of Port Plug 
based systems) 

− bending bar behind the shield, can be a lifetime component 

• The maintenance scheme doesn’t allow a selective replacement of segments (e.g. in case 
of unscheduled maintenance due to component failure). Also in the “standard” system in 
which all the vertical ports are used for maintenance, other segments in the ports have to 
be removed before to accessing the “faulted” one. 

• The opening of all the ports for replacement poses issues that are often underestimated. 
The opening of a single port is a major undertaking due to several operations that have to 
be done (e.g. opening of confinement barrier, removing piece of shield and pipes, cutting 
of closure plates, installing a double port system) and their implication to the safety regula-
tions in force. It could be requested to reduce the number of maintenance ports (e.g. to 
only 2). This possibility has been examined and its feasibility is linked to the addition of 
further restrictions like a more demanding geometry of the segments and more complicat-
ed kinematics in the VV to reach the maintenance port. 

• The external logistic is also very demanding in order to manage the transfer of the large 
segment between reactor and Hot Cell Facility (HCF). Two different concepts have been 
analysed in the context of the 2-port-maintenance concept: namely the corridor and the 
cask concepts. No study is known for the “all-ports” concept. The conclusions are at the 
moment only at a very preliminary stage, but several issues are already envisaged. 

• The impact on the HCF requirements (in term of space, time and equipment) has not been 
studied in detail. Each proposed variants of each steep of the maintenance concept can 
have very different outcome. In general the requiremnt in term of space seems to be very 
demanding (but this is also for other maintenance concepts). If no refurbishment of the 
MMS is required as scheduled operation, some requiremnt can be relaxed. However, pre-
cise requirement for wasting (or recycling) of materials after irradiation are still incomplete 
to start a detailed study. 

• Impact of radiation field on the RH operations and machinery. The compatibility of the 
DEMO/FPP environment to these operations has to be investigated. It is certainly orders 
of magnitude more sever in comparison to ITER; in DEMO will be strongly dependent on 
the preformance of the selected machine.  

• Impact of different auxiliary systems like the H&CD and Control Diagnostic to the VMS. 
These systems are assumed to be allocated in dedicate VV ports and their maintenance 
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should be based on a Port Plug maintenance approach. Conflicts with the segmentation of 
the power core and with the pipe routing have been already identified.  

Conclusions 
 
Looking at the different studies done in the last 30 years on maintenance systems for 
DEMO/FPP like the VMS or the Large Sector Maintenance Systems, it is difficolt at this mo-
ment to proceed to a selection of a “reference” DEMO maintenance concept as all the needs 
to be further developed and transferred to a future high performance FPP; in fact to many 
issues are unsolved as far as we move from the ITER machine in direction on more high-
performance (e.g. in term of neutron fluences or thermal level) configurations. Furthermore, 
reliability consideration should be integrated in more consistently into the design. The solu-
tion for the blanket/divertor maintenance is and will remain in the next years a critical issue 
for the development of the fusion reactor and will necessitate the investment of large effort 
and resources. 

As far as the VMS is concerned, it is one of the few promising concepts that can solve the 
major requirements of the FPP. It is suggested that intense work is dedicated on this in order 
to clarify all the remaining unsolved issues. A list of then can be deduced by the discussion in 
this task; the main points can be highlighted (many of these are interconnected) in order to 
arrive to a conceptual design: 

• Clarification of the requirents for the maintenance system according to the selected 
DEMO/FPP configuration. Different requirements can lead to the selection of different so-
lutions whilst under certain reactor working condition cannot be adopted by other configu-
rations. 

• Revision of the RH kinematics of the segments and of the attachment sequences in the 
HTS and LTS options. Definition of feasibility criteria. 

• Study of mechanical attachment systems. This include bending bar, shear-keys, bolts, etc. 

• Study of hydraulic connection systems for different kinds of pipes.   

• Concepts of in-vessel and ex-vessel machine and equipments to accomplish the VMS. 
Study of compatibility with proposed fusion reactor environments.   

• Revision of the feasibility of a power core segmentation in order to minimise the number of 
segments. 

• Revision of the design of the MMS in order to optimise the dimensions and weight.  

• Study of external logistic taking into account different number of maintenance port options 
(e.g. 2 ports in comparison to all-ports, but only 2-3 under parallel maintenance). This is 
connected also to the feasibility of a cask concept for transfering the MMS to the HTF. 
Feasibility of a corridor concept possible for the “all-maintenance-ports” VMS.  

• Study of HCF requirements for different variants of VVS replacement concepts (e.g. num-
ber of maintenance ports, segmentation). 

• Impact on the VMS of the integration of auxiliary systems like the H&CD and Control Di-
agnostic. 

• Impact of the maintenance to the design of the blanket and divertor components and vice 
versa. 
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Alternative Plant Architectures: Review of the Large Port Maintenance System 
Concept (WP11-DAS-RH-03-01) 
 
Introduction 
 
Among the very few concepts of reactor maintenance that have been proposed and studied 
in more detail, the Large Port Maintenance System (LPMS) has been adopted and investi-
gated in the majority of US and Japanese Power Plant Studies, namely the Japanese 
DREAM, CREST and SlimCS and the US ARIES-RS and ARIES-AT. The implementation of 
the LPMS has been is based on principles that are summarized and discussed in the follow-
ing: 

Large Equatorial Ports: Extending the radial 
outboard dimensions of the VV, it is possible to 
realize ports between two adjacent TF-coils 
able to allow the extraction of a complete power 
core sector in a direct radial movement. The 
principle is illustrated in Figure 1.   

Toroidal Segmentation. The tendency is to 
reduce the number of sectors (and so of TF 
coils). 12 sectors were considered in DREAM 
and in the most recent SlimCS, 14 in CREST, 
while 16 are assumed in both US ARIES stud-
ies. This reduction is advantageous under the 
point of view to reduce the number of required 
maintenance actions.  

Magnetic System. To allow the extraction of 
each sector through all the corresponding hori-

zontal ports it is necessary to have a design of the TF coils enlarged in the outboard radial 
direction. The related supporting structure can be located only in the upper and lower part of 
the TF in order to not interfere with the large ports leaving the outer legs without supporting. 
Also the PF coils should be adapted to the necessity of high horizontal port. The PF coil loca-
tion has to be moved in the upper or in the lower region in order to not interfere with the ex-
traction movement of the sectors.  

Vacuum Vessel Design. The horizontal ports should be dimensioned to allow the replace-
ment with a straight radial movement of the whole sector. Several important engineering is-
sues have to be addressed in the design of the VV, like the helium-tight-closure of large 
opening, the supporting of large VV port extensions in reduced place and pipe routing com-
patible with RH operations.  

Removable Sector design: The removable part (a power core sector) should be  realised in 
a integrate design; this design is in form of a robust poloidal ring. This choice allows to 
speed-up the replacement time and to design a structure able to withstand large loads (e.g. 
electromagnetic loads, weight, etc). 

Sector support inside the VV: The sectors necessitate a support inside the VV to withstand 
the turnover torques during central disruption and vertical loads during Vertical Displacement 
Events (VDE). Some of the designs suggest a radial rail support, DREAM proposed flanges 
to the other sectors. A good description of requirements and design details is tbd. 

Piping lay-out and connections. The different reactor concepts revised in this study have 
different concepts for the lay-out and the disconnection of the pipe that feed the power core. 
However, in all the considered concepts the pipes of a given sector are routed inside the re-

 
Fig. 1: Schematic view of the large port configuration.  
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lated portion of the VV to the outside. In ARIES-RS, -AT and in CREST the pipes are routed 
through the VV Closure Plate into a maintenance area realized in the maintenance port duct. 
This area is closed by a closure plate at the maintenance door. From here, the pipes are 
routed from the maintenance area into the duct walls so that they can leave the maintenance 
duct area and keep free the maintenance door. This means that the replacement operation 
have the following sequence:  a) opening of the maintenance closure plate, b) cutting of the 
sector pipes, c) opening of the VV closure plate and withdraw of the whole sector. In SlimCS 
only one closure port is considered; the pipes are routed directly through the closure plate 
and are handled outside the cryostat boundary. DREAM considered pipes routing from the 
inboard; this concept has been abandoned in following designs as it is difficult to find suffi-
cient space for maintenance operation (and also for piping) in the inboard side. 

Sector transport mechanism. To move the sector in radial direction along the port duct, rail 
system can be used. 

Transfer Casks. The most common option proposed to transport the sectors from the reac-
tor to the HCF (and vice versa) is to use large cask. This cask is able to dock to the mainte-
nance port of the reactor and to the HCF door allowing the transfer without spreading tritium 
and dust. The cask has large dimensions in order to contain an entire sector and the neces-
sary equipment to handle the sector, the closure plates and to connect/disconnect the piping.  

Maintenance logistic. All the studies consider in the baseline a HCF maintenance ap-
proach. This means that old sectors are immediately replaced with new ones during the 
maintenance period. This requires a spare sector in the HCF for each port that is maintained 
in a maintenance period. Alternatives like corridor maintenance have been considered but at 
the end not included in the baseline. 

Plant Availability. All the studies offer estimation of the sector replacement time as well as 
of the total plant availability. A comparison is difficult according to the different plant design 
and assumptions used in the assessment. An important parameter to evaluate the availability 
of the plant is the fraction of power core that is replaced during a maintenance period. Re-
placement of the entire core reduces the maintenance time in comparison to a fractioned 
approach. However, in the calculation of the final plant availability other factors have been 
considered, too. A replacement strategy based on 1/2 of the power core is proposed as the 
optimised solution according to ARIES-AT studies, while Japanese studies like CREST and 
SlimCS are based on a full replacement at the operational lifetime of the sector. Also the sec-
tor operational lifetime is assumed differently in the studies from 2FPY in SlimCS to 4FPY in 
ARIES-AT. For the plant for which availability estimation is given the values are between 85 
and 93%. EU assessments of these availability values tend to corrected this value down to 
77-81%.  

Hot Cell Requirements. The impact on the HCF requirements (in term of space, time and 
equipment) is very strong dependent on the different variants used in the maintenance sys-
tems. Each proposed variants of each steep of the maintenance concept can have different 
outcomes to these requirements. In general the requirement in term of space seems to be 
very demanding (but this is also for other maintenance concepts). The choice of different 
fraction of power core that is replaced during a maintenance period has an impact of spares 
that have to be stored in HCF. 1/1 fraction maintenance is the most demanding in term of 
spare and space in HCF. Also the design of the replaced sector and the classification of life-
time classes of its components (blanket, divertor, shield, etc) have a large impact on the HCF 
operations, equipments and space. In any case the refurbishment operation of the sector is 
judged a long time operation that is usually is done during operation time. This is the reason 
of the necessity of spares. 
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Discussion 
 
The Large Port Maintenance System (LPMS) gives a conceptual solution to major key issues 
in the fusion reactor maintenance: 

• Necessity to reduce drastically the replacement time for components of the power core. 
For this reason it is required to reduce the number of removable units, reducing handling 
operations in VV of hydraulic, mechanics and electric connections. The standard LPMS 
concept (applied to a 16-sector-reactor) requires only 16 removable units (sectors). 

• Necessity to have good accessibility of the connections of the removable parts and protect 
them vs. neutron heating and damages. In this concept the main mechanical and hydrau-
lics connection for the sectors are realised in the outer outboard structure of the Blanket 
well beyond the main shielding structures. Open issue is the necessity to have support 
structure inside the vacuum vessel for the sectors.  

• Avoid the use of RH machines inside the VV. This can be a strong advantage considering 
the very high dose in the torus that could make it impossible to use these machines.  

• Also if the sectors are very large removable units, the replacement movement is only a 
straight radial extraction/insertion. Furthermore, the units can be supported by the floor 
with the use of rail concepts that can allow a reliable and precise movement of the struc-
tures. 

The mentioned studies have also highlighted the drawbacks and issues related to this con-
cept. The following list is not exhaustive: 

• The concept requires a particular configuration of the magnet system that leads to larger 
components. This is of course a complication for the design and adjunctive costs for a 
system (i.e. the magnet system) that contributes as major item to the cost of the plant 
(maybe a cost increase of 10%). An engineering challenge is the support of the turnover 
forces on the outer TF legs due to lack of supporting structure. Also the lay-out of the PF 
coils should be adapted to the necessity of high horizontal port leading to a more demand-
ing design (i.e. higher currents).  

• The design of the VV presents additional engineerig issues: 1) large closure plates that 
need to be handled and closed helium-tight remotely; 2) integration of large ports on the 
toroidal structure; 3) realisation of flanges (in particular for doors at the VV radius) in very 
restricted space. 

• The design of transport casks and related handling equipment for very large removable 
units represent also an engineering challenge. The whole system has to operate com-
pletely under RH to accomplish all the operations of handling of large closure plates, cut-
ting/rewelding of pipes, withdraw of sectors, etc. 

• The removable units include components of different lifetime classes. To optimise the 
waste it is necessary to perform several operations of refurbishment in HCF to reuse less 
irradiated sub-components. This means RH disassembly of used sectors (dividing waste 
to reusable components) and assembly of new sectors using also already irradiated parts. 
A modular design of the removable units can help to accomplish this task simplifying the 
operations. 

• Each removable unit has to be mechanical attached to the VV to withstand several large 
loads (e.g. EM loads) during reactor operation. The studied systems suggested different 
possibility, like radial rail or flanges. Solutions necessitate to be studied in more detail.  

• Inside of a sector an attachment system should be provided between parts at different 
level of temperature. The design of this attachment system is complicated by the thermal 
mismatch among the inner power core at high temperature (>300°C, in fact it is required 
to have sufficient efficiency of the power generation system especially in FPP conditions) 
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and the outer power core that have to be fixed to the VV at lower temperature level (usual-
ly 100-150°C). 

• The opening of very large ports is a major undertaking due to several operations that have 
to be done (e.g. opening of confinement barrier, removing piece of shield and pipes, cut-
ting of closure plates, installing a double port system) and their implication to the safety 
regulations in force.  

• The external logistic is also very demanding in order to manage the transfer of the large 
sectorst between reactor and Hot Cell Facility.  

• The impact on the HCF requirements (in term of space, time and equipment) has not been 
studied in detail. In general the requirement in term of space seems to be very demanding 
(but this is also for other maintenance concepts).  

• Impact of different auxiliary systems like the H&CD and Control Diagnostic to the LPMS. 
These systems necessitate penetrations to the in-vessel region from the extern. Conflicts 
with the sector segmentation of the power core and with the large port ducts have to be 
carefully considered.  

Conclusions 
 
The LPMC is one of the few proposed concepts that offer a solution for the major require-
ments of the FPP. However, extensive work is necessary to clarify the unsolved engineering 
issues. A list of them can be deduced by the discussion in this section; the main points can 
be highlighted (many of these are interconnected) in order to arrive to a conceptual design: 

• Clarification of the requirements for the maintenance system according to the selected 
DEMO/FPP. Different requirements can lead to the selection of different solutions and 
possible solutions under certain reactor working conditions cannot be adopted for other 
configurations. 

• Study of mechanical attachment systems for the connection of the sectors to the VV. This 
includes the flange connection and e.g. radial attachment rails.  

• Study of hydraulic connection systems for different kind of pipe.   

• Concepts of ex-vessel machine and equipments to accomplish the sector replacement. 
Study of compatibility with proposed fusion reactor environments.   

• Study of external logistic taking into account different number of maintenance port that 
can be operated in parallel. Optimisation of cask number 

• Study of HCF requirements for different variants of LPMS replacement concepts. 

• Impact on the LPMS of the integration of auxiliary systems like the H&CD and Control 
Diagnostic. 

• Impact of the maintenance to the design of the blanket and divertor components and vice 
versa. 
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Goal Oriented Training Programme “ITER Port Plug Engineering” 
(WP08-GOT-ITER-PPE (FU07-CT-2008-00047)) 
 
A revised design approach of the attachment system for the ITER EU-HCPB-TBM 
based on a central cylindrical connection element 
 
The Test Blanket Module (TBM) is one important component that will be tested in ITER. It 
has the task to breed tritium, contribute to the shielding and to remove heat from the plasma. 
Two TBMs are located inside an equatorial port plug in vertical arrangement. The TBMs are 
connected to the port plug shield by the attachment system.  

The TBM is a plasma-facing and therefore a highly cooled component. This leads to a strong 
thermal gradient in radial direction of the TBM during plasma operation (up to ~250°C). The 
attachment system has to compensate the differential expansion between the back plate of 
the TBM and the port plug shield (~120°C). Another operating state with a high temperature 
difference between the TBM and the shield is tritium outgassing (TBM at 500°C homogene-
ous temperature, shield 120 °C).  

On the other side, high mechanical loads act on the TBM. The mechanical loads that are 
considered the most demanding for the attachment system are caused by electro-magnetic 
effects during different operating states and plasma scenarios (e.g. disruptions or VDE) as 
well as by the dead weight. These loads have to be transferred to the shield by the attach-
ment system. 

Different concepts have been developed to address these two contradicting requirements 
over the past years. The latest development of a concept based on a cylindrical central con-
nection element for the EU-HCPB-TBM is investigated as well as the results of the analyses 
of a fast Vertical Displacement Event (VDE) type II and the operating state tritium outgassing 
are evaluated. 

The steady-state and transient thermal-structural analyses were performed with the simula-
tion software ANSYS. The connection to the shield was not modeled in detail. In order to 
reduce the number of elements a shell model of the TBM box has been used for the transient 
analyses. Due to the uncertainties in the determination of the damping factor, a conservative 
assumption has been made by specifying only a small numerical damping factor of 0.05 in 
order to damp the higher frequency modes. 

 
 

Fig. 1: Cylindrical attachment system between TBM box and a portion of the shield. 
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The attachment system that connects the TBM box and the shield can be seen in figure 1. 
The connecting cylinder is welded to the TBM box. In order to avoid welding of dissimilar 
materials the connection to the shield is established by a splined shaft and additional screws 
to prevent an axial movement.  

The recent design approach is the first one that fulfills the requirements given by the relevant 
design codes. In a next step, the connection to the shield and the TBM box has to be further 
developed with focus on feasibility of the manufacturing and the mounting sequence. In addi-
tion, the design of the piping between shield and TBM has to be considered in detail. 
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Goal Oriented Training Programme “ITER Port Plug Engineering” 
(WP08-GOT-ITER-PPE (FU07-CT-2008-00047)) 
 
In the framework of the fusion training programme PPE (Port Plug Engineering) the trainee 
Gaetano Aiello fills the third work package under the supervision of PD Dr. Theo Scherer. 
The subject of the package is devoted to materials, manufacturing and assembly of upper 
port plug structures, with particular reference to the Electron Cyclotron Heating and Current 
Drive Upper Launcher (ECH&CD UL) in ITER. The trainee finished his training activity in Au-
gust 2011. 

Design of double wall components 
 
Figure 1 shows a cutaway of the upper launcher. The front part of the main frame is exposed 
to substantial nuclear heat loads up to 0.8 W/cm3. To meet the high cooling requirements, it 
is designated as a double wall steel structure with a specific cooling path for the water. 

 
Fig. 1: Cutaway of the upper launcher. 

 

Several manufacturing options are taken into account in order to find the best one in terms of 
mechanical and fluid dynamic performance, reliability, feasibility and costs. Prototyping and 
testing are therefore necessary. The industrial partner MAN in Deggendorf is in charge of 
building two prototypes of this double wall steel structure according to two different manufac-
turing techniques: 

1. SS 316L prototype obtained from a single main body where the cooling path is carried 
out by deep hole drilling, 

2. SS 316L prototype obtained from two parallel plates kept together by welded bolts and 
where the cooling path is carried out by welding ribs and baffles to the plates. 

In the frame of the training programme, the trainee spent three weeks in the company work-
ing at the design of the second prototype by using CATIA V5 (figure 2). With the help of MAN 
experts, he performed the design taking into account the real manufacturing process and the 
DIN norms. The prototype was manufactured and thermo-hydraulic tests will be carried out in 
our Launcher Handling Test facility. 
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Fig. 2: Section view of the double wall prototype with bolts. 

 
 

Analysis of a CVD diamond window unit 
 
CVD diamond window units are used for microwave transmission in the ECH&CD systems. 
The transmission of high power microwave beams through these barrier windows might in-
duce thermo-mechanical stresses in the diamond which, in some cases, can lead to crack 
formation. The units are usually made up by artificially grown CVD-diamond disks brazed to 
window housings and analyses are carried out to check the performance of such units during 
operating conditions. 

A double disk CVD diamond window unit was tested at the ASDEX Upgrade tokamak in 
Garching with a transmitted power of 580 kW at 140 GHz. CFD and thermo-mechanical 
analyses were performed using respectively ANSYS CFX and ANSYS WORKBENCH to 
evaluate the thermal deformation and stress fields in the diamond disk. 

The analyses regard the disk on the gyrotron side for conservative reasons. Figure 3 shows 
a section view of half window unit. The diamond disk is 106 mm of diameter and 1.806 mm of 
thickness with an aperture for the mm-wave beam of 80 mm. Two copper cuffs of 1 mm 
thickness are brazed to the disk: the inner and the outer cuffs, which are connected to a steel 
flange respectively through a copper ring and a copper spacer. The spacer helps to more 
relax the stress distribution in the window unit. The power absorbed by the disk is partially 
removed by direct contact between the diamond and the water and partially diffuses in the 
inner and outer cuffs. The water enters the unit from the right side through a pipe inside the 
flange and first cools the outer cuff and the diamond as a middle cuff is welded to the copper 
ring. Then, the water cools the inner cuff and leaves the unit from the left side through a pipe 
inside the flange. The pipes are concentric. 

 
 

Fig. 3: Section view of half window unit. 
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The results of the performed analyses show that the temperature gradient in the diamond 
disk, due to the absorbed power, causes a stress field (first principal stress) with a maximum 
value of 186 MPa against a fracture limit of diamond of 500 MPa [1]. This maximum stress is 
located at the brazing region between the disk and the inner copper cuff (figure 4). The max-
imum thermal deformation is instead located at the border of the disk and it is very small 
(31.8 μm only). 

 
Fig. 4: A submodel was performed in the region of the coarse model where the highest first principal stress is located. It in-

cludes a portion of the diamond disk and the inner copper cuff. The first principal stress distribution is shown with val-
ues in Pa. 
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Conductor Jacket Mechanical Testing Reference Laboratory 
(ITER/IO/10/4300000292) 
 
Background and Objectives 
 
The stainless steel jacket for the ITER TF, CS, and PF magnet conductors will be procured 
by six Domestic Agencies from 2010 – 2013. Recent status reports from the DAs indicate 
that there is significant variation in the test methods employed to characterize the critical me-
chanical properties of the jacket (yield strength, ultimate tensile strength, and elongation), 
and further there is significant variation in the final mechanical properties of the material. 
Given the limited margin in the specification (particularly for yield strength and elongation) 
and the wide range of test results, it is required to establish a mechanical test reference la-
boratory to support the standardization of test procedures used to characterize the jacket 
material, and to deconvolute variation due to real jacket performance from that due to test 
procedure variation. Further, the ITER requirement for testing of full-size weld specimens at 
cryogenic (< 7 K) temperatures requires some significant development, particularly for the 
round-in-round jacket of the TF conductor. 

At present KIT is capable of providing both testing of sub-size samples according to ITER 
standardized procedure, and also testing full-size jacket tubes at helium cryogenic tempera-
tures. 

Scope of Work 
 
Under this Framework agreement, a steering committee consisting of one Responsible Of-
ficer (RO) from both ITER and KIT shall define Tasks to be completed under the agreement. 
The scope of the tasks shall include: 

• Perform mechanical tests on full-size jacket specimens for ITER conductors. 

• Perform sample preparation (stretching, heat treatment, and sample sectioning) of 
jacket tubes from ITER magnet conductors 

• Perform mechanical tensile tests on sub-size specimens 

• Perform fatigue (SN) testing on sub-size specimens 

• Perform fracture toughness and fatigue crack growth rate testing  

• Perform post-testing analysis such as fracture surface analysis by SEM microscopy 

• Perform additional characterization as agreed by both parties, such as chemical or mi-
cro-structural assessment of the jacket material. 

All tests have to be performed at helium cryogenic temperatures (T < 7 K). 

Mechanical Investigation of Jacket Material 
 
Several samples of TF, CC and CB jacket material and candidate material was provided by 
ITER within 2011. Specimens were machined by EDM and tested at 4.2 K. The TF material 
coming from different DA suppliers (Europe, R. of Korea, China) was investigated and main 
point was to reach the specification given by ITER, especially the total elongation after heat 
treatment should be >20%. The suppliers managed to be qualified for TF conductor produc-
tion. However, controlling the parameters that influence an embrittlement due to cold work 
and the heat treatment is difficult. To understand the different results from TF material tested, 
SEM picture are made to investigate the failure surface in detail.  

Beside the TF jacket, material of the Correction Coil (CC) and Corrector Busbar (CB) was 
provided by ITER (origin ASIPP China). Small size specimen for tensile testing at 4.2 K were 
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machined and tested. In Figure 1 the material and tested small-size specimen can be seen. 
Table 1 summarizes the results.  

 

 
Fig. 1: Jacket material and machined small size specimen for test. 

 
 

Table 1 
 

File-
name 

Temperature Young's  
Modulus 

Yield  
Strength

Ultimate Ten-
sile  

Strength 

Uniform  
Elongation 

Total  
Elongation 

- K GPa MPa MPa % % 

P1(CB) 4.2 211.8 659 1331 38.9 42.3 

P2(CB) 4.2 213.0 698 1285 37.1 37.2 

P3(CC) 4.2 212.4 697 1641 43.7 44.3 

P4(CC) 4.2 184.5 732 1649 39.4 42.5 

 

Cooperation: 
 
Joint work within conductor production. Mechanical analysis of stainless steel 316LN/316L 
material. 

ICAS, Italy 
POSCO, R. of Korea 
ASIPP, China 

Radial plate production material qualification. 

Schmiedewerke Gröditz, Germany 
METSO, Finland 
CNIM, France 
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Mechanical and Physical Characterisation of Materials at Cryogenic  
Temperatures (F4E-OPE-084 (ES-MF)) 
 
Background and Objectives 
 
The performance of materials is crucial for the operation of fusion reactors, so their quality 
needs to be assured with high certitude. Material characterisations and microscopic inspec-
tions are needed in order to support the construction and development of components and 
materials for ITER and other fusion-related facilities under the responsibility of F4E. The 
Framework Contract concerns testing of materials at cryogenic temperatures, which are pre-
sent in particular in the ITER machine’s magnet system operating at 4 K. 

Scope of Work 
 
The aim of the Framework Contract is to support the European manufacturing of magnet 
components for ITER and other fusion facilities, such as  the JT-60 SA, during their lifecycle 
from the R&D phase to the series production. In particular the following material characteri-
sation activities are included: 

Mechanical testing (at 4 K – 77 K typical): 

• Tensile tests to determine material’s tensile strength, yield strength, elongation, re-
duction of area, pull strength of joints, etc 

• Shear tests 

• Interlaminar shear strength of electrical insulation materials 

• Fatigue tests to determine material’s fatigue strength, develop Wöhler-curves, fatigue 
crack growth rates (FCGR, da/dN) 

o Number of cycles range for Wöhler-curves up to 106 

o Required R ratio is R = 0.1 

• Fracture toughness (Critical stress intensity factor K1C) 

• Charpy-V impact test (standard size or mini-Charpy-V) 

Physical properties measurements (at 4 K – 77 K typical): 

• Electrical conductivity 

• Thermal conductivity 

• Magnetic properties (magnetic permeability, susceptibility) 

• Thermal contraction from RT to 4 K 

Specimen sizes and types shall follow relevant EN, ISO, ASTM or equivalent standards. 
Typical materials concerned are: 

• Structural metals: stainless steels, steels, copper alloys, aluminium alloys, titanium 
base alloys, nickel base alloys 

• Glass/resin composites and other electrical insulation materials 

• Weld-, braze etc. joints and other kind of combinations of the above-mentioned mate-
rials 

ITER TF Jacket Analysis 
 
To qualify a new heat treatment process and to follow the change in mechanical properties 
through the different process steps of the TF jacket, the jacket material was tested at the 
following stages during the manufacturing process: 

• As received  
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• Cold worked (compacted + 2.5% stretching) 

• Heat treated according to heat treatment 1 specification (old)  

• Heat treated according to heat treatment 2 specification (new) 
 

Table 1 

Heat treatment 1 Heat treatment 2 

Heating-up: 5 °C/h till 595 °C 
160 hours at 595 °C 
5 °C/h till 620 °C 
320 hours at 620 °C 
Cooling down: 5 °C/h till 500 °C 

Heating up: 5-500 °C /h 
200 hours at 650 °C 
Ramp down: 50 °C /h until 500 
°C 

last cool down stage below 500 °C can be proposed by KIT (oven 
thermic inertia) 

 

ITER TF-coil Case Closure Weld Qualification 
 
Tensile and fracture toughness tests were per-
formed for the pre-qualification of the ITER TF-
coil case closure welds. The material of the 
case is 316LN and the type of weld was nar-
row-gap hybrid laser and GMAW. The results 
vary due to voids within the weld. Table 2 gives 
the results of the fracture toughness in the cen-
ter of the weld. Further improvement of the 
weld process is necessary and has to be veri-
fied by non-destructive testing of the weld and 
by new 4K mechanical characterization campaign. 

Cooperation: 
 
Joint work within conductor production. Mechanical analysis of stainless steel 316LN/316L 
material. 
ICAS, Italy 
POSCO, R. of Korea 
ASIPP, China 
 
Radial plate production material qualification. 
Schmiedewerke Gröditz, Germany 
METSO, Finland 
CNIM, France 

Staff:  
 
B. Purr 
V. Tschan 
K.-P. Weiss 
S. Westenfelder 
 

Acknowledgement 
 
This work was supported by Fusion for Energy under the service contract No. F4E-OPE-084 
(ES-MF) The views and opinions expressed herein reflect only the author’s views. Fusion for 
Energy is not liable for any use that may be made of the information contained therein. 

Table 2 
 

Filename Temperature 
Fracture 

Toughness 

- K MPa m^0.5 

Weld – 35/11 – 25.22.2 LMN 

1CT1 4.2 128 

1CT2 4.2 208 

1CT3 4.2 136 
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Current Leads for Wendelstein 7-X and JT-60SA  
(CoA; BMBF Ref. No. 03FUS0013) 
 
Current Leads for Wendelstein 7-X 
 
The stellarator W7-X presently under construction at the Greifswald branch of the Max-
Planck-Institute for Plasma Physics consists of 50 non-planar and 20 planar coils with a max-
imum conductor current of 17.6 kA. KIT will deliver the current leads for the magnet system. 
In total 14 current leads are required (maximum design current Imax = 18.2 kA, nominal cur-
rent Inom = 14 kA). 

Prototype current lead test 
 
After the successful test of the prototype currents, IPP has approved the fabrication of the 
series current leads. 

Series current lead manufacturing (Status of Nov 2, 2011) 
 
Due to the tight schedule it was decided to manufacture and assemble the series current 
leads for W7-X in KIT. Except the heat exchangers which are being fabricated in time, all 
other components have been prefabricated. Four series current leads have been fabricated 
and successfully tested. Series current leads 5 and 6 are assembled and prepared for the 
test. The assembly of series current leads 7 and 8 is underway. The assembly of series cur-
rent leads 9 and 10 has started. 

Current Leads for JT-60SA 
 
In the frame of the Broader Approach Agreement between Japan and the EU and concomi-
tantly to the ITER project, a satellite tokamak project called JT-60SA has been agreed. The 
magnet system of JT-60SA consists of 18 toroidal field coils (25.7 kA), 4 central solenoid 
modules (20 kA) and 7 poloidal field coils (20 kA). Following the commitment of the German 
Government to the EU, FZK shall design, construct and test the current leads. In total 6 leads 
for a maximum current of 26 kA and 20 leads with a maximum current of 20 kA, mounted in 
vertical, upright position are required.  

Status 
 
The status is as follows: 

• All HTS stacks for the TF and CS/EF current leads have been manufactured and deliv-
ered by Bruker HTS. 

• The design of the HTS current lead for TF and CS/EF coils of JT-60SA has been final-
ized and all interfaces frozen and approved by the project team. In particular an 
agreement was achieved between F4E and KIT that EU rules, codes and standards will 
be used in the fabrication of the current leads.  

• The detailed design including fabrication drawings of the heat exchangers have been 
finalized and sent to TÜV for approval. This is required before launching contracts to 
industry for delivery of materials and fabrication of components. Some requests for 
quotation have been sent to potential suppliers. 

• The test facility CuLTKa is under construction and will be commissioned end of 2012 to 
be ready for the test of the current leads for JT-60SA. 
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Quench Detection System for Fusion Magnets (HGF) 
 
Redesign of KIT´s new basic quench detector electronics completed 
 
To meet challenging requirements regarding measurement accuracy and potential separa-
tion for future applications of the KIT-Quench detection system the existing detector elec-
tronics had to be redesigned in 2010. After successful test and validation of the first proto-
types a new small system consisting of 16 (max. 24) detectors was manufactured with the 
beginning of 2011. 

The new Quench detectors UNIQD Type 3420 perform the expected enhancement of mea-
surement and detection accuracy combined with lower drift over the temperature range. 

Some properties of the new Quench detector UNIQD Type 3420: 

• Capable of up to 30 KV potential separation to ground (ITER spec.) 

• Reliable Quench detection at lowest thresholds of 5-10 mV 

• Full parameterization during operation possible 

• Low drift design allows simplified or lapse of climatisation 

Fig. 1: Revised KIT-Quench detector UNIQD TYPE 3420. 
 
 

The new detector layout serves as a basic platform for fusion and non-fusion applications 
(e.g. accelerator coils). By variation of assembly, different specifications can be fulfilled (e.g. 
potential separation from 10 to 30 KV). This allows simplified handling of the detector and an 
additional reduction of costs. 

Software QVision Release 3.0 
 
The software QVision is the “All-In-One” tool for parameterization, diagnostics and opera-
tional supervision of the KIT-Quench-detection system unit (= cabinet with an amount of max. 
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128 detectors UNIQD). The software is now available in English language (multilingual ver-
sion). 

 
 

Fig. 2: All-In-One software tool QVision with integrated operational supervision mode and  
remote-interface (interface to control center). 

 
 
Additional features of the new release QVision 3.0 (extraction): 

• Extended remote interface for common control / linking of up to 512 system units (= 
more than 65000 detectors) 

• Scalable permissions to system operators 

• Full log operational supervision mode with complete event recording / event monitoring 

• Auto-balancing menu for fast and accurate sequential balancing of two coils (or coil 
with co-wound wire) 

• Interface to data base systems (option) and online help menus 

The software now includes new safety options (e.g. password protection etc.) and comes 
with extended interfaces for online data access during operational supervision (status of 
cabinet, status of detectors, differential voltage (ADC-data), temperature etc.). Adapted to 
Windows ® 7 the software is now able to work in a user dependent mode. 
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Conception, Design and Analysis of the Feeder - Power Distribution System 
Interface Conceptual Design and Analysis (ITER/CT/09/4100001296) 
 
Objectives 
 
One of the most critical components of the HTS current leads for ITER is the room tempera-
ture terminal (RT-termination) which serves as the interface between the current lead heat 
exchanger and the room temperature bus bar. 

Several possibilities have been discussed within ITER IO as well as within the HTSWG: 

• Air-cooling of the RT-termination (i.e. no water in dry box),  

• Water-cooling of the RT-termination (water cooled flexible interface bus bars and pos-
sibly water cooled HTSCL termination), and  

• Hybrid option (water cooled HTSCL termination, air-cooled flexible interface bus bars). 

All options need to be studied and the pros and cons to be analysed. So ITER IO and KIT 
agreed to perform a design study in the frame of a service contract ITER/CT/09/4100001296. 

Study 
 
The study composes of three parts: 

Subtask 1.1: Design Options  
An air-cooled, a water-cooled and a hybrid option for the design of the PS-feeder interface 
were developed. The most promising solution is the active water cooling of the room temper-
ature bus bars. It will be used to perform Sub-task 1.2. 

Subtask 1.2: Detailed Analysis of the Three Design Options 
As a result of sub-task 1 only the water-cooled option was analyzed in detail with respect to 
the thermal performance. This analysis was performed for four cases: the nominal operating 
case, the off-duty (zero-current) case, the over-heating case (faulty contact) and the freezing 
scenario (~150 K at HTSCL termination). As no detailed design of the CS and PF current 
leads are available, the study was concentrated on the TF current leads. The present design 
of the RT-termination of the 68 kA HTS current lead taking into account the actual dimen-
sions of the water cooled power cables should work for 68 kA steady state operation, 
standby and it can also handle the fault condition in standby. But the following requirements 
are mandatory: 

• It has to be considered that the water cooling of the cables has to keep into operation 
during standby.  

• If this can not be guaranteed the heater power installed in the RT-termination has to be 
increased from 1 kW to at least 3 kW. 

It should be noted that the He outlet temperature is not influenced by the heater power im-
posed on the RT-termination. If the He outlet pipes have to be free of ice all the time, i.e., 
independent of the operating conditions, a dry box is required. 

Therefore the following design is proposed: 

• Use dry box to prevent icing 

• Use heaters large enough to compensate the temperature gradient in all operating 
conditions 

• Use water cooling of flexible cables to reduce heater power in operation because water 
is much more effective that the heater cartridges. 



 -- 97 --

Subtask 1.3: Final Recommendation for the PS-feeder Interface Design 
Based on the findings in subtask 1.2 the optimal solution for the interface was proposed. 

• As a result of the study presented in the report for subtasks 1.2 and 1.2 the use of a 
water cooled PS-feeder interface is strongly recommended. Integrated water cooling of 
the RT-termination seems not to be necessary if the termination itself is properly de-
signed. Of course the design has to take care about the movement of the current lead 
during cool down and during current operation as well. 

• Air cooling seems to be very ineffective and requires a lot of additional infrastructure 
like huge air blowers and air/water heat exchangers. There seems to be no space with-
in and in the neighbourhood of the dry-box as well. Therefore a hybrid solution has not 
been investigated in detail because there is no single advantage compared to the water 
cooled option. 

Status 
 
It has been agreed with ITER RO to close this task after successful finalization of work end of 
2011. 
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HTS Materials for High Current HTS Magnet Cables (WP11-DAS-HTS-02-01) 
 
For use in fusion magnets, the second generation of high temperature superconductors, the 
coated conductors have to be considered due to the current carrying performance and radia-
tion aspects. The commercial availability of HTS 2G material is actually very limited. At the 
moment a critical current of >1000 A/cm width at 77 K in self-field conditions in a 16 m long 
sample is reported as record for REBCO tapes (1530 A/cm for short samples). Over the last 
years the performance of coated conductors has continuously improved, mainly due to the 
application of controlled, oriented, artificial pinning sites. Tapes are mainly produced in USA, 
Korea, Germany, and in Japan. Commercially available tapes can be ordered from Super-
Power, AMSC, and with some restrictions from Fujikura. Other companies are expected to 
come to the market the next years. Commercial materials peak with currents up to about 300 
Amperes per cm-width of the conductor. 

Cable concepts from 2G HTS tapes 
 
REBCO coated conductors are restricted to tape geometries with no in-plane-bending. This 
requires new concepts for cabling. Different designs for high current cables for magnets were 
proposed in the last years. At the moment there are four major coated conductor cable con-
cepts which are able to carry large currents in fusion relevant magnetic background fields 
with reasonable AC losses. 

Coaxial cable (NIST-USA): This cable design is similar to power cables where the industrial 
assembling procedure was already solved. The number of applied HTS tapes is limited to the 
machinery which feeds the tape from reels to the central cable former.  

Twisted Stack (MIT): The cable design requires the application of stacks of conductors. A 
single stack cannot be provided in long lengths from a reel, it needs to be assembled during 
fabrication of the cable from a number of reels for each tape. Changing the grooved central 
former to higher number of HTS stacks allows increasing the cable current carrying capabil-
ity. 

Roebel (KIT): The Roebel cable can be prepared in quite different configurations. Restricted 
to single stacked strand configuration, the scalability in current is given but also limited by 
changing the transposition length. Machinery for automatic cabling was demonstrated by 
IRL-NZ for this case with big success. For further increased currents, multi-stacking of 
strands is one option with similar arguments and limitations as in the case of the Twisted-
Stack concept.  

Rutherford cable (KIT): The Rutherford cable is designed using Roebel cables as strands. 
The advantages of this concept are the low AC loss features and a large variety of cable fea-
tures and dimensions. Important cable features as cooling channel and reinforcements can 
easily be applied in the concept. The scalability of the cable is good. 

Using the different cable con-
cepts at an operation tempera-
ture of 50 K, the expected op-
eration current density at mag-
netic fields of 12, 15 and 20 T 
is shown in table 1. 

 
 
 
 
 

Table 1: A rough estimation of the maximum current for specific magnetic fields 
of different cable concepts at 50 K. 

Cable concept #Tapes 12 T 15 T 20 T 

Coaxial1 24 0.54 kA 0.37 kA 0.2 kA 

Coaxial2 (2-phase) 80 1.8 kA 1.25 kA 0.66 kA 

Twisted Stack 120 2.7 kA 1.9 kA 1 kA 

Rutherford 1000 11.2 kA 7.8 kA 4.1 kA 
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In table 2 a rough evaluation of the different cable concepts with respect to selected key per-
formance aspects and the scalability to an industrial production is given. From the view on 
the AC loss performance the Rutherford and the Roebel cable have a clear advantage due to 
their sophisticated structure with intensive transposition of the conductors. The mechanical 
properties depend strongly on the source of stresses, tensile or bending. In this context the 
more simple concepts as the stacked and coaxial cable design have distinct advantages. 
Scalability is considered with respect to the required current carrying level on one hand, to 
meet the magnet design values, and on the other hand regarding manufacturing details as 
assembling procedures and long length fabrication of the cable components. Here a clear 
advantage of the helical concept is seen since it is very flexible in the number of applied 
strands and requires only a simple standard winding process. For the Roebel concept an 
automatic assembling was proved with limited flexibility and for the Rutherford cable an as-
sembling procedure for given strands is not very complicated and also suitable for an auto-
matic device. The stacked system has the general disadvantage that stacks cannot be stored 
on reels in long lengths which limits the number of tapes in one strand. 
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Table 2: Scalability with focus on industrial production. 

 Coaxial 
Twisted-
stacked

Roebel 
Roebel-

Rutherford

AC losses + + ++ +++ 

mechanical stability ++ ++ + ++ 

Bending + ? ++ + 

Scalability in current performance ++ + + ++ 

Prospects for manufacturing in 
long lengths 

+++ + ++ ++ 
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Development of HTS Conductors (CoA) 
 
The work that has been done on HTS solutions for fusion applications in 2011 concentrated 
on several main topics:  

• Improvement of AC loss measurement techniques as upgrade of magnetic measure-
ments and transport measurement 

• Applying modelling to understand the behaviour of HTS cables 

• Further optimisation of the Roebel cable technique, preparation of medium lengths and 
revision of the automatic punching machine for small cables 

• Further work on a Rutherford cabling concept for HTS conductors with I > 10 kA, 
B > 10 T and T > 50 K. 

Improvement of AC loss equipment 
 
Magnetic measurements 
In an environment of liquid nitrogen (LN2) a so called “Calibration free technique”, has the 
advantage of directly measuring the absolute values of the AC losses, without the need of 
calibration. This magnetic method allows measuring also the contribution of strand or fila-
ment coupling. Therefore, an equipment for cable samples is requested with an upgrade of 
the dimensions. The advantage of this system is that it is able to reliably measure AC losses 
in standard superconductors (such as BSCCO and REBCO coated conductors), structured 
REBCO coated conductors, samples with ferromagnetic substrate as well as cables made of 
these conductors, which allows a direct comparison. 

We designed and partially constructed the special type of coils required for this method, 
shown in figure 1. First experiments were performed at low fields and proved the system’s 
sensitivity and reliability. The Roebel cable has a transposition of the current path, which is 
important to reduce the AC losses. Modifications of the cable for lower losses are: 

(1) Reduction of the width of the meander shaped strands. 

(2) Decrease of the cable aspect ratio. 

(3) Introduction of striations in the individual strands to reduce the effective width of the 
superconducting layer. 

These modified cables are the candidates for the ongoing work. 
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Fig. 1: a: The “Calibration free system” in the cryostat.  

b:  Measured AC loss in structured REBCO coated conductors. 
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Transport AC loss measurements 
The standard technique for transport AC loss measurement usually uses a single return con-
ductor. The sample is connected to a transformer by means of a copper braid conductor. The 
second end of the sample is connected to another copper braid conductor, this conductor 
returns to the transformer at a certain distance from the sample. This configuration is sche-
matically shown in figure 2 together with the apparatus. 

Primary 
winding

Ferromagnetic 
core

Rogowski coil

Secondary 
winding

sample

Pick-up loop

Return conductor

(brass tube)
 

 
Fig. 2: Schematic view and photo of system for transport loss measurements with coaxial arrangement. 

 
 

The measured losses on BSCCO and CC agree very well with the analytical prediction of the 
corresponding model and critical current and proved the successful functionality of the de-
vice. 

Modelling of HTS Roebel cables 
 
Roebel cables are very complex structures with a very inhomogeneous self field. All strands 
go through each position along the cable, passing all values of the self field. This gives 
changing critical currents along the strand and the need of current redistribution when the 
cable is operated close the transport critical current of the cable. In figure 3 investigations of 
a single Roebel cable are shown, illustrating the situation. The upcoming investigations will 
extend to a stack of Roebel cables where the self field situation is much different and the 
current distribution consequently too. 

 

 

 

 

 

 

 

 
Fig. 3: Modelling the self field pattern across the cross section of a Roebel cable and the calculated critical current values in 

the coated conductor strands (left side). 
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Optimisation of Roebel cables 
 
Assembling a Roebel cable is a quite complicated step. An automatic robotic machine was 
developed and patented by the Industrial Research Laboratory in NZ. The disadvantage of 
the device is the size of about 8 m length, the costs of several 100 k€ and the very limited 
flexibility to change the cable design. From these reasons an automatic assembling machin-
ery was not considered for our actual research. F&E questions actually focus on lengths of a 
few meters. Therefore, the technique of hand-made cables was optimized which can be ap-
plied for lengths of 5 m and more. A cable with 4.5 m length was demonstrated as shown in 
Fig. 4. Very important for this sample was the test of the punching accuracy along a length of 
50 meter conductor. For non sufficient constancy of the transposition length, the preparation 
of a cable will fail. The accuracy of the punching machine was excellent, no change of the 
transposition was found. This qualifies the tool for industrial lengths! 

 
Fig. 4: Long length of a Roebel cable with 4.5 m, 10 strands and 12 mm width. 

 
 

 

 
Fig. 5: Delamination effects of the coated conductor composite as consequence of a non-optimized punching tool. The layers 

are from top: Cu, substrate Hastelloy, buffer(thin)+YBCO, the delamination gap (light gray), and Ag+Cu. 
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The automatic punching device of KIT was working not accurate enough to punch small tape 
widths (Fig. 5). 

Coated Conductor Rutherford Cable (CCRC) with HTS Roebel strands  
 
ITEP presented this idea 2010 and started with the development of a subsize CCRC demon-
strator (Fig. 6) with Roebel cables as strands to approach the current regime of 20 kA at 50 K 
and 12 T background field. In CCRCs all strands are fully transposed and experience similar 
fields and forces in a magnet winding. By assembling stacks of tapes instead of single tapes, 
a current carrying capability of 1320 A for a 4 mm wide Roebel cable with 50 punched 
strands was achieved in 2009 giving some idea of the potential of the strands. One of the 
most critical steps making a cable is the bending of the strands around the corner of the cen-
tral former of the cable. A special continuous edge bending strain rig (CEBSR) was devel-
oped to study the bending of the fundamental tapes and the Roebel strands (see figure 7). A 
further optimization of the rig with a lot of test measurements was performed and a reliable 
operation of this unique facility was now achieved. In figure 8 the complete data set of the 
bending behaviour of the coated conductors being exposed to a variety of bending situations 
is shown. 

 
Fig. 6: CAD drawing of the sub-size CCRC demonstrator cable. 

 
 

 

Fig. 7: Continuous edge-bending device to simulate strain effects on the currents of tapes and cables in step-over region of 
CCRCs. 
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The plateau like behaviour of the degradation for narrow bending radius looks very likely to 
be a contribution of shear effects which were observed earlier in torsion bending experi-
ments. To confirm this interpretation more investigations are necessary.  

Another very important outcome is the different behaviour of the conductor for a SC layer 
outside (convex side) or inside (concave side) oriented. For very sharp edges the inside ori-
entation is much better and withstands smaller bending radii. This is an extremely important 
result for the CCRC since applying Roebel strands one has the option of both orientations. 
These results propose to orient the SC layers of the strands towards the central former. Veri-
fication on the model cable needs to done as one of the next steps. 

 

Fig. 8: CEBSR measurements for SuperPower coated conductors and different edge radius [unpublished]. The numbers 
indicate the radius of the bending edge and SLin and SLout means the orientation of the superconducting layer inside 
or outside the bending shape. 

 
 

Future Work 
 
The investigations of Roebel strand properties on the EBSR will be performed as the next 
important step. After qualifying the strands for the cable, the CCRC demonstrator cable will 
be equipped stepwise with 1 and 3 strands at minimum and investigated with respect to cur-
rent feed in situation, transport current and current redistribution at the critical current. The 
reliability of the conductors in this stress loaded arrangement on cooling cycles is also a criti-
cal feature of the cable. 
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Cryogenic Infrastructure (CoA) 
 
Introduction 
 
The cryogenic infrastructure of the ITEP supplies 
different experiments within the ITEP and other in-
stitutes of the Karlsruhe Institute of Technology 
(KIT), which are working for the Fusion Programme 
with refrigeration power or liquid helium. Such ex-
periments in the ITEP are tests of superconductive 
components in the TOSKA facility, experiments for 
the ITER-cryopump in TIMO, and mechanical mate-
rial tests in different cryostats equipped with traction 
engines.  

For these experiments the cryogenic infrastructure 
comprises among other things: 

• A 2 kW-refrigerator at 4.4 K with a liquefaction 
rate of 21 g/s (equivalent to 600 litres/h). 

• A 300 W-refrigerator at 1.8 K with a liquefaction 
rate of 5 g/s (equivalent to 145 litres/h). 

• A high pressure helium purifier working at 200 
bars with a continuous purification mass flow of 
14 g/s and a discontinuous purification mass flow 
of 28 g/s. The residual impurity content is lower 
than 1 ppm. 

• Three recovery compressors with a pressure increase from one to 200 bars and a maxi-
mum mass flow of 26 g/s or 527 standard cubic meters respectively. 

• A helium storage system consisting of: 

- stationary liquid helium vessels with a capacity of 15,000 litres or 1,875 kg respectively 
- storage tanks for impure helium with a capacity of 1,075 kg 
- storage tanks for pure helium with a capacity of 1,275 kg 

The whole storage system has consequently a capacity of 4,225 kg or 23,985 standard 
cubic meters respectively, see Fig. 3. 

  

 
Fig. 2: 8-ary vacuum pump station of the 300 W@1.8 K-

refrigerator. 
 

 
Fig. 3: Helium storage system. 

 
Fig. 1: 2 kW-refrigerator with valve box and calo-

rimeter. 
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• A liquid nitrogen storage vessel with a capacity of 32,650 litres for the supply of all exper-
iments and a filling station to distribute liquid nitrogen in transport vessels. 

The cryogenic infrastructure is controlled by a state-of-the-art control system based on PCS7 
and WinCC. The operation of the components can be done in two control rooms or via clients 
installed directly at the experiments. 

A team of five operators, three engineers and one academic staff member is responsible for 
maintenance, repair, upgrading and extension of the cryogenic infrastructure for new or 
changed experiments.  

Additional tasks are the supervision of peripheral installations such as 

• Energy distribution system 
• Re-cooling water unit 
• Compressed-air distribution system. 

Also, maintenance, repair, upgrading and extension of the 

• Vacuum systems  
• Different safety devices like oxygen monitors 

are tasks of this group. 

Beyond these regularly routine works this report is focused on selected extension projects, 
as well as giving an overview of the cryogenic supply activities for fusion projects. 

Selected maintenance and extension works 
 
2 kW (4.4 K) refrigerator 
 
The following selected maintenance and extension works 
at the 2 kW-refrigerator were done in 2011: 

• Reconstruction of the control systems AS1, AS2 
and AS3 from Siemens Teleperm system AS 235 to 
AS 488  

• Implementation of new vacuum measurement de-
vices 

• Implementation of new program blocks for valves 
and motors with individual alarm signals 

• Programming for automatically cool down and warm 
up of the current lead tests in TOSKA 

• Filter changes at two oil-sealed screw compressors 
for helium 

300 W (1.8K) refrigerator 
 
The following selected maintenance and extension works 
at the 300 W-refrigerator were done in 2011:  

• Exchange of the control unit PCAS 121 
• Reconstruction of the relubrication unit for the turbines 

 
Fig. 4: Filter changes at two oil-sealed 

screw compressors for helium. 
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He-recovery and purification system 
 
The following selected maintenance and extension works at the He-recovery and purification 
system were done in 2011: 

• Reconstruction of the power supply system for the 
process control; now the network components of the 
profibus participants will be centrally supplied to 
avoid a bus breakdown during a disconnection of 
one participant. 

• Exchange of oscillating dampers for a He-recovery 
compressor. 

• Reconstruction and change of the safety valves for 
a He-recovery compressor. 

• TÜV-checkups. 

• Calibration and maintenance works for the He-
scale. 

• Repairing work at compressors. 

Miscellaneous 
 

• Supervision of the assembly of the control cabinets 
for CuLTKa 

Cryogenic supply for the Fusion Programme 
 
The different experiments for the Fusion programme in ITEP are supplied with circa 31,054 
litres liquid. In addition the refrigerators ran nearly 1030 hours in 2011 for the supply of re-
frigeration power. 

For comparison, the average consumption for such experiments in the period between 2001 
and 2010 is about 23,054 litres liquid helium and 1,809 hours of refrigeration power. So in 
2011 we had a higher liquefaction rate and a lower refrigeration power than the mean values 
of the years before.  

  
Fig. 6: Liquid helium supply between 2002 und 2012. 

 
Fig. 7: Hours of refrigeration power between 2002 und 2011. 
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Fig. 5: TÜV-checkups 
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Fusion Researcher Fellowship (WP11-FRF-KIT/Vojenciak) 
 
Objectives 
 
High-temperature superconductors (HTS) are potentially very interesting for future fusion 
applications. These materials underwent substantial development in the direction of high crit-
ical currents and long production lengths. However, cabling techniques and techniques of AC 
loss reduction still require a lot of research and development. 

The goal of this project for the year 2011 is building, testing and routinely using a compre-
hensive experimental facility to fully characterize HTS conductors, both in DC and AC. The 
main objects of investigation are Roebel cables and MgB2 cables.  

Description of the facility 
 
For full characterization of a HTS conductor from the AC loss point of view one needs to 
measure the transport AC losses and the magnetization AC losses. MgB2 cables will be 
characterized at temperature of 4.2 K, while Roebel cables made of REBCO superconductor 
will be characterized at temperature of 77 K. Summary of required measurement is: 

• Magnetization AC loss at 77 K 
• Transport AC loss at 77 K 
• Magnetization AC loss at 4.2 K 
• Transport AC loss at 4.2 K 

A universal device for all mentioned requirements would be very complex. Therefore it was 
decided to build a system with some parts to be used in all the experiment types and some 
parts peculiar to each experiment type. The experimental facility consists of a cryogenic part 
(including both power and signal detecting parts), measuring devices, and a computer for 
control. The cryogenic part is the only variable part. 

Apparatus for magnetization AC loss measurements in LN2 environment 
 
In an environment of liquid nitrogen (LN2) we use so called “Calibration free technique” [1], 
which has the advantage of directly measuring the absolute values of the AC losses, without 
the need of calibration. The system consists of two sets of coils, one containing the sample 
to be measured, the other one empty used as reference. The advantage of this system is 
that it is able to reliable measure AC losses in standard superconductors (such as BiSCCO 
and REBCO coated conductors), structured REBCO coated conductors, samples with ferro-
magnetic substrate as well as cables made of these conductors. 
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Fig. 1: a – The “Calibration free system” in the cryostat. b – Measured AC loss in structured REBCO coated conductors. 
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Typical measurement results of structured samples of REBCO coated conductors are shown 
in figure 1b. The measurements prove the theoretical prediction that magnetization AC loss-
es at high fields decrease by increasing the number of filaments. 

Apparatus for transport AC loss measurements in LN2 environment 
 
The standard technique for transport AC loss measurement usually uses a single return con-
ductor. The sample is connected to a transformer by means of a copper braid conductor. The 
second end of the sample is connected to another copper braid conductor, this conductor 
returns to the transformer at a certain distance from the sample. This configuration is sche-
matically shown in figure 2. 
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Fig. 2: Schematic view of the apparatus for transport AC loss measurement. 
 
 

A photo of the cryogenic part inside the cryostat is shown in figure 3a. The advantage of this 
configuration is that it is easily adaptable to different shapes and sizes of the sample. There 
is also enough free space around a sample; therefore it is possible to utilize various kinds of 
contacts (e.g. pressure contacts, as it is shown in figure 3b). A disadvantage of this configu-
ration is the relatively high leakage magnetic flux, which causes high induced voltage in the 
power circuit. For this reason the power of the bipolar source must be relatively high, espe-
cially for high currents and high frequencies. 

a ba b
 

Fig. 3: The cryogenic part of the system with single return conductor. a – overall view of the high current part of the circuit. b – 
detail of the sample holder with pressure contacts.  

 
 
We measured three commercial samples of superconducting tape. One sample of BiSCCO 
tape (so called 1st generation of HTS) and two samples of YBCO tape (so called 2nd genera-
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tion of HTS) with width of 4 mm and 12 mm, respectively. The experimental results are com-
pared with the analytical predictions of Norris’s formulas in figure 4. The measured losses 
agree very well with the analytical prediction of the corresponding model and critical current. 

 

Fig. 4: Measured loss per one cycle of AC transport current. a – dependence of loss per unit length on amplitude of transport 
current. b – dependence of normalized loss on normalized transport current.  

 
 

Apparatus for magnetization AC loss measurements in LHe environment 
 
For measurement of magnetization AC loss in liquid helium (LHe) environment we use a 
thermal method. This method is sensitive and the thermal response from the sample is rea-
sonably fast because of the low specific heat at temperatures around 4.2 K. An AC loss in 
the sample causes increase of the temperature on the sample’s surface. The sample is 
thermally insulated from the helium bath in order to have a sufficiently high temperature in-
crease. For this purpose we use a fiber-glass tube with low pressure (~100 Pa) helium gas 
inside as a thermal insulation. With this configuration we are able to measure AC losses with 
precision around 1 µW.  

 

a 
 

b 

Fig. 5: a – apparatus for magnetization AC loss measurement in LHe environment. b - Measured AC loss in structured 
REBCO coated conductors. 

 
 

We used this apparatus for measuring the AC losses in a sample of MgB2 cable. This cable 
was made out of multifilamentary MgB2 wire with monel sheath. This is a very complicated 
structure from AC loss point of view. There is combination of hysteretic losses in the ferro-
magnetic material – monel, hysteretic losses in the superconductor and coupling losses be-
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tween filaments and individual wires in a cable. Experimental results are shown in figure 5b. 
From our measurements we can conclude that losses in ferromagnetic material are important 
only in low fields (up to 70 mT) and low frequencies (up to 36 Hz). At high fields and high 
frequencies the coupling loss is the most important loss mechanism. 

Apparatus for transport AC loss measurements in LHe environment 
 
We have made preliminary tests of the system for transport AC loss measurement in LHe 
environment. This system is built and has been successfully tested in LN2 environment. In 
contrast to the system for LN2 environment, this system uses a configuration with coaxial 
return conductor. This configuration is schematically shown in figure 6. 
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Fig. 6: Schematic view and photo of system for transport loss measurements with coaxial arrangement. 

 
 

The coaxial configuration uses a conducting tube as a return conductor in contrast to the 
configuration with single return conductor. The sample together with a Rogowski coil is 
placed inside the tube. Several copper braid conductors are used for connections between 
the sample and the tube. This configuration has the advantage of low leakage magnetic flux 
and thus low induced voltage in the power circuit. 
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Fig. 7: Comparison of transport AC loss of the same sample measured in a system with single return conductor 

and in a system with coaxial arrangement. Results agree very well at medium and high currents. 
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We compared the results of measurement on the sample with single return conductor and 
system in coaxial configuration. For this measurement we have used a 4 mm wide YBCO 
tape with a critical current of 156 A. 

We expect that this configuration is suitable for measurements in a liquid helium bath. There 
is only a very low AC magnetic flux in the system’s ambience and therefore a metal cryostat 
could be used. This apparatus will be tested in a liquid helium bath in the year 2012. 
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Goal Oriented Training Programme " Cyrogenic Training Programme for  
Fusion” (WP10-GOT-GIRO (FU07-CT-2010-00065)) 
 
Objectives 
 
In the frame of a structured training program, it is intended to train early-stage engineers dur-
ing 3 years. This program will take place within a collaborative group to provide the technical 
know-how and the skills which are necessary for the engineering of components for ITER or 
fusion program and for the management of ITER relevant projects. The aim of the training is 
to reinforce the knowledge of the trainees thanks to their involvement in an engineering team 
constituted of experts in various domains. 

Status 
 
The contract was signed end of June 2010. A first coordination meeting was held in Porto 
end of Sept. 2010 with attendees of the 3 involved associations KIT, CEA and JET. At a task 
meeting in Sept. 2011 it was clarified that all trainees except one trainee at CEA were identi-
fied. KIT found the second trainee (M. Schrank) for the field "Design of measurement and 
control system for large cryogenic systems".  
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R&D for Helium-cooled Blanket Concepts (WP11-DAS-IVCC-06-01) 
 
Introduction 
 
Three Helium Cooled blanket concepts have been analysed in this task: 

1. The Helium Cooled Pebble Bed (HCPB); 

2. The Helium Cooled Lithium Lead (HCLL); and 

3. The Dual Coolant Lithium Lead (DCLL). 

The advantage of Helium Cooling is in the fact that Helium presents the better compatibility 
with all the materials used in the fusion reactor. Furthermore, it can be adapted to a wide 
range of temperature windows to cope with almost all the materials; in addition it can be em-
ployed at very high temperatures increasing the efficiency of the power generation cycle. 
However, this last feature will be strongly limited by the necessity to high pumping power to 
circulate the coolant in the blanket which is counterproductive. 

The first two concepts (that are supported in the EU breeding Blanket as candidates for the 
DEMO blanket and selected for the Test Blanket Programme in ITER) have been considered 
in more details. The DCLL is mentioned as an attractive concept, but using a more advanced 
technologic extrapolation in comparison of the first ones.  

The following table summarizes the characteristic of the near term concepts:  

 HCPB HCLL 
Breeder: Li4SiO4 in form of a 

pebble bed, monodispers 
(0.3-0.6mm diameter) at 
40% 6Li enrichment 

PbLi in eutectic 
composition (15.8 t% at 
Li) at 90% 6Li enrichment 

Neutron Multiplier: Be or Be alloy in form of a 
mono size pebble bed 
(1mm diameter). 

PbLi accomplish also this 
function. 

Helium coolant:   
− pressure 8 MPa 8 MPa 
− Inlet temperature 300°C 300°C 
− Outlet temperature 500°C 500°C 
− Purification 

requirements (O, N, C, 
etc) 

tbd tbd 

− Max T contents  Tbd (<1Pa)  Tbd (<1Pa) 
Tritium Extraction: He Purge flow through 

the breeder and beryllium 
beds at <0.4 MPa). 0.1% 
H is added to facilitate the 
T extraction. 

The PbLi is recirculating 
outside the blanket at a 
slow velocity (the 
pressure is geodetic, 
~1MPa )  

FW protection layer: 2 mm W (average)  2 mm W (average) 
Li burn-up control: No system proposed Possible on-line with 

chemistry control of the 
PbLi flow in the external 
loop.  
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 HCPB HCLL 

Purge/PbLi Loop: Helium at 0.1-0.4 MPa, 
with velocity of few cm/s. 

about 0.068 m3/s 
considering 10 inventory 
recirculation per day 

Surface Heating: Max 0.5 MW/m2 on all the 
blanket FW. 

Max 0.5 MW/m2 on all the 
blanket FW. 

Neutron Wall Load:   
− PPCS  1.8 (2.3) MW/m2 av(peak) 1.84 (~2.5) MW/m2 

av(peak) 
 

− DEMO-2007   1.56 (~2.0) MW/m2 
av(peak) 
 

Tritium Breeding Ratio:   
PPCS (2000) 1.07 @ 20% 6Li  

1.12 @ 30% 6Li  
for bIB=39cm and 
bOB=49cm  

 

PPCS (2004) 1.10 @ 30% 6Li 
1.12 @ 20% 6Li 
1.14 @ 40% 6Li 
for bIB=36 cm and  
bOB=46 cm  

1.14 @ 90% 6Li 
for bIB=53 cm and bOB=78 
cm  

DEMO-2007   1.10 @ 90% 6Li for 
b=56cm 
1.10 @ 60% 6Li for 
b=60cm 
 

IB: inboard,  OB: outboard 
 

Energy multiplication:   
− PPCS  1.33 1.18 

Pressure drops in Blanket 
Loop: 

  0.22 - 0.41 MPa 
  

  0.29 - 0.45 MPa 

Pumping Power in Blanket 
Loop: 

154-288 MW @ 3966 
MWth  
 

218-333 MW @ 4219 
MWth  
 

Gross thermodynamic 
cycle efficiency 

0.41 - 0.42  0.44  
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Conclusions 
 
The following table summarizes the open R&D issues for the development of these concepts 

 R&D Objectives 
Common Topics  
Helium cooling technology for 
fusion reactors 

Improvements in the design to compensate lower 
performance in terms of heat transfer and power 
pumping. Development of cooling loops and 
components (e.g. high temperature axial 
compressors) for DEMO conditions. 
 

Steel development and Fabrica-
tion technologies 

Complete the RAFM (EUROFER) development 
with the target requirements to operate in a range 
of about 300-550°C, low neutron damage up to 70 
dpa (with possibility to extend it to about 150 in a 
FPP) and low activation properties. Qualification of 
manufacturing processes like diffusion bounding 
(e.g. HIP processes) and joint technologies (e.g. 
laser, EB, TIG) for fusion components. 
 

Neutronic performances Improve of the predicting capability for the 
determination of the Tritium Breeding Ratio (TBR) 
in the design phase. Particulary important for the 
solid breeder. Improvement of the design in order 
to optimise the TBR. 
 

Tritium extraction and recovery Complete the lay-out of the tritium purge flow 
loop/PbLi loop T-extraction  in DEMO/FPP. Impact 
on  T-self-sufficiently. Development of T recovery 
equipments.  
 

Tritium control: coolant purifica-
tion & permeation barriers. 

Development of Coolant Purification systems for 
DEMO/FPP. Safety studies on T control in 
DEMO/FPP; definition of safety requirement for T 
control (e.g. permeation barriers).  
 

Tritium inventory  Safety studies on T inventory limits in DEMO/FPP 
(definition of safety requirement for T inventory). 
Impact on the T-self-sufficiently.  
 

Diagnostics Integration of plasma control diagnostic in the blan-
ket system. Interlock and safety signals from Blan-
ket System. 
 

Reactor Integration Integration of blankets in the selected maintenance 
systems. 
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HCPB topics  
Ceramic Breeder Development Complete the in-pile characterisation. 

 
Beryllium (as Neutron Multiplier) 
Development 

Complete the in-pile characterisation. Development 
of Be alloy (if requested). 
 

Thermo-mechanics of the Peb-
ble Bed (temperature control in 
pebble beds). 

Complete measurements of bulk/surface thermal 
conductivity in pebble beds and related modelling. 
Include irradiation effects. 
 

Be/steam, Be/air reaction 
(safety analyses) 

Study on new materials (Be-alloys) to reduce the 
reaction rate with air/steam.   
Safety study of for the use of Beryllium as multiplier 
in DEMO/FPP and definition of related safety re-
quirements.  
 

Tritium retention in Be Characterisation of T release in irradiated Be (e.g. 
in HIDOBE) and improve the modelling.  
 

  
HCLL topics  
Development of eutectic PbLi Improve operation procedures for chemistry con-

trol.  
 

Magneto-Hydrodynamic (MHD) 
Design. 

Improve modelling capability and design. 

PbLi/steam reaction (safety 
analyses) 

Safety study of for the use of PbLi as breeder in 
DEMO/FPP and definition of related safety re-
quirements. 
 

PbLi-steel Corrosion Complete investigation and modelling (e.g. effect of 
Magnetic field). Definition of operational require-
ments. 
 

PbLi Purification Development to cope with activation products (e.g. 
Po production).   
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Magneto-hydrodynamic Flows for Fusion Blankets (CoA) 
 
Experiments 
 
A closed liquid-metal circuit has been designed and manufactured with the main purpose of 
having a flexible device to study fundamental properties of magnetohydrodynamic (MHD) 
flows like pressure drop in generic geometric elements of liquid-metal circuits. The loop has 
further the possibility to serve for testing of measuring techniques for applications in ITER 
test blankets. As working fluid the liquid metal alloy GaInSn has been chosen, since this fluid 
is liquid at room temperature, non-toxic and nonflammable, which allows easy handling. The 
final optimized design of the experimental loop, as shown in Fig. 1, has been obtained as a 
result of theoretical considerations and by the support of numerical calculations. It consists of 
a double loop arrangement that allows feeding the test section in a symmetric way and ob-
taining the most uniform entrance conditions. The central channel, which represents the test 
section where measurements are taken, is connected by bends to two ducts. Each of these 
lateral channels has an electromagnetic pump, formed by two large Cu-electrodes connected 
to a current source, and an electromagnetic flow meter. All other elements are fabricated 
from electrically insulating material and components can be exchanged easily. 

 
 

Fig. 1: Experimental loop formed by two pump channels 
fitted with copper electrodes and a central duct 
for measurements and sensor tests. 

Fig. 2: (a) 3D view of velocity distribution at x = 0. (b) Isolines 
of electric potential in the double loop on the symmetry 
plane for a magnetic field of about 0.8 T.  

 
 

The layout of the circuit by simple design equations has been confirmed by detailed 3D nu-
merical simulations of the entire double-loop. Calculations have been carried out by using the 
open source software OpenFoam in which MHD equations have been implemented [1]. As 
electric boundary conditions we assume insulating walls everywhere, except at the pump 
electrodes, where by an applied potential difference a current is imposed that drives the flow, 
and in the test-section at walls perpendicular to the magnetic field. The latter ones called 
Hartmann walls are chosen perfectly conducting, since under these conditions the flow is 
characterized by a high pressure drop, the fluid in the core of the duct is almost stagnant and 
practically all flux is carried by thin jets along the insulating lateral walls. This is shown in Fig. 
2(a) where the calculated velocity distribution is displayed in the middle of the test section for 
an applied magnetic field of about 0.8T. In Fig. 2(b) contours of electric potential are shown 
as indication for velocity streamlines in the horizontal symmetry plane of the duct for a stable 
laminar MHD flow. Near the edges of the pump electrodes 3D disturbances are present, 
which decay after a short distance so that at the entrance of the test section the flow is lami-
nar. When the liquid-metal approaches the test section it is rapidly distributed into the side 
layers, along walls parallel to the magnetic field, in which it flows at high speed. This type of 
flow tends to develop instabilities near the side walls and their occurrence and flow pattern 
will be the subject of a detailed experimental program. 

During the experimental campaign it is foreseen to measure the electric potential distribution 
on the channel walls and the local potential gradients in a duct cross section using a movable 
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probe whose position can be precisely adjusted by using a driving mechanism as shown in 
Fig. 3. On both side walls of the duct a row of non-equally spaced potential sensors is pre-
sent to record time-dependent signals along the channel axis. Numerical results displayed in 
Fig. 4 give already indications that the flow in the test section tends to develop interesting 
time-dependent instabilities that will be investigated experimentally using the present device. 
Detailed knowledge about near-wall unstable flow and turbulent MHD flows is important for 
accurate predictions of heat and mass transfer (e.g. transport of tritium and corrosion prod-
ucts) for applications for instance in the European helium-cooled lead lithium (HCLL) test 
blanket module for ITER. 

 

y

xz,B

 
Fig. 3: Test section (middle channel) and mechanism to 

move a traversable electric potential probe. 

 
Fig. 4: Contours of the magnitude of calculated electromag-

netic force for an unstable MHD flow in the test sec-
tion on the horizontal symmetry plane. 

 

Additional details on design equations and simulations used to define the characteristics of 
the experimental liquid metal loop have been published in references [2] [3] [4].  

Further experimental results about MHD effects in a scaled mock-up of an HCLL blanket 
module have been published and presented in references [5] [6]. 

Numerical studies of MHD flows with strong magnetic fields (EFDA HPC-FF – HCP-
MHD) 
 
In the framework of the study of a HCLL blanket concept for ITER, numerical tools are devel-
oped to complement experimental activities. Simulations support for instance selection and 
validation of physical models for 3D coupled phenomena, like magneto-convection.  

A finite volume solver has been developed for simulating MHD flows for intense applied 
magnetic fields, i.e. when the characteristic flow parameter called Hartmann number Ha is 
large. The code is able to predict MHD flows in geometries with walls of arbitrary electric and 
thermal conductivity. The equations have been implemented in the open source CFD code 
OpenFOAM. An important characteristic of the developed MHD solver is the use of an inter-
polation procedure of current fluxes from cell-faces to cell-centers, which preserves the con-
servative properties of the current density field. The code has been fully validated against 
available analytical and asymptotic solutions [1] [10].  

In the currently proposed HCLL blanket design the liquid metal serves mainly to breed tritium 
and the heat flux is removed by helium flowing at high pressure in channels grooved in the 
walls. The use of a separate coolant has the advantage that the liquid metal can flow in the 
blanket with smaller velocities compared to those required in self-cooled blanket concepts. 
As a result the buoyant-convective flow caused by non-uniform thermal conditions and gravi-
ty may be comparable or even exceed the forced flow foreseen for tritium removal. There-
fore, knowledge of buoyancy-driven MHD flows becomes fundamental to understand how the 
liquid metal circulates in the blanket.  
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Equations describing buoyant-MHD flows have been implemented in the developed solver in 
OpenFOAM. Heat and current conductance in solid domains and the coupling with buoyant 
MHD convection in fluids have been modeled and thoroughly validated. The code has been 
applied to get an overview of convective flow patterns in long vertical channels under various 
thermal and electric boundary conditions. The influence of wall conductivity, of the orientation 
of the imposed heat flux and of the duct aspect ratio on buoyancy driven MHD flows has 
been numerically investigated [7] [8]. Before studying complex fusion-related geometries, the 
fundamental physics of MHD-buoyant flows has to be fully understood in order to give the 
correct physical interpretation of coupled 3D phenomena. 

Let us consider the stationary MHD flow in a vertical channel that is sufficiently long to en-
sure fully developed flow conditions in a large axial part. In the following discussion the elec-
tric conductivity of the wall is characterized by the conductance parameter c that gives the 
ratio of wall to fluid electrical conductance. A uniform magnetic field B is imposed in z-
direction (see Fig. 5(a)). Walls parallel to B are called side walls and those perpendicular to it 
are the Hartmann walls. In a first example a temperature difference is applied between iso-
thermal side walls (∇T ⊥ B) so that, in case of no internal heat generation, a linear tempera-
ture distribution T = y is present.  The duct walls are perfectly electrically conducting (c = ∞). 
As shown in Fig. 5(b) the velocity distribution is characterized by two counter-flowing jets that 
develop in the side layers along walls parallel to the magnetic field. The fluid moves upwards 
near the heated wall and downwards at the colder wall. In Fig. 5(c) the axial velocity is plot-
ted in half of the duct (y ≥ 0) at z = 0 for various conductance parameters c. It can be ob-
served that when reducing c, i.e. when the electrical conductivity of the wall becomes small-
er, a larger flow rate is carried by the jet near the side wall at y = 1 and the flow in the core 
increases so that finally the jet disappears as c  0. In an electrically insulating duct (c = 0), 
the axial velocity varies linearly in the core and it starts reducing when approaching the side 
walls due to the additional contribution of viscous forces (see Fig. 6(a)). 

 

 
Fig. 5: Buoyancy-driven MHD flow in a long duct, with ∇T ⊥ B, 

for Ha = 1000. (a) Geometry and reference system, (b) 
axial velocity distribution in case of c = ∞, (c) axial ve-
locity profile at z = 0 for various conductance parame-
ters c. 

 
 

 
Fig. 6: Axial velocity distribution for buoyancy-driven 

MHD flow in electrically insulating ducts (c = 0), 
for Ha = 1000, with (a) ∇T ⊥ B and (b) ∇T II B. 

In the case in which a linear temperature distribution is applied between Hartmann walls, i.e. 
when ∇T II B, the liquid metal in an electrically insulating channel distributes as shown in 
Fig. 6(b). The velocity in the side layers is an odd function of z and the fluid flows upwards in 
the half of the duct near the hot wall (z > 0) and downwards by the cold wall (z < 0). The dif-
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ferent flow structure in the two cases studied (Fig. 6) is related to the changed organization 
of electric currents and potential in the channel.  

Results show that the electrical conductivity of duct walls determines the profile and the 
magnitude of the velocity in the channel and therefore it affects the performance of a device 
in terms of mass and heat transfer. Hence, numerical studies of buoyancy-driven MHD flows 
for fusion blanket applications should be carried out by using geometries with the most realis-
tic values of wall electrical conductivity. It has been shown that by applying the same thermal 
boundary conditions (e.g. ∇T ⊥ B), while reducing the electrical conductivity of the walls, the 
maximum velocity in the side layers increases by almost two orders of magnitude and a 
much stronger core flow is present. The results described show the appearance of high-
velocity jets in the boundary layers along the duct side walls. Such flows should exist when 
inertia forces are negligible compared to the electromagnetic ones. In the performed study it 
is assumed that the flow remains laminar. However, future stability analyses are required to 
determine the range of flow parameters for which the discussed solution is valid. 

Additional work on modeling of MHD flows and examples of application of the developed 
code have been published and presented by the MHD group at IKET in references [9] [10]. 
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Goal Oriented Training “Power Supply Engineering” 
(EFDA-WP08-GOT-PSE (FU07-CT-2009-00084)) 
 
The Power Supply Engineering plays an important role in the design, operation and exploita-
tion of the fusion experimental devices and relevant test facilities. The role of the power sup-
ply engineers in this sense is a key role, as the power supplies are active devices which can 
be designed, optimized and upgraded to satisfy the requirement. These are the power supply 
engineers needed for ITER and to form them in this sense is the main objective of this train-
ing program. 

The training activities are divided into two main areas: 

• General engineering training and experience including personal development. 

• Training and experience in specific technical areas to conclude with involvement in 
and/or management of one or more significant technical projects. 

The general training consists mainly of a collaborative training program in coorporation with 
the participating associations, based on comprehensive set courses and shadowing activities 
on the operation of the facilities present in each laboratory. In 2011 the trainee attended to 
two-week-courses at all the participating institutions (ENEA, Frascati; Consorzio RFX, Pa-
dova; IRFM, Cadarache; CCFE, Culham and KIT). As a highlight it shall be mentioned only 
one of the huge amount of topics covered in the courses, which was an analysis of the ITER 
Steady State Power Supply Network which was done in ENEA, Frascati in October. 

The specific training consists of practical work experience at the Helium Loop Karlsruhe – 
High Pressure (HELOKA-HP) experimental facility. The object of HELOKA-HP is to test the 
HCPB-blanket concept and to gain experience in operating such kind of helium facilities. In 
this sense it also acts as a prototype for the ITER TBM helium cooling system. 

In 2011 most of the work was dedicated to the commissioning of the second stage of the 
Data Acquisition and Control System of the HELOKA-HP facility and several devices of the 
helium loop. For example, in June 2011 the 750 kW helium heater and its power supply have 
been successfully commissioned. Together with the installation of the instrumentation and 
helium supply system, the loop is now operational. Some work is still continuing on the 
automated control of the plant. After this has been completed the integration of the test sec-
tion and the preparation for the experimental campaign can be started. This will be the third 
stage of DACS and the main work for 2012. 

The first experiments are planned to start with tests of a reduced size first wall mock-up. The 
first wall is the plasma facing surface of the blanket which has to withstand a thermal radia-
tion of up to 500 kW/m². One of the experimental requirements is to reproduce this heat flux. 
For the current set-up this means that about 150 kW have to be deposited onto the surface 
of the first wall by a suitable heating device. Amongst others the possibility to use an induc-
tion heater was therefore investigated (see Fig. 1). In order to come to a decision about the 
final heating device a report has been issued. When the final method is chosen the procure-
ment of the power supplies for the heater and the integration into the test section of HELOKA 
will be the main tasks for 2012. 
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Fig. 1: Part of the model of a three-phase, current controlled high frequency current generator for an induction heater in 

Matlab/Simulink SimPowerSystems. 
 
 

Cooperation with Industry 
 
Andreas Hofer Hochdrucktechnik GmbH, Germany, contractor: 

- supply and commissioning of a helium compressor 
 
Klöpper-Therm GmbH & Co. KG, Germany, contractor: 
 - supply and commissioning of a helium heater 
 
Siemens AG Karlsruhe, Germany, contractor:  
 - supply of several power and control cubicles 
 - installation of instrumentation 
 - implementation of hard- and software into control system 

ATE, Czech Republic, contractor: - supply of several power supply cubicles 

ATEKO/VUES, Czech Republic, contractor: - supply of frequency converters 
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Goal Oriented Training Programme “Breeding Blanket Developments for  
Fusion Reactors” (WP08-GOT-EUROBREED (FU07-CT-2008-00047)) 
 
The EUROBREED network is integrating almost the all the important aspects of the breeder 
blanket programme including development of breeder materials, characterisation and model-
ling of properties (e.g. thermo-mechanics and tritium release), test of these materials in out-
of-pile and in-pile experiments, integration of them in ITER, and also some aspects for the 
integration in the future DEMO reactor. Thus, the broad range of competences required in 
the European breeder development in the future is addressed, and the proposed project will 
provide a significant and necessary improvement in the expert basis required. 

EUROBREED, jointly conducted by KIT, AEUL, CEA, CIEMAT, ENEA, NRG, HAS-University 
of Budapest, and CCFE, consists of eight work packages (WP). Two of them are hosted at 
KIT (WP1 and WP2): WP1 is entitled “Design, procurement and test of solid breeder units” 
and WP2 “Pebble bed development and testing for the EU solid breeder blanket”. Further-
more KÍT is in charge of the Coordination of this network. 

In 2011 the activities related to EUROBREED network continued regularly for the third year; 
the conclusion of the network is foreseen in September 2012. Progress meetings were held 
in Madrid (May) and Karlsruhe (October) with presentation of the work by all the trainees, 
presentation and visit of the host laboratories and Meeting of the Coordination Board.  

The only issue was the anticipated conclusion of WP-4; in fact the trainee left her position in 
Cadarache for a new job. The network is now reduced to only 7 work packages. 

In work package No. 1, the technical programme of the trainee consists of three parts: (1) 
the design and analyses of a TBM Breeder Unit (BU), (2) fabrication, procurement and as-
sembly of a BU mock-up and (3) testing of the BU mock-up. The three years long training 
period started on the 24th of August 2009. 

With the completion of the 2nd year the trainee completed the final design of the BU: during 
the 3rd year he will concentrate on the mock-up procurement and on the design of a consis-
tent experimental plan. Carrying out these activities he will contribute to the design of the 
Helium loop layout and procurement of the loop components.  

The actual possibility to test a BU mock-up for the trainee is shifted because the design and 
construction time of the related Helium facility in KIT is delayed due to technical and design-
change reasons. In order to allow the trainee to complete the BU mock-up testing campaign, 
the trainee program will be integrated in a PhD program of the trainee. The overall activities 
performed within the training will be completed by the experimental activities, including vali-
dation of the mock-up performances and benchmark of the design codes used in the design 
process, to be performed in the PhD specific extension period.  

After completion of the training program, 2 additional years are considered to complete the 
PhD plan: in this period the trainee will finalize the mock-up and helium facility procurement 
phase and will follow up the experimental campaign and evaluate the results of the experi-
ments. The main goal will be to evaluate the BU expected thermo mechanical performances 
and to validate the set of computational tools used for the BU design assessment.  

For the last year of the training program the revised technical programme consists in:  

• Adaptation of the TBM BU design to the BU mock-up design, including relevant pa-
rameters (material, manufacturing processes, Post Welding Heat treatments).  

• Procurement of the structural components of the BU mock-up (follow-up the manufac-
turing process directly in the manufacturing company during critical manufacturing 
steps).  
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• Preparation of an experiment plan including selection of parameters, selection and 
installation of dedicated diagnostic systems and experimental devices.  

For the specific aspects listed above the trainee will be involved in the design and commis-
sioning of the KATHELO Helium loop layout.  

This technical program requires interfaces/collaboration with different experts in KIT itself but 
also in other European Associations. A close collaboration will be required with manufactur-
ing and material experts from KIT and CEA and then from the industry. 

Staff: 
 
L.V. Boccaccini 
F. Hernandez (trainee) 
F. Cismondi 
 

Literature: 
 
[1] F. Hernández, F. Cismondi, B. Kiss, Thermo-mechanical analyses and assessment with respect the design 

codes and standards of the HCPB Breeder Unit, Presented as poster at the ISFNT-10 (Portland 2011), 
doi:10.1016/j.fusengdes.2012.02.088. 

[2] F. Cismondi, B. Kiss, F. Hernandez, E. NDiaye, G. Legradi, J. Reimann, M. Ilic, The fundamental role of fluid 
dynamic analyses in the design of the solid EU Test Blanket Module, Presented as poster at the ISFNT-10 
(Portland 2011), doi:10.1016/j.fusengdes.2012.02.089 

 

Acknowledgement 
 
This work, supported by the European Communities under the contract of Association be-
tween EURATOM and Karlsruhe Institute of Technology, was carried out within the frame-
work of the European Fusion Development Agreement. The views and opinions expressed 
herein do not necessarily reflect those of the European Commission. 

 

 



 -- 131 --

Manufacturing and Testing of a FW Channel Mock-up for Experimental Investi-
gation of Heat Transfer with He at 80 bars and Reference Cooling Conditions. 
Comparison with Numerical Modelling (TW5-TTBB-001 D 10) 
 
Purpose and methods applied for investigation of heat transfer in the first wall  
 
The Task TW5-TTBB-001 D10 deals with investigations of heat removal from the first wall of 
Helium-Cooled-Pebble Bed Test Blanket Module (HCPB TBM). The purpose of investiga-
tions was to experimentally prove the numerically found decrease of heat transfer coefficient 
due to the asymmetry of heat loads at the first wall of HCPB TBM.  

The investigations have been done experimentally by manufacturing and testing of a mock-
up for a cooling channel in the first wall as well as computationally by developing of corre-
sponding 3D CFD models. The mock-up named HETRA (HEat TRAnsfer) involves one U-
sweep of the cooling channel in the first wall of HCPB TBM Version 1.1. The heated HETRA 
section involves two channel bends and a long straight section which simulates the plasma 
adjacent part of the first wall. This section is heated only on the surface representing plasma 
facing side. The heat flux at the plasma facing side of the first wall is simulated by a set of 
discrete ceramic heaters.  

The heated section is made of TBM relevant Eurofer steel. TBM relevant parameters of He-
lium coolant (pressure of 80 bar and temperature of 300 0C) are provided by connection of 
HETRA test section to the HEBLO loop. The connection is made by the side channels.  

The heated section has been made replaceable what provided examination of cooling chan-
nels with different surface roughness. In conducted experimental campaign two heated sec-
tions have been considered: (i) a channel with hydraulically smooth walls (surface roughness 
less than 2μm) and (ii) an artificially roughened channel with maximal roughness height in 
order of ~20μm. 

The main goal of investigations was to determine a detailed temperature distribution in the 
Eurofer wall of the cooling channel. For that purpose, six sets of temperature measurements 
have been performed along the heated HETRA section. The measurements have been done 
applying thermocouples with a diameter of 0.5 mm. The pattern of thermocouples has been 
arranged in such a way that temperature data along two lines in channel cross-section can 
be obtained. In the front (heated) channel wall with strong temperature gradients three ther-
mocouples have been placed for each measuring line. In the back (not heated) wall only two 
thermocouples along a measuring line have been applied. Therefore, within each of six sets 
the Eurofer temperature could be measured at 10 positions. 

In all of the six experimental runs the Helium mass flow rate has been set to 80 g/s (due to 
strong resistance of HETRA test section, higher mass flow rates could not be realized in the 
HEBLO loop). Measurements with both, smooth channel and rough channel, have been per-
formed for Helium inlet temperature of 300 0C (as TBM relevant temperature) and tempera-
ture of 50 0C (by which heat loses from the test section were negligible low). Finally, measur-
ing series with hydraulically rough channel and Helium inlet temperature of 300 0C are con-
ducted for three levels of heater power: 2x2600 W, 2x2100 W and 2x1600 W which respec-
tively correspond to surface heat flux of ~270 kW/m2, ~216 kW/m2 and ~166 kW/m2. 

Numerical investigations of fluid flow and heat transfer in HETRA test section have been per-
formed by use of 3D CFD code STAR-CD. The computational domain has been arranged to 
mimics the test section in detail – from the involved materials up to the geometry of electrical 
heaters. Boundary conditions on the channel walls have been imposed using high Reynolds 
number approach. The power of heaters has been modelled by defining the volumetric 
source terms in the conductor part of the heaters. Outer boundary of test section has been 
considered as adiabatic, while heat loses have been accounted for by decreasing the power 
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of heaters according to the measured data. 3D CFD simulations have been conducted for 
each of the aforementioned measuring series.  

Results of experimental and numerical investigation of heat transfer in the first wall  
 
The experimental results could be retrieved by corresponding 3D CFD computational scenar-
ios with satisfactory accuracy (see Figure 1).  

Fig. 1: Measured and 3D CFD computed temperature distribution along the heated section of HETRA test channel (for Legend 
notation see Nomenclature). 

 
 

On the other side, so-called 1D CFD approaches, where heat transfer is evaluated on the 
basis of Helium bulk temperature and mean heat transfer coefficient obtained by use of 
common engineering correlations, could not be verified against experimental data for Eurofer 
temperature (see Figure 2): in the front heated channel wall the measured temperatures 
were strongly underestimated (~15-17 0C), while in the back non-heated wall an overestima-
tion of measured temperatures of ~5 0C has been discovered. This finding is of particular 
importance because it means that the use of the aforementioned 1D CFD approaches in 
conditions of the first wall would inevitably lead to dangerous underestimation of maximal 
Eurofer temperature as well as underestimation of temperature gradients across the first wall 
and therefore underestimation of thermal stresses.  

An analysis of methods for improved treatment of heat removal from the first wall by codes 
for structural analysis (like ANSYS code) has shown that the use of mean heat transfer coef-
ficient and fluid bulk temperature as representative parameters should be abandoned. In-
stead, 3D CFD data for local heat transfer coefficient defined in relation to Helium tempera-
ture in wall adjacent fluid layer should be adopted. To apply this method, data on both vari-
ables should be extracted from 3D CFD results along the channel perimeter at several longi-
tudinal positions, transferred to ANSYS model and then properly interpolated over the chan-
nel surface. Evaluations performed in this way for conditions of HETRA test section showed 
acceptable agreement with measured data. 
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Fig. 2: Temperature distribution computed by 1D CFD approach (ANSYS model with heat transfer coefficient α=4821 W/m2K 

according to Gnilinskii correlation for Nusselt number) in comparison with 3D CFD results and measured data (for Leg-
end notation see Nomenclature).  

 
 

The comparison of results for hydraulically smooth and hydraulically rough test channel has 
shown that the influence of surface roughness on improvement of heat transfer is quite mod-
est (see Figure 3) – for TBM relevant Helium inlet temperature of 3000C a decrease of Euro-
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fer temperature of ~6-70C has been found in the front heated channel wall. Such a situation 
is not surprising when one takes into account that the channel is only slightly rough – evalu-
ated dimensionless roughness height r+~13.5 is close to the lower edge of transitional rough 
regime. 

 
Fig. 3: Eurofer temperature in heated wall computed for hydraulically smooth / rough channel and inlet coolant temperature of 

500C / 3000C. Results are presented relative to Helium bulk temperature (for Legend notation see Nomenclature).  
 
 

Finally, an analysis of temperature field in channel cross-section (see Figure 4) has revealed 
that the back non-heated channel wall is practically inactive in heat transfer. The heat coming 
from the front heated side of the channel is transferred to Helium coolant before it reaches 
the back part. A further analysis has shown a steep temperature distribution of Helium cool-
ant in cross direction. This means that the Helium close to the front hot wall takes most of the 
heat, while Helium close to the back cold wall does not contribute significantly to the heat 
removal from the first wall.  

This finding has been used to propose an alternative design of the cooling channel in the first 
wall of HCPB TBM Version 2.1 which can be summarized in the following way: (i) current 
square like channel cross section of 15x15 mm with 4 mm pellet radius has been replaced by 
a rectangular like channel cross section of 15x8 mm with rounded shorter sides, (ii) 12 paral-
lel cooling channels each consisting of two in series connected U-passes foreseen in the 
current design were replaced by 24 parallel channels with only one U-pass and (iii) mass 
flow rate per channel of 1.33/12=0.1108 kg/s in the current design has been replaced by 
mass flow rate per channel 1.33/24=0.0554 kg/s.  

3D CFD analyses have shown that with the aforementioned alternative design of the cooling 
channel the first wall can satisfactorily be cooled; even when the channel walls are hydrauli-
cally smooth (maximal Eurofer temperature of 531 0C has been found). On the other side, 
channel walls in the current design would probably have to be roughened since maximal Eu-
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rofer temperature computed for smooth channel surface (547.3 0C) is too close to the maxi-
mal allowed value of 5500C. Finally, the real advantage of the alternative to the current de-
sign of cooling channel in the first wall lies in its significantly better hydraulic performance – 
pumping power for the alternative design of the cooling channel is ~30-35% of those neces-
sary in the case of the current channel design. 

 
 
Fig. 4: Temperature distribution in cross-section of HETRA test channel (measuring plane V) (for Legend notation see No-

menclature).  
 

Conclusions and outlook 
 
The activities within this Task have been completed in 2011 and a Final Report has been 
issued. The investigations of heat transfer in the first wall have shown that: (i) by use of ex-
perimental data it was possible to verify 3D CFD models and (ii) 1D CFD approaches in 
which heat transfer in the first wall is evaluated on the basis of common engineering correla-
tions for heat transfer coefficient failed in comparison with experimental data.  

Finally, based on detailed analysis of experimental and 3D CFD obtained in the framework of 
this Task an improved design of cooling channels in the first wall could be proposed. The 
authors recommend further investigations to find out an optimal solution for cross-section of 
the cooling channel. 

Nomenclature 
 
Notation of measuring series/computational scenarios in Figure 1-4:  
S/R-hydraulically smooth/rough channel;  
THe50 / The300 - Helium inlet temperature 500C/3000C;  
L2x2600 - heating power (in W) transferred to Helium coolant over surface 19.3⋅10-3m2 (heat 
losses are negligible); 
L2x2444, L2x1984 and L2x1506 - heating power transferred to Helium coolant over surface 
19.3⋅10-3m2 (heat losses of ~6% are accounted for).  
Names of computational scenarios include applied turbulence model.   
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Manufacturing and Testing of Mock-ups for Investigation of Coolant Flow in the 
Manifold System of HCPB TBM (GRICAMAN Experiments) (TW5-TTBB-003 D 1) 
 
For the investigation of flow distribution in the coolant system of HCPB TBM an experimental 
facility named GRICAMAN has been designed and is under construction (see Figure 1). The 
flow domain to be investigated in GRICAMAN experiments is defined to be the upper poloidal 
half of HCPB TBM Version 2.1 bounded at the outlets of the first wall channels, at the outlets 
of by-pass pipes and at the inlets of breeding units, i.e. involving one half of manifold 2, cool-
ing channels in four horizontal and eight vertical stiffening grids, 8 cooling channels within 
two cap halves, half of manifold 3 and inlets of 8 breeding units. Significant simplifications of 
the experimental facility are achieved (i) assuming that the flow is adiabatic, (ii) replacing 
helium with air pressurised at 3 bar and ambient temperature and (iii) representing compli-
cated stiffening grid- and cap channels by simple pipes with the equivalent flow resistances 
(named equivalent grid/cap channels). The facility is designed keeping real geometry of 
manifold 2 and manifold 3 and replacing complicated grid and cap cooling channels with 
simple pipes having the same flow resistance as the real channels. This report presents ac-
tivities done in 2011 on the further development of GRICAMAN facility. 

Fig. 1: CAD design of Gricaman facility and Gricaman frame. 
 
 

All lines for supply/exhaust of the working fluid (air pressurized at 3 bar and at ambient tem-
perature) have been built and tested. All auxiliary components of GRICAMAN facility (like 
inlet distributor, outlet collector, etc.) have been mounted and tested. A probe assembling of 
two manifold chambers has been done. All equivalent grid/cap channels have been assem-
bled and hydraulically adjusted. 

An especially demanding task was to assemble and adjust the equivalent grid/cap channels. 
Therefore, as these channels are tightly packed in limited space between two manifold 
chambers, their final assembling had to be done in situ (see Figure 2). For that purpose 
manifold chambers had to be mounted and properly fixed at the GRICAMAN frame. How-
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ever, in this phase no final assembling of manifold chambers could be done, i.e. no sealing 
rings has been applied. This is due to high temperatures which occur when equivalent chan-
nels were welded to corresponding flanges (screwed at manifold parts). The assembling of 
these channels has been done by the company Kraftanlagen Heidelberg GmbH. 

 
Fig. 2: Final assembling of equivalent grid/cap channels. 

 

In the next step each of 20 grid/cap channels had to 
be hydraulically adjusted. For that purpose at each 
channel three slide valves have been foreseen by the 
design, so that the resistance of the channel could be 
increased / decreased by turning the valve stem 
on/off. For a proper practicing of this procedure, it 
was of extreme importance to know the exact posi-
tion of each valve stem. As no appropriate device 
could be found at the market, we designed and 
manufactured the sub-assembly presented in Figure 
3. Replacing the standard valve wheel with this sub-
assembly provided tracking the position of the valve 
stem up to 1/12 of its pitch (corresponds to turning 
the wheel on/off of 300). In this way hydraulic resis-
tance of equivalent grid/cap channels could be re-
lated to the position of the valve stem. The applied 
practice is illustrated in Figure 4 with an example of 
an equivalent vertical grid channel. Therefore, for a 
given mass flow rate of air (here nominal mass flow 
rate) the pressure loss between the channel inlet and 
outlet has been measured for different positions of 
the valve stem. Next, from the pressure curve ob-
tained in such a way the position of valve stem could 
be found which corresponds to the pressure loss de-

Fig. 3: CAD design of sub-assembly for control of 
position of valve stem. The sub-assembly 
has been applied for an adjustment of hy-
draulic resistance of equivalent grid/cap 
channels. 
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termined for the real grid channel. Note that position of the valve stem in Figure 4 is pre-
sented by the number of full turns starting from the fully opened position (presented with 
regular number) and the number of additional 300 steps (presented as superscript). 

 
Fig. 4: An example of experimental adjustment of hydraulic characteristic of equivalent channels in Gricaman facility (equiva-

lent vertical grid channel is presented). For notation of valve stem position see the text.  
 
 

The status of GRICAMAN activities is as follows. Currently, the final mechanical assembling 
of manifold chambers (with sealing rings) is under preparation. The installation of instrumen-
tation will be done till end of January 2012. In February 2012 tests will be started. Simultane-
ously the 3D CFD model of GRICAMAN flow domain is under development. It is planned that 
all GRICAMAN activities will be completed at the beginning of June 2012, when the Final 
Report for this Task will be issued. 
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Conceptual Design of the Tritium Accountancy Systems for the European Test 
Blanket Systems (F4E-GRT-254 (PNS-TBM) – Action 2) 
 
Scope and objectives 
 
One of the major ITER missions is to test breeder blanket concepts so as to increase the 
confidence level that the next reactor (i.e. DEMO) can demonstrate the required tritium self-
sufficiency. Europe will operate two different Test Blanket Modules (TBM) in ITER: the He-
lium Cooled Pebbles Bed (HCPB) and the Helium Cooled Lithium Lead (HCLL) concepts.  

The objectives of this grant managed by the European Consortium of Associates for the TBM 
(TBM-CA) are the following: 

• Action 1 by CIEMAT: develop a numerical tool for tritium migration in the breeder 
blanket to perform a sensitivity study for different scenarii (pulse length and frequen-
cy, different structure materials, different TBM sizes);  

• Action 2 by KIT-TLK: define the strategy to ensure a reliable and accurate tritium 
measurement at the outlet of the TBM in view of benchmarking the neutronics calcu-
lation. 

Previous results  
 
During the previous period, the review and consolidation of the processes to be used in the 
Tritium Extraction system (TES) and Coolant Purification System (CPS) of the EU TBM has 
been completed [1-3]. In particular, different traps have been selected to remove from the 
Helium purge and coolant streams the tritiated species: 

• Adsorption Column (AC) containing zeolite material to remove tritiated water vapour 
(noted Q2O) [4];  

• Getter Beds (GB) containing zirconium alloy to remove tritiated hydrogen (noted Q2). 

Such traps are working in adsorption / desorption cycles, so that two traps are needed to 
achieve quasi continuous process. The regenerated Q2 can directly be sent to the tritium 
plant while the regenerated Q2O need additional process. A PERMCAT reactor [5-7] placed 
downstream of the AC has been finally retained to recover the tritium from Q2O in the Q2 
form [8, 9].  

Achievement in 2011 for the design of the tritium accountancy system for the  
ITER TBM  
 
The first activities were focused on the clarification and validation of the input data for the 
expected tritium production (input from CIEMAT) and the tritium system configuration / op-
eration (input from ENEA). From this, the expected regenerated streams from all the compo-
nents containing tritium have been characterised in terms of total flow rates and tritium levels 
(Figure 1).  

Afterwards, different strategies have been studied to define the best proposal for the tritium 
accountancy system (TAS). The expected performances of different analytical techniques to 
measure tritium (as well as the overall chemical composition) have been used to evaluate 
meticulously two different cases, i.e. the static (gas collection) or dynamic (on-line real-time) 
approach. A multi-criteria decision analysis considering accuracy, space, operation, and 
price has been performed for all the 8 streams of Figure 1. Finally the tritium accountancy 
system (TAS) has been selected [10] as shown in Figure 2. It consists mainly in dynamic 
accountancy measuring the mass flow rate and the tritium activity using ionisation chambers 
[11]. This approach has been mainly retained since it allows minimising the space needed, 
and improves both the reliability and the DEMO relevancy.  
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Fig. 1: Tritiated streams expected from the regeneration of the different components. 
 
 

Solely for the HCLL-TRS, a static accountancy using 2 parallel collecting vessels (for pVT) 
working in sequence connected to a gas chromatograph has been retained. This has been 
motivated due to the rather small flow rate and the expected large variation of the chemical 
composition that makes it difficult to ensure a good accuracy using the dynamic approach. 
For all streams routed to TP containing significant tritium amounts, tritium accountancy as 
good as 5% should be achievable.  
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Fig. 2: Architecture of tritium processes in EU TBM, indication of best TAS and interface with the tritium plant. 
 
 

Based on this proposal that has been acknowledged by F4E, the work has been pursued to 
provide the detailed pipe and flow diagram, the preliminary operation manual, and finally the 
3D CATIA model as shown in Figure 3. Thanks to the mainly retained dynamic approach as 
well as the static approach using 2 vessels in parallel, the space allocation has been reduced 
to the minimum. All the instrumentation and components required can be accommodated in a 
glove box of about 6 m3. 
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Fig. 3: 3D CATIA view of TAS (left) hosted in a TLK standard glove box. 

 
 

Conclusion and perspectives  
 
The first conceptual design of the tritium accountancy system for the ITER TBM has been 
completed. This is an important milestone for the overall TBM programme since it will ensure 
a relevant and valuable experimental programme in ITER in view of neutronics validation and 
tritium self-sufficiency in DEMO. The next activities should focus on the experimental dem-
onstration of such accountancy principle. The announced performances should be verified 
within the large range of flow rate and tritium levels.  
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Design and Development of the European Test Blanket Modules (TBM) –  
Non-destructive Testing (NDT) (BMBF Reference No. 03FUS0011) 
 
Objective 
 
The objective of this task are to investigate the welded joints of TBM mockups, flat cooling 
plate and L-shaped first wall mockup, before and after heat treatment by using non-
destructive ultrasonic immersion testing for the quality assurance and defect quantification. 

Task current status 
 
For quality assurance of the HIP joints and material characterization in the TBM mockup 
cooling plates, the plates were non-destructively tested by ultrasonic immersion technique. 
For the tests, the institute's own diving equipment system KC 200 from GE Inspection 
Technologies was used. The ultrasonic testing has been performed intermitting straight- and 
angle beam examinations using a 20 MHz sensor and by amplification of 80 dB (Fig. 1).  

Fig. 1: Various TBM mockup cooling plates during scanning in ultrasonic bath. 
 
 

During the ultrasonic immersion testing different inaccuracies were identified. In the TBM 
mockup cooling plates gaps directly at the HIP connections with lengths up to 1.2 mm, 
channel curvature, as well as pores or non-metallic inclusions (from 50 µm till 150-200 µm) 
were detected (Fig. 2, 3).  
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Fig. 2: Sketch of the TBM mockup plate with C-scan ultrasonic images. 
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Fig. 3: Sketch of the TBM mockup plate with C-scan ultrasonic images. 

 
 

Using the same NDT setup the L-shaped first wall mockup plate has been investigated 
before and after heat treatment (Fig. 4).  

Pores or non-metallic inclusions 

 

Binder flaw from 
the plate front  
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Fig. 4: View of the L-shaped plate first wall mockup. 
 
 

In the ultrasonic examination irregularities (in the width of about 50-100 µm and along the 
entire plate), pores or non-metallic inclusions (from 50 µm till 150-200 µm) could be found 
(Fig. 5, 6).  

Fig. 5: View of the L-shaped first wall mockup with C-scan ultrasonic image. 
 

front edge 

 lower edge

upper edge 

    plate cutting 
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Fig. 6: C-scan ultrasonic image of the L-shaped first wall mockup plate. 
 
 

Currently a first wall mockup fabricated by a new manufacturing technique for the realisation 
of curved inner cooling channels is investigated. The main focus lies on the relatively compli-
cated geometry of the many diffusion bonded interfaces both on the stiffening plates, as well 
as on the bending place and their inspectability using the immersion ultrasonic technique 
established to date.  
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Procurement and Quality Control of Lithium Orthosilicate Pebbles – OSi 10/2 
(HGF) 
 
In collaboration with Schott AG, Mainz, the Karlsruhe Institute of Technology is developing 
and investigating slightly hyperstoichiometric lithium orthosilicate pebbles to be used in the 
HCPB blanket. The pebbles with a surplus of 2.5 wt% SiO2 are produced by melting a mix-
ture of LiOH⋅H2O and SiO2 powders and then spraying the liquid material in air. The charac-
teristics of the final product are influenced by the batch wise melt-spraying process, which is 
rather difficult to control in the small facility. Consequently, the reproducibility from one pro-
duction run to the other is not very high, and it is therefore necessary to control the quality of 
each batch of pebbles received from the industrial producer, in order to provide a well-
defined standard material in all experimental activities with pebbles or pebbles beds. 

In autumn 2010, 4.7 kg of Li4SiO4 (OSi) pebbles were delivered and characterized in three 
batches (OSi 10/2). The pebbles with diameters ranging from 250 to 630 µm were character-
ised in the initial state according to the standard test program for quality control. Characteri-
sation included optical and scanning electron microscopy, size distribution, density, porosity, 
specific surface area, crush loads and chemical and phase analysis using X-ray powder dif-
fraction. 

The three batches that were tested showed clear differences between the material specifica-
tions, the SiO2 excess and crush loads (see Table 1). To investigate the differences in the 
mechanical stability for each batch, crush load measurements were performed on 40 pebbles 
with a diameter of 500 µm. Mean values of about 4 N were determined with standard devia-
tions of 1.5 N. These average crush loads appear significantly lower than previous batches 
such as OSi 10/1 (5.8 - 6.8 N) or OSi 08 (5.8 – 7.1 N). 

Table 1: Physical properties of lithium orthosilicate pebbles OSi 10/2 

Batch OSi 10/2-1 OSi 10/2-2 OSi 10/2-3  
Principal Constituents / wt% (Schott) 

Li2O 48.53 48.51 48.58  
SiO2 50.85 51.01 50.77  
excess SiO2 2.06 2.24 1.93  
Size Distribution 
d50 / µm 310 320 325  

He-Pycnometry 

closed porosity (calc.) / % 0.5 ± 0.0 0.3 ± 0.0 0.5 ± 0.0  

Hg-Porosimetry 

density / g cm-3 2.26 ± 0.0 2.25 ± 0.01 2.26 ± 0.02  

density / % TD* 94.3 ± 0.2 93.4 ± 0.2 94.2 ± 0.7  

open porosity / % 4.8 ± 0.5 5.8 ± 0.2 4.6 ± 0.2  

Pebble Bed Density 

tap density / g cm-3 1.44 ± 0.03 1.44 ± 0.01 1.44 ± 0.01  

Crush Load Tests 

mean crush load / N (IMF II) 4.1 ± 1.5 4.1 ± 1.5 4.0 ± 1.2  
* A theoretical density of 2.4 g cm-3 was assumed for the OSi material. 
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Fig. 1: Pebble morphology, pebble adhering to larger pebble & surface defects. 

 
 

Optical microscopy examinations showed that all the OSi 10/2 pebbles exhibited a pearly 
white surface (Fig. 1). However, all of the batches contained pebbles with severe defects. A 
lot of the larger pebbles had smaller pebbles adhering to their surface, while nearly all had 
indentations or cracks on the surface, which is also shown using a scanning electron micro-
scope in Fig. 1. However, the amount of large pores and cavities seems lower than usual. An 
examination of the pebble morphology, the microstructure at surfaces and at etched cross-
sections for two of the batches OSi 10/2-1 and OSi 10/2-2 is given in Fig. 2. 

Pebble morphology (SEM) Surface appearance (SEM) Cross-section (OM) 

 
 OSi 10/2-1  

 
 OSi 10/2-2  

 
Fig. 2: Morphology and microstructure of lithium orthosilicate pebbles in the initial state. 

 
 

The delivered pebbles were screened to a diameter range of 250-630 µm, resulting in frac-
tions with a mean pebble diameter (d50) between 310 and 325 µm for all three pebble 
batches of OSi 10/2 (Figure 3). The maximum of the distribution in each case is asymmetri-
cally shifted to smaller diameters, which is similar to results obtained for previous batches. 
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Fig. 3: Example of pebble size distribution for OSi 10/2-3. 
 
 

Porosity and density of the orthosilicate pebbles were measured by He-pycnometry and Hg-
porosimetry (Table 1). The inner density was measured by He-pycnometry, where the open 
porosity is neglected and only the closed porosity can be calculated.  Closed porosities of 
0.5 % were calculated for batch OSi 10/2-1 and OSi 10/2-3, and a somewhat lower value of 
0.3 % for batch OSi10/2-2. By Hg-porosimetry relatively low densities in the range of 93.4 – 
94.3 %TD were calculated based on a theoretical density of 2.4 gcm-³. Open porosities of 4.6 
– 5.8 % were also determined for the three pebble batches. 

Small samples of the lithium orthosilicate pebbles were annealed at 950°C for 1 week under 
air to obtain the thermodynamically stable phases, lithium ortho- and metasilicate and a ho-
mogeneous microstructure in all pebbles. The results obtained for the conditioned pebble 
batches are summarised in Table 2. By thermal annealing, the crush load of each batch de-
creased slightly to a crush load of about 3 ± 1 N. 

Table 2: Physical properties of conditioned lithium orthosilicate pebbles OSi 10/2-c. 

Batch OSi 10/2-1-c OSi 10/2-2-c OSi 10/2-3-c 

Pebble Bed Density    

tap density / g cm-3    1.45 ± 0.01 1.41 ± 0.00 1.44 ± 0.01 

Crush Load Tests    

mean crush load / N  3.4 ± 1.0 2.9 ± 1.0 3.1 ± 0.9 

* A theoretical density (TD) of 2.4 g/cm³ was assumed for the OSi material. 

 

 

Investigations by SEM were performed for all batches in order to show the surface and inner 
structure represented by cross sections (Fig. 4). The appearance of the conditioned pebbles 
after annealing is very similar to that of the initial state. Most of the pebble surfaces display 
grains of lithium orthosilicate that have formed as a result of the decomposition of the high 
temperature phase Li6Si2O7 into the stable phases Li4SiO4 and Li2SiO3 during the heat treat-
ment. However, the inferior pebble morphology is still visible and Figure 4 shows that many 
of the cracks and defects are still present after the annealing process. 
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Pebble morphology (SEM) Surface appearance (SEM) Cross-sections (SEM) 

  
OSi 10/2-1-c 

 
 

 
OSi 10/2-2-c 

  
OSi 10/2-3-c 

 
Fig. 4: Morphology and microstructure of lithium orthosilicate pebbles after conditioning. 

 
 

Cooperation with Industry 
 
The company Schott AG, Mainz, Germany, is the deliverer of the established lithium ortho-
silicate pebbles. The material development is carried out in close cooperation with KIT (for-
mer Research Center Karlsruhe).  
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Production of Advanced Breeder Pebbles by a Modified Process  
(BMBF Reference No. 03FUS0012) 
 
As part of the BA DEMO activities, the KALOS facility (KArlsruhe Lithium OrthoSilicate) was 
assembled to investigate a modified fabrication process for lithium orthosilicate pebbles. In 
2010, several batches were fabricated to study the influence of process parameters such as 
pressure, cooling conditions and drop height on the pebble properties [1-3]. As a new acqui-
sition in 2011, an oven with separate heating zones for crucible and nozzle was integrated 
into the facility. It will also enable the employment of larger batch sizes in future experiments. 
To avoid corrosion of the crucible, the upper region is kept at a slightly lower temperature 
than the lower region. The higher temperature in the lower part simultaneously compensates 
for extra heat losses around the nozzle (Fig. 1). The new experimental setup was used to 
study blended breeder ceramics consisting of lithium orthosilicate, lithium metatitanate and 
also lithium metasilicate. Therefore the composition of the melt was modified by additions of 
TiO2. 

 
 

Fig. 1: Experimental setup – test facility (drawing), single nozzle beam and the new oven. 
 
 

It has been proven that the process can be operated successfully with the new setup and 
compositions. Additionally, these modifications also lead to higher process control resulting 
in a narrow size distribution as shown in Fig. 2. 

 
 

Fig. 2: Example of pebble size distribution for the modified process. 
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Due to the nature of the process, we currently aim to fabricate pebbles with a diameter of 
700-750 µm. Although this value is significantly larger than the average diameter of pebbles 
produced by SCHOTT (ca. 320 µm), it still allows meaningful comparison of pebbles in the 
500 µm range. 

The blending of lithium orthosilicate and lithium metatitanate was done in order to optimize 
the pebble properties. Various experimental batches have been performed with additions of 
titanium dioxide and silicon dioxide to the melt to encourage the formation of secondary 
phases of up to 20 mol% of lithium metatitanate (Li2TiO3) and up to 15 mol% of lithium meta-
silicate (Li2SiO3) respectively [4,5]. Below are mappings of titanium and silicon compared to 
the standard scanning electron image (Fig. 3). It can be seen that the titanium is present at 
the grain boundaries of the dendritic lithium orthosilicate microstructure. 

 
 

Fig. 3: Scanning electron mappings of silicon and titanium in pebble microstructure. 
 
 

The main advantage of the addition of titanium dioxide is the apparent increase in crush load. 
An initial addition of 5 mol% drops the average crush load slightly. However, further in-
creases in lithium metatitanate show a clearly increasing trend (Fig. 4). 

 
 

Fig. 4: Crush load results for pebbles with a diameter of 1000µm. 
 
 

It was also found that the addition of titanium dioxide has the additional bonus of lowering the 
possible operating temperature of the crucible, which is favoured with respect to corrosion 
issues, as the melting point of the mixtures was reduced. This has also been verified by dif-
ferential scanning calorimetry. 
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However, the phase equilibria for these compositions are not explored yet. It is thought that 
higher molar fractions of lithium metatitanate will, at some unknown value, start to increase 
the overall melting point of the mixture due to the high melting point of pure lithium metati-
tanate. It was also noted that an increase in lithium metatitanate also caused an increase in 
closed porosity of the pebbles (Fig. 5). The reason for the increase in the closed porosity is 
yet not clear, but it is assumed that it is caused by a lower density of the melt and thereby a 
higher increase of the density during crystallisation. 

 
Fig. 5: Closed porosity as a function of lithium metatitanate content. 

 
 

The effects of annealing the pebbles have also been studied. X-ray diffraction showed that a 
metastable disordered cubic modification of Li2TiO3 is formed during fabrication. This phase 
can easily be transformed to monoclinic lithium metatitanate by a short heat treatment. Dif-
ferent batches were conditioned at 950°C for a time period of 1 week and 3 weeks to exam-
ine the evolution of the microstructure at higher temperatures. In Figure 6 below, it can be 
seen that the metatitanate grain structure remains relatively stable over the annealing peri-
ods, and even during 3 weeks no significant grain growth occurs. 

 
 

Fig. 6: Microstructure as received, after 1 week and after 3 weeks respectively. 
 
 

The optimum content of titanium for metatitanate strengthened lithium orthosilicate pebbles 
will be evaluated in the near future. Furthermore, a modification of the cooling section is un-
der progress to enable a more controlled cooling and crystallization of the pebbles with the 
aim to minimize the generation of cracks. 
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Cooperation with Industry 
 
The company Goraieb Versuchstechnik, Karlsruhe, Germany, is involved in the BMBF pro-
ject to develop an alternative production route for advanced lithium orthosilicate pebbles. The 
company is responsible for the technical setup and the operation of the facility. The optimiza-
tion of the facility and the material development is carried out in cooperation with KIT. 
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Synthesis of Tritium Breeder Ceramics from Metallic Lithium (HGF) 
 
In the presently known powder or melt based fabrication processes for ceramic breeder peb-
bles, either lithium hydroxide hydrate or lithium carbonate is used as a starting material. For 
the fabrication of 6Li enriched pebbles, which are needed for the last two phases of ITER, the 
variety of 6Li enriched compounds is limited as most of the established enrichment tech-
niques for lithium provide only metallic 6Li. Metallic lithium though, cannot be directly used as 
a raw material in these processes. Therefore we investigated different chemical reaction 
routes to transform metallic lithium into nonmetallic compounds that are suitable as starting 
materials in the subsequent fabrication processes for breeder pebbles [1, 2]. 

In principal two different routes exist to transform the pure metal into the candidate breeder 
ceramics lithium orthosilicate and lithium metatitanate. The first route involves a reaction with 
the respective oxide, silica (Li + SiO2) or titania (Li + TiO2), while the second route uses the 
reaction of the elements. Since titanium and lithium are virtually insoluble and intermetallic 
phases do not exist as in the system lithium-silicon, the second route is only applicable for 
lithium orthosilicate (Li + Si). The melting of lithium and the subsequent reaction with silica, 
titania or silicon was carried out in argon atmosphere to prevent unwanted reactions with air. 
Figure 1 shows the reaction of liquid lithium and silica in a nickel crucible at about 450 °C. It 
can easily be observed that this reaction is strongly exothermic. 

 
Fig. 1: Reaction of liquid lithium and silica in a nickel crucible. 
 
 

Due to the absence of oxygen during the reaction with liquid lithium, it is not possible to ob-
tain the desired breeder compositions of lithium orthosilicate or lithium metatitanate directly 
after synthesis. Instead, several intermediate or precursor phases were observed by x-ray 
diffraction, using an airtight sample holder (Fig. 2). To convert the formed precursor phases 
to the desired compounds, a second heating step in air is necessary. Heating the products to 
900 °C proved to be sufficient (Fig. 2). The products can be used directly in melt-spraying 
processes or, presumably after a milling step, in the established shaping and sintering proc-
esses. 

The reaction enthalpy of liquid lithium and silica, titania or silicon was studied by differential 
scanning calorimetry (DSC) (Fig. 3). The reaction of lithium and silica showed the highest 
reaction enthalpy (2614 J/g), followed by the reaction of lithium and titania (2247 J/g) and the 
reaction of lithium and silicon (1907 J/g). Because of the smaller reaction enthalpy, the syn-
thesis route using silicon instead of silica is regarded to be the most convenient way. Another 
advantage of this route is that silicon is available in extraordinarily high purity compared to 
silica, so that activating impurities dissolved in the final breeder ceramic can be avoided. 



 -- 159 --

 

 

 
 
Fig. 2: X-ray diffraction histograms taken from samples of the investigated reaction routes Li + SiO2 (top), Li + TiO2 (middle) or 

Li + Si (bottom). The histograms detailed with a black line were taken right after the synthesis in argon atmosphere. In 
red the histograms are detailed after the final heating step. The most prominent reflexes are indicated with respect to 
the identified phases. 
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Fig. 3: Investigations of the reaction of lithium with silica (A), titania (B) or silicon (C) with DSC. 
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Modelling of Thermo-mechanics of Pebble Beds (CoA) 
 
Objective 
 
The thermo-mechanical response of polydisperse pebble assemblies is investigated. First, 
the effect of pebble size distribution and volume fraction on a binary pebble assembly is car-
ried out and then the analysis is extended to the case of polydisperse pebble assemblies. A 
set of master curves are obtained showing a relation between the microscopic and macro-
scopic properties of the system. 

Binary Pebble Assemblies 
 
Binary pebble assemblies are characterized by two parameters: radius ratio (r*) and relative 
volume fraction (V*) defined as: r* = rmin/rmax; V

* = Vmax/(Vmin+Vmax), where rmin is the radius of 
the small pebble and rmax is the radius of the large pebble in the assembly. Vmax and Vmin are 
the total volume of large and small pebbles in the assembly, respectively. 

 
Fig. 1: A binary pebble assembly with r* = 0.6 and V* = 0.7. The 

colors indicate the stored potential energy at 1.5% strain. 
 

 
Fig. 2: Stress-strain response of a binary assembly showing the 

effect of radius ratio r* for a given relative volume fraction 
V*=0.7. 

 
 

The binary pebble assembly is subjected to uni-axial compression of 1.5% strain with period-
ic boundary conditions mimicking the uni-axial compression tests done at KIT. The thermo-
mechanical response of the pebble assembly is studied using the discrete element method 
(DEM) [1]. Figure 1 shows the configuration of a binary pebble assembly with r* = 0.6 and 
V*=0.7. The colour indicates the potential energy stored in each pebble.  Figure 2 shows the 
average stress-strain response of the pebble assembly for different radius ratios. It should be 
noted that each radius ratio (r*) is associated with a different packing factor (η) as it is difficult 
to generate assemblies with different r* values and the same packing factor. Hence, while 
analyzing, the effect of packing factor should also be taken into consideration. 

Figure 2 shows that with increasing r* value the response becomes more stiff for a given val-
ue of V* and η. This suggests that the mono size assemblies are generally stiff compared to 
binary assemblies. When there is a size distribution in the assembly, the small pebbles can 
accommodate the strain by moving between the large pebbles exhibiting a net compliant 
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response as compared to the mono size assemblies. A similar behavior is also observed in 
the experiments [2] referred to as ball-bearing effect. However, in the above results the effect 
of packing factor is also included which is overshadowed by the effect of size distribution in 
the assembly (compare dashed and dotted lines). 

Polydisperse Assemblies 
 
In reality, the pebbles produced by the manufacturer are polydisperse with a size distribution 
as shown in Figure 3. Hence, we have investigated the stress-strain response of the assem-
blies with a realistic pebble size distribution as shown in Figure 3. The polydisperse assem-
bly is generated by modifying the Random Close Packing algorithm used in [1]. Figure 4 
shows the stress-strain response of a mono size, binary and polydisperse assembly demon-
strating clear size distribution dependence. The mono size assembly shows the stiffest re-
sponse despite having the lowest packing factor. Also, it should be noted that the net compli-
ance of the system affects the residual strain after unloading to a stress-free state. The as-
sembly with most compliant response results in a large residual strain after unloading (con-
form Figure 2 and Figure 4). The residual strain after unloading signifies the gap formation in 
the pebble beds in the loading/unloading cycles.  

 
Fig. 3: Typical pebble size distribution in a lot obtained from 

Schott AG measured at KIT. 
 
 

 
Fig. 4: Stress-strain response of pebble assemblies showing the 

effect of pebble size distribution from mono size to 
polydisperse. 

 
 

Discussion 
 
The above results show the macroscopic response of the pebble assemblies with different 
size distributions and packing factors. However, the strength of DEM lies in its ability to es-
tablish a correlation between response of the system at microscopic and macroscopic 
scales. The average contact force between individual pebbles and the average coordination 
number in the assembly are the two important microscopic response parameters which help 
us understand the thermo-mechanical response with more insight in terms of effective ther-
mal conductivity and crush resistance. Hence, such correlations between average contact 
force and hydrostatic pressure, average coordination number and hydrostatic pressure have 
been obtained in [1]. A similar correlation for the polydisperse assemblies is shown here. 
Figure 5 shows the normalized average normal force for all the simulations (mono size, bina-
ry and polydisperse with different packing factors and size distributions) as a function of hy-



 -- 163 --

drostatic pressure. In the normalized average force, the average scaled radius <r> is given 
by 

 
 
 

 

with pebbles of p different sizes. Figure 6 shows the scaled average coordination number as 
a function of hydrostatic pressure. Both the figures show a striking universal behaviour 
demonstrating the independence on the pebble size distribution, packing factor and relative 
volume fractions. Hence, these master curves can be used to predict the mechanical 
strength of the pebble assemblies with different configurations. 

 
Fig. 5: Normalized average contact force vs hydrostatic pressure 

for mono, binary and polydisperse assemblies. 
 
 

 
Fig. 6: Normalized average coordination number vs hydrostatic 

pressure for mono, binary and polydisperse assemblies. 
 

Conclusions and Outlook 
 
The results of the stress-strain response show that the polydisperse pebble assemblies show 
a compliant behaviour compared to mono size assemblies. This suggests that the overall 
crush resistance for the polydisperse assembly is better; but the residual strain after unload-
ing is more resulting in a large gap formation. Hence, the pebble size distribution should be 
chosen so as to make a compromise between the crush resistance and the gap formation.  

In future, the DEM model should be improved to predict the over all thermal conductivity.  A 
parallel development of phenomenological models for the new Breeder Unit being developed 
at INR is to be carried out in the coming year 2012. 
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Interatomic Bonding and Phase Stability (WP11-MAT-REMEV-01-01) 
 
Multiscale Study of Small Self-Interstitial Clusters in Beryllium 
 
Introduction 
 
Beryllium is considered as candidate material for the first wall of future fusion reactor and as 
neutron multiplier material for fusion blanket, where its resistance against radiation is very 
important. Mobility of point defects produced under irradiation and their mutual interactions 
influence formation of radiation induced microstructure and define macroscopic response of 
irradiated material (e.g., swelling or irradiation growth) which in beryllium is significantly af-
fected by gas production. 

The properties of vacancies and their gas-filled clusters have been already investigated in 
our previous paper [1]. Therefore this work is focused on the study of the stability of self-
interstitial atoms (SIAs) and their clusters in hcp beryllium as well as on investigation of SIA 
diffusion pathways. Some non-trivial interstitial configurations and their diffusion paths were 
obtained in molecular dynamic runs using recently developed interaction potential for berylli-
um [2]. A priori known and newly obtained configurations were relaxed using first-principles 
density functional theory (DFT) code VASP [3], while migration barriers were estimated by 
means of the nudged elastic band method implemented in VTST package (see e.g. [4]). 

Results and Discussion 
 
Single interstitials 
 
Previously we have investigated eight high-symmetry interstitial configurations in beryllium 
[1]. 

According to their formation 
energies (see Fig. 1) these 
configurations can be roughly 
divided in two groups: those 
lying mainly (i) in basal (Ef is 
below 4.5 eV) and (ii) out of 
basal plane with higher for-
mation energies. The defect 
energetics and atomic positions 
were obtained by conjugate 
gradient relaxation using VASP 
with ultrasoft and PAW 
pseudopotentials. Six configu-
rations from eight are apparent-
ly stable: i.e. the interstitial at-
om after relaxation had the 
same neighbors as before. 
Other configurations are unsta-
ble: basal crowdion (BC) un-
dergo spontaneous transition to basal octahedral (BO) position, while basal tetrahedral (BT) 
relaxes to tetrahedral one (T). 

Using the same approach we have investigated single SIA diffusion pathways, which are 
summarized in Fig. 2. The easiest diffusion path is in-basal plane rotation (BO-BS-BO) re-
quiring only 0.12 eV. SIA movement perpendicular to basal plane is much less favorable and 
needs 1.1 eV (BO-O-BO). Another path which combines in- and out-of-basal plane compo-
nents (BO-C-BO) has intermediate diffusion barrier of 0.27 eV. It is seen in Fig. 2c that BO 
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Fig. 1: Formation energies of various SIA configurations in beryllium [1]. 
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position is the lowest energy ground state, while non-basal crowdion (C) is only a shallow 
local minimum, which requires only 0.06 eV for decay to BO. Fig. 2a and b also show that BS 
and O positions are saddle points of respective diffusion jumps and were therefore apparent-
ly stable during relaxation. 

a)
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Fig. 2: Diffusion paths of self-interstitials: in-basal-plane path BO-BS-BO (a), path along c axes BO-O-BO and the path inclined with 
respect to basal plane BO-C-BO. 

 
 

Di-interstitials 
 
Di-interstitials can be formed in particular from two BO interstitials. During this process they 
push the regular lattice atom located between them (the central atom in Fig.3a) into another 
neighbouring BO position forming planar triangular cluster of three BOs around one empty 
lattice site.  

 
a) 

 
b) 

Fig. 3: Formation of SIA cluster containing 3 interstitial atoms and one vacant lattice site (a) formation mech-
anism by reaction BO+BO→(BO3Vac1) ≡ (3,1); (b) relaxed configuration in 100 atom supercell. 

 
 

We checked that two BO interstitials placed at the second nearest neighbor separation spon-
taneously form triangular cluster during relaxation indicating the lack of diffusion barrier for 
this transition.  

In addition various forms of non-planar clusters were observed in molecular dynamics runs, 
which will be not described here due to the lack of space. 

Mechanism of formation and nature of planar triangular interstitial clusters 
 
Addition of another BO to the BO3Vac1 cluster will result in displacement of two additional 
lattice atoms into BO positions (see Fig.4a): (BO3Vac1)+BO→(BO6Vac3) (see Fig. 4). This 
process can be continued: (3,1) → (6,3) → (10,6) → (15,10) → … →((n+1)(n+2)/2, n(n+1)/2), 
where the first number in parenthesis is a number of interstitials and the second is a number 
of vacancies in the cluster with sequential index n. 
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Fig. 4: Formation of SIA cluster containing 6 interstitial atoms and 3 vacant lattice sites: (a) formation mechanism by 

reaction (3,1)+BO→(6,3); (b) relaxed configuration in 100 atom supercell. 
 
 

This reaction uncovers a new mechanism of basal self-interstitial cluster formation and self-
similar growth in hcp materials with stable BO interstitial configuration by clustering of two 
BO or by attachment of BO to planar triangular SIA cluster. As was mentioned above this 
clustering does not require overcoming additional energy barrier. 

These planar clusters might be confused with interstitial loops, however they do not add an 
additional crystalline plane as real interstitial loops should do, but present another stacking 
sequence of planes locally. They can be considered as local stacking faults with the stacking 
sequence of layers along c axis: ABABCBABA, where ABC sequence is that native for fcc 
lattice, while hexagonal close packing consists of AB layers. 

Such clusters were also observed in molecular dynamics simulations of atomic displacement 
cascades in zirconium together with irregular and prismatic SIA clusters [5]. The later are 
formed from several basal SIA clusters stacked on each other and were recognized as I2 
intrinsic stacking faults with two fcc stacking sequences on the top and bottom of the prism. 

One could suppose that planar clusters of that kind can grow infinitely forming a complete 
stacking fault layer. However, our molecular dynamics calculations indicated that large planar 
clusters are unstable against formation of non-planar configurations inserted in planar clus-
ter. For example, one of the cluster atoms can be replaced with a split dumbbell along c-axis. 

As have been shown previously di- and tri-vacancy clusters are not stable in beryllium [1], 
therefore we decided to check whether triangular clusters similar to those described above 
but formed by agglomeration of vacancies (analog to stacking fault tetrahedral (SFT) ob-
served in fcc metals) are stable. However, our preliminary DFT calculations have shown that 
formation of SFT in beryllium is energetically unfavorable. 

Conclusions 
 
Combination of ab initio and MD methods proved to be a useful approach for the study of 
point defect clusters. In particular, several types of SIA clusters were observed in MD and ab 
initio: (i) triangular configurations in basal plane (stacking fault), (ii) planar C-C clusters, 
which may present possible seeds for interstitial loop formation and (iii) non planar clusters. 

Further investigations are required to clarify their relations to a- and c-type interstitial loops 
experimentally observed in beryllium under irradiation. 
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Helium Behaviour in Beryllium (HCP-FF – HeliBery) 
 
Introduction 
 
Beryllium is an effective neutron multiplier material widely exploited in nuclear applications. It 
will be used in the helium cooled beryllium pebble bed of fusion reactor blankets for increas-
ing the efficiency of tritium production. Such macroscopic effects as, e.g., swelling of berylli-
um are greatly influenced by the amount of accumulated transmutation helium. Atomic scale 
simulations of beryllium behavior under irradiation are necessary for understanding of basic 
mechanisms and reliable prediction of microstructural changes. 

In this study we investigate the behavior of interstitial and substitutional helium, its diffusion 
pathways and interaction with point defects present in irradiated beryllium by means of static 
and molecular dynamics ab initio simulations.  

Computational details 
 
In this work static and “state of the art” dynamic first principles density functional theory 
(DFT) based calculations are used for the identification of possible defect configurations and 
their diffusion pathways.  

Ab initio calculations are performed with plane-wave VASP computer code [1]. Full geometry 
optimization is carried out using Generalized Gradient Approximation (GGA) with Perdew-
Wang non-local exchange-correlation functional [2] and the scalar relativistic PAW [3]. The 
calculations involve typically 13x13x13 Monkhorst-Pack k-point mesh [4] and 450 eV for cut-
off energy. Migration barriers were estimated by means of the drag method. Rhombohedral 
supercells with sizes of 64 and 96 lattice sites are applied. 

Molecular dynamics simulations are performed by VASP code on the so-called exact adia-
batic Born-Oppenheimer surface [5]. In metals fast moving electrons can adapt their motion 
to the much slower motion of nuclei. It means that total electronic energy minimization 
(ground state search) is performed at each step of molecular dynamics. Simulations are per-
formed in the NVT ensemble where the system temperature is controlled by means of the 
Nose-Hoover thermostat. 

Results and Discussion 
 
Single helium interstitials 
 
Eight possible high symmetry configurations for interstitial helium atoms have been tested: 
octahedral (O), basal octahedral (BO), tetrahedral (T), basal tetrahedral (BT), non-basal 
crowdion (CN), basal crowdion (BC), split along c-axis (S) and basal split mixed dumbbell 
(BSm). Most of these configurations were found to be stable for self-interstitial atoms, there-
fore we checked if they are suitable for helium interstitial atom too. After relaxation a half of 
configurations appears to be stable, namely: CN, BO, BT, BSm

 (only two of them were report-
ed by us previously [6]). Formation energies of various interstitial helium configurations are 
shown in Figure 1. These calculations were performed using supercells containing 64, 96 
and 128 atoms to assess the effect of the supercell size. As can be seen from the figure for 
stable configurations the difference does not exceed 0.02 eV. Thus one can conclude that 
even a supercell with 64 atoms is sufficient for reliable description of interstitial helium behav-
ior in beryllium. 

It should be noted that the ground state configuration for interstitial helium in beryllium is a 
mixed dumbbell located in basal plane (BSm). This configuration was observed most of the 
time in the first principle molecular dynamics runs supporting the results of static simulations.  
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Fig. 1: Formation energies of interstitial helium at various positions. 

 
 

In accordance with this the FPMD runs have revealed that at temperatures of 800-1000 K 
helium atom avoids the neighborhood of BO being effectively caged in the triangle around BT 
position. It can form mixed dumbbell with any of the three atoms at the triangle corners, but 
jumps between triangles occurs by flip: the mixed dumbbell turns over going out of basal 
plane while helium atom jumps in the other triangle. Diffusion jumps observed during the 
simulation runs occurred only within the basal plane, i.e. at low temperatures interstitial heli-
um diffuses two-dimensionally. 

At 1200 K the energy of helium atoms is sufficient to jump over BO containing triangle, so on-
site rotations of the mixed dumbbell are possible. Therefore at high temperatures helium can 
change triangles without flip. On the other hand helium jumps between two adjacent basal 
planes through a tetrahedral-like configuration were observed. As a result a mixed interstitial 
diffuses three dimensionally at higher temperatures. 

Interstitial helium pairs 
 
As in many metals helium interstitials in beryllium are attracting each other. FPMD calcula-
tions have shown that there are two types of helium interstitial pairs: in-basal plane pair and 
out-of-basal plane pair (see Figure 2). The in-basal plane configuration diffuses by in-basal  

  
Fig. 2:  Pairs of interstitial helium. (a) In-basal-plane pair, (b) out-of-basal plane pair. Helium atoms are colored rose, 

while beryllium atoms constituting mixed dumbbells are colored blue. 
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plane rotations and is also essentially caged within triangle. However, even at 800 K out-of-
basal plane rotation with formation of out-of-basal plane pair is possible. In spite of the fact 
that the second configuration has significantly higher binding energy (1.35 eV cf. 0.83 eV for 
the first one) a reverse transformation was also observed in FPMD run at 800 K. 

Helium vacancy clusters 
 
As it was shown previously [6-7] di-vacancy clusters are unstable in beryllium. The same 
behavior was recently predicted by DFT calculations for tungsten [8] and aluminum [9-10]. In 
this work we calculated binding energies of helium atom with di-vacancy clusters in various 
orientations. It appears that helium atoms effectively stabilize di-vacancy clusters in one ba-
sal plane and in adjacent planes, but cannot stabilize di-vacancy along c axes, where vacan-
cies are separated by additional basal plane between them. The binding energy of He1Vc2 
cluster with respect to decay into two separate vacancies and helium interstitial is about 3.0-
3.7 eV depending on di-vacancy orientation. Certainly the binding energies with respect to 
the decay into substitutional helium and vacancy are significantly lower: 0.3-0.4 eV. 

In FPMD simulation at 1000 K two diffusion jumps of He1Vc2 cluster were observed. It ap-
pears that diffusion of the in-basal-plane cluster occurs by classical ring mechanism in basal 
plane. Initial and final configurations of the jump were relaxed using static ab initio and migra-
tion barrier was estimated by means of the drag method. Jumping atom was fixed along the 
direction of the jump while it was allowed to relax in two other directions. To avoid shifting of 
the lattice as a whole one or in some cases two atoms far from the jumping atom were fixed 
in all three directions. 

The observed in-basal plane jump sequence occurs through the intermediate dissociated 
configuration (see Fig. 3): 

 (He1Vc2)aa → Hesub + Vc. 

It can be seen from Fig. 3 that another two in-basal plane jumps are possible. One jump 
(aa3) also results in the dissociation of He1Vc2 cluster while the other (aa2) does not require 
dissociation. Surprisingly the jump without dissociation (aa2) has higher migration barrier of 
1.6 eV than those with dissociation: 0.9 eV for aa3 and 0.7 eV for aa1. It was the lowest en-
ergy migration path, which was observed in the described above ring diffusion mechanism. 
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Fig: 3: (a) Three possible in-basal-plane jumps of beryllium atoms labeled as aa1, aa2 and aa3 into He1Vc2 complex 
situated in the same basal plane. In the cases aa1 and aa3 dissociation of basal (He1Vc2)aa complex occurs: 
(He1Vc2)aa → HeS + Vc, while in the case of aa2 jump (He1Vc2)aa complex changes its orientation.  
(b) Energy profiles corresponding to these migration pathways. 



 -- 172 --

 
-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

(H
eS

+
V

) a
c2(H
eS

+
V

) ac
1

(H
e 1V

2)
ac

(H
e 1V

2) a
a

ΔE
, e

V

Reaction coordinate, arb. units

 ac1
 ac2
 ac3

Fig. 4: (a) Three possible jumps of beryllium atoms labeled as ac1, ac2 and ac3 from one basal plane into He1Vc2 com-
plex situated in the adjacent basal plane. In the cases ac1 and ac2 dissociation of basal (He1Vc2)aa complex oc-
curs, while in the case ac3 a new (He1Vc2)ac non-basal complex is formed.  
(b) Energy profiles corresponding to these migration pathways. 

 
 

To complete the study we have calculated the diffusion barriers for three possible beryllium 
atom jumps from the adjacent basal plane. Two jumps are those when beryllium atoms la-
beled as ac1 and ac2 are jumping into one of the vacancies (see arrows in Fig. 4a). Helium 
atom is pushed into another vacancy. In these cases helium-vacancy cluster is dissociating 
as far as the new vacancy is not a nearest neighbor of the old one. In case of the third jump 
(ac3) the newly formed vacancy is a nearest neighbor of the helium atom again. Therefore 
helium takes intermediate position between the vacancies, but now the vacancies are in dif-
ferent basal planes and helium is between these planes too. The results of these calculations 
are presented in Fig. 4b. 

This analysis suggests that HeVc2 cluster is migrating preferentially in basal plane with ap-
proximately the same rate as vacancy (0.7 eV), while it needs to overcome the two times 
higher barrier (1.4 eV) to move between basal planes. On the other hand the barrier for dis-
sociation (ac2) is slightly lower (1.2 eV).  

Conclusions 
 
Combination of static and dynamic ab initio methods proved to be a useful approach for the 
study of point defect migration pathways.  

It was shown by static relaxations that mixed He-SIA dumbbell is a ground state for helium at 
interstitial position in beryllium. Interstitial helium is a fast diffuser: mixed dumbbell diffuses at 
low temperatures two dimensionally (within one basal plane), but at higher temperatures can 
jump between adjacent basal planes as well (undergo three dimensional diffusion). Mixed 
dumbbells are bound to each other building planar and non-planar configuration. These con-
figurations are mobile and diffuse by rotation within basal plane or by jumps between adja-
cent basal planes.  

Substitutional helium diffuses only as a vacancy cluster. It was shown by molecular dynamics 
calculations that He1Vc2 cluster migrates by classical ring diffusion mechanism. Calculation 
of diffusion barriers has shown that this cluster diffuses only two dimensionally in the basal 
plane as far as the barrier for the jump between two adjacent basal planes is higher than the 
barrier for the cluster dissociation. 

Very important conclusion of this work is that helium is essential for stabilization of vacancy 
clusters, which are otherwise unstable. The direct consequence of this fact for the practice is 
that voids cannot grow in beryllium under electron irradiation, while helium bubbles can be 
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formed under neutron irradiation due to helium produced by nuclear transmutations. Thus it 
is possible to conclude that the presence of transmutation helium is the necessary condition 
for the development of porous microstructure in beryllium. 
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Screening of an Alternative Production Route/Capacity for Be Pebbles  
(F4E-2009-GRT-030 (PNS-TBM) - Action 2) 
 
Introduction 
 
The general objective of the Action 2 of this Grant is the screening of alternative Be pebbles 
production routes and to qualify the pebbles produced by these routes with respect to their 
applicability for fusion reactor blankets. 

• The characterization of three batches of Be pebbles with different sizes of grains pro-
duced by Bochvar Institute, Russia was performed. Mechanical milling of beryllium hot-
pressed blocks or ingots was used for the production of the batches. 

• Together with MATERION (Brush Wellman Inc., USA) the development of new produc-
tion route of Be-pebbles were investigated. First successful trials were performed in 
2011 and reported at the Int. Workshop on Beryllium Technology for Fusion Applica-
tions (BeWS-9.5), 25-26 October 2011, Perrysburg & Elmore, Ohio, USA. A small 
batch of the new pebbles for characterization will be purchased in the next year. 

Preliminary results on the characterization of Be pebbles produced by Bochvar Insti-
tute 
 
Investigations of microstructure 
 
Investigations of microstructure of three batches of Be pebbles produced by Bochvar Institute 
with various sizes of grains (10-30 µm, 30-60 µm and >100 µm) have shown differences in 
surface morphology, internal porosity and crack propagation behavior. 

4. Be pebbles with the smallest grains (10-30 µm) have compact matrix practically free of 
pores and cracks. Some few surface defects and cracks attached to them were ob-
served. 

5. Be pebbles with the grain sizes in the range of 30-60 µm have loosely bound grain 
structure, which resulted in the fallout of individual grains of the matrix during grinding 
and polishing.  

6. Be pebbles with the grain sizes exceeding 100 µm contain a great number of small 
pores and inclusions presumably referring to the history of material fabrication. Com-
pared to Be pebbles with the grain sizes ranging 30-60 µm, the change of behavior of 
the crack propagation from intergranular to transgranular takes place. 

Common properties of all three batches of Be pebbles include: 

o No obvious preferred grain orientation (texture) in material matrix was observed. 

o The presence of surface oxidation was observed by EDX analysis of the Be pebbles 
surfaces. 

o Contamination with iron and aluminum was found on the surfaces of Be pebbles from 
all batches. Presumably, these impurities originate from the process of material fabrica-
tion. 

Analysis of chemical composition 
 
Similar quantitative results for Cu, Ni, Fe and Mn contents were obtained for all three batch-
es. Presumably, these elements are homogeneously distributed in the sample volume. On 
the other hand, some deviation between Cr and Ti contents in material matrix and on the 
surfaces of Be pebbles was found, which might be related to surface contamination during 
fabrication.  
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Analysis of tritium release characteristics of Be pebbles 
 
Three major release peaks were observed. Positions of the peaks depend on the tempera-
ture ramping rate due to a presence of a certain delay needed for tritium diffusion. At heating 
rate of 15°C/min all peaks are shifted to higher temperatures by about 100-150°C. This fact 
suggests that hydrogen diffusion in the bulk of grains is taking place. This also confirms that 
hydrogen is not trapped exclusively on the surface of pebbles, but penetrates inside the 
grains during thermal loading. 

a) b)
 
Fig.1: Tritium release rate from Be pebbles with different sizes of grains at heating rate (a) 5°C/min and (b) 15°C/min. 
 
 

At slow heating rate (5°C/min) the heights of the first and second peaks are increasing with 
decreasing of the grain size, while the height of the third peak is decreasing. In particular, the 
third peak for the batch with the grain size of 10-30 µm is observed as a small shoulder, 
while for the batch with the largest grain size (>100µm) it dominates tritium release. For the 
faster temperature ramping this clear tendency versus grain size is not observed. 

Investigations of packaging densities of Be pebbles 
 
The largest packing factors (γ ≈ 63%) were obtained when testing pebbles with grain sizes 
more than 100 µm. This packing factor is comparable with that of 1 mm NGK pebbles inves-
tigated previously. These pebbles are characterized by smooth surfaces, irregular pebble 
shapes (rather brick-type than spherical), wide size distribution (fractions of mm to several 
mm). At flat walls, mostly, the largest pebble surface is in contact with the wall, which is 
probably favorable for heat transfer. 

The batches with grains more than 100 µm, 10-30 µm and NGK pebbles behave in a very 
similar way showing relatively close values of the packing factors for different container 
heights. 

Compared to the batches with grains more than 100 µm and 10-30 µm pebbles, the batch 
having 30-60 µm grains differ significantly in the surface roughness, although pebble shape 
and size distribution are not very different. The large surface roughness reduces the packing 
factor remarkably. 

Preliminary conclusions on a potential suitability of investigated Be pebbles for TBM 
purpose 
 
Since different characteristics of Be pebbles were examined in the frame of this work, it 
makes sense to prepare a table which represents corresponding material properties by mark-
ing as "best", "medium", "worst" or questionable - "?" which means that these points are still 
under discussion from the point of view of TBM application (see Table 1). The judgment on 
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chemical composition is based on information on contamination with iron which is a highly-
activated element under neutron irradiation. 

Table 1:  Comparison of different properties of Be pebbles from the point of view of TBM application. 
 

Characteristic of materi-
al/Material batch 

Be pebbles with the 
grain sizes of 10-30 

µm 

Be pebbles with 
the grain sizes of 

30-60 µm 

Be pebbles with 
the grain sizes 

exceeding 100 µm 

Packing density best worst best 

Chemical composition best medium worst 

Tritium release measure-
ment 

best medium worst 

Material density medium best worst 

Pebble size ? ? ? 

 

These preliminary considerations show the advantages of Be pebbles with the grain sizes 
ranging from 10 to 30 µm. Good performance was also shown by the pebbles with the grain 
sizes of 30-60 µm, although their packing density was slightly lower than packing densities of 
other types of pebbles. Coarse-grained Be pebbles along with the pebbles with 10-30 µm 
grains have a good performance only by investigations of packing density. Other characteris-
tics (tritium release measurements, chemical composition and pebble density) are not in fa-
vor of the large-grained Be pebbles. The influence of the sizes of pebbles on the stable and 
reliable work of TBM is still under discussion. 

Presently it is difficult to make final conclusion on a potential suitability of the investigated Be 
pebbles for TBM application since the costs and market availability of these pebbles are still 
not verified. 
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Breeder and Neutron Multiplier Materials: Development of Beryllium and Beryl-
lium Alloy Pebble Beds with Improved Tritium Release Characteristics  
(BMBF Reference No. 03FUS0012) 
 
Introduction 
 
The most relevant properties of Be-Ti alloys besides their ability as neutron multiplier are 
their thermo-physical, chemical and tritium release properties. In particular, Be12Ti is consid-
ered to be one of the promising materials for neutron multipliers in future fusion power plants. 
Laboratory-scale tests aimed to produce Be12Ti samples and the study of their relevant prop-
erties were performed. 

One should note that beryllium and its compounds are high toxic materials (especially, fine 
particles in air) so that special glove-boxes under controlled argon atmosphere were used for 
R&D works.  

Preparation of equipment 
 
In this year a glove-box system which consists of three sections was designed and built in a 
special beryllium laboratory (KBHF) located at KIT. The new enlarged glove-box, which is 
shown in Fig. 1, allows making several investigation/production steps in one closed system. 
These steps include: 

• Preparation of fine powders by wet ball milling in a new NETZSCH milling device 
which has a capability to mill up to 2 kg of Be powders per cycle. 

• Investigations by means of KEYENCE optical digital microscope. This microscope al-
so allows evaluation of both – polished surfaces and fine milled powders. 

• Vertically built sintering oven (temperature range up to 1400 0C). This oven can be 
used for sintering of Be-Ti rods or pebbles. The possibility to apply inert gas pressure 
(up to 1 MPa) inside this oven is also foreseen. 

 
 

Fig. 1: New glove-box system consisting of three sections (the third section is in the background). 
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Fabrication and characterization  
 
The operation of new milling machine was successfully tested using coarse Ti powders. Fi-
ne-milled particles having the sizes of a few microns were obtained after a several hours of 
milling in a fluid oxygen-free tetradecane (C14H30). 

Curve showing the influence of time of milling and two different rotor speeds (800 rpm and 
1500 rpm) on the average particle sizes of milled titanium powder is shown in Fig. 2. Eleven 
powder probes were sampled during the process of milling for further investigations by REM. 
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Fig. 2: Dependence of the particle sizes of milled Ti powder on milling time and rotor speed. 

 
 

The view of milled Ti particles placed on the plastic sample holder is shown in Fig. 3. 
KEYENCE microscope integrated into a newly developed glove-box system was used to ob-
tain this image. 

 
 

Fig. 3: View of fine titanium particles milled in tetradecane C14H30. 
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It is expected that kilograms of beryllium fine powders will be obtained within the next 
months. Fine-grained milled powders are needed for further works aiming to produce 
beryllides by means of sintering, HIP, etc. 

In year 2011 a comparative study of tritium release properties after preliminary saturation 
with "hydrogen-tritium" gas mixture was performed [1]. Tritium release behaviour of different 
types of beryllides were compared to pure beryllium. It was shown that beryllides have a 
lower ability to retain tritium if compared to pure beryllium. Fig. 4 shows two curves corre-
sponding to different types of Be12Ti samples and one curve relating to S-65H beryllium 
grade. 
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Fig. 4: Activity of released tritium depending on a sample temperature for three kinds of beryllium-based materials. 

 
 

Since the gas release properties of beryllium-based materials are in a strong dependency on 
the thickness of oxide layer, the evaluation of the thickness and structure of the surface oxide 
layer is necessary.  

The phase composition of the near-to-surface layers of Be12Ti and Be12V specimens was 
investigated at the SCD beamline at ANKA synchrotron facility after air-annealing at 800 0C. 
A high surface sensitivity of measurements was achieved at grazing incidence conditions by 
varying the incidence angle. Since beryllium has low values of X-Ray absorption, the near-
surface regions having depths from 2 up to 20 µm were investigated. Totally, the structure of 
six surface layers has been investigated. The main objective was the evaluation of composi-
tion of the reactant products which can influence the parameters of retention and release of 
radiogenic gases [2]. Fig. 5 shows layer-by-layer investigation of crystal structure of near-
surface layers of oxidized Be12Ti sample. 

Also, the results on study of mechanical properties and oxidation resistance of Be12Ti and 
Be12V samples delivered by Company Materion, USA, were published this year [3]. 
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Fig. 5: X-Ray diffraction patterns obtained by means of synchrotron radiation from the surface of Be12Ti sample. 

 
 

Conclusions and future plans 
 
Principally, the possibility of production of Be-Ti rods which contain, mainly, Be12Ti phase 
was shown in previous years. The possibility to fabricate Be12Ti pebbles is under investiga-
tion now. 

Production of a few kilograms of Be-Ti powder mixture with the use of a new NETZSCH mill-
ing machine is foreseen in the future. Fine Be-Ti powder with the particle size of 2-5 µm is 
needed for further works aimed to manufacture compact beryllide samples by: 

• Sintering tests 
• Hot pressing (HIP or hot extrusion) 

Cooperation with industrial partners: 
 
Several Be12Ti and Be12V specimens for investigations of their fusion-relevant properties 
were supplied by company Materion Corp., USA (http://materion.com/). Materion Corp. is a 
world’s wide leader in the manufacturing of beryllium-based materials for nuclear applica-
tions. 
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Post Irradiation Examination of Be Materials irradiated in HIDOBE-01 Campaign 
(F4E-2009-GRT-30 (PNS-TBM) - Action 3) 
 
KIT continued post-irradiation examinations of unconstrained beryllium pebbles and titanium 
beryllide pellet fragments irradiated within HIDOBE-01 experiment at HFR, Petten. The irra-
diation campaign HIDOBE-01 started in June 2005 and was finished in October 2007 after 
completion of 25 reactor cycles, or 649 days at full reactor power (>40 MW). The irradiation 
parameters of the investigated beryllium samples are as follows. The maximum neutron 
fluence in the central plane of the core was 8.92x1025 m-2 (E>1 MeV), corresponding to a 
damage dose of 18.1 dpa, and accumulations of 2950 appm helium and 285 appm tritium. 
The minimum irradiation parameters were as a neutron fluence of 5.69x1025 m-2 (E>1 MeV) 
which corresponds to a damage dose of 11.3 dpa, and accumulations of 1890 appm helium 
and 176 appm tritium. The average irradiation temperatures were as 630, 740, 873, and 948 
K.  

Tritium release and creep tests, and also microstructure investigations by optical metallog-
raphy (OM), scanning (SEM) and transmission electron microscopy (TEM) were performed in 
2011 according to the “HIDOBE-01: Detailed PIE plan” [1]. 
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Fig. 1: Tritium release rate versus time exposure for irradiated beryllium pebbles. 
 
 

Fig. 1 shows tritium release rates from beryllium pebbles with 1 mm diameter fabricated by 
Rotating Electrode Method (REM) as a function of time for four irradiation temperatures. All 
tritium release spectra are similar to each other. The tritium release starts to increase signifi-
cantly after t = 3000-5000 s from the test beginning at temperatures which depend on irradia-
tion temperatures. In particular, a higher irradiation temperature causes a more significant 
shift of the increase of the release rate. After t = 8000-10000 s all curves reach maximums 
and then monotonically decrease but slower with time when the testing temperature is kept 
constant at 1373 K. Thus, for each irradiation temperature only one peak is shown at tem-
peratures of 1200-1400 K. The long-term neutron irradiation (649 days) at a definite irradia-
tion temperature Tirr forms in beryllium a microstructure which is very stable for testing tem-
peratures Ttest ≤ Tirr. This means that tritium can be released from traps only at temperatures 
higher than the irradiation temperature. A sharp decrease of the released activity occurs 
above the irradiation temperature of 873 K. At the maximum irradiation temperature (948 K) 
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the residual measured tritium is 6-8 times lower than at other irradiation temperatures. This 
means that tritium was mainly released from the pebbles during irradiation. A direct conclu-
sion from these analyses is that at irradiation temperatures higher than 873 K a quite signifi-
cant part of the produced tritium is able to escape already during neutron irradiation and that 
above this temperature the tritium remaining in the pebbles decreases further substantially 
with temperature. This strong decrease of the residual tritium in the irradiated beryllium peb-
bles with increasing irradiation temperature is of outstanding importance for a sound evalua-
tion of the integral tritium inventory in highly neutron irradiated HCPB pebble beds. 

The planned creep tests were performed on individual pebbles of 1 mm (2003) from all four 
irradiation temperatures. The loading values were changed from 10 up to 100 N, the duration 
of the tests was 80 h, the testing temperatures were equal to the irradiation temperatures. It 
was shown that creep rates had high values which directly depend on loading values and 
testing temperatures. 

The microstructures of pebbles irradiated at 630 K and 740 K are quite similar to the non-
irradiated state of the beryllium pebbles. Being produced via melting the pebbles have a 
coarse grain microstructure where the grain sizes can sometimes reach 400 μm. No clearly 
visible oxidation layers are present on the surface of the pebbles irradiated at 630 K and 740 
K. However, some small objects of white color on the pebble surface are noticeable. The 
objects can be presumably identified as isolated islands of beryllium oxide BeO or a mixture 
of beryllium metal and BeO. Also no visible pores and gas bubbles have been observed on 
these cross sections. Contrary to lower irradiation temperatures, numerous pores (or bub-
bles) have been found in the microstructure after irradiation at 873 K. They have large sizes 
(up to 50 μm) and are distributed both over the bulk of the grains, and on the grain bounda-
ries. Oxide films with a thickness of up to 8 μm are visible on the cross section of the pebble. 
It is quite dense and mainly skintight to the pebble surface. The film consists of two layers, a 
dark, compact, dense layer and a light one which is fragmentary located on the external sur-
face of the dark layer. Probably, the light layer is the beryllium metal which diffuses during 
the oxidation process from the beryllium matrix through the beryllium oxide layer to the sur-
face. At the highest irradiation temperature of 948 K, the number of pores is much larger (see 
Fig. 2 a). The thickness of the surface oxide layer remains below 8 μm but its morphology is 
changed (see Fig. 2 b). The surface layer consists of only one dark layer which is only loose-
ly attached. Moreover, between the oxide layer and the beryllium surface large pores or gaps 
are visible. 

  

a b 
Fig. 2: Cross-sections of beryllium pebbles irradiated at Tirr = 948 K. 

 
 

In order to investigate the evolution of the beryllium pebble microstructure, transmission elec-
tron microscopy (TEM) was used (see Fig. 3). A high density of gas bubbles, presumably 
filled with helium, was detected in both investigated irradiated samples.  After irradiation at 
630 K (Fig. 3 a) helium bubbles with typical diameters of 8 nm are homogenously distributed 

270 μm 22 μm 
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in the microstructure forming sometimes chains of bubbles. In the top left corner of Fig. 3 (a) 
some bubbles show an elongated narrow shape of about 4 nm thickness – presumably due 
to the changed orientation to the imaging plane. After irradiation at 948 K (see Fig. 3 b) the 
helium bubbles are much larger, ranging from 10 to 130 nm. These large bubbles mostly 
show a hexagonal faceted shape, however in contrary to the minimum irradiation tempera-
ture of 630 K only the small part of the bubbles can be identified as disk like shape. 

 a b 
 

Fig. 3: TEM images of irradiated beryllium pebbles: a)Tirr = 630 K; b) Tirr = 948 K. 
 
 

During 2011 the new quadrupole mass-spectrometer from the company MKS production has 
been installed at FML (IAM-WBM) in the glove box. Fig. 4 shows a view of the mass-
spectrometer before installation into the box. Now the mass-spectrometer is fully in function. 
First tests were successful performed with beryllium pebbles loaded by hydrogen-tritium gas 
mixture at a high temperature. This device will allow to measure not only released activity 
under heating but also will give an information about which atomic masses were escaped 
from irradiated beryllium meaning hydrogen and helium isotopes. Following thermo-
desorption tests on F4E-2009-GRT-030 (PNS-TBM) - Action 3 will be performed using avail-
able proportional counter as well as the new mass-spectrometer. 

 
Fig. 4: A view of the new quadrupole mass-spectrometer. 
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Review of Water-cooled Divertor Concepts 
(WP11-PEX-01-ACT2-02 and WP11-DAS-IVCC-08-01) 
 
The objective of this task is to review the existing water-cooled divertor (WCD) conceptual 
designs and to identify the potential weak points, which serve as a starting point for 
appropriate design improvement. The only existing example of an actual WCD was the ITER 
divertor that has been well developed. All WCD designs are therefore addressed to the ITER 
divertor concept and/or based on it, such as the PPCS-A divertor concept, studied in the 
framework of the EU Power Plant Conceptual Study. Within the frame of the current EU 
PPP&T DEMO-1 study, the useability of a WCD is to be investigated.  

The first step of work has begun with a comprehensive literature review [4], which provides 
information on the applied heat load, cooling conditions, geometrical and material 
specification for the monoblock and cooling tubes. Because of their diversity, the studies 
performed in the different associations in the EU, RF, US and JP can be categorized from 
operational point of view into two main lines: Low/Medium temperature- and high 
temperature operation:  

a) Low temperature operation: Most of the studies performed in the EU, RF and US were 
based on medium pressured water in the order of 3–4 MPa, cooling water pipe 
diameter of ~10 mm and flow velocities of ~10 m/s. The coolant temperature of these 
studies has been in the order of 100 °C. 

b) High Temperature operation: The operational domains of these concepts are 
significantly higher with regard to the temperature (order of 300°C) and pressure level 
(up to 15 MPa). 

In particular, JAEA (Japan Atomic Energy Agency) has been developing high performance 
cooling tubes with pressurized water flow for many years. The cooling tube posses a flow 
promoter in form of helical triangular fin (a quasi screwed tube) on its inner surface to 
enhance the heat transfer. The high heat flux experiments were focused mainly on critical 
heat flux testings. The screwed tube design were developed primarily for the JT60-SC 
tokamak, but JAEA also performed critical heat flux experiments under relevant cooling 
condtitions for DEMO divertor.  

As one of the leading research institutes in Europe, ENEA mainly focused its activity in the 
past 5-6 years on developing and utilizing the Hot Radial Pressing (HRP) bonding technique 
to join the CFC or W monoblock with CuCrZr cooling tube. The HRP manufacturing process 
was validated on different scaled mock ups in several european high heat flux test facilities 
(EFREMOV, AREVA/CEA, FZJ). Successful results were obtained by the thermal fatigue 
tests carried out in accordance with the requirements for ITER. 

Material aspects: From the literature it could be inferred that CuCrZr material was used as a 
structural material for ITER divertor under moderate boundary conditions (i.e. low neutron 
dose, low temperature). The use of high thermal conductivity of CuCrZr heat sink may allow 
for a high performance of the divertor, on the one hand. On the other hand, its embrittlement 
at high neutron flux, as well as a reduction of its fracture toughness at a neutron damage 
dose of above 0.3 dpa, especially at elevated coolant temperatures, was reported in [5] and 
[6], respectively. Therefore, the applicability of such a material is questionable, when 
operating in a fusion power plant or DEMO environment under high neutron flux and maybe 
at elevated coolant temperatures. This can be viewed as a handicap for the use of such a 
water-cooled concept for DEMO, unless a substitute material can be found which 
simultaneously satisfies all the thermal-hydraulic and thermo-mechanics design 
requirements.  

A thermal analysis for water cooling with heat sink material made of austenitic steel [7] 
shows that a surface heat load of up to 5 MW/m2 can be dissipated. The use of RAFM steel 
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is not possible due to the low coolant temperature lying below its DBTT limit of 350 ° C under 
irradiation. 
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Helium-cooled Divertor (WP11-DAS-IVCC-09-01) 
 
The objective of this task is to review the status and perspective of development of the He-
cooled divertor. The development of the helium-cooled divertor has been started under the 
EU PPCS in 2000 [1] with the goal of reaching 10 MW/m2. This divertor type with helium 
cooling was applied in most of the PPCS reactor models (i.e. A-B, B and C). After the helium-
cooled divertor has been selected as reference for the EU DEMO application, its develop-
ment has been vigorously pursued at KIT since 2003. Today's reference concept [2] is based 
on a modular design of small tungsten-based cooling fingers. Each of them consists of a tile 
as thermal shield which is brazed to a thimble as heat sink part; both are made of tungsten 
material. The fingers themselves are then connected with the steel body by means of braz-
ing. The fingers are cooled with helium impinging jets at 10 MPa and 600°C. The helium 
temperature was adapted to the tungsten material property, in particular the DBTT (assumed 
about 600°C). In 2004, a combined HHF test facility helium loop with EB in Efremov, St. Pe-
tersburg, Russia was built for proof of design principle. This facility allows mock-up testing 
under the specified DEMO conditions (without neutron). Already in the first test series, the 
cooling performance of the finger concept with helium has been confirmed under the defined 
heat load of 10 MW/m2 and several load cycles. Since then, the design terms of robustness 
(i.e. thermal stress reduction) and the production quality of tungsten parts were gradually 
improved to enhance the lifetime of the cooling finger against thermo-cyclic loads as large as 
possible (goal is reaching 1000 cycles). In the last tests of 2010 [3], the first breakthrough 
was achieved when such a cooling finger of the currently best design already survived > 
1000 cycles without damage. Currently R&D is focused on tungsten joining technology (i.e. 
high-temperature brazing) [4], non-destructive testing, and – due to the large quantity of fin-
ger units required (> 250,000) – on the mass production of divertor components (i.e. W deep 
drawing [4] and tungsten injection molding [5]). Future planning is the construction and test-
ing of bigger components (i.e. target plates and divertor cassette) in HELOKA. The use of the 
divertor in DEMO was envisaged for about 2040. 
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Investigating and Developing W Deep Drawing (HGF) 
 
In a continuation of deep drawing experiments, a newly developed tool was used. This time 1 
mm thick, round tungsten slices of 20 mm and 24 mm diameter, respectively, were deep 
drawn successfully. Figure 1 shows the deep-drawn product in the form of a divertor thimble 
(outer diameter 15 mm) with a height of 8 and 11 mm, respectively (bottom right in the fig-
ure). The parameters used are: 700 °C operating temperature and 20 kN maximum com-
pression force equivalent to about 160 MPa projected normal contact pressure on the stamp. 
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Fig. 1: Successful deep draw attempts from 1 mm thick tungsten sheet for mass production of divertor thimble (Ø15 x 1). 
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HHF Tests on 1-Finger and 9-Finger Modules (HGF) 
 
Three 1-finger modules with new brazing materials [1] were successfully HHF tested. The 
mock-ups survived 944, 223, and 171 cycles at 10 MW/m2, respectively. The failure occurred 
was due to the He-leakage through cracks in the thimble wall. As the cause of this, a high 
surface pressure of the pimples of the quasi-bayonet connection was suspected. Therefore, 
the joint design must be improved further in the next step. The following table shows the 
overall result of the number of cycles of the mock-ups tested till now, as a measure of ro-
bustness, regardless of type and driving style. 

Table 1: Results of all HHF tests (Best Case) 
 

Heat flux [MW/m²] Max. achieved number of 
cycles before failure 

10 940 

12 1110 

13 69 

14 38 

 

As part of the HHF test programs for divertor components, two 9-finger modules are under 
manufacturing. Figure 1 shows the components of a 9-finger module just before final assem-
bly. The fabrication sequence for this is described in [2] in detail. 

Staff: 
 
S. Antusch 
S. Berberich 
P. Norajitra  
L. Spatafora 
 

Literature: 
 
[1] Nuclear Fusion Programme, Annual Report of the Association Karlsruhe Institute of Technology/EURATOM, 

January 2010 - December 2010, KIT Scientific Publishing, KIT Scientific Reports 7592, 2011, ISSN 1869-
9669. 

 

 

Fig. 1: 9-finger module manufacturing. Left: individual parts, right: assembly view. 
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Review of Technology / Engineering Assumptions / Models used in the Code. 
(WP11-SYS-01-ACT2-01 + WP11-SYS-01-ACT2-02) 
Identification of Improvement Needs and Plans for Implementation  
(WP11-SYS-01-ACT7-01) 
 
Introduction 
 
The Technology Guidelines are intended to assist the design of a fusion power plant. This 
design will start from the running of the System Code that at the moment is the main target of 
this report.  

Aim of this task is to prepare a preliminary document establishing a Table of Contents and 
collect for each identified items information available. From the beginning of the task, the aim 
was not to prepare a final document; to this goal larger resources would be necessary and in 
any case this document is a “living one” subjected to modifications as soon as decisions in 
the requirements of the new DEMO are taken by the EU Project Leadership.   

The parameters included in this document are mostly collected from some reactor study 
done in the past. In particular the Power Plant Conceptual Study (PPCS) have been taken 
into account for the definition of five reactor models with a relative wide spectrum of materials 
(structural, breeder, coolant, etc.) and configurations. In addition the studies conducted on 
DEMO-2007 have been considered as start point for the configuration of the new DEMO. 

System codes 
 
A systems code is a computer program that includes simple algebraic formulae of all parts of 
a reactor system, from the basic plasma physics to the generation and transmission of elec-
tricity. Using such a systems code allows one to roughly evaluate reactor design parameters, 
e.g., physics and engineering requirements and cost of electricity, consistently with physics 
and engineering constraints based on analysis design philosophy. In a series of reactor de-
sign processes, a systems code is used to make a basis of a reactor design that is initial de-
termination of reactor operation points (or windows). 

Several system codes (e.g., PROCESS, HELIOS, ARIES, KAREI) have been developed 
since the eighties with different objectives and appropriate architecture and level of develop-
ment, to explore possible operating condition ranges of a fusion power reactor and/or (more 
often) find an optimized configuration around a given operating point. Most of the above 
mentioned codes are based on a plasma physics’ zero dimensional model incorporating 
technological constraints, e. g. max heat flux on the divertor or max current density in the 
coils. “Technological modules” are integrated or coupled with this core in the most advanced 
tools, whilst relevant parameters are used as input data in other codes. For instance, a calcu-
lation of system code starts from a first guess of radial building and the output can be provid-
ed as input to 3D neutronic calculations. Output of 3D-neutronic is an optimized radial build-
up. This can be used again in the system code to refine the configuration. It is an iterative 
process that should started at a convergence point.  

PROCESS has been developed in CCFE and was widely used in the past EU Reactor Stud-
ies, ARIES Code has been developed in the US in the framework of ARIES activities, KAERI 
Code in Korea and SYCOMORE, a new code is under development in CEA.  

Discussion 
 
The guideline document is divided in sections dedicated to systems of the fusion power plant 
(e.g. magnets, blankets, etc.) and overall process estimations (e.g. Plant Power Balance, 
Availability, Cost of Electricity, etc.). For each of these systems/processes requirements, 
technological constrains, etc. have been collected. 
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Magnet system: In this section several points are addressed; first the lay-out of the coils on 
the basis of the PROCESS Code. “Mechanical Design Criteria” and “Superconducting cable 
design criteria are collected in the other sections”. Finally, “fluence and nuclear heating lim-
its” are reported, which are important in the determination of the radial build-up of the reactor 
in view of magnet protection. 

Vacuum Vessel and Maintenance Concepts: The lay-out of the reactor (e.g. radial build-
up, blanket coverage, etc.) is strongly impacted by the maintenance system adopted as basis 
of the reactor concept (e.g. dimensions of the magnets and of the supporting in-vessel re-
gion). In this report all the considerations are based on the system analyzed during the 
DEMO-2007 studies, namely the Vertical Maintenance System (VMS) with a design of the 
replaced blanket segments based on the Multi Module Segment (MMS) concept.  

Blanket System: In this section the values used for the thickness of the different blanket 
zones are discussed in relation to Tritium Breeding Ration (TBR) performances and neutron 
shielding capability. A section is dedicated to lifetime consideration related to this compo-
nent. 

Divertor System: The plasma facing components (PFCs) have to be designed to withstand 
high power loads, allow for efficient Helium exhaust, control particle recycling and limit the 
impurity release. The key physics parameters with which the plasma boundary properties 
can be controlled are:  

• the radiation level from impurities at the plasma edge which influences the power flow 
to the divertor plate; 

• the plasma edge density which influences the radiation level (impurities and charge 
exchange) and the plasma temperature (sputtering);  

• transient phenomena (ELMs, disruptions) which cause peak heat loads and  

• the type of impurity species which enter the edge plasma either via erosion of wall 
materials or via impurity seeding.  

They have to be chosen such that the technical boundary conditions are satisfied, e.g.: 

• the maximum heat load density on divertor plates  

• the maximum average heat flux on the wall  

• thermal fatigue properties and thermal stress  

• materials surface properties (sputter yields, chemical reactivity, melting, sticking 
probability etc.)  

The PFCs should survive a number of off-normal events. Erosion processes will finally limit 
the life time of PFCs, once the thermal load issue is solved and off-normal events are more 
or less inhibited.  

Heating systems: The steady state operation of a tokamak reactor relies upon the fact that 
the electrical current necessary for plasma confinement can be driven non-inductively. It then 
consists of two parts, (i) a self-generated current stemming from the density and temperature 
gradients (the neoclassical bootstrap effect), and (ii) an externally driven current which 
comes from the application of high power heating through the interaction of neutral beams or 
radio frequency waves with the various particle species. Since the amount of recirculated 
power must be minimized in an attractive reactor design, it is essential that the bootstrap 
current fraction and the current drive efficiency of the external heating systems are both as 
large as possible. The present assessment is of course highly subject to the level of progress 
one can reasonably anticipate during the operation of ITER and the required R&D will be 
outlined.  
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Fuelling and Tritium System: The development of tritium cycle for DEMO fusion reactors is 
at its first stages and significant effort on conceptual design activities, modeling and experi-
mental appear as compulsory. The main activities related to the tritium system study should 
start with a review of existing available documentation related with: Key tritium analyses in 
the Tritium Cycle (TC) source term (breeding blanket concepts), actual reference configura-
tion lay-outs for the total cycle and integrating systems and selection of relevant tritium pro-
cessing key technologies for code development. In a DEMO reactor study a reliable tritium 
Process Flow Diagram (PFD) modeling tool for DEMO Tritium Cycle (TC) should be devel-
oped and implemented in a System Code. This tool is, at present, being conceived to provide 
dynamically global quantitative evaluation of tritium paths from source unit (breeding blanket 
structures) into the main Tritium Cycle systems. From the system analysis point of view, a 
detailed definition of all components composing the entire Tritium Cycle should be foreseen. 

Plant Power Balance: A proposed schema for the Power Flow is illustrated in Figure 1. The 
Fusion Power is a source term which is constituted by two separated contributions: the neu-
tron power and the alpha power. The neutron power is associated to the neutron kinetic en-
ergy and includes 80% of the FP, while the alpha power includes 20 %. In a magnetized 
plasma, alpha particles will interact with the magnetic field and the particles of the plasma  

core. The plasma core energy receives also the contribution of the Heating and Current Drive 
Systems. At steady state this energy crosses the Scrape-off layer (SOL) boundary in form of 
radiation from the plasma core and in form of particles from the SOL region. The sum of the-
se power terms constitutes the Power Exhaust. Following different patterns, this energy will 
be deposited mostly in the Plasma face components of the Blanket and Divertor Systems. 
We distinguish among two main systems for the heat removal from the Vessel/in-vessel 
components, namely a Primary Thermal Power (PTP) and a Secondary thermal Power 
(STP). The PTP is usually heat collected by a coolant at high temperature that can be used 
for high efficiency electricity production. The STP (associated to coolants at low temperature 

 

 
Fig. 1: Plant Power Balance Scheme. 
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or in general to thermal power terms present in the plant and balancing the total power distri-
bution) can be used only in a reduced fraction to increase the efficiency of the Power Gener-
ation Systems (e.g., in a Rankine cycle can be used for the pre-heating of the water coming 
from the condenser, as indicated in the term “Heat Recoveries”). Most of the energy trans-
ported by the STP is then discharged from the plant. The total electrical power produced by 
the power conversion system is called “Gross electrical power” (GEP). Part of this power is 
re-introduced inside the plant to feed all the auxiliary systems. The total amount of electrical 
power feeding the auxiliary system is given by: Heating and Current Drive system power, 
Divertor and Blanket pumping power, and Magnet/Cryogenic/Other Auxiliary electrical power. 

Plant Lifetime and Availability and Costing model. This part could be addressed only par-
tially in the task and necessitate to be improved in further work. 

Conclusions 
 
The work (also if limited) was able to provide some suggestions for the future development of 
PROCESS (or for a new code): 

• It is suggested to use a modular form of a System Code in which different models with 
different grade of accuracy and complexity could be integrated allowing to perform differ-
ent tasks, like exploring wide operating condition ranges of a fusion power reactor, or 
searching for an optimized configuration around a given operating point and/or providing 
configuration parameters that are used as input data in other codes (or code platforms) in 
which the conceptual design is further developed. This strategy is reflected by identifying 
two areas of work: 1) Inside the actual System Codes improving the interaction among 
plasma and technological aspects (design, design criteria, materials properties, system 
performances, etc.) of the fusion machine; 2) Creating the connection to more sophisticat-
ed Engineering tools (“Integrated Engineering System”) that that are necessary to perform 
the DEMO Design even in the Conceptual Phase. For this work it is necessary to “trans-
late” many of the parameters optimized in the System Codes in input (e.g. loads) usable 
for the Conceptual Design. In the future this do not exclude the possibility to create more 
integrated systems that allow feedback mechanisms to re-assess reactor configurations 
caused by changes in the design (e.g., necessity of increased blanket thickness or mag-
nets geometry). 

• Among the technological parameters that have a major impact on System Code previ-
sions the radial build-up is a very sensitive one. In the past experiences of PPCS and 
DEMO-2007 design the necessity of iterations between proper system codes (like PRO-
CESS, in which this thickness is only an input value) and neutronics-thermal-hydraulic-
structural tools (necessary to confirm the radial building vs. design criteria) created sever-
al issues in managing the reactor configurations. It would be interesting to develop more 
sophisticated models to treat this part up to including some simplified neutronic routines to 
check design parameters related to e.g. Tritium Breeding Ratio, Magnet neutron shielding 
and power balance among the different components constituting the fusion reactor. 

• Power Flows: the model can be improved taking into account a more detailed power dis-
tribution and also pulsed operation regimes (i.e., start up or shut down of the machine). In 
particular a more improved neutron power distribution among the different systems should 
be foreseen (e.g. combination with a neutronic model). The scheme used by PROCESS 
can accommodate different plant configurations simply modifying few parameters. A more 
general model could be interesting allowing more details in the power flow. In any case 
loading conditions on the single component/system as a result of the power in the exhaust 
should be improved, thereby improving PEX modeling. 

• Geometry: An interesting feature of PROCESS is to consider a 2D (axial-symmetric) ge-
ometry for the calculation of several parameters. This 2D section is a good basis for the 
connection to other tools that are necessary to proceed with the conceptual design. Also if 
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this part has not been analyzed in detail, some improvements seem possible to increase 
this capability.  

• It is interesting to note that some issues as Tritium Breeding Ratio or Tritium Fuel Cycle 
are very poor (or not) addressed in System codes. The First issue can be considered in 
the Blanket Section, the second maybe could require modeling the Tritium Fuel Cycle. 
Further assessment is necessary.  
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Issues Related to Radiation on Blanket and Divertor Materials  
(WP11-DAS-MAT-M02-01) 
 
Objectives 
 
Several experiments are performed to study the influence of the neutron irradiation on the 
mechanical properties and microstructure of DEMO Blanket and Divertor relevant structural 
materials. The current proposal aims at assessment of the mechanical properties of neutron 
irradiated RAFM steels. The emphasis will be put on the assessment of tensile, Charpy im-
pact, low cycle fatigue (LCF) and fracture toughness properties of EUROFER 97 and EU-
ROFER ODS (9% Cr) steels irradiated up to a displacement damage dose of 80 dpa. The 
effects of the neutron irradiation temperature and dose will be investigated. The influence of 
neutron irradiation on divertor materials will be assessed depending on the availability of 
relevant data. For the assessment of the issues related to helium production and its influence 
on the mechanical properties of RAFM steels the experiments simulating helium production 
under neutron irradiation (e.g. by 10B doping) will be reviewed. 

Task Current Status 
 
The data to be assessed within the current task has been collected by retrieving existing da-
tabases and literature. The mechanical testing results on EUROFER 97 and EUROFER ODS 
(9%Cr) steels from various low (IRFUMA up to 2 dpa [SCK-CEN], SUMO, SIWAS up to 9 
dpa [NRG]), medium (WTZ RUS 01/577, SPICE up to 15 dpa [KIT]) and high dose (ARBOR 
1 up to 33 dpa [KIT], ALTAIR up to 42 dpa [CEA], ARBOR 2 up to 70 dpa [KIT] and 80 dpa 
[CEA] ) European irradiation programmes have been reviewed. For straightforward compari-
son of the results from different irradiation programmes the details about investigated materi-
als, specimen dimensions and extraction directions, irradiation conditions, testing parameters 
etc. have been collected.  

Fig. 1 shows the dose evo-
lution of hardening for 
EUROFER 97 and other 
different RAFM steels for 
Tirr =300-335 °C and Ttest 
= 300-350°C. The full sym-
bols represent the KIT re-
sults, whereas the open 
symbols stem from litera-
ture (SCK-CEN, NRG, 
CEA). Neutron irradiation 
leads to substantial in-
crease in the Yield Stress 
with the dose. The Yield 
Stress increase is rather 
steep at doses below 10 
dpa. The hardening rate 
appears to be significantly 
decreased at the achieved 
damage doses for all in-
vestigated steels. At 
achieved damage doses the hardening indicates a clear tendency towards saturation for 
EUROFER 97 (Heat E83697). A comparison of high dose irradiation results obtained on 
EUROFER 97 (E83697), pre-irradiation heat  treated EUROFER 97 HT (E83697) and 
EUROFER 97 (E83698) reveals however that high dose hardening behaviour can be ob-
servably modified by variation of different metallurgical variables (thermal treatment, heat, 
etc.). Hardening quantified for F82H-mod and 9Cr2WTaV (British Steel, Heat VS3104) steels 

 
Fig. 1: Irradiation hardening vs. irradiation dose for EUROFER 97 and other RAFM 

steels for Tirr =300-335 °C and Ttest =300-350 °C. The full symbols represent 
KIT results. The open symbols are from different European irradiation experi-
ments carried out by SCK-CEN, NRG, CEA. The hatched area marks the scat-
tering band for the high dose results and is guide for the eye. 
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at 70 dpa is comparable to that of EUROFER 97 (Heat E83697). Furthermore, similar to 
EUROFER 97 (Heat E83697) F82H-mod steel indicates saturation of hardening at the 
achieved damage doses. The hatched area marks the scattering band of the high dose 
hardening for different RAFM steels. It is important to note that to the reasons for observed 
data scattering belong not only the differences in the metallurgical variables, but also varia-
tions and uncertainties in the irradiation conditions. The limited number of available irradiated 
samples does not allow detailed statistical analysis of the results. 

The evolution of the neutron irradiation induced embrittlement (measured in impact tests) 
with dose for EUROFER 97 and F82H steels at irradiation temperatures between 300 and 
337 °C is shown in Fig. 2. For comparison the neutron irradiation induced embrittlement for 
OPTIFER and 9Cr2WVTa (BS) steels are also included. In case of EUROFER 97, differen-
tiation is made between specimens machined from as-delivered products and specimens 
machined from the plates subjected to pre-irradiation HT. The results on F82H and F82H-
mod are plotted together for different heat treatments and material compositions. The pre-
irradiation HT of EUROFER 97 leads to considerable improvement of the irradiation resis-
tance at doses up to 30 dpa. At the achieved damage doses, however, the embrittlement of 
EUROFER 97 HT becomes comparable to that of EUROFER 97. All investigated steels 
show steep increase in the ΔDBTT with dose below 10 dpa. With farther increasing the dam-
age dose the embrittlement rate decreases and a clear tendency towards saturation is ob-
served at the achieved damage doses. F82H-mod irradiated to 65 dpa at 337 °C behaves 
somewhat poor compared to the EUROFER steels with respect to embrittlement. The embrit-
tlement of OPTIFER XI and OPTIFER XII steels after low temperature irradiation to 12 dpa 
(and 31 dpa in case of OPTIFER XI) confirms the embrittlement trend of EUROFER 97 
steels. 
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Fig. 2: Irradiation shifts of the DBTT vs. dose for EUROFER 97 and other RAFM steels. The open symbols represent KIT 

results and the crossed symbols represent NRG and CEA results. The solid lines are a model description of the data. 
 
 

The post irradiation annealing experiments yielded very promising results. The post-
irradiation annealing of e.g. 70 dpa@335°C irradiated EUROFER 97 HT at 550 °C for 3 h 
leads to a reduction of the DBTT from 135 to -43 °C resulting in a residual embrittlement 
(shift in DBTT) of just 48 °C compared to the unirradiated state. The residual embrittlement of 
F82H-mod irradiated to 65 dpa and annealed is about 106 °C. Post irradiation annealing of 
70 dpa@332°C irradiated EUROFER 97 lead in addition to a nearly complete recovery of the 
tensile properties with respect to both the strength and ductility.  
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The effects of the neutron irradiation on the microstructure and mechanical properties of the 
RAFM steels depend strongly on the irradiation temperature. The irradiation induced harden-
ing and embrittlement is substantially reduced at irradiation temperatures above Tirr ≥350 °C. 
So the DBTTs of the several RAFM steels irradiated at or above 350 °C to 15 dpa in SPICE 
irradiation remain below -24 °C and, hence, well below the material application temperature. 
On the basis of this observation a temperature window between 350 and 550 °C is proposed 
for operation of the First Wall and breeding bBlanket components.   

The neutron irradiation induced hardening may differently affect the low cycle fatigue behav-
iour of the irradiated RAFM steel specimens. The increase of the elastic part of the cyclic 
deformation and the related reduction of the inelastic strain amplitude due to irradiation in-
duced hardening lead to the increase of the fatigue lifetime especially at low strain ranges. 
The radiation hardening induced increase of the stress level might, however, lead to en-
hanced damage evolution and hence to lifetime reduction especially at high strain ranges. 

Despite large efforts of the scientific community the effects of the helium production on the 
performance of the RAFM steels is not sufficiently understood due to absence of the irradia-
tion facility with a fusion reactor relevant neutron spectrum. Investigation of helium effects in 
neutron irradiated boron doped EUROFER 97 based steels lead to a progressive material 
embrittlement with increasing the produced helium content up to 432 appm.  

Conclusion 
 
The state-of-the-art structural materials are highly suited for the special fusion reactor design 
with the operating temperature range for the FW and BB being between 350 and 550 °C. The 
thermal recovery experiments yielded very promising results. After possible validation of this 
method through the study of the repeatability of these experiments, recovery heat-treatments 
can also be utilized for extension of the operating temperature range down to RT. Helium 
effects in RAFM steels are not sufficiently understood due to absence of the irradiation facil-
ity with a fusion reactor relevant neutron spectrum and have to be a subject of future investi-
gations.  
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TEM Investigation of Neutron Irradiated EUROFER 97 and Boron Containing  
Alloy (WP11-MAT-REMEV-05-04) 
 
Introduction 
 
Material research for innovative fission and fusion nuclear systems has become a field of 
growing relevance worldwide. Reduced activation ferritic martensitic steels (RAFM) with 8-
10%Cr-WTaV are leading candidates for the application in fusion reactors. The EUROFER 
97 with 9% Cr has become the European reference RAFM steel for fabrication of blanket 
material for the future fusion reactor. It is expected that structural materials in a fusion reactor 
will be exposed to very high levels of irradiation induced displacement damage of more than 
100 displacements per atom (dpa) and relatively high helium concentrations of up to 10 
appm He/dpa, the latter due to inelastic transmutation reactions of energetic fusion neutrons. 

Embrittlement induced by the formation of copper precipitates under irradiation is a problem 
for some Russian and American nuclear reactor pressure vessel steels (e.g., 15Kh2MFA and 
ASTM A302B) with increased copper content (~0.1wt%), which are mostly used in the reac-
tors of 2nd-generation, for example, PWR or VVER type. Especially sensitive to this kind of 
embrittlement are welds, which receive additional copper from welding wires. In modern re-
actors this problem is avoided by a careful control of the copper content of the base and weld 
material. On the other hand, the problem of the copper induced embrittlement is directly re-
lated to the extension of the end of life of the existing reactors. Post irradiation heat treatment 
of reactor pressure vessel anneals irradiation induced defects and changes the morphology 
of copper precipitates. 

As fission neutrons produce typically about 30 times less helium per unit time compared to 
fusion neutrons, in the absence of fusion reactors helium effects have to be simulated, e.g. 
by an addition of 10B that decays into 4He during neutron irradiation thus increasing the heli-
um production. The neutron irradiation of this alloy allows studying of both the effect of high 
concentration of helium bubbles and their interaction with Cu precipitates, thus giving a 
unique opportunity for understanding its severe impact on tensile and fracture toughness 
degradation. 

Method 
 
The boron alloyed specimens have been prepared from the EUROFER 97 with addition of 
0.116% wt 10B and 0.56%wt. Cu. After complete transmutation (approximately corresponding 
to a displacement damage dose of 1 dpa) this amount of boron produces about 5800 appm 
He. After fabrication, the ferritic-martensitic alloy has been heat treated at 1040 °C for 30 min 
and normalized at 750 °C for 90 min, to obtain the tempered martensite structure. In the pre-
sent study the specimens have been neutron irradiated up to 16.3 dpa at 300 °C and 400 °C 
in the mixed spectrum reactor HFR, Petten and have been characterized together with 
unirradiated control specimens using analytical transmission electron microscopy (TEM).  

Samples with a thickness of 0.2-0.3 mm have been thinned by electro-polishing in a 
TENUPOL device using H2SO4 + 80% CH3OH as electrolyte. From that material, disks with 
diameter of 1 mm have been punched. TEM investigations have been performed using a FEI 
Tecnai 20 FEG microscope with an accelerating voltage of 200 kV, the scanning unit for per-
forming scanning TEM (STEM) equipped with the high angle annular dark field (HAADF) de-
tector and the energy dispersive x-ray (EDX) detector for elemental analysis. 
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Results 
 
Unirradiated specimen 
 

The analytical detection limit of the EDX method for copper is close to 0.5 wt.%. As a conse-
quence, copper cannot be detected if it is homogeneously distributed in solid solution, but 
only if it segregates to precipitates. As far as numerous lattice defects as well as precipitates 
and inclusions of different kind hardly allow an imaging of Cu-rich precipitates in the bright 
field mode, the elemental EDX mapping of areas varying between 150×150 nm2 and 2×2 
µm2 allows their unequivocal detection e.g. on grain or lath boundaries. It should be noted 
that at relatively high concentrations used in this work copper precipitates after heat treat-
ment even without irradiation, while at lower concentrations cascade forming irradiation 
would be necessary for the precipitation. 

Fig. 1a shows a HAADF im-
age of an investigated area 
which contains a grain 
boundary. Copper clusters of 
3-5 nm in diameter are clearly 
visible along the grain 
boundary. A further magnifi-
cation of Fig. 1b shows a high 
number density of copper 
precipitates in the bulk with 
typical diameters of ~1 nm 
(Fig. 1c). This size is close to 

the resolution limit of TEM used in these investigations. The well detectable clusters of about 
1.5nm size are marked with arrows. 

Specimen irradiated at 300 °C 
 
Fig. 2b shows the Cu map of an area marked in the HAADF image (Fig. 2a) with a typical 
grain boundary. It is clearly visible that Cu precipitates decorate the grain boundaries and are 
present inside grains as well. The size of the observed clusters varied from 1.5 to 7 nm. Even 
larger clusters with sizes up to 12 nm were found occasionally on grain or lath boundaries. In 
this study we were unable to confirm the decoration of dislocation loops or dislocation lines 
by Cu clusters. 

 
 
Fig. 2: TEM investigation of the specimen after neutron 

irradiation at 300 °C (16.3dpa). HAADF image of the 
investigated area is shown in the part (a) and Cu map 
of the area marked with the square in the part (b). 

 

 
Fig. 3: TEM investigation of the specimen after neutron 

irradiation at 300 °C (16.3dpa). HAADF image of the 
investigated area is shown in the part (a) and Cu map 
of the area marked with the square is shown in the 
part (b). 

 
 

Our studies have shown that the Cu clusters inside grains are always located on helium bub-
bles. Fig. 3 presents the HAADF image of a 100×100 nm2 area with several He bubbles 
(marked by arrows), visible as the darker spots. The spatial distribution of Cu clusters, which 
are also marked by arrows, shows the same pattern as helium bubble distribution. 

 
Fig. 1: TEM characterisation of unirradiated specimen. a) HAADF image of the 

investigated area, b) the Cu map of the area marked with a square, c) the 
enlarged image of the area marked in (b) with enhanced contrast. 

 



 -- 210 --

Specimen irradiated at 400 °C 
 
The TEM investigations of the 
specimen irradiated at 450 °C 
demonstrate the influence of 
the irradiation temperature on 
the clustering process. The 
clusters are large so that they 
can be imaged even using 
large area scans. Fig. 4 
shows the results of EDX 
mapping of a 3×3 µm2 large 
area. The presence of Cu-
clusters on grain and lath 
boundaries as well as inside 
grains is clearly visible. The presence of M23C6 carbides on the grain boundaries does not 
influence the distribution and size of Cu clusters. The comparison of the Cu and Cr maps 
does not show any indication for favorable precipitation on carbides.  

The results of the elemental mapping of a 500×400 nm2 
area are presented in the Fig. 5. The Cu clusters are 
mainly located on the grain boundary. Several clusters 
inside grains are always located closely to the He bub-
bles. At the same time the He bubbles exist without 
closely located Cu cluster. This is clearly visible in the 
Fig. 5 by comparing of Cu and HAADF image, where the 
He bubbles are visible as the darker round spots. In the 
bottom part of the scanned area numerous clearly visible 
bubbles are without Cu cluster. The size of the Cu-
clusters varied from 5 nm to 25 nm. 

The analysis of TEM images shows the formation of two 
types of the Cu clusters. The clusters of the first type are 
the small ones located on the surface of He bubbles. One 
cluster of this type marked for example by the arrow 
number (1). The Cu clusters of the second type form to-

gether with He bubbles a “dumbbell”, where two helium bubbles are formed at opposite sides 
of a Cu cluster. Clusters of such type are marked by the arrow number (2) in the same fig-
ures. As it is seen from the image, the dumbbells are usually oriented along the [110] direc-
tion. The indexed diffraction pattern from this area is presented in cutout (Fig. 5). 

Discussion 
 
Copper precipitation was found to be a major reason for radiation induced embrittlement of 
reactor pressure vessel steels and, especially, of their welds. This finding has raised the in-
terest for experimental investigations of this effect. Experimental studies have shown that 
copper precipitation takes place under neutron, but not under electron irradiation. This result 
stressed the importance of atomic displacement cascades for the nucleation and growth of 
copper-rich precipitates. Hardening increase observed after electron irradiation was attribut-
ed to the formation of copper-vacancy pairs, induced by isolated vacancies. 

Theoretical studies have considered various mechanisms that explain the Cu cluster for-
mation. Copper atoms being slightly oversized with respect to the matrix form substitutional 
solid solution in iron and ferritic steels. Substitutional impurities diffuse usually by vacancy 
mechanism. However, the particular details of diffusion mechanism depend on whether im-
purity is bound to vacancy. The muon spin rotation experiments performed by one of us have 

 
Fig. 4: TEM investigation of the specimen after neutron irradiation at 400 °C 

(16.3dpa). The HAADF image of the investigated area is shown in the part 
(a), Cu and Cr maps of the area marked with the square are shown in the 
pars (b) and (c). 

 

 
 
Fig. 5: Bright field TEM image shows the 

different type of Cu clusters which 
are marked with arrows. 
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revealed that copper atom dissolved in bcc iron matrix is slightly bound to vacancy with a 
binding energy of about 0.14 eV. It is interesting to note that ab initio calculation performed 
some decades later provided a very close value of 0.17 eV. Positron annihilation studies of 
irradiated copper doped iron have also confirmed that copper enriched zones formed under 
irradiation contain large number of vacancies. After understanding of the key role of copper 
precipitation for the embrittlement of reactor pressure vessel steels under irradiation a large 
number of computer simulations of this process were performed. The majority of the studies 
is dealing either with kinetic Monte Carlo simulation of copper precipitation process or with 
determination of diffusion coefficients of small copper-vacancy clusters. 

The role of small gas-vacancy clusters was also understood in the studies related to for-
mation and growth of helium bubbles under irradiation. It was known that helium induces 
formation of gas-filled voids due to their stabilization (increase of binding energy) by addition 
of helium atoms. The binding energy of a vacancy with helium (~0.5 eV) is higher than with 
copper and therefore helium-vacancy clusters are more stable. It seems that the formation of 
mobile small impurity-vacancy clusters plays an essential role not only for the nucleation 
stage but also for the precipitate or gas bubble growth as far as it is limited by impurity mass 
transport. Moreover mobility and stability of impurity-vacancy clusters can be important for 
the duration of the nucleation stage. It was known that copper does not decorate void surfac-
es. Our studies confirmed that copper atoms do not decorate the surface of gas bubbles as 
well, but often form precipitates attached to them.  

Conclusions 
 
Within the scope of this study, the EUROFER 97 alloyed with B and Cu was analyzed by 
TEM before and after neutron irradiation up to 16.3 dpa at 300 °C and 400 °C. The investiga-
tion of the unirradiated material shows that copper forms a higher density of very small clus-
ters that are with a diameter of about 1 nm at the TEM resolution limit, and larger clusters at 
grain or lath boundaries with typical diameters of 2.3 nm. It is likely that a certain fraction of 
Cu is in solid solution before irradiation and therefore not visible in the TEM. The irradiation 
at 300 °C and 400 °C leads to the formation of more pronounced well detectable Cu clusters, 
which usually are located on the grain or lath boundaries and at the surface of He bubbles. 
The size of the clusters varied from 3 to 10 nm in the specimen after irradiation at 300 °C and 
increases to the 10-25 nm range after irradiation at 400 °C. The formation of He-Cu-He 
“dumbbells” is typical and can be explained by the trapping and accumulation of helium at-
oms. The production of helium from the neutron induced decay of 10B is completed already 
after about 7% of the irradiation time, while the irradiation induced production of Cu precipi-
tates and its coarsening continues throughout the entire neutron irradiation.   
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Quantitative Microstructural Investigations of Irradiated Specimens from WTZ 
and ARBOR 1 (WP11-MAT-REMEV-05-03) 
 
Objectives 
 
The current task aims at continuation of analyzing the neutron irradiation induced evolution of 
the microstructure in the RAFM steel EUROFER 97 and its boron doped variant addressing 
(a) irradiation dose dependence of sizes and volume densities of radiation defects (e.g. de-
fect clusters, dislocation loops, voids, helium bubbles, precipitates); (b) neutron flux depend-
ence of sizes and volume densities of radiation defects. A long term goal is the correlation of 
the neutron irradiation induced changes in the microstructure to the changes in the mechani-
cal properties, as well as the development of a phenomenological model describing the evo-
lution of radiation defects in RAFM steels. The specimens to be studied in this task stem 
from SPICE (15 dpa/300 °C, HFR, NRG, Petten), WTZ (15 dpa/330 °C, Bor-60, JSC “SSC 
RIAR”, Dimitrovgrad), ARBOR 1 (32 dpa/ 330 °C, Bor-60, JSC “SSC RIAR”, Dimitrovgrad) 
and ARBOR 2 (70 dpa/ 330 °C, Bor-60, JSC “SSC RIAR”, Dimitrovgrad) irradiation pro-
grammes. The neutron fluxes (>0.1 MeV) for Bor-60 and HFR irradiations were 1.8x1019 m-

2s-1 and 4.0x1018 m-2s-1, respectively. 

Task Current Status 
 
The microstructure of EUROFER 97 and boron doped specimens irradiated in the WTZ and 
ARBOR 1 irradiation programmes was analyzed quantitatively with the high resolution FEI 
Tecnai G² F20 X-TWIN TEM installed in the hot cells of the FML. Fracture appearance of 
selected specimens has been studied by SEM. TEM specimens were prepared from the un-
deformed parts of KLST specimens. 

After investigation of dose dependence of size distributions of defect clusters and dislocation 
loops the emphasis was put on the quantitative analysis of voids and helium bubbles. Deter-
mination of average size and densities of voids in 15 dpa irradiated EUROFER 97 yielded 
2.6 nm and 3.6 x 1020 m-3, respectively. By analyzing EUROFER 97 specimens irradiated to 
32 dpa in the BF image mode small cavities became visible when going off-focus. A system-
atical through-focus series analysis showed that the contrast of these defects changes from 
a white dot with a black ring to a black dot with a white ring (Fresnel contrast) when going 
from underfocus to overfocus, which confirms the presence of voids or bubbles. Fig. 1a 
shows an underfocused BF micrograph with several voids. As depicted in Fig. 1b size distri-

 

 

 
Fig. 1: a) Underfocused Bright-field (BF) image of EUROFER 97 irradiated to 32 dpa showing irradiation induced voids.  

b) Density and size distribution of voids for the corresponding specimen. 
 
 



 -- 214 --

bution and density of voids in the 32 dpa specimens were determined. The sample thickness 
t has been determined by applying CBED technique. The density of voids was  2.35 x 1021  
m-3, about one order of magnitude higher than observed in the 15 dpa sample, whereas the 
average size was 1.6 nm. The results of the quantitative investigations are summarized in 
Table .  

Table 1: Quantitative microstructural data from TEM investigations of neutron-irradiated EUROFER 97 irradiated up to  
32 dpa at 330-332 °C.  

 
Irrad. pro-
gramme 

Dose 
(dpa) 

<d>loops 
(nm) 

Nloops, max        
(m

-3
) 

Δσloops    
(MPa) 

<d>voids    
(nm) 

<N>voids     
(m

-3
) 

Δσvoids    
(MPa) 

WTZ 15.0 3.4 1.58 x 10
22

 252 2.6 3.6 x 10
20

 56 

ARBOR 1 31.8 4.8 2.22 x 10
22

 355 1.6 2.3 x 1021 110 

 

To correlate the irradiation induced changes in the microstructure to the changes in the me-
chanical properties we applied the dispersed barrier hardening model (DBH), which uses 
simple geometrical considerations to calculate the hardening Δσx caused by the interaction of 
moving dislocations with randomly distributed obstacles of type x. 


=

μα=σΔ
max

1

i

i
iixTx dNbM  (1) 

Here MT is a Taylor factor (3.06 for bcc metals), αx is the obstacle strength of the defects x, µ 
is the shear modulus, b is the magnitude of the Burgers vector (0.5a0√3 for bcc, where a0 is 
the lattice parameter) and Ni and di are distributions of density and diameter of the defects. 
The material parameters µ and a0 were taken for Fe-10Cr model alloy at a temperature of 
300 °C, they are 75.3 GPa and 0.288 nm, respectively. According to recent Molecular Dy-
namics simulations results available in the literature the interaction strength for loops/clusters 
at a given temperature was chosen to be about 0.6. Voids were assumed to be rigid obsta-
cles, so their barrier strength is 1. Since a fraction of defects/dislocation loops is always invis-
ible in the micrographs it is reasonable to pick the maximum observed defect density Nmax as 
input parameter for calculating the hardening. In contrast to the density the sizes of the de-
fects do not depend on their orientation with respect to the electron beam, so using <d> is 
appropriate. These parameters together with resulting hardening values are summarized in 
Table 1. The dose-dependent hardening ΔRp0.2 (0.2% offset yield stress) of EUROFER 97 
determined by tensile tests is given in Fig. 2. The line represents a phenomenological de-
scription of a hardening within the framework of Whapham and Makin model by assuming a 
single defect type only which predicts saturation of hardening at high damage doses. The 
hardening by loops/clusters calculated with Eq. (1) using the obtained quantitative data in 
Table 1 is displayed as filled diamonds. The crosses were calculated using <d> and <N>, 
whereas the error bars represent the experimental scattering of Δσloops when actual size dis-
tribution of defects/dislocation loops is used as input parameter. The yield strength increase 
due to loops alone is considerable lower than measured ΔRp0.2. In order to account the con-
tribution of other microstructural defects e.g. voids an adequate hardening superposition law 
has to be used. A quadratic superposition law seems to be appropriate one in order to take 
into account contribution of voids and dislocation loops, as the corresponding obstacle 
strength are comparable, i.e.  

22
voidsloopstot σΔ+σΔ=σΔ  (2) 
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Since the density of voids in EUROFER 97 is one (32 dpa) respectively two (15 dpa) orders 
of magnitude lower than that of the loops, the calculated total hardening increases only very 
slightly from 252 to 258 MPa at 15 dpa and from 355 to 372 MPa at 32 dpa when the harden-
ing contributions of voids are included in addition to loops/clusters using Eq. (2). So in our 
case the contribution of voids can be neglected. There are several possible reasons for the 
difference (factor ≤ 1.8) between estimated and tensile hardening. Firstly, a considerable 
number of loops or clusters are invisible due to their orientation with respect to the electron 
beam. Secondly, certain types of defects, like vacancy clusters or nano-sized precipitates 
cannot be detected by TEM. Thus studies with different complementary methods like TEM, 
PAS and SANS are needed to get full quantitative information on radiation damage. 

After irradiation of EUROFER 97 based model steel ADS3 doped with 0.0083 wt.% 10B within 
ARBOR 1 programme to 22.4 dpa at 332 °C about 43 appm He was produced due to boron-
to-helium transmutation. The fracture surface of KLST specimens revealed a transgranular 
cleavage with no sign of intergranular fracture. Similar to the EUROFER 97 base material 
radiation-induced defects like dislocation loops were visible in ADS3 under TEM. In addition, 
by recording BF through-focal series He bubbles became visible in ADS3, see Fig. 3. Their 
contrast changed from white dots surrounded by a black Fresnel fringes in the underfocused 
image in Fig. 3 (b) to dark dots with white fringes in the overfocused image in Fig. 3 (c). The 
presence of helium inside the cavities was proved by means of EELS analysis yielding a he-
lium-to-vacancy ratio of approximately 0.33. The bubbles were of spherical shape and rather 
homogeneously distributed within the steel matrix with no sign of preferential nucleation at 
line dislocation or grain boundaries. An average bubble size was 1.4 nm and an average 
bubble density was 2.3 x 1022 m-3. 

A phenomenological model describing helium bubble growth kinetics under neutron irradia-
tion has been developed within the HRJRG-13 project. The model is based on kinetic rate 
equations and is solved by a Fortran code. Simulations were performed for the EUROFER 
97 based boron doped alloys ADS2 and ADS3, which differ in the alloyed 10B amount and 
therefore produce different helium concentrations under irradiation. Characteristic irradiation 
conditions of SPICE and ABROR 1 experiments were taken into account by adapting the 
parameters like temperature, diffusivity and varying helium generation rates due to different 
boron transmutation cross sections in the considered irradiation programs. 

 

Fig. 2: Estimation of hardening by dislocation loops using the DBH model. Both the maximum defect density (Nmax, filled dia-
monds) and the average one (<N>, crosses) were used as input parameters. In comparison the dose-dependent hard-
ening �Rp0.2 of EUROFER 97 determined by tensile tests is shown (squares). These data points comprise results from 
KIT and from literature. The solid line is a description of hardening according to Whapham and Makin model. 
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Fig. 3: TEM micrographs showing He bubbles in irradiated ADS3 from ARBOR 1 (a) in-focus (b) 

underfocus (-750 nm) (c) overfocus (+750 nm). 
 
 

Calculated final bubble size distributions for ADS2 and ADS3 after SPICE and ARBOR 1 
irradiations are used to assess helium induced hardening by applying the DBH model ac-
cording to Eq. (1). The barrier strength of helium bubbles is assumed to be weak to interme-
diate, resulting in a variation of αHe between 0.2 and 0.4. Fig. 4 shows a comparison of hard-
ening derived from simulations and experiments. A linear superposition of hardening contri-
butions from helium and other radiation induced defects was used for estimation of helium 
hardening from tensile and instrumented Charpy impact experiments. Under these conditions 
simulation results agree well with experiment. It has to be noted that by applying a quadratic 
superposition law according to Eq. (2) to hardening contributions from helium and other radi-
ation induced defects, the hardening derived from simulated bubble size distributions under-
estimates the influence of helium bubbles. 

 
 
Fig. 4: Comparison of helium induced hardening on the basis of simulations with experimentally determined results. DBH 

model was applied on simulated bubble size distributions assuming helium bubbles as weak/intermediate obstacles. A 
good agreement of simulations with experiments is observed assuming a linear superposition of hardening contribu-
tions from helium and other radiation defects. 

 
 

Conclusion and Outlook 
 
The volume densities and size distributions of the dislocation loops and voids were quantified 
for EUROFER 97 samples after irradiation to 15 and 31.8 dpa at 330-332 °C. Based on the 
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obtained quantitative data the irradiation-induced hardening was estimated with the DBH 
model. The calculated hardening was significantly smaller than determined in the post-
irradiation tensile tests, which shows that additional complementary methods like PAS and 
SANS are needed to get full quantitative information on radiation damage. Quantitative TEM 
investigations of neutron irradiated boron doped steel revealed a homogeneous distribution 
of helium bubbles with no sign of preferential nucleation at microstructural sinks.  

Further TEM investigations of irradiated EUROFER 97 will be conducted at high damage 
doses with respect to quantification of sizes and volume densities of radiation induced de-
fects (e.g. defect clusters, dislocation loops, voids/bubbles precipitates). The activities will 
particularly include analysis of Cr-rich alpha-prime precipitation in EUROFER 97 (WTZ, AR-
BOR 1 & 2) as well as investigation of helium bubble distribution in high dose irradiated bo-
ron containing steels (ARBOR 2). The results of quantitative microstructure analysis will be 
used for verification of models for evolution of the radiation defects in RAFM steels.  
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Operation of the Fusion Materials Laboratory (Underlying Technology) (CoA) 
 
The Fusion Materials Laboratory provides the infrastructure for the performance of tasks de-
fined in the EFDA and F4E work programmes related to the characterisation and testing of 
irradiated and non-irradiated materials. Methods such as optical and electron microscopy, 
tritium adsorption and desorption, He pycnometry and Hg porosimetry, crush load, micro 
hardness, creep, charpy impact, tensile, LCF and instrumented indentation tests as well as 
long-time annealing tests are applied. The work includes Post Irradiation Examinations (PIE) 
of Reduced Activation Ferritic Martensitic (RAFM) steels (reference material for DEMO and 
ITER-TBMs) and tungsten as well as investigations on materials relevant for the HCPB blan-
ket (ceramic breeder materials, beryllium) and technical aspects (glasses). 

PIE on selected samples from the HFR IIB and BOR 60 experiments were performed. For 
this purpose, in 2011 mostly LCF tests were carried out. Tested specimens’ small cuts were 
prepared for LOM, SEM, and TEM and examined. Broken halves of charpy specimens were 
prepared for instrumented indentation and served for identifying material parameters and 
Vickers hardness. The aim of the investigations is to study the irradiation effects on the me-
chanical and structural properties of these materials and to investigate the possibilities of a 
post-irradiation heat-treatment in order to reduce irradiation defects. 

The investigation of blanket mate-
rials was continued. Lithium ortho-
silicate pebbles were investigated 
by LOM and their porosity and 
deformation hardness were de-
termined. Different batches of ma-
terials were characterised with 
respect to the influence of pa-
rameters of the fabrication proc-
ess on the mechanical and struc-
tural properties. Tritium adsorption 
/ desorption tests and creep tests 
were done on irradiated and unir-
radiated beryllium, beryllium va-
nadium, and beryllium titanium 
alloys and on BeO-doped beryl-
lium, both on single pebbles and 
on pebble beds. 

Adsorption and desorption experiments were also done with unirradiated beryllium titanium 
pebbles. Furthermore different beryllium titanium alloys were characterized by LOM and 
SEM. Porosity measurements and creep tests were performed. Activated beryllium from the 
HIDOBE irradiation was investigated by LOM and SEM, by densiometry, and specimens 
were prepared for SANS experiments. To produce cross-cuts for LOM and SEM, a multi-step 
embedding and grinding process of very small and highly radiating beryllium was developed. 
For TEM investigations, another new preparation method for the extremely brittle irradiated 
beryllium was developed, producing thin fragments by crush-test and fixing them on meshes. 
Further on, release experiments on tritium-loaded glass windows were performed. 

Detailed results and consecutive analysis of the measurements are reported in the respec-
tive chapters of this report. 

For the PIE the following equipment was used: 

• Charpy impact, LCF and tensile testing devices, indentation device for instrumented 
ball-indentation and Vickers hardness-test  

 
Fig. 1: New preparation technique of irradiated beryllium to produce cross-

cuts by embedding and grinding of pebbles of 0.5 mm diameter. 
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• LOM, SEM, and TEM with analysis of chemical elements 

• Desorption device with high temperature furnace for tritium and helium release meas-
urements 

• He-pycnometer and sphere crush and creep testing apparatus. 

Operation of the new 200 kV high resolution TEM 
for investigation of radioactive material down to 
atomic scale was continued. Various results, iden-
tifying the damage mechanisms in highly irradiated 
steel, could be published. A new glove-box for 
safe electrochemical preparation and plasma-
cleaning of TEM specimens was taken in opera-
tion. The SEM was equipped with a new, shielded 
EDX system to identify elements down to beryllium 
in highly radioactive specimens. The new mass 
spectrometer, able to identify the tritium release 
and retention of fusion-relevant materials, was 
installed in its new glove box and started operation 
with tritium gases. 

The installation of the gamma spectrometer and 
it's shielding and safe transfer units could be fin-
ished, a calibration system could be procured in 
the reporting period. 

 

 

 
Fig. 3: Gamma spectrometer with shielding device for specimen and detector (left), transport unit for transfer from Hot Cell 

(right). 
 
 

For high temperature indentation, the manufacturing of both machines was finished in the 
reporting period. Both machines are designed for remote-handled use in the Hot Cell with 
highly active specimens; they furnish loads and maximum temperatures of 2 N and 1000 °C 
resp. 200 N and 600 °C. Assembly und first test runs of both machines at manufacturers are 
done; both machines were delivered end of 2011, optimization of parameters is going on. 

 
Fig. 2: New mass spectrometer in glove box (left 

above) and tritium release unit and pipe instal-
lation (right). 
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Fig. 4: Indentation devices for indentation up to 3 N / 1000 °C (left) and up to 200 N / 650 °C (right). 

 
 

Future activities: 
 
Continuation of measurements as referred to above: 

• PIE of the HFR II B irradiation phase, 15 dpa 

• PIE of the BOR 60 irradiation campaign, 15 – 30 dpa 

• PIE of the OSIRIS FURIOSO high temperature irradiation, WL10-tungsten, 5 dpa 

• PIE of the HIDOBE irradiations 

• Calibration and regular operation of the new mass spectrometer 

• Installation of new devices for instrumented indentation at elevated temperatures 

• Characterization of new batches of ceramic breeder materials and beryllium 

• Operation of the gamma-ray spectrometer to study the activation of RAFM steels. 
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Production and Characterization of Laboratory-scale Batches of Nano-
structured ODSFS (WP11-MAT-ODSFS-01-01) 
 
Introduction 
 
Up to date fusion power plant concepts are based on materials which can be operated at 
higher temperatures and up to higher neutron doses. Oxide dispersion strengthened (ODS) 
steels – produced by mechanical alloying – with chromium contents of 9 and 14 wt.% (or 
even more) are typical candidate materials due to their excellent high temperature strength 
and good corrosion resistance. 

The production route for these ODS materials is complex and contains several preparation 
steps, such as mechanical alloying and hot isostatic pressing. Microstructural characteriza-
tion of mechanically alloyed powder allows direct investigations of the influences of milling 
parameters on the microstructure and herewith on the mechanical properties of the prepared 
material. Another important factor is the distribution of Y2O3 phase inside or on the mechani-
cally alloyed powder particles. In the past year the influence of the milling time on the evolu-
tion of the Y2O3 phase was examined. Complete dissolution of this phase during mechanical 
alloying is essential for a homogeneous distribution of oxide nanoparticles and grain size 
distribution in the compacted material. Undissolved Y2O3 leads to coarser, micrometer sized 
particles and very poor mechanical properties after compacting and thermo-mechanical 
treatment. 

Powder characterization was followed by mechanical tests and microstrucutural characteriza-
tion of as-hipped and as-rolled materials. These materials contained different oxide additions. 

Materials, Study and Results 
 
To validate the ODS production process, a small experimental series with the same powders 
but different milling times was done. Argon gas atomized steel powder was produced from a 
steel alloy with a composition of Fe13Cr1W0.3Ti. The exact composition of the material can 
be found in Table 1. The powder was mixed with Y2O3 with a fine particle size (d90<10 µm) 
and ball milled in a ZOZ SimoloyerCM01 with steel balls. The ratio of powder/steel balls was  

 

1:10, with a batch consisting of 200 g powder and 2000 g of steel balls. Milling was done at 
1200 rpm. For all the different milling times, one batch was mechanically alloyed (MA). The 
powder was examined after 24, 48 and 80 hours milling time. Due to the massive amount of 
metallic surfaces, the mechanically alloyed (MA) powder is highly reactive with oxygen in the 
air. For this reason, the milling itself and all further treatment during the production process 

Table 1: Materials, fabrication details and experiments performed/planned. 
 

Material 
Milling- 

time 
Process Experiments performed / planned 

Fe13Cr1W0.3Ti + Y2O3 24h MA Powder characterization 

Fe13Cr1W0.3Ti + Y2O3 48h MA Powder characterization 

Fe13Cr1W0.3Ti + Y2O3 80h MA Powder characterization 

Fe13Cr1W0.3Ti + Y2O3 80h MA+HIP Charpy, TEM characterization, EBSD 

Fe13Cr1W0.3Ti + Y2O3 80h MA+HIP+HR Charpy, TEM characterization, 

Fe13Cr1W0.3Ti + La2O3 80h MA+HIP+HR Charpy, TEM characterization, 

Fe13Cr1W0.3Ti + Ce2O3 80h MA+HIP+HR Charpy, TEM characterization, 

Fe13Cr1W0.3Ti + Zr2O 80h MA+HIP+HR Charpy, TEM characterization, 

Fe13Cr1W0.3Ti + MgO 80h MA+HIP+HR Charpy, TEM characterization, 
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took place under the excess of oxygen in argon atmosphere. The powder samples for further 
investigation were prepared and embedded into capsules with epoxy in an argon filled glove-
box. 

 
Fig. 1: TEM sample preparation via Microtom. 

 

a) b) 

c) 

d) 
 
Fig. 2:  a) HAADF image of powder particle. (b) EDX point analysis. (c) elemental mapping of iron (d) elemental mapping of 

yttrium. 
 

Then, the capsules were trimmed, to have a small and defined tip of 100 by 100 microns and 
attached to the microtom holder (Fig. 1). The holder moves up and down and a diamond 
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blade cuts off very thin slices (approx. 80 to 100 nm thickness). These slices are collected on 
a water film and gathered onto a standard carbon-plated TEM copper net. The blade can cut 
through epoxy and even divide the steel particles to make them thin enough for TEM-
examinations. Several slices (around 5 to 7) are collected and put onto one copper net. Each 
slice contains up to several cut powder particles, dependent how equally distributed the par-
ticles were in the TEM capsule. Usually around 1-2 particles could be found in the epoxy 
slices. For the analyses, a FEI TECNAI-20F (200kV) Transmission Electron Microscope 
equipped with HAADF detector for scanning TEM was used. The elemental analysis has 
been performed using energy dispersive X-ray spectroscopy. Examples of the results can be 
found in Fig. 2. 

After validation of the production process, steel powders were mixed with different oxides 
and milled for 80 hours. Details of the materials produced can be found in table 1. HIPing of 
the alloys was performed at 1150 °C and 100 MPa at Bodycote, Munich. Then, the capsules 
were hot-rolled at 1100 °C at University of Clausthal and reduced from approx. 40 mm di-
ameter to 6 mm thickness. All the tests and following analysis were performed in as-rolled 
condition. 

Conclusions 
 
TEM sample preparation for MA steel powders by microtomy, proved to be a fast method for 
the validation of the milling time. Small batches of a new material can be milled for different 
times and examined using TEM + EDX. Then, the mechanical alloying process can be 
checked and validated without going through the complete ODS production process, which is 
highly time consuming and expensive. 

The experimental series showed that milling the given steel powder with Y2O3 for 24 hours is 
not enough to achieve full mechanical alloying. The mixture needs to be milled for at least 48 
hours. Further milling beyond 48 hours leads to finer and more homogenous particle sizes, 
even beyond the as-received condition. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3: Capsules after HIPPing, and during hot-rolling. 
 

Alloys containing different oxides were successfully hipped and hot-rolled (Fig. 3). First me-
chanical and microstructural characterization (Fig. 4 + Fig. 5) showed major differences be-



 -- 225 --

tween the various oxides. These differences and correlations between microstructure and 
mechanical properties are a main subject of the future work. 

 

 
Fig. 4: Results of Charpy impact tests (as-rolled and as-hipped condition). 

 

 
Fig. 5: Vickers hardness of the different alloys (as-rolled condition). 
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Production and Characterization of Industrial Batches of Nano-structured 
ODSFS (WP11-MAT-ODSFS-02-01) 
 
Introduction 
 
The developmental work on nano-structured ODS steels in Europe is carried out in laborato-
ries at universities and research centres at laboratory scale, i.e. small batches of a few 
grams to about 200 grams. The presently identified applications in future nuclear fusion reac-
tors require instead amounts of material that are orders of magnitude larger and need there-
fore an industrial-scale fabrication. Among others, the transferability of the results gained in 
lab-scale to industrial scale production has also to be proven. A cooperation of a research 
centre with a single industrial partner as it was the case in the ODS-EUROFER development 
performed by KIT (formerly FZK) with PLANSEE is no longer possible due to the decision of 
PLANSEE to give up the ODS production.  

This very fruitful cooperation lead in several developmental steps to a reduced activation 
ferritic martensitic 9Cr ODS-steel with acceptable mechanical properties that allow to in-
crease the operational temperature compared to the non-ODS EUROFER 97 steel by about 
100 °C to 650-700 °C making the material suitable for application in the blanket and divertor 
of a DEMO-type reactor. 

Due to the α-γ phase transformation in these steels, the application temperature of this ODS-
steel is limited to temperatures of about 800 °C. To avoid this drawback the development of 
ODS ferritic steels (ODSFS) which do not show such a phase transformation is pursued. 

To establish a production route in industrial scale it was decided to divide the fabrication pro-
cess into single steps and to find industrial partners for each production step. In preceding 
studies each step was analysed in laboratory scale in view of scalability to industrial scale. 

This task is strongly interwoven with other tasks in which the influences of composition and 
production parameters on the properties of ODSFS are investigated. 

Materials, results and discussion 
 
In continuation of the work performed until the last reporting period, where the influence of Ti 
content in 14 Cr ferritic ODS alloys was studied, the effect of thermo-mechanical treatment 
i.e. the influence of mechanical deformation and heat treatments was investigated. Several 
batches of 200 g to 1 kg of 14 Cr ODS steels were produced in the usual process from pre-
alloyed 13.5Cr-1.1W-0.3Ti powder by adding 0.3wt.% Y2O3. The fabrication process consist-
ed of mechanical alloying under hydrogen gas, encapsulation, degassing and hot-isostatic-
pressing for consolidation of the powders. While the small batches were used to investigate 
the microstructure and mechanical properties in the hipped state, the larger batches were 
foreseen to be rolled to 6 mm thick plates. Additionally, batches without any Yttria were pro-
duced and treated in the same manner for comparison. 

It is worthwhile mentioning that the whole powder handling during the powder-metallurgical 
production route was performed under protective gas atmosphere to keep the oxygen con-
tent as low as possible. Fig. 1 shows cylindrical (200 g) and prismatic (1000 g) types of cap-
sules after hot isostatic pressing (HIP). The prismatic type of HIP capsules should be used 
for subsequent rolling. Therefore these capsules were machined to slabs prior to the rolling. 
The rolling was performed in cooperation with the Technical University of Clausthal. A cross 
rolling technique which includes turning of the slabs between different rolling passes was 
applied. This procedure should lead to homogenous in-plane mechanical properties. Fig. 2 
gives an impression of the hot rolling of the slabs in a 12 inch Duo Mill (left side). 
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From the 6 mm thick rolled plates, blanks for the fabrication of small scale specimens for 
tensile, LCF and impact testing were cut by spark erosion. The geometry of these specimens 
has been developed for irradiation in IFMIF and is meanwhile well established and has been 
used in several irradiation experiments in HFR (SPICE) and Bor 60 reactor (ARBOR). Fig. 2 
shows also on the right hand side, how the blanks were taken in order to test the mechanical 
properties with respect to the direction of the last rolling pass (indicated by arrows).  

 
Fig. 1: Different types of HIP capsules after HIP (left) and after milling (right). 

 

 
 
Fig. 2:  Rolling of the 1 kg slabs in a 1,800 kN 12 inch Duo Mill (left) and partitioning of rolled plate for specimen fabrication 

(right). 
 

For the different Ti-contents, the correlation between microstructure and mechanical proper-
ties was analyzed by means of scanning electron microscope (SEM) and transmission elec-
tron microscope (TEM) equipped with energy- dispersive X-ray spectrometer (EDX) and 
electron energy loss spectrometer (EELS). A bimodal grain size distribution was observed in 
all as-hipped Ti-containing ODS alloys as it was seen earlier [1,2]. These alloys consisted of 
coarse grains typical ranging from 1 µm to 8 µm and fine grains well below 1 µm in diameter. 
The addition of Ti resulted in the formation of spherical Ti oxides rather than Cr oxides owing 
to the stronger affinity of Ti. The influence of Ti on particle size refinement was striking and 
the optimum effect was obtained when adding 0.3% Ti. Vickers hardness measurements 
(HV30) increased consistently with increasing in Ti content. The ODS alloys with 0.3% Ti 
exhibit the highest strength due to the optimum refinement of mean ODS particle size. De-
tailed results of the microstructural investigations and of the mechanical characterisation are 
given in [3]. 

The effect of rolling compared to hot isostatic pressing on the mechanical properties is 
shown in Fig. 3 to 5. Fig 3. shows the temperature dependence of the ultimate tensile 
strength of 13.5Cr-1.1W-0.3Ti with or without 0.3wt% Yttria addition. The ultimate tensile 
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strength for the experimental 13.5%Cr ODS alloy (olive green symbols) in the hipped (cir-
cles) and rolled condition (squares) over the range from RT to 700 °C is shown in Fig. 3 in 
comparison with data for the 13.5%Cr unmilled base alloy without any Yttria (navy blue sym-
bols). The ultimate tensile strength of the ODS alloy is remarkably enhanced compared to 
the base material and exceeds the values for EUROFER-ODS (blue dotted lines) and is, in-
dependent of the sampling direction, slightly higher than of the only hipped material. 
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Fig. 3:  Temperature dependence of ultimate tensile strength for a 13.5Cr-1.1W-0.3Ti-0.3Y2O3 ODS alloy in the hipped and 

rolled state compared to 9%Cr EUROFER -ODS steel and the basic steels. 
 
 

The non-ODS material shows an opposite effect. While the tensile strength until 500 °C is 
slightly lower for the rolled material, it is higher above this temperature. Also no dependence 
from the sample direction was observed. The base material without Yttria shows by far the 
lowest tensile strength of all shown materials.  
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Fig. 4:  Temperature dependence of total elongation for a 13.5Cr-1.1W-0.3Ti-0.3Y2O3 ODS alloy in the hipped and rolled state 

compared to 9%Cr EUROFER-ODS steel and the basic steels. 
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Figure 4 gives the total elongation of the same tensile specimens as before. The non-ODS 
base material is very soft and shows a higher total elongation than all other alloys of the 
whole temperature range. This can be easily understood because this steel has a simple 
composition and was only introduced to give the benchmark to separate the ODS effect. The 
ODS material shows a similar ductility up to 300 °C when compared to the EUROFER vari-
ants. Unfortunately it decreases constantly with increasing test temperature.  

Figure 5 shows the impact properties of the 13.5%Cr ferritic ODS steel after hipping and after 
rolling in comparison to the base alloy, EUROFER 97 as well as FZK-Heat of EUROFER-
ODS in the thermo-mechanical treated state and the as-hipped condition after different heat 
treatments. The ferritic unmilled base steel (blue squares) has a quite high upper shell ener-
gy which is comparable to that of the EUROFER ODS steel. The DBTT is around 0 °C or 
slightly lower. Anyway, it has poor impact behaviour compared to the optimised RAFM 
EUROFER steel. When Yttria is added by mechanical alloying, the impact behaviour de-
grades significantly. The upper shelf energy (USE) decreases to values of about 2 J and be-
low for the only hipped material. Rolling gives a slightly higher USE than hipping and shows 
no dependency of the sampling direction. Nevertheless it is at least by a factor of 3 lower 
than that of the 9Cr ODS steel while DBTT comparable or slightly worse. 
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Fig. 5:  Temperature dependence of total absorbed energy for a 13.5Cr-1.1W-0.3Ti-0.3Y2O3 ODS alloy in the hipped and rolled 

state compared to 9%Cr EUROFER-ODS steel and the basic steels. 
 
 

Summary and conclusions 
 
A Fe-13.5Cr-1.1W-0.3Ti-0.3Y2O3  ferritic ODS-steel was produced by mechanical alloying 
and consolidation by hot isostatic pressing. Material with the same composition was hot 
rolled in order to find its effect on microstructure and mechanical properties. While it shows 
good tensile strength, the high temperature tensile ductility and impact properties can be still 
improved. Anyway, hot rolling has shown a beneficial effect. 
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Impact of Pulsed Operation on Lifetime of Blanket Module  
(WP11-DAS-PLS-P08-01) 
 
Objectives 
 
On the base of structural mechanical considerations of current DEMO designs the impact of 
pulsed operation on the thermo-mechanical fatigue and creep-fatigue lifetimes will be evalu-
ated. Non-linear finite element (FE) analyses will be performed for the blanket design and 
assessed estimating the cyclic lifetime using the relevant material properties and design lim-
its of the candidate structural alloys. Therewith the influence of the system parameters will be 
systematically studied deriving simplified formulae which can be implemented in system 
codes to optimize the system parameters for a given cyclic lifetime with minimal costs of the 
assembly. Close cooperation with designers and system code developers is foreseen. 

Task current status 
 
Assuming an inductive DEMO with a blanket design similar to that of the current European 
Helium Cooled Pebble Bed Test Blanket Module (HCPB -TBM) the influence of pulse dura-
tion on damage and lifetime of the HCPB-TBM is investigated. Therefore non-linear finite 
element (FE) simulations are performed considering the FE-model used in a resent non-
linear failure analysis of the current European HCPB TBM design. In the simulations a load-
ing scenario similar to that the HCPB TBM will be subjected to in ITER is assumed, where 
starting from a stress free state at 300°C a coolant pressure of 100 bar is applied and in a 
subsequent step the temperature is cycled by applying a non-homogeneous temperature 
field and removing it after a dwell time given by the pulse duration. Four pulse durations are 
investigated by selecting dwell time equal to 400 sec, 1, 3, and 8 hours, respectively. Within 
the reporting period the simulations of the first loading cycle with the different pulse durations 
could be performed. As expected, the maximum creep-fatigue damage value appearing in 
the component after the first cycle increases with longer dwell time and pulse duration, re-
spectively. The increase however is not proportional and has an amplification factor less than 
that of the pulse duration. These trends shall be further investigated by continuing the simu-
lations towards higher number of cycles for which the submodeling technique will be applied 
to overcome the problem with the extensive computing time required due to the non-linearity 
and huge size of the field problem. 
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Corrosion Testing in PICOLO Loop (CoA) 
 
Introduction 
 
The HCLL concept for blankets is based on the application of the liquid breeder Pb-15.7Li 
which is in direct contact with the structural components, e.g. RAFM-steels. Corrosion attack 
of the structural material is always present and is mainly governed by operation temperature 
and flow velocity of the liquid breeder. At high flow velocities high dissolution rates of ca. 
400 µm/year were evaluated at 550 °C leading to a high amount of dissolved corrosion prod-
ucts in the Pb-15.7Li. In a TBM system or also in a testing loop e.g. PICOLO these compo-
nents are transported with the breeder flow to sections with cooler temperature and will form 
precipitates as known due to oversaturation. Effects like deposition, precipitate formation or 
transport were nearly completely neglected in former compatibility testing of RAFM-steels in 
flowing Pb-15.7Li and test evaluation. However, such formed particles may seriously affect 
safe and reliable operation of TBM systems. Analytical and modelling work concerning the 
impact of corrosion products was included into the compatibility testing program of EURO-
FER steel in PICOLO loop. To come to a most reliable and realistic view of all effects and 
also risks going on in a closed non-isothermal liquid metal system older results of corrosion 
testing were re-analyzed and updated by ongoing evaluation work from actual corrosion test-
ing in PICOLO loop. The aim of the first stage of this new task is to identify corrosion phe-
nomena correlated to precipitate formation and to form a feeling for risk in safe loop opera-
tion due to precipitate formation and transport. Surely, this task will need additional attention 
in future in corrosion testing as well as in modelling. The long term benefit will be the valida-
tion of predictive tools for TBMs under DEMO view and testing/qualification in ITER. 

General results from compatibility testing 
 
Compatibility testing of steels, austenitic and reduced activation ferritic-martensitic (RAFM) 
ones, have long-term history. A lot of data were collected concerning the corrosion behaviour 
of these steels at various environmental conditions. In the beginning, austenitic steels e.g. 
AISI 304 and AISI 316L, were tested in a small pumped Pb-17Li loop e.g. by Borgstedt [1]. In 
the 1990s analyzing ferritic-martensitic steels was included into the testing program [2-3]. 
The attack of the austenitic steels was characterized by leaching out processes mostly of 
nickel (Ni) with a high solubility in Pb-15.7Li, whereas the ferritic-martensitic steels showed a 
homogeneous dissolution attack. In the later years compatibility testing moved on to RAFM-
steels and since around 2000 testing is focused on EUROFER behaviour. Due to changes in 
TBM operation conditions, testing temperatures were increased from moderate 480 to more 
aggressive 550 °C. All these tests show undoubtful that corrosion attack is increased with 
rising temperature and therefore the amount of corrosion products in Pb-15.7Li increases. 
From physics it is clear that in a non-isothermal closed system, TBM or testing loop PICOLO, 
oversaturation with all consequences have to appear at sections with lower temperature. 
Less attention was paid to the mechanism of ‘deposition’ during loop operation despite the 
seriousness of this effect. An early report on this is given by Torterelli [4]. It is mentioned that 
‘particles’ are formed, which are able to move with the melt flow. Similar behaviour is re-
ported in [5] for deposited ‘particles’ in a magnetic trap of PICOLO loop. However, corrosion 
testing at more aggressive 550 °C shifted the precipitate behaviour to high attention due to 
occurring severe line plugging. 

Operation of PICOLO loop 
 
Some decades ago, PICOLO loop was designed [2] for corrosion testing of steels in flowing 
Pb-15.7Li environment. PICOLO is a non-isothermal loop, which can operate at flow veloci-
ties of roughly some 1 cm/s to 1 m/s in the tests section. The design temperature for testing 
is 550 °C, however, most of the testing was done at 480 °C in the past. The cold leg of the 
loop containing the components magnetic trap, electro-magnetic pump, magnetic flow meter, 
is operated near 350 °C. The cold leg (T < 450 °C) is fabricated from austenitic steel, 
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whereas the hot section is made of ferritic-martensitic steel (DIN 1.4914). Cylindrical samples 
(diameter 8 mm) are exposed in the test section (diameter 16 mm) in a concentrically ar-
rangement to the Pb-15.7Li flow. Fig. 1 shows the design of PICOLO loop. PICOLO opera-
tion time frame was roughly 4 years since the last general revision work with intense cleaning 
of tubes inside and refilling with new Pb-15.7Li, which is relevant for the results given in this 
paper. During this time span, PICOLO was operating for about 20,000 h at 480 °C test tem-
perature and roughly 13,000 h at 550 °C at a flow velocity of 0.22 m/s. Due to strong corro-
sion of the test section component (TS) after the 550 °C cycle a new inside coated test sec-
tion was installed together with heater (EH) and heat exchanger (CFHE). After that revision 
PICOLO run at 550 °C and 0.10 m/s with fresh Pb-15.7Li until severe plugging appeared 
after roughly 4000 h. Bare and Al-coated EUROFER samples were mounted during these 
test campaigns. PICOLO has a total loop length of about 12 m. 

 
Fig. 1: Schematic view of PICOLO loop and the main components. 

 
 

Corrosion testing in PICOLO loop 
 
Different RAFM-steels (OPTIFER, MANET, F82H-mod., and EUROFER) showed rather simi-
lar corrosion attack at a flow velocity of 0.22 m/s and a testing temperature of 480 °C (753 
K), with corrosion rates in the range of 80 to 100 µm/year. However with the slight increase in 
temperature to 550 °C (823 K) the corrosion attack increases significantly to roughly 400 
µm/year. The corrosion attack dominating mechanism is for both test conditions dissolution 
attack. At 550 °C a square meter of EUROFER plate would lose about 4 kg per year. A re-
duction in flow velocity to 0.10 m/s resulted in a decrease of corrosion attack towards about 
250 µm/year based on short term exposure data up to 3,000 h. The reliability of the 0.22 m/s 
values is much better due to long term data up to 12,000 h testing time [6]. Both test veloci-
ties which were also required for corrosion model validation of developed MATLIM-code [7] 
are in the turbulent flow regime, whereas, 0.10 m/s is near the boundary to mixed flow condi-
tions (laminar-turbulent). Laminar conditions are expected for flow velocity below 0.05 m/s in 
PICOLO. Experimental testing and modelling using physico-chemical properties produced 
comparable corrosion attack values for 550 °C testing temperature and 0.22 m/s flow veloc-
ity. Fig. 2 shows both, the local temperature of PICOLO components and the corrosion ‘at-
tack’ of each section. Thereby, negative values indicate that components will lose mass, 
positive ones ‘imply’ a kind of ‘coating = reduction of oversaturation’. Also in the cold leg 
zone, experiment and modelling are consistent and see / predict a type of ‘particle’ formation. 
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Fig. 2: Corrosion behaviour in PICOLO loop calculated by MATLIM-code over the whole loop length of PICOLO in depend-

ence on temperature and thermo-hydraulic conditions. 
 
 

Behaviour of magnetic trap and Pb-15.7Li 
 
The magnetic trap was originally installed to collect all formed precipitates during cooling 
down of the Pb-15.7Li melt at the flow path length of roughly 5 m (test section to trap) from 
test temperature to working temperature (350 °C) of the electro-magnetic pump. The idea 
was that no particles will reach the pump and will re-circulate to the test section. At test tem-
perature of 480 °C the life time of an operating magnetic trap was roughly 15,000 h. The 
magnetic trap is designed as a flat steel casing (ca 120 x 120 x 16 mm), where Pb-15.7Li 
has to pass through at low flow velocity, mounted in the field of a permanent magnet. Opera-
tion management of PICOLO showed that required pumping power, to keep flow velocity 
constant, was an indicator for the filling of the trap with magnetic particles. Filled traps were 
cut out of the loop and were replaced by fresh / empty ones. Chemical analyzes of the trap 
content after service showed that concentration of collected Fe/Cr particles in the Pb-15.7Li 
matrix are in the range of 1 to 3 at.% with a gradient from outlet to inlet. Metallurgical ana-
lyzes indicate that the particles have filigree structure similar to snow crystals and can reach 
length above 100 µm easily (Fig 3).  

 
Fig. 3: Fe/Cr precipitate collected in the magnetic trap near the outlet position (optical and SEM images). 

 
 

Besides, monitoring the pumping power, also the chemical composition concerning impurity 
elements of the flowing Pb-15.7Li was analyzed. Therefore, test samples of the melt were 
removed from the test section / expansion vessel in case of test-sample changes. The iron 
solubility as evaluated from literature and discussed in [7] may reach 10 wppm at 600 °C. 
The Pb-15.7Li analyzes (Fig. 4), show that the impurity content (Fe) is rather constant (< 20 
wppm) over a long time span, but increases later rapidly by a factor of ca. 10. The plotted 
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values are the total dissolved and solid amount of Fe concentration. At least at that time (~ 
9,000 h), the solubility limit is exceeded and particles have to be present. The pumping 
power had to be increased also significantly at that time to keep the flow of the melt constant. 
Both indicators are thus in agreement to decide that the trap is filled and work not properly 
further on. The detected Ni amount indicates that also in the cold leg corrosion takes place.  

 
 

Fig. 4: Changes of impurity concentration in Pb-15.7Li extracted from TS / EV section during life time of one magnetic trap. 
 
 

Precipitates in loop components 
 
During the revision work of mounting a new test section, some loop sections were cut out to 
collect pieces of the tubing for metallurgical analyses. The intended issues were, detecting 
corrosion traces at sections with lower flow velocity e.g. EH zone (diameter ca. 42 mm) but at 
high temperature or to analyze ‘deposition’ scenarios in areas with lower temperature but 
without magnetic fields (CFHE) or in tubing down stream.  

Fig. 5 shows the micrograph of a cut tube from 
the cool loop section. In the centre of the pic-
ture could be seen the adherent Pb-15.7Li layer 
with embedded (bright) spots of Fe/Cr particles. 
At the bottom a part of the steel tubing is visi-
ble. A clear separation between steel and 
breeder can be detected. No grown layer on top 
of the steel wall is visible. This underlines that 
no coating process takes place as expected as 
reverse process of dissolution in the regime of 
oversaturation. In contrast, similar to MT sec-
tion, precipitates are found, too. Both micro-
graphs suggest that oversaturation is reduced 
by precipitate formation in the melt volume. The 
situation after draining implies that an enrich-
ment of particles may take place near the wall 
where flow velocity is a little bit smaller. Viscosity changes due to higher iron content may 
support this effect. The flow velocity in this zone is comparable with the conditions in the test 
section. The large size of the particles excludes a homogeneous flow of the 2-phase breeder 
mixture. The amount of Pb-15.7Li in PICOLO is about 10 liters which should circulate com-
pletely in some 4-5 minutes. 

 
Fig. 5: Cross section of a tube (diameter 16 mm) from the 

cool leg. Clearly visible are particles embedded 
into the breeder and no coating of the tube wall. 
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Analyzes of the heater section were also per-
formed. Here, temperature is comparable to 
conditions in test section. However, flow velocity 
is roughly 1/10 in heater zone (ca. 0.025 m/s) 
instead of 0.22 m/s in test section. The cross 
section shows that also at low flow velocity cor-
rosion attack took place of the RAFM-steel visi-
ble by the roughening of the inner surface (Fig. 
6). Some Pb-15.7Li is adherent at the surface 
and exhibits white dots. EDX showed that the 
white spots exhibit Fe/Cr. This may indicate that 
precipitates formed at the cool sections are mi-
grating with the flow and are not completely dis-
solved, despite the low flow velocity in the elec-
trical heater section. 

Consequence towards ITER TBM tests 
 
Analyzing precipitation effects in a closed loop 
system is complex due to the required de-
structive testing to get an overview of proc-
esses going on near surfaces. At the moment 
this corrosion related issue of precipitates 
gained intense attention due to plugging of 
pumping channel of the EM-pump. Fig. 7 
shows a view into the cut channel (height in-
side 8 mm) where precipitates are arranged 
with their long axis parallel to the magnetic 
field lines. They formed a network of high sta-
bility which couldn’t move away by switching 
between forward and backward flow power. 
Surely, the data base concerning precipitates 
is limited, but the ‘phenomena’ seen during PICOLO operation, ranging from consequent 
power adjustment to keep flow constant up to plugging effects, showed that additional efforts 
have be made in this field. In contrast to a testing loop with long tubing the observed ‘prob-
lems’ in operation are compressed in a breeding unit of a TBM to scales of some centime-
ters. Reliable operation will need the knowledge about mechanisms / phenomena and also 
the predictive tools for extrapolation to ITER TBM tests and DEMO. 

Results 
 
The performed post mortem analyses of the magnetic traps and drained components of PI-
COLO loop delivered valuable data concerning processes and phenomena taking place in 
Pb-15.7Li during circulation in a closed system. These results are a response of the system 
in oversaturated regime when the Pb-15.7Li leaves the hot corrosion testing section. They 
may be summarized as: 

• The reverse process of dissolution – the deposition of corrosion products was not 
found. 

• Precipitates are formed in the flowing breeder to reduce oversaturation. 

• Precipitates were collected by the purification device magnetic trap but not completely. 

• Precipitates are migrating with breeder flow. 

• Pb-15.7Li layers remaining on surfaces after draining exhibit precipitates in all sections. 

 
Fig. 6: Cross section of heater section (550°C, diame-

ter ca. 42 mm). 
 

 
Fig. 7: View into plugged pumping channel of PICOLO loop 

due to precipitate collection 
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• Breeder analyzes in TS indicate that particles may not disappear during heating up 
again. 

• The areas for formation and growing of precipitates incl. ‘kinetics’ is an open issue. 

• Electro-magnetic pump was plugged by precipitates and highlights the risk of precipi-
tates. 

Conclusions 
 
Performed corrosion testing of RAFM-steels produced a lot of data concerning corrosion at-
tack of the structural components, which are in contact with flowing Pb-15.7Li at various flow 
and temperature conditions, however, mostly under non typical conditions present in a TBM 
system. At least reliability of corrosion attack at small flow velocity or surely in presence of 
magnetic fields is scare. Availability of predictive tools inclusively of their validation to model 
attack, which are essential for layout of such components towards DEMO is still a concern 
and needs further efforts in the future. Surely, required wall thickness can be determined to 
prevent leakages by corroding through under normal flow condition. But this is not enough to 
guarantee safe and reliable operation of such HCLL blanket systems. Corrosion testing in 
PICOLO loop showed that corrosion attack by dissolution is dependent on flow velocity and 
temperature. At designed TBM operation temperature 550 °C testing resulted in a wall thin-
ning of roughly 0.4 mm/year at 0.22 m/s flow velocity which is reduced at smaller flow veloci-
ties but will never diminish. Thus corrosion products will always be present in the flowing Pb-
15.7Li. The testing also showed that oversaturation of Fe in Pb-15.7Li leads to precipitates at 
cooler sections of the system and the installed magnetic trap for purification did not collect all 
existing ‘particles’. This led to migrating ‘particles’ in the closed loop and ‘deposition’ was 
observed at sections behind the ‘purification’ position. An intense ‘deposition’ was observed 
in other components where a magnetic field was present like flow meters or magnetic pump. 
Less pronounced deposits were detected in parts of the loop where Pb-15.7Li is reheated. 
Despite the consequent changes of the magnetic trap to keep amount of precipitates in Pb-
15.7Li low, plugging of the EM pumping channel happened, indicating the risks coming from 
corrosion products concerning safe and reliable operation of a testing loop. A more accurate 
qualification of all occurring precipitate correlated mechanisms and phenomena is not possi-
ble due to the limited data base. Re-evaluation of earlier collected data like impurity levels of 
Pb-15.7Li in dependence on testing time / conditions in PICOLO will be used for future test-
ing of precipitate effects. The advantage of a test loop is the local separation of dissolution 
and ‘deposition’ sections and ‘free’ assessable impurity parameters e.g. by adding Fe or H2. 
Without special test geometries the reactions / process ongoing in a breeding unit of a TBM 
system with steep thermal gradients und magnetic fields inside cannot be precisely pre-
dicted. 
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Goal Oriented Training Programme “Fabrication and Characterization of  
Materials” (WP10-GOT-FabriCharMe (FU07-CT-2010-00065)) 
 
The EFDA 2010 Work Programme covers a training activity in the field of Materials Science 
and Technology called FabriCharMe (Fabrication and Characterization of Materials). The 
general aim of the training programme is to prepare engineers and scientists for activities to 
support the ITER project and the long-term fusion programme within the Associations, Fu-
sion for Energy and ITER Organization. The special aim of this training is to provide knowl-
edge and to develop expertise of young engineers to fulfil future duties of structural materials 
foreseen for in-vessel components in DEMO and TBM of ITER. These materials include the 
low activation ferritic/martensitic steel EUROFER (foreseen to be used on the ITER TBM), 
nano-structured low activation Fe-Cr steels and tungsten alloys as structural, heat sink or 
protective elements. Thus training is needed in the procurement of these materials, manag-
ing qualification programmes and guiding the development of the materials. To achieve this, 
it is foreseen that the training includes practical and/or theoretical laboratory activities and 
educational tasks (formal courses and conferences). The main activities according the prior-
ity area “Materials Science and Technology” are specific issues of structural materials in fu-
sion, e.g. selection of materials, alloy compositions and tailoring of properties, properties and 
failure mechanism under radiation (hardening, fracture, creep) and the role of gaseous 
transmutations, especially helium. In addition, modern tools for modelling and simulation of 
radiation e.g. methods to simulate evaluation of micro-structure, advanced characterization 
methods including electron microscopy, energy dispersive spectroscopy, diffraction methods, 
and micro-mechanical testing are covered as well as practice in materials technology, e.g. 
overview on different fabrication processes and joining techniques, qualification of base ma-
terials and welds according to nuclear standards, and non-destructive testing. 

The whole network consists of 5 associations from 5 different European countries. KIT is 
hosting the two trainees working in this programme under WP1 and WP2, training topics are 
focussed on KIT’s activities in post-irradiation testing, determining of irradiation damages, 
appropriate advanced characterization and microstructural investigation techniques, contin-
uum mechanics modelling and design rules including radiation damage, selection and fabri-
cation of materials, and joining techniques. CEA will provide the opportunity to work with the 
SYSWELD analysis software (WP2) and on the Jannus beam line (WP1). IPPLM-WUT is 
providing training on nanoscale microstructural characterization. CRPP will qualify a trainee 
on small and ultra-small specimen test techniques. CCFE-Oxford will give a training unit on 
focused ion beam-machined micromechanical specimens. 

In 2011, there were a kick-off-meeting on February 1st and the yearly network meeting - with 
presentations by the trainees and by the mentors of the host associations - on November 14th 
and 15th, both held at KIT. The next network meeting is scheduled for November 15th and 16th, 
2012. 

Work package No. 1 (WP1) 
 
Irradiation damage - advanced characterization and modelling 
L. Commin, hosted at KIT since April 2011, supervised by A. Möslang 
Associated Partners in this programme: CEA, IPPLM-WUT, CRPP 

The trainee will be qualified in the subject of irradiation damage, appropriate advanced char-
acterization techniques to detect and quantify them and in the implementation of such radia-
tion damages in a continuum mechanics modelling tool to describe deformation and damage 
behaviour. Properties and failure mechanism under radiation and the role of helium will be 
studied by analyzing neutron-irradiated material which is available in the Fusion Materials 
Laboratory at KIT. 
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In 2011, the trainee has investigated the creep-fatigue interaction of EUROFER base materi-
al and welds. A literature study showed no significant influence of cyclic creep or of a creep 
pre-stress phase, but of a fatigue pre-stress phase: as creep I was remaining similar, creep II 
and lifetime are affected. Thus, different 6 mm thick samples of dissimilar EB welds have 
been produced: EUROFER 97/2 - EUROFER 97/2; EUROFER 3 - EUROFER 3; 
EUROFER 97/2 - ODS EUROFER. PWHT was 30´- 980°C + 2h - 750°C and 30´- 1050°C + 
2h - 770°C. Sound welds with no porosity, no cracks and no sag of the weld pool were ob-
tained (Fig. 1), mini LCF specimens (27 mm, 2 mm Ø) have been manufactured. 

 
 

Fig. 1: EB welds of EUROFER. 
 
 

For EUROFER 97/2 - ODS EUROFER, the as-welded microstructure has been characterized 
concerning grain and martensite laths size evolution, the M23C6 precipitations (200-400 nm 
in each zone / dissolved in the FZ), and Y2O3 precipitations (coarsening in the FZ). After 
PWHT, grain growth and EUROFER carbides precipitation in the FZ, coarsening in HAZ 
were observed. The Vickers hardness peak in the HAZ is correlated to smaller grains and 
martensite laths, the softening in the FZ is significant for a loss of the ODS strengthening. 
After PWHT martensite softening and carbide precipitation are found. 

With the EUROFER 2 EB welds, fatigue and creep analysis was done by pure fatigue test 
(550 °C / ε = 0.6 %), pure creep test (550 °C / 180 MPa), 1/3 fatigue life time + creep test, and 
2/3 Fatigue life time + creep test. EUROFER 3 EB welds and base material is tested by pure 
fatigue test (550 °C / ε = 0.6 %), pure creep test (550 °C / 180 MPa), and by 5 different num-
bers of cycles+ creep test. The results of Charpy tests on EUROFER 97/2 - ODS EUROFER 
EB welds are shown in Fig. 2, while Fig. 3 is representing the creep analysis of the same 
kind of welding. 

 
 

Fig. 2: Charpy tests on EUROFER 97/2 - ODS EUROFER EB welds. 
 

 



 -- 242 --

 
 

Fig. 3: Creep analysis of EUROFER 97/2 - ODS EUROFER EB welds. 
 
 

Results have been presented in KIT seminars, on the ICFRM-15 and the ISFNT10 and are 
summarized in the 2011 trainee report. For WP1, the provisional training schedules include a 
stay at CRPP at the beginning of 2012 and later secondments to IPPLM-WUT and CEA, 
each of them 3 months. 

Work package No. 2 (WP2) 
 
Structure Materials and joining development 
M. Scherwitz, hosted at KIT since October 2010, supervised by H.-C. Schneider 
Associated Partners in this programme: CEA, CCFE-Oxford 

The trainee will be qualified in the selection of materials, planning of irradiation experiments, 
post irradiation techniques, and design rules for neutron-irradiated materials in order to be 
able to assess materials and their joining techniques. The trainee will learn to analyze exist-
ing materials by the use of nuclear databases to further improve radiation embrittlement and 
high temperature creep properties. 

In 2011, different activation and decay calculations using the FISPACT code have been per-
formed in order to study the influence of impurities, neutron flux, and mass of specimens on 
the activation level after neutron-exposure of different alloys. The aim was to be able to esti-
mate the activity of EUROFER test specimen for later use in micromechanical tests and es-
pecially to predict the redeposition of radioactive material in a FIB preparation device. EU-
ROFER material has been welded by TIG, EB, and diffusion bonding in order to produce and 
test mini LCF specimens (27 mm, 2 mm Ø), Fig.4. Welding zones have been heat-treated 
and characterized by metallographic means and by hardness tests (Fig. 5), production of 
specimens is finished. 

Development and qualification of high-temperature design rules for base materials and their 
welds will be done by performing isothermal and thermo-mechanical LCF of these speci-
mens. Application and if necessary modifying the coupled deformation damage model devel-
oped for the EUROFER°97 base material helps describing the observed behaviour of welds. 
The aim is determining appropriate factors for considering EUROFER 97 welds and EURO-
FER 97 diffusion bonds in HT creep fatigue design rules. 
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Fig. 4: Different EUROFER welds to produce 27 mm, 2 mm Ø LCF specimens. Above: TIG, EB, and diffusion bonding.  

Below: cross-cuts of TIG and EB weld.  
 

 
Fig. 5: Effect of 760 °C / 2h heat-treatment on hardness of EB-weld. 

 

Further on, the trainee has attended the 2010 micromechanics workshop and the 2011 ion 
implantation workshop at Oxford and actually is working on micromechanical experiments 
during his 3 months secondment to Oxford. Micromechanical specimens have been pro-
duced and will help understanding the failure mechanisms in welds, especially helping to 
separate intergranular from transgranular failure by performing micromechanical bending 
tests on grain-sized bars. 

Results have been presented in KIT seminars and on the 2011 Workshop in Oxford and are 
summarized in the 2011 trainee report. For WP2, the trainee was seconded to CCFE-Oxford 
for end of September until December 2011. His 6 months secondment to CEA is fixed to the 
period from April to September 2012 



 -- 244 --

Future activities: 
 

• Exchange with CRPP / CH for WP1 
• Exchange with IPPLM-WUT / PL for WP1 
• Exchange with CEA (Saclay) / F for WP1 and WP2 
• Creep-fatigue tests and indentation; Hot Cell work (WP1) 
• LCF tests and determining of parameters for damage model (WP2) 
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Coordination of the EFDA Fusion Materials Topical Group  
(WP11-MAT-WWALLOY-02-03) and  
Fabrication of New Tungsten Alloys and Basic Characterisation  
(WP11-MAT-WWALLOY-02-02) 
 
Coordination for EFDA Fusion Materials Topical Group 
 
During the reporting period the EFDA program 2011 on tungsten and tungsten alloys devel-
opment was compiled and evaluated. The according proposals were assessed. During sev-
eral working and monitoring meetings the progress was monitored and discussed. The re-
sults of the Topical Group were presented at the ICFRM15 and will be published in JNM. The 
final activity was the formulation of the next program for 2012 and the coordination of the 
calls for participation and task agreements. 

Introduction 
 
Refractory materials, in particular tungsten 
base materials are considered as primary 
candidates for structural high heat load appli-
cations in future nuclear fusion power plants. 
The most critical issue of tungsten materials in 
connection with structural divertor applications 
is the ductile-to-brittle transition. Therefore, 
fabrication and testing of Charpy specimens 
has been performed according to the EU 
standards DIN EN ISO 148-1 and 
14556:2006-10. That is, small size specimens 
– sometimes referred to as KLST type – (27 
mm x 3 mm x 4 mm, 1 mm notch depth, 0.1 
mm notch root radius, 22 mm span) have 
been used for the tests. The specimens were 
fabricated by electrical discharge machining 
(EDM). As semi-finished products round 
blanks were chosen due to their simple fabri-
cation route. They can be considered either 
as radially or cross rolled plates. Therefore, 
the specification of specimen orientation fabri-
cated from round plates could be performed 
similar to that of plates (Fig. 1).  

The main requirements on tungsten materials for structural divertor applications comprise 
properties like high thermal conductivity, high temperature strength and stability, high recrys-
tallization temperature, and enough ductility for an operation period of about two years under 
enormous neutron load. The investigations made during the recent years have shown that 
creep strength and recrystallization can be improved with only little effect on thermal conduc-
tivity by the use of dispersed oxides like, for example, lanthana or yttria which stabilize the 
grains. The intrinsic brittleness of tungsten (measured by Charpy tests), however, cannot be 
improved by oxide dispersion. In contrary, intercrystalline fracture is enhanced even more.  

Materials, Study and Results 
 
For the case of the ultra-high pure tungsten material it was demonstrated that due to its dis-
tinct anisotropic microstructure, commercially produced tungsten materials are difficult to use 
for structural applications. Like plates, round blanks show also anisotropic behaviour, that is, 
their microstructure can be considered as a stack of pancake-shaped grains. Therefore, the 

 
Fig. 1: (a) Round blanks are produced from sintered rods 

by forging them perpendicular to the axis (indicated 
by the arrows).  
(b) The first step of specimen fabrication consisted 
in cutting the round blank in halves and then into a 
slice.  
(c) For the present investigations specimens were 
fabricated in longitudinal-transverse (L-T), in longi-
tudinal-short transverse (L-S), and short transverse-
longitudinal (S-L) orientation. 
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fracture behaviour of L-S or L-T oriented specimens is much better that that of S-L orienta-
tion (Fig. 2). 

 
 
Fig. 2: Charpy test results of different oriented specimens of a round blank made of ultra-high pure tungsten. There is almost 

no difference between L-S and L-T oriented specimens. While DBTT is about 700-750 °C in both cases, the toughness 
of L-S oriented specimens is slightly higher. In L-S orientation the specimens break totally brittle without plastic defor-
mation. Therefore, the Charpy energy of these specimens is about zero, even at testing temperatures as high as  
1100 °C. 

 
 

Moreover, the brittleness of tungsten materials (measured by Charpy tests) is still the main 
problem for their use as structural materials. And due to neutron irradiation the shift of duc-
tile-to-brittle transition temperature (DBTT) can certainly be in the range of several hundred 
degrees. Therefore, the most pressing question is: How can DBTT significantly be de-
creased? In principle, there are three ductilisation strategies which are (1) alloying/solid solu-
tion, (2) nanostructuring, and (3) producing composite materials. The present investigations 
focus on the first method. 

So far only rhenium is known to improve the ductility of tungsten by solid solution but its use 
for fusion energy applications has been ruled out for various reasons (e.g. cost and irradia-
tion embrittlement). Iridium too is sometimes mentioned in literature to have a similar effect, 
though it is even more expensive. This leaves only tantalum, vanadium, molybdenum, and 
titanium which also form solid solution with tungsten. Round blanks of W-1%Ta, W-5%Ta, W-
5%V, W-20%Mo, and W-50%Mo (weight percent) have been produced by PLANSEE. The 
blanks were sintered in hydrogen atmosphere and forged to a deformation degree of about 
80% (Table 1). For all materials the content of several interstitial impurity elements was de-
termined: C is less than 30 wt. ppm, S and N are less than 10 wt. ppm, and for the pure 
tungsten materials O is less than 30 wt. ppm. 

Charpy tests in the temperature range of 400-1100 °C (in vacuum) have shown that com-
pared to pure tungsten the DBTT of all alloys is higher, i.e. they are more brittle (Fig. 3). Only 
W-1%Ta shows results comparable or slightly better than pure tungsten. Therefore, it is as-
sumed that tungsten cannot be ductilized by solid solution, except with rhenium (or maybe 
Iridium). As a last option, and for completeness of these studies, the effect of titanium has 
still to be investigated, although there is not much hope for an improvement of ductility. 
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Table 1: Round blanks, chemical composition, size, and fabrication details. 
 

Material Form Size 
Deformation 

Degree 
Fabrication 

Process 

W-UHP 
ultra-high purity 

round blank 
Ø180 mm, thickness 30 

mm 
ca. 80% forging 

WTa5 

W-5wt.%Ta 
W-5at.%Ta 

round blank 
Ø180 mm, thickness 30 

mm 
ca. 80% forging 

WTa1 
W-1wt.%Ta 

W-1at.%Ta 
round blank 

Ø180 mm, thickness 30 
mm 

ca. 80% forging 

WV5 
W-5wt.%V 

W-1.4at.%V 
round blank Ø95 mm, thickness 20 mm ca. 75% forging 

WMo50 
W-50wt.%Mo 

W-26at%Mo 
round blank Ø95 mm, thickness 20 mm ca. 75% forging 

WMo20 
W-20wt.%Mo 

W-10.4at.%Mo 
round blank Ø95 mm, thickness 20 mm ca. 75% forging 

 

 
Fig. 3: Charpy test results of round blank materials with different chemical compositions (all are solid solutions). 

 
 

Conclusions 
 
The specific anisotropic microstructure of tungsten materials limits their applicability. The 
Charpy specimens in the present investigations have shown that real parts have to be fabri-
cated out of plates (or blanks) with a specific orientation. The parts have to be operated with 
the load perpendicular to the elongated grains. In this way, tensile/bending stresses appear 
parallel to the plate-like grain structure which yield the highest Charpy energies and there-
fore, fracture toughness. But in real parts like pipes or thimbles, which play a major role in 
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helium-cooled divertors, the microstructure cannot be easily oriented perpendicular to the 
maximum bending load.  

Of the three ductilisation strategies, alloying (i.e. formation of solid solution) can be almost 
ruled out for the case of tungsten. It has been demonstrated that Ta, V, and even Mo doesn’t 
improve DBTT. In contrary, except for Ta in very small amounts, all solid solutions are clearly 
more brittle than pure tungsten. Other solid solutions with tungsten could only be formed with 
Ti and Nb. But first results with Ti by powder metallurgy are not promising. The use of nio-
bium is only of academic interest (like the trial with Mo) due to its immense activation. 
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Two Component Powder Injection Molding (WP11-MAT-WWALLOY-01-04) 
 
Objectives of the task 
 
Fusion technology as possible and promising alternative energy source for the future is in-
tensively investigated at Karlsruhe Institute of Technology. The KIT divertor design for the 
future DEMO fusion power plant is based on a modular concept of He-cooling finger units. 
More than 250,000 single parts are needed for the whole divertor system where the most 
promising divertor material tungsten must withstand the steady state heat loads of up to 10 
MW/m².  

Powder Injection Molding (PIM) as mass-oriented manufacturing method of parts with high 
near-net-shape precision has been adapted and developed at KIT for producing tungsten 
parts, which provides a cost saving alternative compared to conventional machining. While 
manufactured tungsten parts are normally composed of only one material composition, two 
component powder injection molding applied in this work allows the joining of two different 
materials, e.g. tungsten with a tungsten-alloy, without brazing. The motivation for this work is 
to manufacture the tungsten divertor parts by PIM in view of mass production aspects.  

State of the art PIM R&D 
 
First successful experiences at KIT with W-PIM were made in 2009 [1] and 2010 [2]. In the 
course of this work two new tungsten alloy feedstocks were developed and parts were injec-
tion molded via insert PIM. After the heat-treatment process the quality of the joining zone 
was investigated and characterized. This special process allows the joining of two different 
materials without brazing thus saving cost and time. 

Materials 
Two powders of pure tungsten, with an average grain size distribution in the range of 0.7 µm 
(W1) to 1.7 µm (W2) Fisher Sub-Sieve Size were used for preparation of binary tungsten 
powder particle systems. For pure tungsten parts mixtures of 50% W1 + 50% W2 are used 
while the doped tungsten alloys consist of 90% W1 + 10% W2. 

The particle size of the powders for the preparation of the doped tungsten alloys was for the 
Lanthanum Oxide (La2O3) powder < 2.50 µm and for the Yttrium Oxide (Y2O3) powder < 1.50 
µm. 

Powder preparation 
Two different tungsten compositions were produced by mechanical alloying each at 160 rpm 
for 2 hours in a planetary ball mill (Fritsch, Germany) using ZrO2 balls and cans. For the first 
composition (W-2La2O3) the binary tungsten powder particle system (90% W1 + 10% W2) 
was doped with 2wt.% La2O3 powder and for the second (W-2Y2O3) with 2wt.% Y2O3.  

Feedstock preparation 
The most critical point of the feedstock preparation is a homogeneous distribution of agglom-
erate free powder in the binder matrix. After heating the powders at 80 °C for removing mois-
ture a portion was mixed with a 50 vol.% wax/thermoplastic binder system in a kneader (Bra-
bender, Germany) at 120 °C. After that, the feedstocks were then compounded and granu-
lated. The feedstock compositions used for injection molding were (1) pure binary W (50% 
W1 + 50% W2), (2) W-2La2O3, and (3) W-2Y2O3.  

Producing of parts 
Injection molding was carried out on a Battenfeld Microsystem 50 injection molding machine 
(Battenfeld, Austria) at a feedstock temperature of 160 °C and a mold temperature of 50-60 
°C. The first step is the injection molding of parts made of pure binary W. These are small 
discs with a thickness of 1 mm and a diameter of 11 mm. After that, the small tungsten disc 
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is inserted in the cavity of the machine tool, heated up to a temperature of 80-90 °C and the 
material composition (W-2La2O3 or W-2Y2O3) molded on it. The finished two component disc 
is 2 mm thick.  

After injection molding and before heat-treatment the green parts have undergone solvent 
debinding. At first solvent debinding in n-Hexane for 48 hours at 50 °C followed by thermal 
debinding for ½ hour at 550 °C in dry H2 atmosphere.  

The developed heat-treatment process is a two-
step procedure, first pre-sintering in a MUT sinter 
furnace (MUT, Germany) at 1800 °C in dry H2 for 2 
hours in order to reach a state where the material 
contains only closed porosity which is necessary 
for the HIP treatment. After that, the samples were 
compacted by use of a suitable HIP-cycle, per-
formed by a HIP 3000 (Dieffenbacher, Germany). 
The samples were heated up to 2100 °C under 
250 MPa and argon atmosphere for 3 hours. Fig-
ure 1 shows the finished parts after heat-
treatment. 

Properties of the finished parts 
 
Microstructure, density and hardness 
Figures 2-4 show the resulting microstructure (fracture surface and metallographic section) of 
the finished parts after the heat-treatment process (pre-sintering and HIP). A combination of 
trans- and intergranular fractures typical for tungsten was observed at the SEM images of the 
fracture surface for pure binary (50% W1 + 50% W2) tungsten (transgranular fracture marked 
by arrows in Fig. 2, left). The grain size of this material is approximately between 3 and 7 µm, 
the theoretical density 98.6 – 99% TD and the Vickers-hardness 457 HV0.1. 

 
Fig. 2: SEM images of pure binary tungsten (50% W1 + 50% W2): fracture surface (left) and metallographic section (right). The 

areas of transgranular fracture are marked by arrows. 
 
 

Figure 3 shows the result for the material composition W-2La2O3. The embedded spherical 
La2O3 particles in the tungsten matrix are marked by arrows. The theoretical density of this 
material composition is 96.5 – 97.2% TD and the Vickers-Hardness 586 HV0.1. Limited by 
the smaller initial grain size of the used binary tungsten powder (90% W1 + 10% W2), the 
grain size for this composition is also smaller, with an average value of 3 µm. 

The grain size of the material composition W-2Y2O3 is also in a range of 3 µm. Figure 4 
shows the embedded Y2O3 particles (see the marking) at the tungsten grain boundaries. The 
samples achieve a density of 96.3 – 97.1% TD and a Vickers-hardness of 617 HV0.1.  

 
Fig. 1: 2-Component insert W-PIM: finished parts 

after heat-treatment. 
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Fig. 3: SEM images of W-2La2O3: fracture surface (left) and metallographic section (right). A selection of the La2O3-particles is 

marked by arrows. 
 

 
Fig. 4: SEM images of W-2Y2O3: fracture surface (left) and metallographic section (right). A selection of the Y2O3-particles is 

marked by arrows. 
 
 

Interface characteristics 
Metallographic investigations reveal that the material connection of the insert two-component 
powder injection molding combinations W + W-2La2O3 and W + W-2Y2O3 are successful (see 
Figs. 5 and 6, left and middle). In the seam of the joining zone no cracks or gaps are visible. 
In order to obtain detailed information on the transition from one material to the other at the 
interface, Auger electron spectra were recorded. Figure 5 and 6 (right) show the elemental 
concentration across the interface of the finished parts. The tungsten matrix is shown in red 
and the colour of the embedded particles (La2O3 respectively Y2O3) is black. It can be seen 
that a solid bond of the material interface was obtained.  

 
Fig. 5: Interface characteristics of W + W-2La2O3: SEM images of the fracture surface (left), metallographic section (middle), 

AES-Map (right). The W matrix is shown in red and the colour of the embedded La2O3 particles is black. 
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Fig. 6: Interface characteristics of W + W-2Y2O3: SEM images of the fracture surface (left), metallographic section (middle), 

AES-Map (right). The W matrix is shown in red and the color of the embedded Y2O3 particles is black. 
 
 

Conclusions and outlook 
 
The motivation for this work was the investigation of a joining method for two different mate-
rials by using insert two-component powder injection molding. The experience, the knowl-
edge and the results of past pretests on conventional one-component parts such as the 
tungsten tile was transferred to produce basic two-component parts via insert injection mold-
ing. An investigation of the joining zone was done by analyses using scanning electron mi-
croscopy (SEM) and Auger electron spectroscopy (AES). The results of the analyses, e.g. 
density, hardness, microstructure of the finished samples, and the quality of the joining zone, 
were characterized and found to be acceptable for further investigations. This is a promising 
outcome for manufacturing of tungsten and tungsten alloy divertor parts by the two-
component powder injection molding process. The development of new material combina-
tions processible with a new fully automatically two-component powder injection molding tool 
to replicate fusion relevant components such as the tungsten tile and the tungsten alloy 
thimble in one step without brazing will further enhance the use of mass production PIM parts 
for the DEMO fusion reactor. The so produced mockups will undergo high heat flux tests at 
the Efremov Institute, St. Petersburg, Russia, within the frame of divertor finger mock-up test 
program.  
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Deep Drawing of Tungsten Plates (WP11-MAT-WWALLOY-01-01) 
 
Introduction 
 
The reference design of a helium cooled divertor for future fusion reactors makes use of 
hundreds of thousands of finger units consisting of a pressurized structural part called a 
thimble [1-3]. Due to the high number of parts needed, the thimble has to be fabricated by 
mass production techniques like deep drawing. As the thimble is a pressurized part exposed 
to an internal pressure of 100 bars, the demands for the material are high, which means that 
it requires the best available tungsten material. Former work has shown that pure tungsten 
material has the best impact properties and has to be preferred over other commercially 
available tungsten materials, such as that doped with potassium (PLANSEE name WVM or 
WVMW) or strengthened with oxides like lanthanum oxide (PLANSEE name WL10) [4-7]. 
Furthermore the inherent weakness of the grain boundaries has to be taken into account, 
which requires the need for grains that are aligned to the contour of the part (grain boundary 
alignment). 

This paper describes the successful deep drawing of a 1 mm tungsten plate in high vacuum 
at 600 °C. In doing this, a thimble can be machined with grains that follow the contour. More 
details can be found here [8]. 

Deep drawing of a tungsten thimble made from a tungsten plate 
 
The actual design for a He-cooled divertor for DEMO makes use of a thimble like part made 
of tungsten that is a pressurized component and has to be made of a structural material [1]. 
Due to its unfavourable grain orientation, rod material cannot be used to machine a thimble 
by turning or milling (Fig. 1). The most promising machining route consists of deep drawing 
of a W plate which results in grains that follow the contour. It can be put on hold that for 
components made of tungsten ‘grain boundary alignment’ is a highly necessary tool in order 
to create the best possible arrangement for external forces acting on the weak grain bounda-
ries. Now the still open question is: Is it possible to deep draw a thimble from a 1 mm tung-
sten plate? 

  
 
Fig. 1: Microstructure of a tungsten rod (a) and a tungsten plate (b). The grains in the rod can be seen as a bundle of 

‘fibres’ and the grains in the plate can be considered as a stack of ‘pancakes’. 
 
 

In a deep drawing tool, tungsten blanks with different diameter were deep drawn. The deep 
drawing tool is made of stainless steel (316) and consists of a hold-down device fixed with 
several screws, a guided male die part and a backbone (see Fig. 2). This tool is placed into 
the furnace of a universal test device (Zwick030). At the beginning a vacuum of about 10-5 
mbar is created, and the temperature of the tungsten blank is adjusted to 600 °C. Then the 
male die part is pushed onto the tungsten blank with a velocity of 0.1 mm/min. The deep 
drawing was performed on blanks with a diameter of 23 mm and 26 mm. It can be seen from 
Figure 3 that both the blanks with a diameter of 23 mm and the blanks with a diameter of 26 
mm can be deep drawn to a thimble with an inner diameter of 13 mm and an outer diameter 
of 15 mm. The thimbles are intact with excellent surfaces (see Fig. 4). By deep drawing a 26 
mm blank, a thimble with a height of 10 mm can be manufactured. An optical micrograph of a 
cut, polished and etched thimble shows the grains that follow the contour (see Fig. 5). 
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Fig. 3: Left: a blank with a diameter of 23 mm leads to a deep 

drawn thimble with a height of 8 mm. Right: a diameter of 
26 mm leads to a height of 10 mm. Deep drawing was per-
formed in a high vacuum at 600°C. 

 
 
 

 
Fig. 2: The deep drawing tool is made of stainless steel (316). The 

tungsten plate is fixed by a hold down device pressed by 
screws. The whole tool is placed into the furnace of a uni-
versal test device. 

 

 
Fig. 4: Quality of the deep drawing process. Left: the top surface is 

extremely smooth. Middle: view inside the thimble. Right: 
the inner surface is also smooth. 

 

 

 
Fig. 5: Optical micrograph of a deep drawn tungsten thimble. The thimble was cut, polished and etched. The image shows the 

grains following the contour of the thimble. 
 
 

Conclusions 
 
The actual design of a helium cooled divertor makes use of hundreds of thousand finger 
units consisting of a pressurized structural part called a thimble. This thimble is made of 
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tungsten and exposed to an internal pressure of 100 bars. It is further known that pressurized 
parts always fail due to tangential stress as it is by a factor two higher than stress in axial 
direction. Considering the inherent weakness of the grain boundaries of tungsten, it is obvi-
ous that a thimble cannot be made of rod material since a rod has grains like ‘fibres’ in the 
axis direction. In this combination the orientation of the weak grain boundaries are congruent 
to the most stressed direction of the pressurized thimble.  

Among all known commercially available tungsten materials, pure tungsten shows the best 
impact bending fracture behaviour (excluding tungsten with rhenium). This behaviour can 
neither be improved by doping tungsten with potassium nor by adding oxides, e.g. lanthanum 
oxide. So the material recommendation for the thimble is pure tungsten. 

During fabrication of tungsten plate materials, the plate is exposed to hot and cold work, 
where cold work is defined as rolling below the recrystallisation temperature of the plate ma-
terial. The outcome of this fabrication route is an anisotropic material which has different 
properties depending on the rolling direction. For more details on the anisotropic tungsten 
material properties (tensile tests and Charpy tests) see [8]. 

This report shows that deep drawing of a tungsten plate was successful. A tungsten plate 
with a thickness of 1 mm and a diameter of 26 mm can be deep drawn in a universal testing 
device under a high vacuum and at high temperature to a thimble with a height of 10 mm and 
an outer diameter of 15 mm. The deep drawing technique combines two important benefits: 
(i) it fits the needs of a mass production technique which is necessary taking into account the 
large number of several hundred thousand cooling units required, and (ii) due to the weak 
grain boundaries of tungsten the grains should follow the contour of the thimble which is also 
realized by deep drawing a plate, in other words, ‘grain boundary alignment’. The on-going 
investigation will further focus on an improvement of the deep drawing process such as deep 
drawing at higher speed by increasing the temperature. A further aim is to increase the 
height of the thimble by using larger blanks. Additional geometries beside thimbles, e.g. u-
profiles, are also under investigation. 
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Development of Composite Tungsten Foil Materials  
(WP11-MAT-WWALLOY-02-01) 
 
Introduction 
 
Strategies to ductilize tungsten and to prevent the ma-
terial from delaminating are by synthesizing (i) a tung-
sten alloy, (ii) a nanostructured tungsten material or by 
(iii) synthesizing a tungsten composite. For a tungsten 
composite we can distinguish between a (i) particle 
reinforced tungsten, (ii) random short fibre reinforced 
tungsten, (iii) uniaxial long fiber tungsten or, and that 
will be introduced in this work (iv) a tungsten laminate. 
In this report we will present the synthesis and charac-
terization of a tungsten laminate made by assembling 
several layers of thin tungsten foil. It is well known, that 
bcc metals can be ductilized by prior cold work [1]. 
Furthermore, assessment on ODS tungsten shows, 
that the higher the degree of deformation the higher 
the recrystallization temperature and the higher the 
fracture toughness [2]. Other authors mention that the 
DBTT can be reduced by cold work, and that the high-
er the degree of deformation the lower the DBTT [3]. 
The idea now consists in taking a tungsten semi-
finished product that has experienced a break down 
rolling with a high degree of deformation, a high degree of cold work: a tungsten foil. A tung-
sten foil with a thickness of 0.1 mm can be bent plastically at room temperature (Fig. 1). By 
assembling several layers of this ductile tungsten foil followed by a subsequent joining pro-
cess, the ductile material properties of the foil should be expanded to a bulk material.  

In this report we will examine the properties of a tungsten laminate made of several layers of 
ductile tungsten foil and address the following questions: 

• Is it possible to expand the ductile properties of a tungsten foil to a bulk material by as-
sembling and joining several layers of tungsten foil? 

• How are the mechanical properties of a tungsten laminate if the tungsten foil was an-
nealed (1 h / 1800 °C)? 

• Can more complex structures like e.g. pipes be synthesized by such a tungsten laminate 
and what are their properties? 

Syntheses of a tungsten laminate 
 
The material, which has been chosen for the syntheses of a tungsten laminate, is rolled 
99.97% pure tungsten foil with a thickness of 0.1 mm. This commercial material was pro-
duced by PLANSEE Metall GmbH, Reutte/Austria, in a powered metallurgical route. After 
sintering, the plate/foil experienced a break down rolling with a high degree of deformation 
resulting in grains that can be compared to a stack of ‘pancakes’ [4]. The material which has 
been chosen for brazing material is a commercial eutectic silver copper alloy (72 wt.% Ag 
and 28 wt.% Cu) with a thickness of 0.1 mm. The melting point of this material is at 780 °C. 
One layer of tungsten foil and one layer of copper alloy were put on each other in turn. Fi-
nally the stack of foil consists of 20 layers of tungsten foil and 19 layers of copper alloy in 
between. Brazing takes place in high vacuum (1*10-4 mbar) at 800 °C. At 800 °C the furnace 
is shut down immediately and the sample is cooled down. In addition, a tungsten laminate 
was synthesized with annealed tungsten foil (1 h at 1800 °C). Afterwards the assembling and 
joining of a laminate took place as described above. 

 
Fig. 1: Preliminary bending tests with tungsten 

foil with a thickness of 0.1 mm. The 
tests were performed at room tempera-
ture. The rolling direction (0°) is from 
bottom to top. It can be seen that tung-
sten foil is ductile at room temperature. 

 



 -- 262 --

Charpy impact tests with laminate 
 
The tungsten plate material used for 
benchmark experiments was unalloyed 
99.97% pure tungsten with a thickness of 4 
mm. This commercially available material 
was produced by PLANSEE Metall GmbH, 
Reutte/Austria. After sintering, the plate 
was rolled with a high degree of deforma-
tion resulting in elongated grains leading to 
a microstructure that can be considered as 
a stack of ‘pancakes’. The optical micro-
graph of a longitudinal section of rolled 
tungsten plate can be seen elsewhere [4]. 
Charpy tests were performed based on the 
EU standards DIN EN ISO 148-1 and 
14556:2006-10. According to this standard 
the small size specimens have the following dimensions: 3 mm x 4 mm x 27 mm, 22 mm 
span, 1 mm notch depth, 0.1 mm notch root radius. The samples were orientated in 0° direc-
tion (L-S type) and all samples were shaped by electrical discharged machining (EDM). Fig. 
2 shows a finally shaped Charpy test sample made from tungsten laminate material. The 
Charpy tests were performed in vacuum (10-3 mbar). More details on the Charpy test device 
can be seen elsewhere [4-5]. 

Results of the Charpy tests 
 
In general body centred cubic materials show classical embrittlement behaviour containing a 
clear transition from brittle (at lower temperatures) to ductile (at higher temperature) fracture. 
Tungsten however is different and has two transitions (i) one from brittle to delamination and 
then (ii) from delamination to ductile [6]. It can be seen clear in Fig. 3 that for the samples 
made from 4 mm plate material, the transition from brittle to delamination occurs at 500 °C. 
But unfortunately there is no transition from delamination to ductile. Even at 1000 °C, which 
was the highest tested temperature, the fracture is still in delamination type. A comparison of 
results obtained by samples made of tungsten plate material with results obtained from sam-
ples made of tungsten laminate material shows, that the idea of expanding the ductile prop-
erties from the foil to a bulk material was successful realized. The laminate material can dis-
sipate energy at low temperatures and even at room temperature the sample made from 
tungsten laminate can dissipate nearly 2 J (Fig. 3). At 100 °C already 5 J can be dissipated 
by the laminate sample. The highest amount of energy dissipation appears at 300 °C and is 
about 10 J. This value is again higher than the highest energy dissipation value measured on 
samples made from tungsten plate material (e.g. 500 °C, 8 J). It can be concluded that the 
ductilisation of tungsten was successful. 

Now the question arises: How are the Charpy impact properties if the tungsten foil was an-
nealed? Fig. 3 shows a comparison of results obtained from samples made of annealed 
tungsten plate material (1 h / 2000 °C) and samples made of laminate that was synthesized 
by annealed tungsten foil (1 h / 1800 °C). The results show that annealed tungsten plate ma-
terial cannot dissipate energy even at 1000 °C. At 1000 °C the fracture is still brittle. The an-
nealed tungsten laminate material is different. Here a transition from ductile to brittle takes 
place at 500 °C. These results show that annealed tungsten plate material is a no go for 
structural plates. The behaviour of the annealed tungsten laminate material however is excel-
lent as the transition temperature occurs in the same temperature regime as the transition 
temperature for tungsten plate material (as-received).  

Fig. 2: Charpy test sample, synthesized by 20 layers of tung-
sten foil (thickness 0.1 mm), joined with 19 layers of an 
eutectic silver copper brazing filler (thickness 0.1 mm). 
The dimensions are equal to the KLST type: 3 x 4 x 27 
mm3, 1 mm notch depth. 
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Fig. 3: Results of the Charpy impact tests. The samples cut from the 4 mm tungsten plate were oriented in L-S type and the 

samples made from a tungsten laminate were orientated in rolling direction (see L-S type). The comparison of the ma-
terial as-received and the material in annealed condition show large improvements of the Charpy impact properties by 
the laminate material.  

 
 

Comparing the results of the laminate material made by foil as-received and by foil annealed 
(1 h / 1800 °C) one can define a best case barrier (as-received foil) and a worst case barrier 
(annealed foil). Doing this, one can assume that the transition temperature of laminate mate-
rial in any annealed state should be between these barriers.  

It can be concluded, that the idea of expanding the ductile material properties of a tungsten 
foil to a bulk material by synthesizing a tungsten laminate was successfully realized. Even a 
laminate made of annealed tungsten foils is nearly as good as tungsten plate material as-
received. However, a lot of high temperature applications require more complex structures 
than plates like e.g. tungsten pipes. So the question to address here is: Is it possible to syn-
thesize laminate tungsten pipes and what are their properties?  

Syntheses and assessment of a tungsten pipe made of tungsten foil 
 
Till now there are no ductile tungsten pipes available that can be used as structural parts. 
Compared to e.g. steel or molybdenum alloys, it is not possible to extrude a tungsten pipe. 
So the only possibility to manufacture a tungsten pipe is by drilling a hole in a tungsten rod. It 
was shown in previous work that tungsten rod material with a diameter of roughly 14 mm has 
grains elongated in axis direction with an aspect ratio of roughly 1:3 [7] and that the micro-
structure can be compared to a bundle of fibres [4]. Furthermore it has to be taken into ac-
count, that the grain boundaries are the weakest chain link in a tungsten material and that 
cracks intent to penetrate along the weak grain boundaries resulting in anisotropic fracture 
behaviour.  

Using a tungsten pipe made from a rod for an internal pressure component, the direction of 
the elongated weak grain boundaries is equal to the expected crack direction caused by tan-
gential stresses. But how can we manufacture a tungsten pipe that can be used for structural 
parts? The new idea now consists in manufacturing a tungsten pipe using a ductile tungsten 
foil. By rolling up a tungsten foil, followed by a subsequent joining process, a tungsten pipe 
can be synthesized. This tungsten pipe made of tungsten foil has many advantages like e.g. 
that the grains of the tungsten pipe foil follow the contour of the pipe. Doing this, the require-
ment of ‘grain boundary alignment’, which is a highly necessary tool for structural tungsten 
parts, is fulfilled [8]. In this case any external force exposed to the pipe will hit the grains in 
the optimum way which is perpendicular to the flat grain surface, and the problem of the 
weak tungsten grain boundaries is avoided.  
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Synthesis of a tungsten pipe 
 
Materials used to synthesize a tungsten pipe is rolled unalloyed 99.97% pure tungsten foil 
with a thickness of 0.1 mm as well as an interlayer of a copper alloy (eutectic silver copper, 
72 wt.% Ag and 28 wt.% Cu) with a thickness of 0.1 mm. The tungsten foil and the copper 
alloy foil are cut with a cutting device in dimensions of 27 x 200 mm2. The rolling direction of 
the tungsten foil is equal to the 200 mm side of the foil. One foil of tungsten and one foil of 
copper alloy is put on each other and fixed in a holder. The holder enables an easy and pre-
cise roll up of the foil. The brazing takes place in high vacuum (1*10-4 mbar). At 800 °C the 
furnace is shut down immediately and the sample is cooled down. The final wall thickness of 
the tungsten pipe is ca. 1 mm. The final tungsten pipe made form tungsten foil can be seen 
in Fig. 4. 

 
 
Fig. 4: Left: a tungsten pipe made of tungsten foil. Length is 27 mm, outer diameter is 15 mm, wall thickness ca. 1 mm. Right: 

optical micrograph of a cross section of a tungsten pipe made form tungsten foil showing several layers of tungsten foil 
(thickness 0.1 mm) and an eutectic silver copper brazing filler (thickness 0.1 mm). 

 
 

With tungsten pipes which were synthesized as described, Charpy impact test were per-
formed and compared to tungsten pipes made from drilling and turning a hole in a tungsten 
rod. 

Charpy impact tests on tungsten pipes 
 
Tungsten rod material used to manufacture tungsten pipes for benchmark experiments was 
rolled unalloyed 99.97% pure tungsten with a diameter of 25 mm. This commercial material 
was produced by PLANSEE Metall GmbH, Reutte/Austria, in a powered metallurgical route. 
After drilling and turning, the tungsten pipes have a length of 27 mm, an outer diameter of 15 
mm and a wall thickness of 1 mm. Tungsten pipes made of tungsten foil will be compared to 
drilled tungsten pipes. 

Charpy tests were performed on the basis of the EU standards DIN EN ISO 148-1 and 
14556:2006-10. According to this standard the small size specimens have the following di-
mensions: 3 mm x 4 mm x 27 mm, 22 mm span, 1 mm notch depth, 0.1 mm notch root ra-
dius. However, the samples used for instrumented Charpy tests here were pipes with an 
outer diameter of 15 mm, a wall thickness of 1 mm and a length of 27 mm on a 22 mm span. 
More details on the Charpy test device can be seen elsewhere [4-5].The maximum energy of 
the striker is about 20 J. If the energy absorption of the test sample is higher than 20 J the 
striker is stuck in the sample body. All tests were performed in atmosphere. Three samples 
of a tungsten pipe made from rod material were tested: one at room temperature, one at 300 
°C and one at 700 °C. Four samples of a tungsten pipe made from tungsten foil were tested 
in the temperature range from room temperature till 300 °C. 

Results of the Charpy tests 
 
Pipes made from rod material cannot absorb energy in a Charpy test. The energy dissipation 
at room temperature, 300 °C and 700 °C is smaller than 2 J which in again a strong proof 
that rod material cannot in any case be used for structural tungsten parts. Having a look at 
the fractured pipe tested at 300 °C shown in Fig. 5 (left) it can be seen that grain boundaries 
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are the preferred crack propagation direction. Even if the striker hits the pipe perpendicular to 
the axis direction of the pipe, the fractured pipe shows cracks in axis direction which is equal 
to the direction of the elongated grain boundaries. It can be concluded, that using tungsten 
pipes made from tungsten rods for structural applications is a no go.  

 
Fig. 5: Left: result of a Charpy test with a tungsten pipe made from rod material. The energy dissipation was 0 J at 300 °C. 

Right: result of a Charpy test with a tungsten pipe made from tungsten foil. The energy dissipation was at least 20 J. 
The pipe has no leak and is completely ductile. 

 
 

The situation appears different for tungsten pipes made from tungsten foil. Here the energy 
absorption at room temperature, at 100 °C, 200 °C, and 300 °C is at least 20 J. For some 
samples the striker even got stuck in the sample. Moreover the samples tested at 200 °C and 
300 °C are completely ductile and show no crack or leakage (Fig. 5 right). The high amount 
of energy absorption capability combined with the appearance of complete ductile fracture 
even at low temperatures makes a tungsten pipe made from a tungsten foil to the first tung-
sten pipe that can be used for structural applications.  

Summary 
 
In this report the potential of a tungsten laminate made from tungsten foil was assessed. It 
was shown by Charpy tests, that a tungsten laminate can dissipate energy at lower tempera-
tures compared to tungsten plate material and that the idea of expanding the ductile proper-
ties of a tungsten foil to a bulk material by assembling and joining several layers of tungsten 
foil was successfully realized. Moreover, even Charpy test samples made from annealed (1 h 
/ 1800 °C) tungsten foil show a brittle ductile transition at the same temperature range as 
tungsten plate material as-received. Finally the first tungsten component that can be used for 
structural applications was introduced: a tungsten pipe made by rolling-up a tungsten foil, 
followed by a subsequent brazing process can dissipate high amounts of energy in a Charpy 
test and shows complete ductile fracture already at 200 °C. One can think of using this tung-
sten laminate, especially the tungsten pipe, for several structural applications (e.g. divertor 
technology) in future fusion devices. 
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Fracture-Mechanical (FM) and Microstructural Characterization of Tungsten 
Alloys (WP11-MAT-WWALLOY-02-05) 
 
Objectives 
 
Inherent low fracture toughness of tungsten combined with the high DBTT are major draw-
backs for structural application of tungsten alloys. Furthermore, FM properties are expected 
to exhibit strong anisotropy due to (i) different grain shape/orientation with respect to the roll-
ing direction and (ii) texture. The current task aims at FM characterization of different labora-
tory and industry scale W-alloys (W, W-Ti, W-V, W-Ta) and their ODS variants in the interest-
ing temperature window for fusion applications (RT-1300 °C). Emphasis is put on the investi-
gation of microstructure and load rate dependence of the fracture toughness (KIC). The inves-
tigations are accompanied by fractographic and microstructural investigations. 

Performed work 
 
Fracture behaviour of commercial polycrystalline tungsten alloy fabricated through the pow-
der metallurgic process involving sintering into rods and subsequent forging into round 
blanks was studied in a wide temperature range from 23 to 800 °C. Tests above 350 °C were 
performed in high vacuum to avoid oxidation of the specimens. Quasi-static three point bend-
ing tests were performed on pre-cracked rectangular SENB specimens with dimensions of 
3x4x27 mm and with machined V-shaped notches. Sharp crack starter notches have been 
introduced by means of a razor blade polishing. This method allowed reduction of the notch 
radius down to 20 µm. During the experiments, force, displacement and temperature were 
recorded.  

The microstructure of round blank tungsten was characterized by existence of platelet 
shaped grains being stacked parallel to a round blank base, see Fig. 1a and b. For the study 
of the influence of the fabrication route specific anisotropic microstructure on the FT and duc-
tile-to-brittle transition the specimens have been extracted in three different, i.e. longitudinal 
(L-R), radial (R-L) and circumferential (C-R) orientations, see Fig. 1 c. 

  

 

Fig. 1: Microstructure of polycrystalline round blank tungsten a) plane transverse to base; b) plane parallel to base; c) spec-
imen orientations for the study of the influence of anisotropy on the fracture toughness.  

 
 

Fig. 2 shows load vs. displacement curves of selected specimens. The fracture mechanical 
experiments yielded distinctive fracture behaviour for each investigated specimen orientation. 
At RT all specimens failed by a brittle manner. The maximum load level achieved in L-R ori-
entation was however considerably lower than the maximum load levels achieved in R-L and 
C-R orientations. For longitudinal (L-R) orientation the crack propagated predominantly in 
intergranular manner at all test temperatures as revealed in SEM micrographs presented in 
Fig. 3. The lowest test temperature with an observable onset of plastic deformation was 400 
°C. The specimens extracted in radial (R-L) and circumferential (C-R) orientations, in con-
trast, failed by a transcrystalline cleavage at RT as shown in Fig. 3. Radially oriented (R-L) 
specimens showed a crack deflection at intermediate test temperatures which was accom-
panied by a change of fracture behaviour from transgranular cleavage at room temperature 

a) b) C-R

L-R R-L

C-R

L-R R-L

c) 
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to predominantly intergranular fracture at test temperatures above 400 °C, see Fig. 3. The 
deviation from the linear load vs. displacement behaviour was observable already at 200 °C. 
For the specimens extracted in circumferential orientation (C-R) coexistence of transgranular 
cleavage and intergranular fracture occurring in mutually orthogonal planes has been ob-
served from 300 °C up to the highest investigated temperatures. 
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Fig. 2: Load vs. displacement of polycrystalline round blank tungsten for three different specimen orientations. Displacement 

controlled tests were performed at a load rate of 2 µm/s corresponding to a loading rate of 0.6-0.8 MPam1/2/s. 
 
 

The anisotropic microstructure was shown to have a strong influence on the FT and ductile-
to-brittle transition. Fig. 4 shows FT vs. test temperature for the three investigated specimen 
orientations. On increasing temperature the stress intensity factor loses its validity with in-
creasing ductile behaviour and the calculated values give only a lower bound of fracture 
toughness. The corresponding invalid values are denoted by open symbols in the diagram. 
For longitudinal orientation the material exhibited a low room temperature FT of about 
7 MPam1/2 and a steep increase of fracture toughness above 200 °C. For the radial and cir-
cumferential orientations, in contrast, the material exhibited relatively high room temperature 
fracture toughness of about 15 MPam1/2. Such behaviour can be well understood by consid-
ering the anisotropic microstructure of polycrystalline round blank tungsten. In contrast to lon-
gitudinal orientation for radial and circumferential orientations the crack is forced to propa-
gate in a transgranular manner which leads to an increase of apparent fracture toughness 
values. Fracture mechanical behaviour of round blank polycrystalline tungsten with good 
fracture toughness values in two of three investigated orientations is superior to fracture me-
chanical behaviour of commercially available polycrystalline tungsten rods investigated in 
detail e.g. in [D. Rupp and S. Weygand, Phil. Mag. 90 (2010), 4055]. Indeed, in the latter 
case only the specimens extracted in longitudinal orientation showed a high room tempera-
ture FT of about 15 MPam1/2.  

In the framework of an EFDA task we have carried out FM investigation on ODS W-2Y2O3 
alloys manufactured at CRPP-EPFL in collaboration with PLANSEE by MA and HIPping. 
Quasi-static three point bending tests were performed on pre-cracked rectangular SENB 
specimens with dimensions of 3x4x27 mm and with machined V-shaped notches. Sharp 
crack starter notches have been introduced by means of a razor blade polishing. The FM 
investigation yielded very promising results. So, ductile behaviour and stable crack growth 
were observed already above test temperature of 250-300 °C. The preliminary assessment 
of fracture toughness yielded KQ ~18 MPam1/2 at temperatures of 350-600°C. 
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Fig. 3: SEM micrographs of fracture surfaces of polycrystalline round blank tungsten specimens tested at different tempera-
tures. 
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Fig. 4: Fracture Toughness of polycrystalline round blank tungsten vs. test temperature for three different specimen orienta-

tions. Values denoted by open symbols do not satisfy the ASTM 399 validity criteria. Loading rate 0.6-0.8 MPam1/2/s. 
 
 

Conclusion and Outlook 
 
Fracture mechanical and microstructural characterization of novel tungsten alloys provided 
within the EFDA “Tungsten and Tungsten Alloys Development” Task Agreement has been 
performed. FM characterization of tungsten alloy produced by PLANSEE in a powder metal-
lurgical route involving sintering into rods and accompanying forging into round blanks yield-
ed very promising results. Due to the specific fabrication route the material exhibited relative-
ly large room temperature FT values for two of three specimen orientations. This material 
gives more flexibility for component designing in comparison of commercially available rolled 
polycrystalline rod tungsten materials with only one strong orientation. The investigation of 
load rate dependence of the fracture behaviour is underway. The FM investigation ODS 
W-2Y2O3 alloys manufactured at CRPP-EPFL in collaboration with PLANSEE yielded very 
promising results. 
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FM characterization of different novel laboratory and industry scale W-based structural mate-
rials that are being developed under the EFDA “Tungsten and Tungsten Alloys Development” 
Task Agreement will be performed in the interesting temperature window for fusion applica-
tions (RT-1300 °C). The J-Integral and/or COD methods will be applied for the investigation 
of upper shelf fracture toughness. FM experiments will be accompanied by fractographic and 
microstructural investigations. 
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Development of Functionally Graded Tungsten/EUROFER 97 Joints for Divertor 
Applications (WP11-MAT-WWALLOY-01-03) 
 
Objectives 
 
The feasibility of the production of homogenous layers at different mixing ratios has been 
proved by PVD (magnetron sputtering) and VPS (vacuum plasma spraying). Microstructural 
analyses of the samples showed a sufficient small porosity and high quality for both fabrica-
tion methods. 

In a next step the production and characterisation of functionally graded layers as well as 
their bonding to EUROFER 97 by diffusion bonding shall be aspired. In order to investigate 
the performance of the functional graded joints the samples will be subjected to thermal cy-
cling at design relevant temperatures. To supplement the knowledge about the homogenous 
layers, micro tensile tests will be performed on standalone sprayed samples and an accurate 
analysis of the chemical composition will be done for the sputtered coatings by Rutherford 
backscattering and/or Mößbauer spectroscopy. 

Task current status 
 
Further investigations of vacuum plasma sprayed coatings with mixed W/EUROFER 97 ra-
tios showed that they are thermally stable up to 800 °C. This has an important impact on the 
following diffusion bonding step, particularly on the diffusion bonding temperature. Samples 
were heat treated for one hour at 800 °C / 900 °C / 1000 °C and 1100 °C in vacuum and 
subsequently analyzed by scanning electron microscopy (SEM). Remarkable is that no 
cracking occurred even up to the highest temperature, neither in the EUROFER 97 nor in the 
tungsten regions. Rather a delamination of tungsten and EUROFER 97 regions took place at 
T > 1000 °C. However, the samples heat treated at 900 °C already showed creation of the 
intermetallic phase Fe2W at the interface of EUROFER 97 and tungsten regions. 

The production of 1 mm thick functionally graded material could be realized by VPS at FZJ-
IEK-1. SEM images of the cross section view showed microstructure of high quality, uniform 
distribution of tungsten and EUROFER 97 and low porosity (Fig. 1). Unfortunately the adhe-
sion with WL10 substrate is insufficient and needs further improvement.  
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Fig. 1: SEM image of the functionally graded VPS layer. 
 
 

A magnetron sputtered non-graded layer of 7 μm thickness and concentration of 40 at.% 
tungsten and 60 at.% EUROFER 97 deposited on WL10 has been successfully joint to EU-
ROFER 97 by diffusion bonding at 800 °C (Fig. 2). A cross section view by SEM revealed 
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well bonded surfaces, but also some cracks perpendicular and parallel to the bonding sur-
face within the sputtered coating after diffusion bonding. Although this joining technique was 
in principle very promising, final results can only be concluded when functionally graded 
coatings have been realised. 
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Fig. 2: SEM image of the diffusion bonded sputtered layer. 
 
 

Further finite element simulations were performed to access the expected brittle failure prob-
ability in the tungsten region of an ideal functionally graded joint. The failure probability due 
to inherent surface and volume flaws can be significantly reduced by the reduction of joining 
temperature from 1000 °C to 800 °C, the increase of graded layer thickness from 2 mm to 3 
mm and by inclination of the graded layer. 
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Development of Diffusion Bonded Tungsten / EUROFER 97 Joints  
(WP11-MAT-WWALLOY-01-05) 
 
Objectives 
 
The helium cooled divertor for DEMO reactors should withstand a very high kinetic energy 
and a heat flux up to 10 MW/m². Tungsten (W) as one of the refractory materials shall be 
used as functional material for target plates as well as for structural material. Its use as struc-
tural material however is limited to the high temperature parts which shall be connected by 
means of solid state diffusion bonding to the low temperature parts built from the reduced 
activation ferritic/martensitic steel EUROFER 97. Realizing such kind of joining is restricted 
by many problems related to the large differences in melting temperatures and coefficients of 
thermal expansion (CTE) and the forming of brittle intermetallic layers. The large difference 
in coefficients of thermal expansion causes high thermally induced residual stresses at the 
interface, which can yield failure of the joints, particularly when they are subjected to the me-
chanical and thermal loading.  

In this task a low activation vanadium (V) (hand on level: ~20 years) sheet is introduced as 
an interlayer. This material with its CTE between EUROFER 97 and W is proved to be able 
to reduce the residual stress. Nevertheless for diffusion bonding at high temperature (> 1000 
°C), the residual stress is still very high and a thick intermetallic phase is formed at EURO-
FER 97/V interface and additionally grain growth of V interlayer was evident. So it is neces-
sary to find optimal diffusion bonding parameters, which can reduce all the problems men-
tioned above and at the same time still allow diffusion mechanisms to be sufficiently acti-
vated for the closure of the pores along the bonding interfaces. The aim is to produce joints 
with high strength, ductility and toughness which can survive the thermo-mechanical divertor 
loading. 

Task current status 
 
According to previous investigations, diffusion bonding of EUROFER 97 with tungsten using 
low activation V interlayer seems possible. It is also reported that a low temperature diffusion 
bonding method is more suitable for this material combination to reduce the formation of brit-
tle intermetallic phases and to avoid grain growth in the materials to be bonded. 

In the course of this work period the influence of bonding temperature and process duration 
on the microstructure and mechanical properties of the joint have been studied systemati-
cally. The bulk materials used in this work were an 18 mm diameter polycrystalline W rod 
with a purity of 99.96% manufactured by Plansee Metall GmbH and a 25 mm thick EURO-
FER 97 plate (2nd batch with a heat number of 993402). The commercial V plate used as 
interlayer had a thickness of 1 mm with a purity of 99.9%. For bonding experiments the tung-
sten-rod was cut by EDM (Electrical Discharge Machining) in cylindrical specimens with a 
length of 16 mm while from the EUROFER 97-plate cylindrical specimens were fabricated 
with a diameter of 18 mm, a length of 22 mm and a bonding surface parallel to the rolling 
plane. The V interlayer was cut to a disc with a diameter of 18 mm. Before diffusion bonding, 
the specimens were ground and polished to remove the surface impurities containing car-
bides and oxides. These impurities were analyzed on the surface of the V plate (about 30 nm 
thick) by means of AES (Auger electron spectroscopy). To exclude significant influences of 
the surface parameter on diffusion bonding results, the surfaces of all specimens were pol-
ished up to a surface roughness of Rz ≤ 1 µm. After the cleaning procedures, the specimens 
to be bonded were piled on each other with the interlayer inserted between EUROFER 97 
and W, and then diffusion bonded in the vacuum furnace (5 x 10-5 mbar). The diffusion bond-
ing experiments were hold in true stress mode. Post bond heat treatment (PBHT) was not 
necessary for specimens bonded at 800 °C or less. The investigations of bonded samples 
were carried out by microstructural analyses before and after the chemical etching. Their 
mechanical behaviour was investigated by nanoindentation hardness tests locally across the 
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bonded interfaces, by tensile tests for the assessment of the strength and by Charpy impact 
tests (with KLST specimen geometry) for assessment of the toughness. 

As shown in Fig. 1a), the specimens are well bonded at 800 °C and for a bonding duration of 
1 h. The bonding results indicate no cracks and no remaining pores along the EUROFER 
97/V and V/W bond interfaces (upper figure).  

  
 
Fig. 1: Microstructure before (upper) and after (lower) the chemical etching of specimens bonded at a) 800 °C and b) 700 °C 

and for a bonding duration of 1 h, respectively. 
 
 

Microstructure alteration is just noticeable at the EUROFER 97/V interface. Using EMPA 
(electron probe microanalysis), the dark layer along that bond interface has been investi-
gated. As stated in the last report, for specimens bonded at much higher temperatures, this 
layer contains very high concentrations of C and is considered as a brittle carbide layer. The 
brittleness of this layer is confirmed by nanoindentation hardness tests showing an access of 
hardness value close to the interface. The microstructure alteration is also established close 
to the interface on the EUROFER 97 side as a result of the interdiffusion of C in this region to 
the V interlayer (lower figure). By reducing the bonding temperature down to 700 °C, the 
bond interfaces are still sound as shown in Fig. 1b). In addition to the reduction of the ther-
mally induced residual stress, the thickness of the carbide layer was also significantly de-
creased due to the reduction of the diffusion rate of C from EUROFER 97. This gives a bene-
fit to the EUROFER 97 interface that the microstructures there do not alter significantly and 
therefore they do not differ from that of EUROFER 97 bulk material at least visually. 

 
Fig. 2: Diffusion bonding in a temperature range down to 700 °C and for process duration of 1 h, a) σ – ε curves for specimens 

tensile tested at RT and 550 °C, b) Charpy impact energy as a function of process duration for specimens impact tested 
at 550 °C. 

 
 

The advantages in the reduction of the thermally induced residual stress and of the micro-
structure alteration improve the mechanical properties of the bonded specimens. As pre-
sented in Fig. 2a), the strength increases with increasing bonding temperature. Tensile test-

a) b) 
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ing at RT shows that the strength of specimen bonded at 700 °C reaches about 91% of the 
strength of the V rod material after the heat treatment (HT) at 700 °C for 1 h. By heating the 
specimens before tested up to 550 °C, the residual stress at the bond interfaces of the 
specimens bonded at low temperature are mostly released. The bond interfaces are strong 
enough to hold the tensile load, such that the V interlayer considered as the part with the 
lowest strength deforms plastically. The ductility increases with the reduction of the bonding 
temperature, such that a strain to rupture of about 5% is attained for specimen bonded at 
700 °C. In comparison with the heat treated V rod material, the strength of the low tempera-
ture bonded specimens is higher. It can be explained by the microstructure differences be-
tween the V interlayer and the rod material and also because the aspect ratio of the V inter-
layer, which is very small and therefore can induce constraints in it. The improvement in 
strength and ductility with the reduction of bonding temperature enhances also the toughness 
of the material. This tendency is shown by Charpy impact tests, for which the absorbed 
Charpy impact energy as shown in Fig. 2b) increases with the reduction of the bonding tem-
perature up to an average value of about 1.3 J for specimens bonded at 700 °C. The large 
discrepancy on the absorbed impact energy of each specimen is assumed to be caused by 
the inhomogeneity of the surface finish. Nevertheless, this average value is much higher than 
that of the specimens made of pure tungsten tested at the same temperature (~0.4 J). The 
bonded specimens tested mechanically are broken in different bonded interfaces depending 
on the bonding temperature. All specimens bonded at 800 °C and higher are broken at the 
EUROFER 97/V interface. This interface is strong enough for specimens bonded at 700 °C 
to maintain much more mechanical loading until the specimens failed at the V/W interface. 

 
Fig. 3: Diffusion bonding at 700 °C for various process durations; a) σ – ε curves for specimens tensile tested at RT and  

550 °C; b) Charpy impact energy as a function of process duration for specimens impact tested at 550 °C. 
 

 

  
 
Fig. 4: Fracture micrographs of specimens bonded at 700 °C and for 4 h. The a) tensile test and b) Charpy impact test are 

carried out at 550 °C. After the Charpy impact test, both parts of the specimen were still together. It is broken thor-
oughly along L in liquid nitrogen. 

 
 

a) b) 

a) b) 
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The superiority of the specimens bonded at 700 °C is furthermore investigated. The diffusion 
bonding experiments are continued for various process duration. It is necessary to find the 
optimal process duration, since by its increase may cause the intermetallic phases to grow at 
the EUROFER 97/V interface and brings a negative influence on the mechanical properties. 
At the same time, the increase of the process duration increases the amount of materials 
transported to micro pores at the bond interfaces and makes the V/W interface stronger. By 
comparing the microstructure, it was evident, that the microstructure of specimens bonded 
for 4 h does not differ microscopically from that bonded for 1 h except a non-significant in-
crease of the thickness of carbide layer. The tensile properties are shown in Fig. 3a). The 
strength of the specimens tested at RT increases slightly with the process duration. Never-
theless, for specimens bonded for 4 h, the ultimate tensile strength is very close to that of the 
V rod material. The grave improvement was found when the specimens were tested at 550 
°C. The specimen bonded at 700 °C shows a very ductile property with a strain to rupture up 
of about 20%. The fracture micrograph in Fig. 4a) reveals a very strong necking mainly in the 
V interlayer. The high strength and increasing ductility usually yield high impact toughness. 
This is shown in Fig. 3, where the absorbed Charpy impact toughness of the specimens 
bonded with process duration of 4 h is generally higher than that with shorter process dura-
tion. The average values increase more than 50% from about 1.3 J (process duration of 1 h) 
to about 2.0 J. Comparing with the pure W (not bonded), this average value is with a factor 5 
higher. 

After the tests, all specimens with process durations of 4 h were not broken thoroughly. The 
fracture surface of the specimen with the highest energy is show in Fig. 4b). It is evident that 
the still on EUROFER 97 attached V interlayer was severely deformed. The plastic deforma-
tion is also found at the edge of the EUROFER 97 due to the compression load on the back 
of notch. 

Considering all of the results in this period of report, it can be concluded that the joining be-
tween EUROFER 97 and W using low activation V interlayer (hand on level: ~20 years) is 
feasible and can be strongly recommended to be considered for the manufacturing of the 
divertor components in the DEMO reactor. 

Staff: 
 
J. Aktaa 
W.W. Basuki 
 

Literature: 
 
[1] W.W. Basuki, J. Aktaa, Investigation on the diffusion bonding of tungsten and EUROFER97, Journal of Nu-

clear Materials 417 (2011) 524 - 527. 

[2] W.W. Basuki, J. Aktaa, Investigation of tungsten/EUROFER97 diffusion bonding using Nb interlayer, Fusion 
Engineering and Design 86 (2011) 2585 – 2588. 

[3] W.W. Basuki, J. Aktaa, Diffusion bonding between W and EUROFER97 using V interlayer, submitted to Jour-
nal of Nuclear Materials (2011). 

 
Acknowledgement 
 
This work, supported by the European Communities under the contract of Association be-
tween EURATOM and Karlsruhe Institute of Technology, was carried out within the frame-
work of the European Fusion Development Agreement. The views and opinions expressed 
herein do not necessarily reflect those of the European Commission. 



 -- 277 --

Development of W-W Joints Brazing using Ti Alloy  
(WP11-MAT-WWALLOY-01-06) 
 
The use of low-activating materials in the divertor design is one of the most important re-
quirements. This also includes proper selection of brazing materials, which have to meet the 
additional thermal load carrying as well as functional requirements. Titanium is favored as 
brazing material, since it can meet the requirements as far as possible. With its elevated 
melting point of 1668 ° C compared with the previously used Ni-based fillers (Tbr ~1050 °C) 
[1], the titanium material provides a sufficiently large safety margin to the operating tempera-
ture of the braze joint of approximately 1200 °C. 

We started our study with braze wetting experiments. First braze wetting tests were carried 
out using pure Ti (99.99% grade, 50 μm thick) and Ti50Ni (100 μm thick) foils as intermediate 
layer between two W slices of 1 mm thickness cut from rod (Ø25 mm, Plansee). A high vac-
uum furnace (10-5 mbar, heating rate ~ 10 K/min and cooling rate ~ 20 K/min) was used. 
Process parameters are as follows: brazing temperature Tbr = 1750 °C for Ti and 1100 °C for 
Ti50Ni, respectively, hold time 30 min, no pressing weight. The wetting test results for Ti and 
Ti50Ni filler metals are shown in Figures 1 and 2, respectively. Test results of both cases 
show braze wetted area only at some places, accompanied by voids that may be caused by 
diffusion of titanium in tungsten. In the latter case with Ti50Ni (Fig. 2), also Ni precipitation in 
the brazing layer was observed. In the next step as a counter measure, some parameters will 
be varied, e.g. more solder, shorter hold time and the use of weight. 
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Fig. 1: Braze wetting tests on tungsten and titanium filler metal.  

 
Fig. 2: Braze wetting tests on tungsten and Ti50Ni alloy filler 

metal. 
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Development of W-EUROFER & W-W Brazed Joints. Commercial Joints  
Deposited by Electro-chemical Methods: (i) Aqueous Electrolytes and (ii) Or-
ganic Electrolytes (WP11-MAT-WWALLOY-01) 
 
Introduction 
 
For an application in a fusion power system a helium cooled divertor concept is investigated, 
which is projected to remove heat loads of up to 15 MW/m². This divertor design is based on 
a modular arrangement of cooling fingers, which is to be fabricated from a heat resistant ma-
terial like tungsten alloys. 

To connect the necessary components precisely, optimized to withstand high mechanical 
and thermal stresses without any danger of failure during the whole process time, this shall 
be done by brazing materials. The solders herein guarantee besides a force-fit connection 
also a certain ability to compensate mechanical stresses coming from the highly different 
thermal expansion coefficients. 

Two positions in the divertor are of strategic interest:  

a.) the connection between tungsten tile and tungsten/WL10 thimble in the upper part of the 
finger design. This connection has functional character and must withstand temperatures of 
approx. 1250 °C; here exists a high chemical metallurgical similarity of the both metal sides, 
but the high temperatures reduce drastically the choice of convenient materials for brazing. 

b.) the connection between tungsten thimble and steel sleeve (ODS EUROFER) at the lower 
position. The operation temperatures are about 700 °C; but here the connection of two differ-
ent materials underlies high pressure forces (80 bar cooling gas pressure). The connection 
must be gastight, furthermore stable also under cyclic conditions with repeated cold-warm 
changes. 

Here, the differences in thermal expansion coefficients are drastic, and the metals with com-
pletely different chemical properties have to be connected by a solder with a contact affinity 
to both sides. The Cu is casted into the gap but no brazing to tungsten takes place. If Cu 
should be used as filler metal a functional scale on top of the tungsten part is required to al-
low a metallurgical reaction and alloy formation for good adherence. Nickel may be such a 
metal which has affinity to both copper and tungsten. 

For the suitable brazing solders materials of both connecting sites the question arises to 
manufacture the layers selectively at the desired positions, even with a high degree of uni-
formity and reproducibility. In the light of the needed numbers of divertor units, which have to 
be produced in mass-production, also economic aspects are not negligible. 

Electrochemical metal deposition 
 
Electro-chemistry allows the deposition of metallic layers on a solid substrate from a liquid 
system; from aqueous systems generally this takes place in temperature regions of < 100 °C. 
So far, the electroplating does not affect the substrate material by thermal forces, does not 
change the metallurgical structure, which is very important especially for brittle substrate ma-
terials, and neither also the chemical nature of the substrate material. Electro-chemical 
deposition is also one of the few techniques, where deposition on the surface all over the 
substrate can take place simultaneously during one process step without complex facility.  

Targets of brazing development 
 
Investigations were carried out comprising following aspects: 
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► Development of electro-chemical technologies based on commercially known filler com-
positions for the Group VIII and IB elements from aqueous systems for brazing of 
divertor components. The main goal is the substitution of activation-sensitive metals 
without any loss of the coating properties, as they are established by Nickel; here Pd 
seems to be the most favourable candidate including its surface conditioning tools. 

► Development for coating of tungsten with multi-layer deposition of e.g. Pd and Cu, as 
well as heat treatment up to 1100 °C and analyzing of inter-diffusion features.  

► Development of electro-chemical coating technologies for deposition of electro-negative 
refractory metals e.g. from Group VB and VIB elements like W, Ta to Ti suitable for de-
signing advanced brazing metals under fusion aspects. The technological challenge is to 
evaluate appropriate aprotic organic amine-based electrolytes, the new class of ionic liq-
uids (IL). IL and the corresponding IL-metal salt combinations in conjunction with adjust-
ed concentrations, temperatures and current/voltage parameters for deposition must be 
developed by electrochemical R&D. 

Results 
 
Palladium 
 
Palladium (Pd) is the nearest homologue element to nickel (up to date most experienced 
model material) but does not have its most disadvantageous property to react nuclear-
chemical with the neutron irradiation to unstable elements including helium gas evolution. As 
Ni also palladium allows to combine as filler material the both immiscible metals W and Cu. 
Therefore the electrochemical deposition is to be transferred from experienced Ni parame-
ters to Pd. Unfortunately it is in contrast to nickel not an often used technical galvanic metal, 
far less for the deposition on tungsten surfaces (which is described in literature as impossi-
ble). But because of the closed relationship to Ni, the elaborated surface pretreatment meth-
ods can be applied resp. easily adopted. 

Deposition of palladium on tungsten 

The pretreatment of tungsten parts was 
carried out by applying an alkaline 
hexacyanoferrate solution as suitable 
etchant for the Pd deposition, which is 
based on commercial electrolytes. Deposi-
tion parameters were. T = 40 °C and pH = 
7-8. The current density with homogene-
ous coating behaviour was found to be in 
the range i = 10-80 mA/cm². Therefore the 
scale thickness is very similar to Ni adjust-
able easily by current density and deposi-
tion time, in the range 5 to 100 µm depend-
ing on the requirements of joining. So it 
was demonstrated successfully, that the deposition of Pd on tungsten as a matter of fact 
could be realized despite converse statements (Fig. 1). 

Cu-Pd transition layers on tungsten 

For closed joined connections, as it is needed in W-W, the filler sequence must be Pd-Cu-Pd 
with a stepless gradient for all possible binary metal systems. For the realization of such 
connections, tungsten parts covered both with Pd and Cu-layers were connected with the 
copper-sites and heat-treated with brazing temperatures. As Fig.2 shows, the miscibilities are 
sufficient high for W-Pd and Pd-Cu under the test conditions. A continuous variation of solid 
solutions from W via W-Pd and W-Pd-Cu to Cu-Pd as filler material, at least not exceeding a 

 
Fig. 1: Palladium on tungsten deposited from aqueous electro-

lyte. 
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ratio Cu/Pd = 4:1. In this concentration, the ability of Pd of a possible hydrogen (or deute-
rium) adsorption is drastically weakened.  

 
 

Fig. 2: Applied tungsten rods, diameter 16mm, connected by galvanic layers W-Pd-Cu-Pd-W. 
 

Hereby it is demonstrated that Pd is a feasible material for brazing duties in W-technology. 
Further investigations are to be done to reach even lower Pd-contents, with the same or 
preferentially better joining results, which is primarily to be seen in the elaboration of optimal 
galvanic thicknesses. In the next step the tungsten will be joined by this electro chemically 
deposited multilayer system to EUROFER. The challenge is to get Pd coatings and diffusion 
behaviour on those steels, which are not typical substrate materials and therefore do no suit 
the specifications in Pd galvanotechnique because of the absence of some alloy elements in 
RAF steels. 

Deposition from non-aqueous electrolytes: Ionic Liquids 
 
In comparison to transition metals like Fe and Ni, refractory metals are by their electro-
chemical potentials more or less more noble, and therefore, should be in theory also applica-
ble by electro-chemical deposition. But in practice the EC reduction is bound to a reaction 
with water and therefore marked by a reaction sequence via hydroxides to oxides, at least 
forming insulating layers. As result, aqueous deposition from water is not possible for these 
metals (Fig. 3). 

Here the absence of water during deposition is necessary. Such aprotic electrolytes can be 
used by the use of molten salt systems. Modern electrolytes of the ionic liquids (IL) type, are 
also molten salt systems, but of organic chemistry, with amine cations, as result with drastic 
reduced melting temperatures, which can open new paths in electrochemical deposition.  

 
 

Fig. 3: Frontiers of aqueous systems and position of some electro-negative galvanic metals. 
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Ta deposition from IL systems 

By suitable combinations of IL and corresponding metal salts, a Two Component IL Electro-
lyte TCILE can be designed and evaluated for deposition of refractory metal e.g. W, Ta or Ti. 
Because of its rather passive nature in chemical and electrochemical view, and also as prob-
lematic metal in electro-chemistry, but important in fusion technology, Ta was also investi-
gated. From Ta, it is known that depositions can be done by fluorine systems, where the gal-
vanic processing of fluor and fluorides as anodic by-product is not only a harsh safety prob-
lem, and the subsequent incorporation of fluor/fluoride in the matrix is a further problem. 
Therefore, the task was to investigate F-free electrolyte systems.  

The used Ionic Liquid was the first commercial available IL, Ethyl-Methyl-Imidazolium Chlo-
ride (EMIM-Cl), which revealed already as a suitable electrolyte type for Al-deposition on 
EUROFER for formation of corrosion and tritium permeation barriers [2], and showing its 
practicable application for refractory metals. Fig. 4 shows first electro-chemical investigations 
of Ta-IL systems, of the type TaCl5+ EMIM-Cl in submolar concentrations. The CV shows, 
that there are significant hints of positions of Ta-Metal deposition in potentiostatic modi. The 
investigation of the EMIM-tantalum systems revealed some similarities to W systems. The 
mixed EMIM-Cl and TaCl5 does not form, as e.g. Al-Systems a room temperature liquid, but 
rise the common melting point up to 130-150 °C (pure EMIM-Cl: 80 °C). As consequence, 
low viscous solutions can not be handled below such working temperature. It is highly prob-
able, that Ta will need because its higher passivation behavior (comparable to Cr, Ti and Pt) 
other EC Parameters at the same chemical concentrations as W. 

Depositions tests from the first made EMIM-Cl did show only slight nucleus, but not fully de-
veloped coatings, also caused by the high oxidation state of 5, which means that in compari-
son to tungsten also high electric currents have to be processed. It is visible, that an increase 
of the temperature causes a drastic improvement of the electric properties, caused by the 
decline of the viscosity. This means that RTIL, with their temperature range under 100 °C are 
not suitable.  

 
 
Fig. 4: LSV of a IL-tantalum solution, showing a drastic increase of current density at temperatures from RTIL temperatures 

up to > 200 °C. 
 
 

Current investigations are carried out to get solutions without any supersaturation. Because 
temperatures of 300 to 350 °C count as the upper limit for IL use (to be called High Tempera-
ture Ionic Liquids, HTIL), such systems might trade preferably as MTIL systems (Medium 
Temperature IL). 
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For the future work it is planned to use carbonacid ester systems e.g. propylencarbonate or 
ethylencarbonate as additionally viscous minimizing agents. 

Conclusions 
 
The development of suitable and long term stable joints for He cooled divertor fingers is es-
sential for the successful operation of this design. Challenging are both required joints, the 
steel / W alloy combination due to the high expansion mismatch and the strong differences in 
alloy characteristics and the high temperature brazing of the W alloys between tile and thim-
ble. The general screening has shown the needs for functional interlayer’s to allow brazing 
instead of only casting or to suppress inacceptable diffusion reactions and last not least the 
homogenous coating and complete wetting of surfaces to be joined. 

In the first step commercially used filler metal combinations were selected for the deposition 
process. As electrolytes for Cu and Pd systems water based solutions were investigated. 
The tests established techniques for a surface cleaning and conditioning due to oxide / hy-
droxide scales before any coating is performed.  

It was demonstrated that copper brazing instead of only casting of tungsten can be applied if 
functional scales were deposited on tungsten. Heat treatments and pre-brazing studies imply 
that such scales may be in the dimension of roughly 10 µm. A homogeneous Pd deposition 
on tungsten was successfully achieved as functional inter-layer by following subsequent 
electro-chemically coatings of Cu-layer to act as filler metal. The analyses indicate a high 
rate of reproducibility and excellent wetting of the joining parts a condition for defect-free 
brazing.  

These positive results in application of electro chemical deposition of coatings point out that 
this technology can be applied in combination with fusion relevant alloys like tungsten and 
EUROFER steel. Modification of filler metals and functional scales will be the focus of next 
steps in the development of electro chemical brazing tools from aqueous systems. 

Diffusion barriers and high temperature fillers require combinations of / or with refractory 
metals (e.g. W, Ta or Ti type). However, these elements cannot be deposited from aqueous 
electrolytes due to e.g. oxide formation. Therefore an alternative and innovative development 
line in electro-chemical deposition technology based on the use of novel ionic liquids was 
also started to achieve a Ta coating technology, using the experiences of the analogue W 
deposition. For first evaluation of the applicability of IL as electrolytes the aprotic component 
EMIM-Cl was selected. Basic potentiostatic investigations were performed in combination 
with metal salts e.g. TaCl5 to demonstrate and verify the applicability and syntheses of elec-
trolytes suitable for metal deposition in general. Current investigations focus on the overcom-
ing of the passivation features of tantalum also in IL. The further development in aprotic sys-
tems will include also other IL and refractory metals with focus high temperature W&W alloy 
brazing. 

Staff: 
 
N. Holstein 
J. Konys 
W. Krauss 
J. Lorenz 
 

Literature: 
 
[1] N. Holstein W. Krauss, J. Konys, Development of advanced processes for Al-based anti corrosion and T 

permeation barriers, Fus. Eng. to be published 



 -- 283 --

[2] W. Krauss, N. Holstein, J. Konys, H. Zimmermann, Al-based anti-corrosion and T-permeation barrier devel-
opment for future DEMO blankets, Fus. Eng. to be published 

[3] N. Holstein, W. Krauss, J. Konys Development of functional scales for joining of divertor components based 
on electro-chemical plating technology, ICFRM-15, October 16-22, 2011, Charleston 

[4] N. Holstein in “Recent progress on tungsten materials research for nuclear fusion applications in Europe”,  
M. Rieth (ed.) to be published in Journal of Nuclear Materials, 15-024 

 

Acknowledgement 
 
This work, supported by the European Communities under the contract of Association be-
tween EURATOM and Karlsruhe Institute of Technology, was carried out within the frame-
work of the European Fusion Development Agreement. The views and opinions expressed 
herein do not necessarily reflect those of the European Commission. 

 



 -- 284 --

Post Irradiation Examination (WP11-MAT-WWALLOY-04-01) 
 
High temperature alloys (such as tungsten) are assumed to be primary materials candidates 
for structural application in the divertor. Different tungsten materials will be base character-
ised at room temperature by instrumented indentation. Registering hardness tests (Vickers, 
Rockwell, and Berkovich) are performed, in a further step at higher temperatures and in irra-
diated condition. 

The applicability of the indentation method for bulk material and even for porous tungsten 
coatings could be demonstrated with indents made in a cross-section of a polished W-
coating deposited on an EUROFER substrate (plasma-spray, material furnished by IPP 
Garching). In preparation for a future investigation of irradiated tungsten, indentation experi-
ments on unirradiated tungsten samples were continued. The general feasibility of indenta-
tion tests on this materials class could be approved. The experiment series contained classi-
cal monocyclic as well as polycyclic indentation tests. Samples, provided by IPP, were PCW 
or SCW of different crystal orientation (100, 110, 111). The monocyclic tests confirmed the 
simulated results from IPP, relying on a crystal-plasticity model. 

Data from polycyclic tests were used to extract viscoplastic material parameters using a neu-
ral network based analysis method. These results, shown in Fig. 1, allow simulation of a ten-
sile test (Fig. 2). A good agreement with real tests (marked “tensile” in Fig. 2) is achieved 
especially for stress parameters. 

Fig. 1: Material parameters extracted from indentation 
data using neural network analysis. 

 

Fig. 2: Stress-strain-curves of simulated and real tensile test for 
tungsten. 

 

A varying system’s overall compliance (Fig. 3) has to be taken into account when evaluating 
the data. Further research on determination of machine’s compliance for spherical indenters 
and its significance has to be done. Pile-up around the indent was determined by surface 
scanning in collaboration with IPP. The data is used to consider the real contact area of the 
indenter. Evaluation models have to be adapted to this knowledge. Further on in single-
crystalline tungsten, pile-up is an evident characteristic for plastic anisotropy of tungsten. 

In addition, preparing work for fracture mechanical characterization was done by investiga-
tion of sharp indents and the crack initiation in the area of highest stress concentration of the 
tetraedical indent. Indeed, preliminary indentations performed on tungsten with different 
types of indenters demonstrate the importance of the selection of the indenter geometry for 
the generation of high plastic deformation rates (see residual deformation for two types of 
indentations in tungsten in Fig. 4). The threshold of the indentation force needed for crack 
generation in tungsten is thus expected to be significantly reduced by using a cube-corner 
tip. FIB-based analyses of the indented surface as well as cross-sectional analyses of im-
prints on tungsten did not reveal the presence of radial, lateral or even median crack at load-
ing up to 300 N (Fig. 5). 
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Fig. 3: Varying machine’s compliance for different types of tungsten material conditions. 

 

 

 
Fig. 4: Investigation of the plastic behavior depending on the indenter geometry used for an applied load of 250 N: cube cor-

ner imprint (left), Vickers imprint (right). Figures by D. Exner. 
 
 

Moreover, those investigations generally point out the importance of the mechanical stability 
of the indenter tip at macroscale loadings on both hard and brittle materials as it is the case 
for tungsten. Finite-Elements-analyses will be used as predicting tool for failure of the tip un-
der defined loading conditions (Fig. 6). 

 

 
Fig. 5: Cross-section etched surface of a Vickers imprint 

revealing the rolling direction. 
 

 
Fig. 6: High stress generation at the location of the indenter 

tip relatively to the specimen. 
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For high temperature indentation, the manufacturing of both new machines was finished in 
the reporting period. Both machines are designed for remote-handled use in the Hot Cell with 
highly active specimens; they furnish loads and maximum temperatures of 2 N and 1000 °C 
resp. 200 N and 600 °C. Assembly und first test runs of both machines at manufacturers are 
done; both machine will be delivered at end of the year, optimization of parameters is going 
on. 

Future activities: 

• Determination and significance of machine’s compliance for spherical indenters 

• Consideration of the pile-up-factor in evaluation of indentation data 

• Investigation on anisotropic plastic deformation behaviour of single crystalline tungsten 

• Investigation of crack initiation behaviour by sharp indents 

• Characterisation of irradiated tungsten by instrumented indentation 

• Installation of two different high temperature indentation devices 

- device 1 for temperatures up to 650 °C and forces up to 200 N 

- device 2 for temperatures up to 1000 °C and forces up to 2 N 
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Mechanical Characterisation of W-Armour Materials  
(WP11-MAT-WWALLOY-03-01) 
 
Background and objectives 
 
Tungsten and tungsten alloys are presently considered for helium cooled divertor and possi-
bly for the protection of the helium cooled first wall in DEMO designs, mainly because of their 
high temperature strength, good thermal conductivity, and low sputter rates. There are two 
types of applications for these materials which require quite different properties: one is the 
use as plasma-facing armour or shield component, the other is for structural purposes. An 
armour material needs high crack resistance under extreme thermal operation conditions 
while a structural material has to be ductile within the operation temperature range. Both ma-
terial types have also to be stable with respect to high neutron irradiation doses and helium 
production rates. 

The part “protection materials development” focussed on an optimisation of armour materials 
and high heat flux testing. Candidate materials have to be characterised by fatigue and 
shock tests for an assessment of their possible lifetimes. Additionally, basic mechanical 
characterisations have to be performed on new developed materials, to support the alloys 
optimisation processes. 

Status 
 
At the beginning of 2011 PSI-CRPP provided an optimized mechanically alloyed and com-
pacted disk from W-2%Y. Specimens for both impact tests (small KLST samples) and tensile 
tests (sub-sized round tensile samples) were fabricated by EDM technique and tested.  

The high temperature high vacuum impact tests were performed at IAM-AWP and it was 
found, that the Ductile to Brittle Transition Temperature is in the region of 500 °C under dy-
namic loading and consequently slightly higher than the DBTT of for example WVM (potas-
sium doped tungsten; DBTT = 435 °C) or WL 10 (tungsten with 1% lanthanum; DBTT = 465 
°C)) as shown in Fig. 1. However, the Upper Shelf Energy is significant lower compared with 
the USE of such commercially available tungsten alloys. 

 
 

Fig. 1: Results of impact tests on W-2%Y, additionally compared with results from former tests on WVM and WL 10. 
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In contrast to the material behaviour under dynamic loading, the alloy shows a significant 
lower DBTT under quasi static loading (< 400 °C; in fracture mechanical investigations it was 
determined, that the DBTT is ca. 275 °C – compare Annual Report 2011, same task and ac-
tivity from E. Gaganidze). Compared with both the non-compacted alloy and the first addi-
tionally forged ingot, the material shows clearly better mechanical properties in tension (Fig. 
2). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 2: Results of tensile tests on different W-2%Y alloys at relevant temperatures. 

 

If one compares the mechanical behaviour under uniaxial loading of this novel tungsten alloy 
with the behaviour of pure tungsten as well as WL 10 it can be seen, that the strength at 
equal temperatures is comparable/slightly lower. However, the elongation at fracture is 
clearly lower and reveals a generally reduced plasticity in particular compared with pure W. 

 
Fig. 3: Results of tensile tests on W-2%Y, W and WL 10 at selected temperatures. 
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In addition to the W-2%Y alloy provided by PSI – CRPP, in June/August 2011 CEIT provided 
two small ingots from WCr10Si10 and WCr12Ti2.5, respectively. The materials were manu-
factured by mechanical alloying in combination with a post HIP process (1300 °C, 1 h, 200 
MPa). Due to the low amount, it was decided to fabricate small bars (3 mm x 3 mm x 30 mm) 
from both ingots to characterize the materials behaviour in dependence of the temperature in 
3-point bending tests.  

 
Fig. 4: Results of 3-point bending tests on both WCr10Si10 and WCr12Ti2.5. 

 
 

It was found, that WCr12Ti2.5 in general shows a higher strength and a lower DBTT (proba-
bly ca. 900 °C) compared to WCr10Si10 (DBTT ca. 1025 °C). However, as illustrated in Fig. 
4, the ductile to brittle transition from WCr10Si10 occurs very abrupt. It has to be clarified if 
this phenomenon is based on a phase transformation or a domination of the silicates 
(W,Cr)5Si3 on the temperature dependent deformation properties of the alloy. 

Conclusion and outlook 
 
The tests on W-2%Y, provided by PSI-CRPP were continued. It was found, that the mechan-
ically alloyed and compressed material, manufactured with optimized semi finished product 
fabrication, shows clearly better mechanical properties compared to the non-compacted al-
loy. In impact tests, the DBTT was determined in the region of ca. 500 °C whereas in tensile 
tests the material still behaves ductile at 400 °C. 

In addition to the tests on W-2%Y, bending tests on both WCr10Si10 and WCr12Ti2.5, man-
ufactured and provided by CEIT, were performed. It was found, that WCr12Ti2.5 in general 
shows a higher strength and a lower DBTT (probably ca. 900 °C) compared to WCr10Si10 
(DBTT ca. 1025 °C).  

It is planned to continue the mechanical characterization of all three tungsten alloys in 2012. 
Beside additional bending tests on the alloys provided by CEIT, in particular WCr12Ti2.5 
should also be tested in tensile experiments. Therefore, CEIT currently tries to manufacture 
some bigger ingots. 
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Nuclear Data Studies/Experiments in Support of TBM Activities 
(F4E-GRT-056-02 (ES-AC) - Action 2, NUDATA_Exper) 
 
Overall objective 
 
The overall objective of the grant agreement was to provide the experimental data base re-
quired for the validation of the nuclear data libraries EFF and EAF developed in the frame of 
the EU Fusion Technology Programme. The focus of the KIT tasks was on experimental val-
idation activities of ITER and TBM design calculations and on development of detectors and 
measuring techniques.  

Task 1.1 
HCLL: Determination of the relative Li content in a selection of PbLi bricks from the 
mock-up assembly by means of neutron flux transmission or other techniques 
 
Recently, two experimental campaigns were performed with a neutronics mock-up of the 
HCLL-TBM. The first campaign was a joint tritium production rate (TPR) measurement ex-
periment at the Frascati Neutron Generator (FNG) of ENEA Frascati [1]. Tritium measure-
ments have been performed independently by three collaborating groups with the goal to 
achieve an uncertainty level as small as possible on the final combined result, since the TPR 
is a very crucial parameter for the self-sustaining operation of a DT fusion reactor. The sec-
ond campaign was conducted at the neutron laboratory of Technical University of Dresden 
(TUD) with the same mock-up, which was shipped to this laboratory after the first campaign. 
In this campaign, fast neutron and gamma-ray spectra and the slow neutron flux by means of 
time-of-arrival spectra have been measured in two positions inside the mock-up [2].  

The analysis of these experiments re-
vealed that the lithium composition de-
viates significantly from the presumed 
natural composition of lithium. In the 
present work, we performed measure-
ments with the aim to determine the 
lithium content in the LiPb, inhomoge-
neities in the lithium distribution and the 
relative 6Li mass in selected bricks of 
the mock-up.  

The HCLL-TBM mock-up was built from 
bricks of lithium-lead with the sizes 3.6 
cm × 17 cm × 9 cm. They were ar-
ranged in 11 horizontal layers, the lay-
ers were separated by EUROFER 
sheets with a thickness of 9 mm. Two 
polyethylene sheets were inserted 
above and below the three central LiPb 
layer. Their purpose was to shape the 
neutron spectrum making it more similar to the spectrum expected in a breeding blanket. A 
photograph of the mock-up as used in the neutron and gamma-ray spectrum measurements 
at TUD is shown in Figure 1.  

Several techniques have been applied to obtain more information on the 6Li content and dis-
tribution in the LiPb: 

 
Fig. 1: The HCLL-TBM neutronics mock-up. 
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Lithium concentration deduced from time-of-arrival spectra measurements 
 
As part of the original neutronics experiment campaign, time-of-arrival spectra have been 
measured in the mock-up at TUD. Details of the experiment are described in [2]. For these 
measurements, the neutron generator was operated in pulsed mode with a repetition rate of 
1 kHz and a DT neutron pulse length of 10 ms. The signal from a 3He counter (Canberra 
24NH15 type) inserted into two positions in the mock-up was accumulated in a multi-channel 
scaler over a time of 900 μs after the DT neutron pulse from the neutron generator. Parallel 
calculations using the Monte Carlo code MCNP-5 [3] show that a few tens of μs after the 
initial DT neutron pulse the fast neutrons have disappeared from the mock-up and the re-
maining neutron flux is dominated by thermal neutrons. The slope of the decay curve of this 
slow neutron population in the mock-up is related to the effective neutron absorption cross 
section of the average mock-up material, which is in turn completely dominated by the cross 
section of the 6Li(n,a)T reaction. MCNP-5 and nuclear data from the JEFF-3.1.1 [4] and 
FENDL-2.1 [5] data libraries were used to calculate the time-of-arrival spectra for both ex-
perimental detector positions. The experimental and calculated decay curves are shown in 
Figure 2. 

Fig. 2: Time-of-Arrival spectra in the HCLL TBM neutronics mock-up irradiated with DT neutron pulses and comparison with 
calculations assuming reduced 6Li concentration in the LiPb. FF46, FF30, and FF32 refer to computer models with re-
duced Li content while the hc_adef model assumes 0.61 wt% lithium and reduced 6Li abundance. 

 
 

From comparison of calculated and experimental time-of-arrival spectra, a value of 
(0.274±0.011) wt% corresponding to the slope of the experimental decay curve was ob-
tained. 

As a result of this analysis it can be said that the 6Li concentration in the LiPb of the HCLL 
TBM mock-up is reduced to approximately half of the nominal value either by 6Li depletion or 
by reduced lithium content or, of course, a combination of both. 
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Transmission measurement 
 
The aim of this measurement was to determine whether there are significant differences in 
the 6Li content between bricks of the same production cast and especially between bricks 
from different production casts by a simple and economical procedure covering as many as 
possible bricks of the mock-up. The applied methodology provided relative values; an abso-
lute determination of the 6Li content would have required a very well designed thermal neu-
tron field, which was out of scope.  

An AmBe neutron source with an activity of 1.8×1011 Bq of 241Am has been used for this ex-
periment. It was surrounded by a layer of lead with a thickness of 5 cm and a layer of poly-
ethylene to moderate the neutrons from the source. In order to obtain a beam of epithermal 
and thermal neutrons with sufficient neutron flux density, a channel was formed from tiles of 
LiAl.  

A 3He counter tube has been chosen for detecting the transmitted neutrons. It was placed in 
a channel made of LiAl tiles to shield it from room-returned slow neutrons.  

The LiPb bricks were placed in the space between the collimator channel of the neutron 
source and the detector. The accumulated number of collected pulses in the 3He counter was 
more than 10000 in each case, so that the statistical uncertainty of the counting was below 
1%. The reproducibility of the measurement has been checked on some of the bricks, with-
out changing the geometry. It was found that the 6Li volume concentration between bricks 
even of different production batches is less than 4.4%.  

Lithium content by atomic absorption spectroscopy and ICP-MS 
 
Samples from five bricks of production cast 25 have been investigated with atomic absorp-
tion spectroscopy at VKTA Rossendorf for their lithium and lead content. The results are pre-
sented in Table 1. There is only small scattering, all relative lithium masses were the same 
within the average measurement uncertainty of 5.3%. The mean value of all five samples is 
0.61 wt% confirming a previous analysis (0.615±0.016 wt%, 15.6 at%) by an independent 
institute (the Latvian Institute of Aquatic Ecology), based on atomic absorption spectroscopy 
measurements on a total of 60 ingots from 17 different casts.  

Table 1: Lithium content in five LiPb bricks as measured with ICP-AAS at VKTA Rossendorf. 
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Small specimens from at least one brick of each production cast have been investigated also 
with mass spectroscopy methods at Institute of Applied Materials of KIT. The specimens 
were taken by drilling into the brick (Ø 5mm). The first approximately five millimetres of mate-
rial were discarded to exclude surface effects from the measurements. The next approxi-
mately five millimetre were used for the specimen. From each specimen, two independent 
samples have been prepared for the mass spectroscopic measurement according to the pub-
lished method by Misra and Froelich [6]. The results of the measurement are shown in Table 
2. The average of the 6Li content in the LiPb was found to be (0.0181±0.0007) wt%. Here we 
show an estimated error of 4% accounting for the statistical error for the average of all sam-
ples taken, 2.5 %, and an uncertainty of the enrichment of the 6Li standard of 3%. The stabil-
ity of the ICP-MS measurement procedure has been controlled by monitoring 6Li standards 
before, during and after the samplemeasurements. 

 
 
Table 2: ICP-MS measurements done at KIT. Two samples had been prepared from each LiPb brick specimen. 
 

Reference 
Sample 1 Sample 2 

6Li   mass% 7Li   mass% 6Li   mass% 7Li   mass% 
R1 0.0183 0.615 0.0182 0.601 

R1 a 0.0180 0.602 0.0182 0.605 

PV 0.0176 0.596 0.0172 0.584 

PH 0.0177 0.597 0.0183 0.618 

14.3 0.0189 0.615 0.0189 0.616 

17.4 0.0179 0.589 0.0173 0.580 

20.3 0.0184 0.608 0.0184 0.611 

R3 0.0179 0.607 0.0182 0.615 

R5 0.0180 0.608 0.0183 0.618 

3.21 0.0184 0.617 0.0180 0.600 

3.22 0.0186 0.618 0.0184 0.621 

3.23 0.0182 0.617 0.0182 0.607 

3.24 0.0184 0.614 0.0184 0.619 

3.25 0.0186 0.622 0.0187 0.618 

17.8 0.0170 0.564 0.0173 0.578 

18.6 0.0180 0.596 0.0179 0.598 

6.10 0.0175 0.591 0.0181 0.612 

9.9 0.0180 0.604 0.0179 0.603 

11.6 0.0183 0.609 0.0184 0.609 

13.6 0.0183 0.620 0.0182 0.610 

16.9 0.0186 0.615 0.0181 0.599 

19.10 0.0188 0.628 0.0182 0.602 

21.9 0.0183 0.605 0.0180 0.604 

22.9 0.0182 0.604 0.0179 0.596 

23.1 0.0171 0.574 0.0168 0.565 
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The scattering of the measured values of the standards was less than 1 %, therefore it was 
concluded that a similar margin can be assumed for a single sample. A lithium carbonate 
solution with 95% isotopic enrichment of 6Li has been used as standard. No data about the 
uncertainty of the enrichment was available, but it is deemed reasonable to adopt the above 
mentioned value of 3%. 
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Task 1.3 
HCLL: Post-analysis of the whole experiment including sensitivity and uncertainty 
analysis 
 
The EU is conducting a dedicated neutronics R&D program that includes the development of 
computational tools, the generation of high quality nuclear data and their validation by means 
of integral experiments and, later, neutronics experiments in TBMs in ITER. In the frame of 
this program, and integrated into the Joint European Fission Fusion File project (JEFF), neu-
tron cross section and covariance data libraries are developed, as well as computational 
tools comprising sensitivity and uncertainty codes based on Monte-Carlo and deterministic 
approaches (MCSEN SUSD3D). 

The results of the neutronics experiment at FNG on the HCPB mock-up and their analyses 
have already been published and the preliminary results of the experiment on the HCLL 
mock-up have been reported in [7]. The present, now completed task was to provide final 
results of the HCLL mock-up experiment, the requested sensitivity and uncertainty analyses 
using MCSEN are reported here. 

The MCSEN code has been employed for the Monte Carlo sensitivity calculations of tritium 
production rates (TPR) in several lithium carbonate pellets on nuclear cross-sections of all 
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relevant isotopes. Available co-variance data is used to obtain nuclear response uncertain-
ties related to nuclear data uncertainties. 

The sensitivities of the TPR with respect to variations of the nuclear reaction cross sections 
were studied using the MCSEN and the SUSD3D code, respectively. Sensitivities were cal-
culated at different positions, namely for the pellets containing natural lithium, located at 
3.39/3.57 cm (Li-nat D1) and 28.29/28.47 cm (Li-nat D7) of penetration depth, and for the 
pellets enriched to 90 % in Li-6 located at 3.75/3.85 cm (Li-6 D1), and 28.65/28.75 cm (Li-6 
D7) of penetration depth. Monte Carlo sensitivity calculations were performed with the 
MCSEN code using its track length estimator feature. The tritium production from 6Li was 
found to be most sensitive to Pb (elastic and (n,2n)), H (elastic), 6Li (n,t) and Fe(n,γ) cross-
sections, as shown in Table 3. The sensitivity to the cross-sections is relatively week, and for 
the 6Li it is even decreasing at deeper positions in the mock-up. The tritium production from 
7Li is most sensitive to the 7Li(n,n’α)t reaction (1%/% since detector response function) itself. 
Additional significant negative sensitivities are due to (n,2n) cross sections in Pb. Reactions 
on the other involved nuclides (Fe, C) also contribute only slightly to the sensitivity. For the 
calculation of uncertainties in the TPR due to uncertainties of the underlying nuclear data, 
common sets of covariance data have been used for both methodological approaches. The 
covariance data were taken mainly from JEFF3.2, ENDF/B-VI.8, /B-VII, IRDF-02 and the ZZ 
SCALE6.0/COVA-44G libraries and COMMARA-2.0 [23] (only for SUSD3D calculations) 
neutron cross section covariance libraries. For the MCSEN derived uncertainties (Table 4) no 
correlations between different nuclides have been assumed. Very good consistency between 
the uncertainty predictions based on different covariance data libraries, as well as between 
the SUSD3D and MCSEN results, was observed. Note that the SCALE-6 covariance library 
is the most complete and includes, in addition to the Pb covariances, also the data for the Li, 
H, C and Fe cross-sections. According to these data, the associated nuclear data related 
uncertainties are small, generally below 3%, even for the deep positions of ~30 cm.  
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Table 3: Integrated relative sensitivities (in %/%) of partial TPR with respect to major cross sections 

for natural (7.5% 6Li) and enriched (95% 6Li) lithium pellets (MCSEN results) 
 

Mat MT Position D1 Position D7 

  6Li-95% 6Li-7.5% 6Li-95% 6Li-7.5% 

206Pb Tot 0.18 0.08 0.01 -0.02 

 El 0.05 0.04 -0.05 -0.09 

 Inel 0.04 0.02 0.02 0.01 

 (n,2n) 0.07 0.01 0.02 0.05 

 (n,γ) -0.002 -0.001 -0.003 -0.004 

207Pb Tot 0.27 0.09 0.11 0.11 

 El 0.14 0.07 0.07 0.05 

 Inel 0.03 0.01 0.01 0.02 

 (n,2n) 0.07 0.01 0.02 0.03 

 (n,γ) -0.008 -0.005 -0.02 -0.02 

208Pb Tot 0.44 0.11 0.05 -0.11 

 El 0.25 0.09 -0.05 -0.06 

 Inel 0.02 0.02 -0.007 -0.04 

 (n,2n) 0.16 0.02 0.09 -0.002 

 (n,γ) <-0.001 <-0.001 -0.001 -0.001 

6Li Tot 0.18 0.15 -0.34 -0.06 
 El -0.005 0.001 <-0.001 <0.001 
 (n,t) 0.19 0.15 -0.34 -0.06 

7Li Tot 0.06 0.53 0.03 0.007 
 El 0.05 0.01 0.04 0.004 
 Inel 0.008 <0.001 <0.001 -0.007 
 (n,t) 0.004 0.52 -0.004 0.01 

1H Tot 0.63 0.40 0.12 0.34 
 El 0.64 0.41 0.15 0.37 

natC Tot 0.06 0.02 0.005 0.02 
 El 0.06 0.02 0.009 0.02 
 Inel <0.001 0.001 -0.004 -0.005 
 (n,γ) <-0.001 <-0.001 <-0.001 <-0.001 
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Table 4:  Total uncertainties (1σ, in %) of TPR due to uncertainties of nuclide reaction cross sections. Results for Pb are from 
ENDF/B-VI.8 and SCALE6.0 covariance data, respectively (MCSEN results). (Results for 6Li: EFF2/IRDF02, results 
for 7Li: ENDF/B-6.8/SCALE6, results for 1H: ENDF/B-V) 

 

Mat TPR from 95%Li 
at D1 

 TPR from 95%Li 
at D7 

TPR from natLi 
at D1 

 TPR from natLi 
at D7 

206Pb 0.8/0.8 0.8/0.5 0.3/0.2 0.6/0.6 
207Pb 0.8/0.9 0.5/0.6 0.1/0.2 0.5/0.5 
208Pb 1.5/1.6 1.3/1.0 0.4/0.4 0.9/0.6 

6Li 0.6/<0.1 0.2/<0.1 0.3/<0.1 <0.1/<0.1 
7Li <0.1/<0.1 <0.1/<0.1 0.4/4.7 <0.1/0.1 
1H 0.4 0.4 0.2 0.3 

 natC <0.1 <0.1 <0.1 0.1 

Total 2.0/2.0 1.7/1.3 0.7/4.7         1.2/1.0 

 

Task 2.1 and 2.2 
HCLL: Setting up, testing and determination of the response matrix of a spec-
trometer in the energy range < 2 MeV, use of the spectrometer for measure-
ment in the mock-ups with DT neutrons 
 
In previous experiments with the HCLL mock-up, TPR, neutron and gamma-ray spectra have 
been measured. A well characterized NE213 scintillator was applied to obtain neutron spec-
tra in two locations in the mock-up under DT neutron irradiation at TUD-NG. However, the 
accessible neutron energy range in the proton-recoil based scintillator starts around 2 MeV. 
Below these energies the influence on carbon recoils on the primarily measured pulse height 
spectra is too high and these energies had to be excluded from previous measurements. 
Hydrogen filled proportional counter tubes can be used to measure neutron spectra in the 
range of several tens of keV up to approximately 1 MeV depending on their size and pres-
sure of the filling gas which determines the H density and hence the mean free path of the 
recoil proton. 

We have used a commercially available proton recoil tube for the measurement of neutron 
spectra in the HCLL TBM mock-up. The device was a LND 281 fabricated by LND Inc. Its 
active volume had a radius of 1.82 cm and a length of 17.78 cm. The tube was filled with a 
mixture of hydrogen (3040 torr), nitrogen (100 torr) and methane (100 torr) according to the 
manufacturers’ data sheet. With these values it is possible to measure neutron fluxes from 
approx. 300 keV to 1 MeV. 

The reaction 14N(n,p)14C + 625.9 keV has been used to calibrate the primary pulse height 
spectrum of protons. The latter will be used together with the response matrix of the propor-
tional counter in an unfolding procedure to compute the neutron spectrum. 

The response matrix is calculated with MCNPX Version 2.6 [10]. The detailed geometry in-
cluding gas amplification effects are taken into account. A preliminary result of the matrix 
calculation is shown in Figure 3. Additional calculations are underway to improve the re-
sponse matrix and to proceed with the unfolding using the MAXED code [11].  
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Fig. 3: Calculated response matrix. 
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Task 3.2 
Assessment of a Li glass detector coupled to a photodiode via fiber for use in the 
TBM. Test in the HCLL mock-up 
 
Neutronics experiments with the TBM in ITER will face several severe challenges. Any kind 
of detectors will have to withstand an extremely harsh environment, which is characterized 
by intense fields of ionizing radiation, temperatures on the order of several hundred grad 
Celsius, strong magnetic fields, etc. In addition, the access to the TBM will be very limited so 
that any kind of diagnostics system might have to stay in the TBM for many plasma pulses 
and experimental campaigns before it could be replaced in the event of a failure.  

This task is devoted to preliminary investigations of the suitability of a combination of lithium 
glass scintillators, optical fibers and photodiodes as candidates for TBM diagnostics. At this 
point we do not address the radiation hardness of the system; we test only the principal func-
tionality. 

The detector used in these tests is a 6Li-enriched lithium glass GS2 from Nuclear Enterpris-
es. The cylindrical scintillator has a diameter of 1 cm and a height of 1 cm. In a first step it 
was coupled to a custom design avalanche photo diode (APD) from Hamamatsu. The APD 
had a sensitive area of  5 mm by 5 mm and a peak sensitivity at 450 nm. It was operated at a 
bias voltage of 384.7 V. Under these conditions it produced a pulse signal approximately 
proportional to the energy deposition by the charged particles in the scintillator.  

Figure 4 shows a comparison of a typical pulse height spectrum taken with the scintillator 
coupled directly to the APD and, for comparison, to a photo multiplier tube (PMT). Apparently 
the energy resolution of the combination scintillator–APD is slightly lower than that of the 
combination scintillator–PMT. The source of neutrons for the irradiation was a Cf-252 spon-
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taneous fission source with an activity of 2.27E+08 Bq delivering approximately 2.64E+07 
neutrons per second. The source neutrons were moderated with polyethylene blocks.  

 
Fig. 4: Pulse height spectra taken with the combination Li-glass–APD (left) and Li-glass–PMT (right) 

 
 

Tests with the combination Li-glass scintillator, APD and an available optical fiber have been 
performed but no clear output signal was found. Additional experiments with a special UV/Vis 
fiber are underway. 
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Task 3.5 
Selection of suitable foil combinations with respect to cross section, half-lives of 
daughters, temperature and expected measurement regime to be used in an automatic 
system for insertion/removal 
 
An important aim of neutronics TBM experiments in ITER will be to assess the prediction 
accuracy of nuclear responses in an environment more closely resembling that of a future 
fusion reactor than could be achieved so far with existing facilities. Quantities to be meas-
ured are for example tritium production rates and nuclear heating. These quantities have to 
be related to the time-dependent spectral neutron flux through the TBM. The local spectral 
flux density in the TBM will depend on the particular plasma conditions and hence not only 
the total flux density and spacial flux distribution but also the spectrum may change during a 
plasma pulse [12]. There are currently only a few measurement techniques available which 
are compatible with the harsh environment conditions in the TBM during operation such as 
high temperatures, strong EM fields and intense ionizing radiation. We are therefore studying 
a “traditional” but promising technique for neutron flux measurements based on activation 
foils and a pneumatic transport system into the TBM and back. Such a transport system 
would allow also for measurement cycles shorter than a plasma pulse and hence to obtain a 
temporal neutron flux profile if suitable activation foils are used. 

Selection of the activation foil set 
 
A fast pneumatic measurement system could produce nearly real-time data if the exposure to 
the neutron field can be kept short (on the order of a few tens of seconds) and the measure-
ment of the induced gamma-ray activity is done immediately after extraction. However, under 
these conditions the use of "classic" dosimetry reactions would not be very suitable since the 
gamma lines due to induced activity of interest may be much smaller than gamma lines from 
"parasitic" induced activity (mostly meta-stable states with short half-lives).  
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It appears interesting to look at short-living induced activities and utilize the nuclear reactions 
from which they originate as dosimetry reactions. We have therefore investigated several 
candidate materials for their suitability to short cycle measurements. Initial criteria were a 
gamma line intensity of at least 10% and a half-life time between 30 and 300 seconds. This 
generated a collection of possibly useful dosimetry reactions. In a further step, detailed cal-
culations have been performed to assess whether the induced gamma activity can be meas-
ured indeed with acceptable signal-to-noise ratio and as few corrections as possible such as 
coincidence summing due to the presence of several intense gamma lines from the same 
isotope.  

The induced gamma activity in 0.1 g of each investigated material has been calculated with 
the European Activation System EASY-2007 [13]. The choice of the mass is somewhat arbi-
trary; however, since the activity would scale linearly with mass, this value appears to be a 
suitable choice. At this moment there are no fixed choices for measurement positions in the 
TBM. Therefore a position in the equatorial plane of ITER, central breeder unit of the HCPB 
TBM and   3 cm behind the first wall, adjacent to the vertical part of the breeder layer in the 
breeder unit has been selected to proceed with the assessment. The neutron spectrum was 
calculated with MCNP-5 [14] and nuclear data from FENDL-2.1 [15]. A total neutron flux den-
sity of 1.42*1014 n*cm-2 as a result of the MCNP calculation was used as input for the EASY 
calculation. An irradiation time of 30 seconds followed by a cooling (sample transport) time of 
10 seconds has been adopted. The induced activities calculated by FISPACT have been 
used together with gamma line data from ENSDF to construct a gamma source term for a 
gamma transport calculation simulating a HPGe detector with MCNP-5 and nuclear data 
from the mcplib04 and el3 libraries. The size of the HPGe detector was chosen to be 5.52 cm 
diameter and 5.83 cm height following the dimensions of a commercial detector routinely 
used in the neutron laboratory of TUD. Pulse height tallies have been used to simulate the 
gamma-ray detector. 

Results  
 
Several candidate foil materials have been investigated with the calculation method de-
scribed above. In many cases metastable states emitting gamma lines in cascades were 
found. In such a case the measurement can be in principle performed. However, depending 
on the geometrical setting of the gamma ray measurement, severe corrections for coinci-
dence summing might be necessary or the simultaneous measurement of a set of foils might 
become difficult, since each gamma-ray line in the energy range up to 2..3 MeV produces a 
Compton background, which could reduce extremely the signal-to-noise ratio for lines of in-
terest from other foils. Therefore, only materials with a few lines from the induced activity 
were given preference. A preferred selection of foils is shown in Table 5, together with their 
relevant proposed dosimetry reactions. All materials in this Table have melting points above 
the temperatures which are expected in the ITER TBMs. 

For each of these four materials the expected pulse height spectra in a typical HPGe detec-
tor were calculated for a measurement regime described in section 2.2. An example of such 
a calculated spectrum is shown for illustration in Fig. 5. 

Of same importance as the measurability of the emitted gamma lines is the coverage of the 
neutron energy range for energies from 0 to approximately 14.5 MeV as expected in the 
TBM. The reactions 140Ce(n,α)137mBa and 93Nb(n,α)89mY do have a slow neutron energy part, 
but the cross section is very low there. Therefore only the reactions 27Al(n,γ)28Al and 
93Nb(n,γ)94mNb should be considered for the measurement of the slow neutron energy range. 
The remaining proposed dosimetry reactions from Table 5 cover the fast neutron energy 
range. Approximate threshold energies are given in Table 5. The energy where the cross 
section is approximately 10% of the maximum value has been adopted as criterion for the 
threshold energy. From the threshold energy column in Table 5 it is clear that there is no 
threshold reaction covering the energy range between a few hundred keV and about 4 MeV 
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well in this foils set. Information on this energy range would be only included in the reaction 
rates of the n,γ reactions on aluminium and niobium. 

Fig. 5: Calculated pulse height spectra in a HPGe gamma-ray detector from Nb following. 
 

 
 

Table 5: Proposed dosimetry reactions for TBM neutronics experiments (based on JEFF-3.1.1). 
 

Dosimetry  
Reaction 

Half-life 
(sec) 

Approx.  
threshold  
energy (MeV) 

Gamma-ray energy / Intensity of gamma line 

140Ce(n,2n)139mCe 56.1 10 754.2 / 0.92  

140Ce(n,α)137mBa 153.12 12 661.7 / 0.90  

27Al (n,g) 28Al 134.46 -- 1778.7 / 1.00  

27Al(n,p)27Mg 567.48 4.5 843.7 / 0.72 1014.4 / 0.28 

52Cr(n,p)52V 224.7 5.5 1434.1 / 1.00  

53Cr(n,p)53V 97.2 6 1006.3 / 0.90 1289.5 / 0.10 

54Cr(n,p)54V 49.8 11 834.8 / 0.97 989.1 / 0.80 2259.3 / 0.46

54Cr(n,p)51Ti 348.0 8.2 320.1 / 0.94  

93Nb(n,g)94mNb 375.6 -- 41.0 / 7.3e-4 871.1 / 4.95e-3 

93Nb(n,a)90mY 11484 6.9 202.5 / 0.97 479.5 / 0.91 

93Nb(n,na)89mY 15.663 12.5 909.0 / 0.99  

93Nb(n,2n)92mNb 876960 9.5 934.5 / 0.99  



 

 

-- 305 --

Staff: 
 
U. Fischer 
A. Klix 
 

Literature: 
 
[12] A. Murari, M. Angelone, G. Bonheure, E. Cecil, T. Craciunescu, D. Darrow, et.al., New Developments in the 

Diagnostics for the Fusion products on JET in Preparation for ITER, Report EFDA-JET-CP(10)03/09. 

[13] R.A. Forrest, The European Activation System: EASY-2007 overview, Report Culham Science Centre, 
UKAEA FUS 533, 2007. 

[14] MCNP - A General Monte Carlo N-Particle Transport code, Version 5, Report LA-UR-03-1987,  LANL (2003). 

[15] D. Lopez Aldama, A. Trkov, FENDL-2.1 -- Update of an evaluated nuclear data library for fusion application, 
INDC(NDS)-467, IAEA (2004).  

 
Acknowledgement 
 
This work was supported by Fusion for Energy under the grant contract No. F4E-GRT-056-
02 (ES-AC).- Action 2 with collaboration by ENEA, Italy; AGH-UST, Poland; JSI, Slovenia 
and ASCR, Czech Republic. The views and opinions expressed herein reflect only the au-
thor’s views. Fusion for Energy is not liable for any use that may be made of the information 
contained therein. 

 



 

 

-- 306 --

Neutronics Analysis of ITER Diagnostic Components 
(ITER/IO/10/4300000298) 
 
Objective 
 
The general objective of this work was to provide neutronics computational service for the 
ITER Diagnostics Team in order to improve the shielding performance of the Diagnostic Ge-
neric Equatorial Port Plug (EPP) in ITER. Systematic neutronics analyses need to be con-
ducted to assess the EPP radiation shielding performance and identify important parameters 
for optimizing the design, with the objective to find technical solutions for reducing the neu-
tron streaming through the port in such a way that the ITER design limit for the shut-down 
dose rate for personnel access can be met. 

Introduction 
 
The ITER components must withstand the irradiation of 14 MeV neutrons generated in the D-
T fusion nuclear reactions in the plasma chamber and impinging on the First Wall (FW) as 
shown in Fig. 1. The ITER design encompasses many engineering details, some of them, 
such as gaps and channels, provide streaming paths for neutron and secondary photon radi-
ation and degrade the shielding performance of the blanket or port plugs. These geometry 
details must be properly modeled, while for other ITER parts (blanket bulk shield, vacuum 
vessel shield) the homogenization of shield materials is possible. The challenges arising in 
the neutronics modeling of ITER are associated with the deep-penetrating radiation with at-
tenuation factors by ~8 orders of magnitude for total neutron fluxes. Such problems were 
addressed in Ref. [1] devoted to the analysis of the ITER Upper Port which is shown in Fig. 
2. The Monte Carlo code MCNP5 [2] was selected as the reference radiation transport 3D 
computer code. The R2Smesh interface code [3] and the 3D CAD geometry conversion tool 
McCad [4], both of them developed at KIT and integrated in a fusion neutronics toolkit [5] are 
routinely applied for the ITER design activities [5, 6]. Responding to actual ITER demands, 
the R2S approach [7] was extended to the updated R2Smesh system by inclusion the possi-
bility of coupling the MCNP5 transport and FISPACT-2007 [8] activation calculations through 
the common use of mesh-tally distributions. In the R2Smesh scheme, the results of neutron 
fluxes, generated decay photon sources and the final results of shutdown dose rates are cal-
culated on a 3D mesh representation, which can have a high spatial resolution.  Distributions 
of neutrons, secondary photons, and decay photons and other nuclear responses can thus 
be represented in the geometry required preserving original heterogeneities, such as small 
gaps around the diagnostic Equatorial Port Plug (EPP) shown in Fig. 1. 

The EPP gap allows manufacturing tolerance of 2 cm; the gaps of 0.5-cm thick separate the 
EPP drawers inside which the diagnostic equipment is packed. In the calculations, the con-
tent of the EPP drawers was not followed geometrically explicit, and instead, it was modeled 
homogeneously as mixture of 80 vol.% of steel and 20% of water. It was assessed separate-
ly, that the radiation streaming through the EPP diagnostic channels inside the drawers con-
tributes ~50 µSv/hr into the shutdown dose rate at the Port Extension (PE) interspace pin-
pointed in Fig. 1. Therefore, the ITER design limit of 100 μSv/h for personnel access has 
been changed to 50 μSv/h in application to the diagnostic EPP modeling with the homoge-
nized material composition of its shielding. The challenges of physics, engineering and tech-
nology of the EPP diagnostic systems are well presented in [9]. Early neutronics studies [10] 
of several systems of plasma diagnostic in the Upper and Equatorial Ports have served for 
diagnostics development in ITER. The results of nuclear heating and neutron flux distribu-
tions for the Radial Neutron Camera inside EPP are provided in [11], where it is shown that 
shutdown dose rate levels at the PE interspace are much higher than the design target of 
100 μSv/h. Some recent results of the EPP shielding and activation parametric analyses [12] 
have revealed substantial progress in mitigating the radiation streaming through the EPP 
gaps by means of arrangement of gap labyrinth, stoppers, and rails.  
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Fig. 1: Computer Aided Design (CAD) view of the Blanket First Wall (FW), Equatorial Port Plug (EPP) and its back-side inter-

space behind Closure Plate inside Port Extension (PE). 
 
 

MCNP model approximations 
 
A local EPP MCNP model has been created by extracting the Equatorial Port area with adja-
cent blanket modules and vacuum vessel from the global ITER model called A-lite 4.1, as 
shown in Fig. 2. The extracted parts (blanket insertions, port structures such as walls, clo-
sure plate, and extension box) were modified in accordance with the CAD drawings of ITER. 
A proper surface neutron source has been generated by recording the source neutrons pass-
ing the EPP first wall in a MCNP run with full neutron source definition in plasma volume. On 
the four lateral sides of the extracted local EPP model, reflective or vacuum boundary condi-
tions were assumed, as shown in Fig. 2. A straight gap of 2 cm width between EPP and port 
frame was considered as initial variant of the EPP neutronics parametric analysis. Two zones 
behind the closure plate were selected for the detecting of fluxes and doses. 

The R2Smesh scheme applied for the local modeling includes MCNP5 radiation transport 
and FISPACT-2007 activation calculations coupled through the use of mesh-tallies covering 
the whole space of the local model shown on the right of Fig. 2. The maps of shutdown dose 
rates have been produced around EPP, taking into account the decay photon sources gen-
erated in materials of whole local model. 
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Fig. 2: MCNP plots of local modeling approach for the ITER Equatorial Port Plug (EPP). 

 
 

Results 
 
As result of a series of EPP parametric neutronic calculations [12], a labyrinth was arranged 
behind the blanket as shown in Fig. 2 for reducing the neutron streaming inside the EPP gap, 
which dominates in fluxes and doses in the detecting zones. To find its optimal dimensions 
the 1st gap segment length and the lateral shift of the labyrinth have been systematically var-
ied. The resulting flux and dose values are presented in Figs. 3 and 4 for the 1st segment 
length, where zero value of the length corresponds to the straight gap and 70-cm length is 
located in the middle of vacuum vessel. Due to EPP engineering design reasons, the optimal 
single labyrinth is set at 40 cm for the 1st segment length and 8 cm for the lateral shift. The 
results shown in Figs. 3, 4 obtained with reflective and vacuum boundary conditions in the 
local model give upper and lower limits of the real results, which can be obtained in the full 
3D ITER model. Such results are presented in Table 1 for the ITER global B-lite model, the 
successor model of A-lite, with three variants of the EPP and ITER Lower Port description.  
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Fig. 3: Total neutron flux (n/cm2/s) profiles in Zone 2 as func-
tion of 1st segment length of the labyrinth (see Fig. 2) of 
the EPP local model. 

 
 

Fig. 4: Shutdown dose rate (µSv/hr) profiles for Zone 2 as 
function of 1st segment length of the gap labyrinth shown 
in Fig. 2. 

The dose rates have been calculated [12] at 106 s after ITER operation along the SA2 sce-
nario with R2Smesh for two local models: with straight gap and optimal labyrinth, as pin-
pointed by stars in Fig.4, while for the intermediate labyrinth variants the flux-to-dose scaling 
factor of 1.6e-6 µSv/hr*cm2*s has been applied for the dose estimations. The highest shut-
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down dose rate of 6090 µSv/hr is obtained in Zone 1 of the local EPP model L1 with straight 
EPP gaps. These gaps open line-of-sight from the plasma to the EPP connective flange at 
the back closure plate, as shown in Fig. 5 of the dose rate map with two symmetrical peaks 
at flange. By introducing the optimal labyrinth in the model L2 (schematically shown in Fig. 
7), the dose is reduced to 512 µSv/hr, which is still 10 times above the target 50 µSv/hr. Also, 
lateral boundary conditions affect the fluxes and doses in the detecting zones, e.g. in the 
model L2 with vacuum boundaries the dose map is presented in Fig. 6 with 345 µSv/hr and 
111 µSv/hr in Zones 1 and 2, respectively. For the same locations of the model L2 with re-
flective boundaries, the doses are 512 µSv/hr and 384 µSv/hr (see Table 1) due to preserv-
ing the radiation inside the local model boundaries, bouncing from its lateral sides. As multi-
variant parametric analysis [12] proved, only a configuration with double labyrinth in the 
model L3 as shown in Fig. 8 makes it possible to satisfy the dose limit of personnel access. 
From the activation analysis of the EPP materials follows that the dose at 106 s after shut-
down is dominated by decay photon emission from the SS316L(N)-IG steel isotopes of 60Co 
(~50% of dose), 58Co (~20% of dose), 54Mn and 182Ta (~10% each). 

 

Fig. 5: Shutdown dose rate (μSv/h) map for  the local EPP 
model L1 with straight gap and reflective boundary condi-
tions. 

 

Fig. 6: Shutdown dose rate (μSv/h) map for  the local EPP 
model L2 with optimal single labyrinth and vacuum 
boundary conditions. 

 

Table 1: Comparison of local vs. global MCNP5 modeling. 
 

Model description EPP gap Shutdown dose rate (μSv/h)

  Zone 1 Zone 2 

Local EPP – L1 (reflective boundaries) Straight gap 6090 5700 

Local EPP – L2 (reflective boundaries) 
Optimal single  
labyrinth 

512 384 

Local EPP – L3 (reflective boundaries) Double labyrinth 29 45 

Global B-lite-V1: pre-designed EPP, no 
inter-drawer gaps 

Some labyrinth ~ 578  ~ 390 

Global B-lite-V2: integrated EPP design, 
with 0.5-cm gaps between EPP drawers, and 
un-shielded Lower Port 

Optimal single  
labyrinth 

~ 1290 ~ 979 

Global B-lite-V3: integrated EPP design with 
closed gaps between EPP drawers and 
shielded Lower Port 

Optimal single  
labyrinth 

~ 403 ~ 229 

 

The comparison of doses obtained with local and global modeling approaches is presented 
in Table 1. The doses inside the EPP zones of the global B-lite models were obtained with 
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the flux-to-dose factor calculated before for EPP. The B-lite-V1 model demonstrates similar 
to the local EPP model doses (578 µSv/hr in Zone 1). B-lite-V1 is characterized by prelimi-
nary description of EPP with some labyrinth, no lateral gaps between blanket and EPP, and 
absence of 0.5cm drawer gaps. The insertion in B-lite-V2 of the EPP design with optimal lab-
yrinth results in ~1290 µSv/hr, due to open EPP drawer gaps and adverse streaming from 
the Lower Port. In the B-lite-V3 global model, by means of closing the 0.5cm gaps between 
the EPP drawers and shielding the Lower Port, it was possible to reach ~403 µSv/hr in Zone 
1. The dose difference between the B-lite variants V2 and V3 demonstrates the cross-
influence effect causing by Lower Port to the EPP interspace. 

 

Fig. 7: Schematic view of local EPP model with optimal single 
labyrinth – model L2. 

 
 

Fig. 8: Schematic view of local EPP model with double labyrinth 
– model L3. 

The MCNP neutron fluxes were achieved with ~10% statistical precision for the track-length 
estimations, using the parallel computations on the JUROPA/HPC-FF cluster in the most 
effective way following to the recommendations [13] of optimal parallel computing. 
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Monte Carlo Calculations of Covariances for Nuclear Reactions in Fusion 
Technology Applications (EFDA HPC-FF-FSNMCCO) 
 
Objective 
 
The objective of the HCP-FF project FSNMCCO was to utilize the HPC-FF parallel super 
computer for Monte Carlo calculations of covariances for nuclear reaction cross-sections, as 
required for uncertainty assessments in fusion neutronic applications. 

Computational approach for covariances 
 
Covariance matrices for cross-sections predicted by nuclear models are obtained using the 
Monte Carlo method described in Ref.[1]. The generation of covariances implies: i) the defini-
tion of the “best” set of parameters for the “best” nuclear models used for the cross-section 
calculation, defined basing on the available measurements ii) the definition of uncertainties of 
model parameters, iii) the Monte Carlo sampling of N number of input data sets for the code 
implementing selected “best” models, iv) the execution of calculations for obtained input data 
files, and v) the calculation of covariance matrices for particular reactions  

 1
0 0
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( )( )−

=

= − − σ σ σ σ
N

ij ik i jk j
k

V N  (1) 

where σik is the cross-section corresponding to the “i”-th primary neutron energy in the “k”-th 
Monte Carlo history, σi0 is the cross-section obtained using the set of “optimal“ model param-
eters as described below. 

The corresponding correlation matrix is equal to 

 1/2( )−= ×ij ij ii jjC V V V . (2) 

 

The search of optimal nuclear model parameters to be used as the “basic” set for the 
calculation of cross-section correlations 
 
The first part of the work concerns the computation of the “optimal” nuclear model parame-
ters corresponding to calculated σi0 cross-sections. 

An uncertainty of calculated reaction cross-sections results mainly from the uncertainty of 
nuclear model parameters used for calculations. Nuclear level density parameters play here 
a crucial role [2]. In order to find the set of “optimal” parameters and to decrease the uncer-
tainty of calculated cross-sections for reactions with missing measurements it is possible to 
use nuclear model parameters, corrected using available experimental data for other reac-
tions producing the same residual nuclei, which appear in investigated reactions. Mathemati-
cally the search of the “optimal” values of parameters for reactions with X0, X1, … XN residu-
als implies the finding of the minimum of one of the following functions with “a” parameters 
considered as variables  
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where a0’, a1’, …, aN’ are nuclear level density parameters for X0, X1, … XN nuclei from inter-
vals [ai - Δai, ai + Δai] with i=0,1,.., N relating to the model of nuclear level density adopted for 

calculations; calc
jσ  is the calculated cross-section for the “j”-th reaction; expσ j  and expΔσ j  are 

measured value of cross-section and its error. 

The values of ai ± Δai for i=0,1,...,N define the domain of H and S. The errors Δai relate to the 
method used for the ai determination: systematics and experimental data, namely the un-
avoidable use of systematics for calculations ai makes the finding of “optimal” parameters for 
cross-section calculations essential. In practice, the calculation of H or S for each set of a0’, 
a1’, …, aN’ and available experimental points expσ j  , j=0,1,…M assumes a bulk of computa-

tions, which makes the use of various mathematical methods to find the minimum of Eq.(3) 
or Eq.(4) ineffective. In the present work the method, close to Hastings-Metropolis algorithm 
[3,4], is used to find the optimal “a” parameters. The search assumes “m” parallel computer 
calculations and is performed as follows. A proposed sample, or a “move”, is calculated by  

 ai
(k)(t+1) = ai(t)+(2 (k)

iγ −1) δ Δ ai (5) 

 

where “t+1“ concerns the new state [4]; “k” value relates to one set of independent calcula-
tion, k= 1,…m; γ is a random number from the interval [0,1]; δ defines the maximal possible 
change of “a”.The “n” proposal is accepted if  

 H(a(n)(t+1))=min{H(a(1)(t+1)), H(a(2)(t+1)),… H(a((m)(t+1))} < H(a(t)), (6) 
 

If Eq.(6) is not satisfied, a new “m” number of calculations is performed or the search of the 
minimum Eq.(6) is finished. 

The search of “optimal” nuclear level density parameters was applied for the evaluation of 
neutron induced reaction cross-sections for chromium isotopes with A = 50, 52, 53, 54. The 
(n,x) and (p,x) reaction cross-sections from EXFOR at the incident nucleon energy, En below 
30 MeV for targets with atomic number from 21 to 24 and atomic mass from 45 to 54, and 
residual nuclei with Z from 22 to 24, and A from 44 to 54 were used for the correction of 
model parameters. The total number of experimental points, Nexp is equal to 289.  

Fig. 1 shows the changes of H1/2 values at different steps of the finding of the minimum of 
Eq.(6) applying various models for the calculation of the nuclear level density. Each step cor-
responds to several thousands parallel calculations using TALYS code [5].  
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Fig. 1: The step-by-step approximation to the minimum of Eq.(3). The calculation of nuclear level density was performed using 
the generalized superfluid model (GSM) (left figure) and Gilbert-Cameron model combined with Ignatyuk-Smirenkin-
Tishin model (GC-IST) (right figure). 
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Table 1 shows the H1/2 and S-values after the search of the minimum of Eq.(3) for nuclei and 
reactions discussed above and the ratios to H0

1/2 and S0 values obtained using the initial val-
ues of model parameters. Fig.2 shows the examples of cross-sections calculated using nu-
clear level density parameters before and after correction. 

Table 1: The H1/2 and S values corresponding to the “optimal” parameters of various 
models for the calculation of nuclear level density and the ratios H1/2/H0

1/2 and 
S1/2/S0

1/2 calculated using corrected and uncorrected parameters. See the cap-
tions to Fig. 2. 

 

Final values GSM GC-IST 

H1/2 7.2 8.4 

S 1.20 1.22 

(H/H0)1/2
 0.75 0.80 

S/S0 0.96 0.97 
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Fig. 2: Examples of cross-sections calculated using GSM model with nuclear level density parameters before and after the search 
of minimum of Eq.(3).  

 
 

Calculation of covariances using the Monte Carlo method 
 
The calculations of covariance matrices for nuclear cross-sections were performed using a 
set of computer programs, BEKED, elaborated in KIT [2]. 

Using BEKED the computation of covariances can be performed with the help of TALYS [5], 
ALICE/ASH [6], and ECIS [7] codes. Fig. 3 shows the example of correlation matrices for the 
(n,p) reaction cross-sections for 52Cr obtained using nuclear model calculations by TALYS 
and ALICE/ASH codes. 

Fig. 4 shows the examples of obtained matrices for (n,x) reactions. 

The calculated values were converted in ENDF/B format and introduced in files, prepared by 
KIT, suitable for general applications. 
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Fig. 3: Correlation matrix for the 52Cr(n,p) reaction cross-section obtained nuclear models implemented in the TALYS code (left 
figure) and ALICE/ASH code (right figure). 
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Fig. 4: Calculated correlation matrices for 52Cr(n,4n)49Cr (left) and 52Cr(n,x4np) 48V (right) reactions. 
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Monte Carlo Radiation Transport Calculations for Nuclear Fusion Facilities 
(EFDA HCP-FF-FSNMCFU) 
 
Objective 
 
The objective of the HCP-FF project FSNMCFU was to exploit and utilize the capabilities of 
the HPC-FF super computer for massive parallel Monte Carlo radiation transport simulations 
in applications to ITER. 

In the framework of the FSNMCFU project, a couple of fusion neutronics R&D activities [1-5] 
were conducted utilizing the HPC-FF supercomputer resources [6] for massive parallel Mon-
te Carlo particle transport simulations. It was demonstrated that the parallel use of hundreds 
of the HPC-FF CPUs substantially accelerates the Monte Carlo calculations with the MCNP5 
code [7]. The challenging tasks of deep-penetration radiation transport for fusion neutronics 
in ITER were addressed successfully, e.g. nuclear heating and helium production rate have 
been calculated with high spatial resolution using the MCNP5 mesh tally capability. The ex-
perience of performing the neutronics analyses for the ITER Upper Electron Cyclotron Heat-
ing (ECH) launcher [1, 2] has shown that some tasks could be solved only on supercomput-
ers. The Monte Carlo statistical errors associated with the mesh-tally results were reduced by 
applying variance reduction techniques and by taking the advantages of massive parallel 
computations on the HPC-FF system. 

The performance of the MCNP5 parallel runs on the HPC-FF supercomputer at JSC, togeth-
er with the OpusIB and HC3 systems at KIT has been evaluated and compared in terms of 
speed-up and efficiency. A considerable increase of the number of CPUs exploiting the re-
sources of the HPC-FF at JSC enables to accomplish shielding tasks for the ITER design 
development much faster than before at KIT, e.g. a job for one month running on 27 CPUs 
on the OpusIB cluster with a speed-up of 24, can be accomplished on HPC-FF in one day 
with a speed-up of ~700 on ~1600 CPUs. This is an evident benefit of running MCNP5 radia-
tion transport simulations on HPC with massive parallel multiprocessing. Performance as-
sessments of the MCNP5 code were carried out to find an efficient way to run the code in a 
parallel regime. The parallel version of the code has been compiled with the Intel Fortran and 
C/C++ compilers, and the MPI libraries.  

The practice of the MCNP5 MPI parallel computations [8, 9] shows that it is important to keep 
the master-slave communication as little as possible. This is achieved by setting the number 
of intermediate data exchange, called “rendezvous”. The optimal number of CPUs used in 
MCNP5 parallel calculations is dependent on the complexity of the model, physical process 
involved in particle tracks and the particle histories lengths. An important issue for scaling is 
keeping or increasing the calculation load on each processor: the higher ratio of computation 
per communication, the closer speed-up scaling to linear law. From the experience of the 
MCNP5 parallel runs for the ITER fusion neutronic applications, the optimal number of CPUs 
depends on the size of the MCNP5 task and the number of available processors on the clus-
ter. In our practice, the averaged number of CPUs we have set on HPC-FF is around 800, 
while the usual number of CPUs on HC3 (another cluster at KIT) and OpusIB is around 96. 
These are rough numbers of CPUs, which can be used without a long task queuing. The 
maximum speed-up was found on HPC-FF at around 700 with 1600 CPUs. This means that 
the wall-clock time to run the same job on one CPU was 700 times longer than running on 
1600 CPUs in parallel on the HPC-FF cluster. 
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Definition of Radiation Map in DEMO (WP11-DAS-RH-07-01) 
 
Objective 
 
The objective of the WP11-DAS-RH-07 task was first, to define the radiation map in DEMO 
(if possible in 2011) during a plasma pulse and at different points in time after termination of 
a plasma shot, and, second, identify further work to be carried out in 2012-2013 to refine the 
radiation map. 

This task was jointly conducted by KIT and UNED. At the DEMO RH kick-off meeting, EFDA 
Garching, October 5, 2011, the approaches were presented available at KIT and UNED for 
assessing radiation maps during operation and shut-down times. For operation periods, neu-
tron and gamma radiation fields (as well as resulting doses) are obtained by means of cou-
pled neutron and gamma transport calculations using e. g. the MCNP Monte Carlo code with 
a suitable DEMO reactor model.  For the radiation maps during shut-down times, the gamma 
radiation fields are required (as well as the resulting doses) which are due to the radioactive 
decay of activated materials by emission of decay photons. This requires a coupled compu-
tational approach linking neutron transport calculations (using e. g. the MCNP code), activa-
tion calculations (using the FISPACT or ACAB code), and, finally, decay photon transport 
calculations (using again MCNP). Such approaches are available with the so-called rigorous 
2-step system (R2S) of KIT  (MCNP coupled with FISPACT), and a similar system by UNED 
based on the coupling of MCNP and the ACAB activation code.   

Activities performed 
 
At the Kick-off Meeting it was agreed to use the DEMO 2008 MCNP model, developed by 
KIT in the framework of the EFDA DEMO study activities 2006-2008, for providing already in 
2011 first (rough) assessments of radiation maps relevant to the remote handling. The under-
lying DEMO CAD neutronics model was provided by KIT to EFDA for further dissemination, 
and, in addition, the MCNP input deck was provided to UNED.  This model was then used by 
UNED for calculating neutron flux and He production profiles in specific areas of the upper 
and the divertor port, as well as activity and decay heat distributions of the blanket and the 
divertor. The MCNP model had to be modified in the divertor port area by cutting-off the low-
er outboard blanket module so as to enable the removal of the divertor cassette. 

The calculations were performed for an average neutron wall loading of 1.2 MW/m2 and an 
irradiation time of 5 full power years (fpy) for the blanket, and 2.5 fpy for the divertor.  The He 
production calculated for the upper port blanket cooling pipe connection was shown to be not 
critical since the pipe is well shielded from the plasma neutron source by the upper blan-
ket/shield modules. The He production after the assumed lifetime is one to two orders below 
the limit of 1 appm He in steel. The divertor port, on the other hand, is not well shielded from 
the plasma neutron radiation. The He production therefore exceeds the 1.0 appm limit by up 
to one order of magnitude for the assumed lifetime.  The specific activity and afterheat densi-
ty were calculated for a blanket module at the central inboard side of the DEMO and the 
divertor considering decay times up to 10 years after irradiation. The maximum specific activ-
ity is obtained for the first wall at levels of 1012 Bq/cm3 decreasing by one to two orders of 
magnitude after 10 years. In the blanket structure the activation is lower by about a factor 
three. The activation level of the divertor is about 5 1012 Bq/cm3 at maximum, thus about a 
factor two less than at the first wall of the central inboard blanket module. 

For comparison, average values of the specific activity and the decay heat were also derived 
for the steel structure irradiated in a DEMO type HCPB reactor. Such data were available at 
KIT from some previous analyses on the so-called DEMONET reactor with an average neu-
tron wall loading of 2.2 MW/m2 and an irradiation time of 2.2 fpy. This results in a first wall 
fluence of 5.0 MWa/m2 (corresponding to 50 dpa in steel) which is very close to the assumed 
target values for the present DEMO.  The obtained values are at a level of 1012 Bq/cm3  and 
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0.1 W/cm3 for the specific activity and the afterheat density,  respectively, and thus are in 
good agreement with the data obtained by UNED for the DEMO 2008 model. 

A rough assessment was performed for the absorbed radiation dose rate expected for silicon 
after shut-down as result of the activation of the Eurofer structure. To this end, a semi-infinite 
slab of Eurofer was assumed to be irradiated over 5 full power years in a radiation field cor-
responding to the first wall location in a blanket module at the central inboard side of DEMO. 
The resulting decay photon radiation, calculated for decay times up to 10 years after shut-
down at the surface of the semi-infinite slab, was then assumed to be entirely absorbed in a 
silicon layer. For the decay times 1d to 1 year after shut-down, which cover the relevant peri-
od to be considered for remote handling to take place, the resulting absorbed dose rate level 
for silicon is around 3 Gy/h. The dominant contributor to the absorbed dose rate is Mn-54 
which is produced during irradiation from the Eurofer constituents Fe (90%) and Mn (10%). 

Further work to be carried out in 2012-2013 
 
The activation and radiation doses to specific components depend significantly on the mate-
rial build of the considered components and the imposed irradiation conditions (neutron radi-
ation field, irradiation time, surrounding, etc.). It is thus required to develop a suitable DEMO 
reactor model with a more realistic representation of the relevant components. Radiation 
doses to the components during and after operation, activation and decay heat distributions, 
gas production data etc. can then be assessed on a more reliable basis as required for re-
mote handling/maintenance investigations. 
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Shutdown Dose Rate Prediction: Study of Feasibility of an Integral Experiment 
in Positions Relevant for ORE Evaluation (JW8-FT-5.28) 
 
Objective 
 
The overall objective of Task JW8-FT-5.28 was to validate the available computational meth-
odologies for shutdown dose rate calculations, the Direct One Step (D1S) and the Rigorous 2 
Step (R2S), through the comparison with dose rates measured in an integral experiment on 
JET for positions relevant for the evaluation of the Occupational Radiation Exposure (ORE).  

Dose rate measurements  
 
Dose rate measurements were performed by the ENEA experimental team and the JET 
health physics group for several positions along the mid port horizontal axis of JET Octant 1 
as shown in Fig. 1. The measurements were performed during the 2009/2010 shutdown pe-
riod of JET using different radiation dose meters including two Geiger Müller type detectors 
(Automess Teletector 6112D and Mini Rad series 1000R) and a ionization chamber (Eberline 
R02-W type) mounted on a mascot system. Measurements were performed at 81, 84, 109, 
137, 145 and 263 days after shutdown.  

Dose rate calculations  
 
Calculations of the shutdown dose rates have been performed using the Advanced D1S 
method of ENEA [1] and the R2Smesh method of KIT [2]. For these calculations, the original 
MCNP 45° geometry model of Octant 1 has been modified to match the real masses and 
volumes of the JET main components, and including the proper material chemical composi-
tions with impurities.  

The deuterium-tritium (DT) and deuterium-deuterium (DD) neutron sources were described 
by a parametric representation of a typical JET plasma emissivity used as reference for JET 
MCNP calculations. JEFF 3.1.1 nuclear cross section data [3] and EAF 2007 [4] activation 
cross-sections have been used for the transport and activation calculations, respectively. 

Both the Advanced-D1S and the R2Smesh approaches employed the same geometry, data, 
irradiation conditions and tallies to record the photon flux spectra. The assumed DD and DT 
irradiation histories are based on measured neutron yield data covering the full JET opera-
tion from 1983 until shut-down in 2009. It is noted that the radiation dose after the 2009 shut-
down is due to the activation of the last thirteen years of irradiation while the contribution 
from the first decade of the JET operation is negligible. 

For the R2Smesh calculations, the entire JET octant was overlaid with a fine spatial (rectan-
gular) grid of 3 cm mesh size for the neutron fluxes and a coarse grid with 15 cm mesh size 
for the neutron spectra. In total 3.9·106 cells were used in the fine mesh model. 1·109 source 
neutrons histories were tracked in the calculations of the neutron flux spectra. The achieved 
statistical accuracy is < 1% for the total neutron flux densities and less than 10% for the neu-
tron flux spectra. 

R2Smesh calculations were performed for 81, 109, 137 and 263 days after shutdown for 
comparison with the Teletector and Mini Rad dose rate measurements. For each irradiation 
history (D-T and D-D) and cooling time around 30.000 inventory calculations using the 
FISPACT code [5] were performed. The R2S approach requires running a decay gamma 
transport calculation for each cooling time considered. This calculation provides the photon 
flux spectra on the specified mesh grid. These spectra are then converted to dose rates us-
ing the ICRP-74 [6] photon fluence-to-dose conversion coefficients. 1·109 source photons 
were tracked in each decay gamma transport calculation. The resulting statistical error for 
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the decay photon flux is less than 0.5% in the plasma region and less than 5% at the dis-
tances of 1m away from the port window. 

 
Fig. 1: Dose rate measurements positions along the mid port horizontal axis of JET Octant 1. 

 
 

Results and analysis  
 
The R2Smesh results for the shutdown dose rates are shown in Fig. 2 in comparison with the 
measurements at the considered decay times 81, 109, 137 and 263 days after shutdown. 
They refer to the designated positions in the mid-plane port where the dose measurements 
were performed with the Teletector and the Mini rad detectors.  

There is an overall good agreement between the calculated and the measured dose rates 
with C/E (calculation/experiment) ratios in the range between 0.7 and 1.3 with two exceptions 
in case of the Mini Rad measurements at 263 days after shutdown. It is noted, however, that 
there is a trend for underestimating the measurements at short cooling times (81 days) and 
for overestimating at longer cooling times (263 days). 60Co was shown to be the dominant 
radionuclide contributing to the shutdown dose at all considered cooling times. The contribu-
tion of 58Co was found to be not significant. 
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Fig. 2: R2Smesh results for the shutdown dose rates along the mid-plane port compared with experimental results available at the 

designated positions. 
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Benchmarking of CAD to MCNP Interface (JW8-FT-5.29) 
 
Objective 
 
The object of Task JW8-FT-5.29 was to evaluate the CAD to MCNP interface programme 
McCad, developed previously at KIT, by independent users at ENEA through a test applica-
tion for an existing fusion device of high complexity. Its portability and user-friendliness 
should be evaluated, as well as the impact of the geometrical approximation introduced on 
the neutronic analyses. Furthermore, useful feedback for the optimization of the tool should 
be provided to the McCad developers.  

The McCad conversion tool  
 
McCad has been developed at KIT to enable the automatic conversion of CAD models into 
the semi-algebraic geometry representation as utilized in Monte Carlo particle transport 
simulations. McCad is entirely based on open source software; it is running under the Linux 
operating system and utilizes the Open Cascade CAD kernel with the Qt4 libraries for the 
graphical user interface (GUI). The GUI allows the visualization of the geometry models and 
the exchange of CAD and Monte Carlo geometry data. Such data can be imported in the 
STEP, IGES, and BREP data format (CAD) and as well as MCNP input deck. Available 
MCNP surface types are planes, spheres, cylinders, cones, tori and a few macro bodies. The 
converted geometry models can be output in the syntax of the Monte Carlo codes MCNP and 
TRIPOLI. McCad is in routine use at KIT for the conversion of CAD geometry models for 
neutronics analyses with the MCNP code.  

McCad implementation and tests at ENEA  
 
The McCad beta test version 0.1, released in August 2010, was provided to ENEA for con-
ducting Task JW8-FT-5-29. At ENEA, McCad was installed on a Debian based Ubuntu 7.10 
Linux system with the support and assistance of KIT.   

First application tests were performed at ENEA with simple geometries to evaluate the 
MCNP converted file syntax with the focus on the generation of void geometry cells. Feed-
back was provided to KIT initiating a review of the McCad algorithm for the void generation. 
An improved void generation procedure has been subsequently developed and implemented 
in an advanced version of McCad. 

Advanced application tests were performed for a CAD model of the FAST (Fusion Advanced 
Studies Torus) Vacuum Vessel and Equatorial Port prepared with the CATIA V5 software 
where the toroidal non-analytical surfaces were replaced with a sequence of cylindrical sec-
tors. The conversion of the model with void spaces around the solids and the void spaces 
filled by some materials showed a well-known but crucial issue: The void spaces are usually 
not defined in the CAD models but need to be defined for neutronics analyses. The void cells 
generated to this end by McCad are in general very complex. This can be avoided if the void 
spaces can be defined as solids in the CAD model. 

Test application to the JET Ultra Violet Optical Spectrometer  
 
The JET Ultra Violet Optical Spectrometer has been chosen for a real application test of the 
McCad conversion process. 

The geometrical structure of the spectrometer was first analysed and then simplified by re-
placing solids that were described by non-analytic surfaces and by removing all elements 
which are not relevant for neutronic calculations. Next the STEP data file describing the 
spectrometer was divided into four independent files that were converted separately. Each 
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STEP file was imported to McCad using its GUI and then successively converted and output 
in the MCNP geometrical description. 

To validate the converted geometry model, a stochastic volume calculation has been per-
formed with MCNP using the converted spectrometer elements. The obtained values were 
compared with the volumes obtained directly with CATIA V5 for the CAD geometry. In gen-
eral, good agreement was obtained confirming that the conversion process reproduces 
properly the CAD geometry.  

The numerous tests performed in the frame of this Task highlighted the reliability of the 
McCad software tool in converting CAD geometry data into MCNP representation for Monte 
Carlo calculations. McCad is a CAD to Monte Carlo interface programme with a high poten-
tial. It is under continuous development to optimise its performance, enhance and extend its 
capabilities. The void generation algorithm, in particular, is a crucial issue which requires 
further optimisation. The only severe limitation of the McCad conversion process is currently 
the constraint to use only analytical surfaces when defining the CAD geometry. In fusion 
technology, non-analytic surfaces are frequently present in the CAD models thus necessitat-
ing modifications and simplifications of the geometry models on the CAD software platform. 
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Assessment of the Suitability of Neutron and Gamma Detectors in the Future  
Experiment at JET for the Validation of Shutdown Dose Rate Prediction  
(JW9-FT-5.31) 
 
Overall objective 
 
The general aim of the task was the assessment of the suitability of NE213 scintillator and 
GEM detectors for neutron fluxes/spectra measurements as well as CdTe and BrilLanCe 380 
detectors for gamma ray spectra measurements outside the JET vessel through preliminary 
irradiation tests.  

Characterization of the new semi-conductor detector CZT 
 
Local shut-down dose rate assessments for areas near a fusion reactor vessel are necessary 
input for the design of maintenance schemes and accident scenarios and hence also of im-
portance for the licensing procedure. These assessments are based on calculations with 
particle transport and inventory codes using evaluated nuclear data libraries. Experimental 
checking of their performance is therefore required.  

A CdTe detector for gamma-ray spectrum measurements of dominating induced gamma-ray 
activity at least near the JET reactor vessel has been tested before. Such detectors are very 
small and light and therefore well-suited for measurements near the JET vessel especially in 
places with very limited space. However, also for these reasons the gamma-ray efficiency is 
comparably low.  

Aim of the work of D8 of this task is the test of a CZT detector with a special electrode design 
and a larger volume than the detectors investigated in D2 and D5 of this task.  

 
Fig. 1: Efficiency curve of TUD’s CZT detectors obtained with 60Co and 152Eu calibration sources. 
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CZT detectors are based on Cadmium-Zinc-Telluride wide-band gap material and can be 
operated at room temperature. However, charge-collection efficiency and resolution is not as 
excellent as that of HPGe detectors which need liquid nitrogen cooling. These parameters 
can be improved by introducing a special electrode design on the detector. We have investi-
gated a CZT of cubic shape with a side length of 1 cm and hence a volume of 1 ccm with 
gamma-ray calibration sources. The detector is equipped with a so-called co-planar grid, two 
comb-shaped anodes on one side and a cathode at the back side. Both anodes are kept at a 
slightly different potential. Evaluating the difference signal of these two anodes, the contribu-
tion to the signal from less mobile holes can be removed and only the contribution from elec-
trons is preserved. Tests at TUD show that energy resolutions better than 4% at a gamma-
ray energy of 661 keV (Cs-137) can be achieved. 

The efficiency calibration curve obtained with 60Co and 152Eu standard calibration sources is 
shown in Figure 1. It should be noted that the figure shows absolute values of the efficiency 
for the selected geometry only. However, it can be inferred that the ratio of the efficiencies at 
121 keV and at 1332 keV is a factor of about 50. Applying this detector for measurements at 
JET would require a preceding DT operation to achieve reasonable count rates. The detector 
would provide information on dominant radio nuclides on the base of gamma-ray lines and 
half-lives. However, the energy resolution is considerably lower than that of a HPGe detector. 
The advantage of the CZT detector is its small size and the operability at room temperature. 
This provides the possibility to place it near structures of interest for a measurement and 
thereby analyse the dominant nuclides in this specific structure with less influence from ra-
diation from the surroundings. 
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Broader-Approach Activity: IFMIF Testcell and High Flux Test Module 
(BMBF Reference No. 03FUS0008) 
 
Introduction 
 
Scope of work 
 
In the Engineering Validation and Engineering Design Activities (EVEDA) for the International 
Fusion Material Irradiation Facility IFMIF, which is an element of the Broader Approach ac-
tivities launched jointly by several European countries and Japan, the german contribution 
includes engineering tasks for the IFMIF Testcell and the IFMIF High Flux Test Module. This 
report covers tasks performed at the Institute for Neutron Physics and Reactor technology at 
the KIT attributed to the following procurement arrangements (PAs): 

• PA TF-1 EU : Engineering design and Validation of the IFMIF High Flux Test Module 
• PA TF-2: Irradiation in fission reactor (Responsible SCK-CEN, contribution by KIT) 
• PA TF-4: Other irradiation modules (Responsible CIEMAT, contribution by KIT) 
• PA ED-04: Test Cell, Access Cell, Test Module Handling Cell and Technology Rooms  

According to the planning for EVEDA, these tasks will be performed in the timeframe up to 
12/2013.  

System overview 
 
The IFMIF facility is dedicated to fusion-relevant irradiation of structural and functional mate-
rial specimens, with the objective to create an experimentally validated material properties 
database suitable for design and licensing of future fusion power plants. The facility is com-
posed of several subsystems, namely the 40MeV 250mA deuteron accelerator facility (AF), 
the lithium target  facility (LF) and the  test facilities (TF). The  target- and testcell (TTC) is 
part of the test facilities, containing the lithium target neutron source and the test modules. It 
has the primary function to shield the environment against the intense radiation generated by 
the target, and to safely contain all hazardous materials. Inside the TTC, the target and test 
modules are arranged, as shown  in Fig. 1. 

 
 

Fig. 1: Overview on the irradiation experiments inside the IFMIF Target- and Testcell (TTC). 
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The High Flux Test Module (HFTM) is the irradiation device for miniaturized SSTT samples 
of structural materials. The HFTM is positioned immediately behind the neutron source inside 
the TTC. The HFTM contains up to 24 irradiation rigs/capsules with approximately 80 SSTT 
samples each. It is possible to adjust individual temperatures for the specimens in each rig, 
in the range of 250 – 550°C (A high temperature option 650°C is additionally investigated).  

The Tritium Release Test Module (TRM) is filled with specimen of tritium breeding materials, 
such as Li2SiO4, Beryllium, and others. The tritium release can be measured in situ during 
the irradiation, and the change in specimen structure (porosity etc.) can be examined after 
the irradiation. 

Engineering Design and Validation for the HFTM 
 
HFTM-Assembly engineering design 
 
The design of the HFTM-Assembly has been improved regarding the assembly/disassembly 
process, which has to be performed partially under hot cell conditions by remote handling 
tools. It was sought to remove cost-driving and time consuming processes from the assem-
bly, in order to improve the overall process in the IFMIF irradiation operation. A major step 
was the simplification of the finalizing weld-seams to close the HFTM-Assembly after inser-
tion of the capsules. By re-design of the attachment between the thin-walled container and 
the stiff Attachment-Adapter (upper part), it is now possible to reduce the welding process to 
a simpler operation with access from only one side, which drastically simplifies the specifica-
tions for the equipment to handle the HFTM inside the hotcell. The improvements were im-
plemented in the CAD Model of the HFTM double-compartment mockup, which will be the 
next manufactured mockup for test in the helium loop.  

HFTM Irradiation Capsule and Rig 
 
The irradiation capsule, which contains a set of material specimen for irradiation inside the 
HFTM, was already developed and analysed to a considerable degree of maturity.  Three 
capsules have been produced, quality-checked and filled with material specimens (Fig. 2). 
During the production, issues of the construction have been identified, and according im-
provements have been implemented in the design. 

In the same viewpoint as for the HFTM-Assembly, the irradiation rig was improved for easier 
assembly in the hot cells. This was reached by inserting the upper reflector into the rig hull, 
so that gas tight, circumferential weld seams are no longer necessary, only spot welding 
needs to be performed in the hot cell (Fig. 3). 

The upper reflector is now made from two “sandwiched” parts, so that the feeding through of 
cables can be performed, even if their electrical connectors or feedthroughs are already in-
stalled (before delivery to the hot cell). This is especially necessary to be compatible with the 
new interface to the testcell, where brazed-on feedthroughs are used instead of removable 
connectors. 
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Fig. 2: Three fabricated capsules filled with specimens for irradiation in the BR2 MTR reactor. 

 
 
 

 
Fig. 3: Design improvement of irradiation rig. 
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HFTM Mockup experiments 
 
The HFTM single rig experiment aims to investigate the behaviour of a 1:1 rig inside a com-
partment mockup. The experiment was installed at the ITHEX facility and was tested hydrau-
lically. The performed tests verify, that the pressure drop is within the acceptable and pre-
dicted range, and that the perfusion of parallel minichannels by the coolant gas is of uniform 
quality.  

Engineering Design of the Target- and Testcell 
 
The design of the TTC has been significantly modified from the previous MTC concept. A 
driving motivation was the necessity to avoid polymer-based electrical connectors within the 
irradiation cavity. The following changes characterize the new design (Fig. 4): 

 
Fig. 4: The IFMIF testcell with “piping and cabling plugs”. 

 
 

• The cross-section has been changed to a rectangular shape to adapt better to the 
test modules 

• Instead of a vessel (bearing both mechanical and vacuum-pressure loads), the sup-
porting walls are now made directly from the concrete of the radiation shield, with a 
steel liner inside to provide an inert and gas tight surface. 
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• The gas-sealing function has been moved above the top shielding plug, enabling the 
use of polymer-based sealing materials instead of difficult to handle metal gaskets. 

• The electrical interfaces to the test modules is no longer performed by electrical con-
nectors. Instead, the cables from the modules are fed-through gas tight plugs on the 
top of the modules. 

The Preliminary Design Review for the new testcell design has been performed in 09/2011. 

Engineering Design of the Tritium Release Test Module 
 
The design of the Tritium Realease Test Module (TRM) was started in the report period. The 
requirements and a candidate test scenario were assessed based on the R&D needs for fu-
ture ceramic breeding material candidates and breeding blanket design parameters. A geo-
metrical design for the irradiation capsules and the module with the according instrumenta-
tion was drafted. Some design features (temperature control concept) were adopted from the 
HFTM in order to benefit from the validation activities performed for the HFTM. Thermal and 
mechanical analyses, as well as calculations on the tritium budget were performed. It could 
be shown, that  the goals for the temperature range and limits for temperature spread can be 
reached. Issues remain for the high temperature variants (900°C and higher), where no ade-
quate materials have been selected. 

The Preliminary Design Review for the TRM has been performed in 07/2011. 
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Broader-Approach Activity: Commissioning and First Tests of the Low  
Pressure He Loop HELOKA-LP  
(BMBF Reference No. 03FUS0005 and 03FUS0008) 
 
Introduction 
 
The work performed for IFMIF EVEDA (see respective section in this annual report) encom-
passes extensive experimental validation activities for the IFMIF High Flux Test Module 
(HFTM), developed at KIT.  It is envisaged to build a prototype of the HFTM, and test it in 1:1 
operation conditions (without irradiation) in a helium loop. This helium loop is named 
HELOKA-LP and has been built at KIT-INR as a preparative activity for the Broader Ap-
proach.  This final status report describes the planning, construction, taking into service and 
tested performance of the facility, which has been prepared in the frame of the BMBF project 
03FUS0005 and finalized in the ongoing IFMIF EVEDA phase within the frame of the BMBF 
project 03FUS0008. 

Planning, construction and operation 
 
HELOKA-LP has been specified to encompass 1:1 the hydraulic test conditions for the 
planned IFMIF HFTM, as given in  Table 1: 

Table 1: Requirements and specifications for HELOKA-LP 

 Requirements  
by HFTM 

HELOKA-LP  
specifications 

HFTM helium mass flow 0.11 kg/s 0.012 – 0.12 kg/s 

HFTM inlet pressure 0.3 MPa 0.3-0.6 MPa 

HFTM outlet pressure 0.22 MPa ≥ 0.15 MPa 

HFTM inlet temperature 50°C RT – 250°C 

HFTM outlet temperature 80-100°C RT – 350°C 

 
Other requirements on the facility are: 

• The availability of a suitable process control system, to enable a long-term steady 
state operation and guided transitions for start-up and shut-down. 

• The availability of a data acquisition system, to acquire, process, display and store 
the signals coming from the loop and from the HFTM test device (Thermocouples, 
pressures, strain, etc.). 

• The availability of controllable electrical power supply units, to operate the electrical 
heaters which are integrated into the central 4x3 irradiation rigs. (thus, 36 units are 
required). 

An overview of the process layout is given in Fig. 1. Fig. 2 gives some photographic impres-
sions of the facility. 

The helium gas flow is generated by an air cooled screw driven compressor with a nominal 
electric power of 355 kW and with a maximum delivered overpressure of about 0.8 MPa. At 
the typical inlet pressure of 0.15MPa absolute, the compressor generates a helium mass flow 
of around 190 g/s. The gas flow is divided to a bypass and a test section strand. This way the 
mass flow through the test section can be adjusted. The temperature at the test section en-
trance is controlled by dividing the gas stream between a electrical heater (300kW) and a 
parallel cooler, and mixing both streams again before the test section. A set of valves behind 
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the test section is used to control the test section pressure. The process control system can 
automatically adjust and control the valve openings according to the set points for mass flow, 
pressure and temperature given by the operator.  

 
Fig. 5: Simplified piping and instrumentation diagram (P&ID) of the HELOKA-LP facility. 

 
 

The detailed process dimensioning, planning and construction was performed by the indus-
trial company Kraftanlagen Heidelberg GmbH. The planning, testing and taking into service 
was performed in close cooperation with KIT. The construction has been finalized in 12/2009. 
Further testing and optimization was performed by KIT between 2010 and 2011. The facility 
has also been upgraded with 36 controllable DC power sources to supply the HFTM heater 
circuits. It was proven, that the facility fully meets the specifications from Table 1, and that a 
very good stability of the process parameters can be maintained. 

The operational experiences include optimization of the control parameters, to reach a stable 
pressure at the test module even in large mass flow transients. Also, the cooling gas chemis-
try (impurities) has been monitored and analyzed. Based on the design of HELOKA-LP, the 
Test Module Helium Cooling System for IFMIF, which requires an approximately fivefold 
higher total mass flow, has been specified. 
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Fig. 6: Views of the HELOKA-LP facility. Top: the compressor station showing the helium compressor with two buffer vessels. 

Bottom: The test facility where the HFTM will be integrated, showing the piping, the switch cabinets for data acquisition 
and 36 power supplies and the test stand for gas analysis. 
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Conclusions and outlook 
 
The HELOKA-LP facility has been constructed, taken into operation and has been verified to 
meet the full scope of requirements for its mission as a testbed for the IFMIF High Flux Test 
Module in the IFMIF EVEDA phase. It is available without delay for the planned experimental 
series. It is expected, that HELOKA-LP will contribute to the success of IFMIF not only be the 
test of the HFTM, but also by providing experience and benchmark data on the operation of 
low pressure helium cooling. A numerical model (RELAP-3D) to model the transient behav-
iour of the full loop including the test module is under preparation. First tests against experi-
mental data from HELOKA-LP have been performed. 

HELOKA-LP is a worldwide unique facility, which can contribute to a broad range of research 
applications, also beyond IFMIF. Among possible applications are tests of gas cooled accel-
erator targets and irradiation experiments (as foreseen for the European Spallation Source, 
ESS), or low pressure high temperature solar heated systems. It is especially well suited to 
facilitate basic fluid dynamics research on efficient heat transfer, due to the favorable condi-
tions of low pressure gas systems to incorporate complex instrumentation of the test sec-
tions. 
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Broader-Approach Activity: Neutronics Analysis for the IFMIF Test Facility and 
High Energy Beam Transport Section (BMBF Reference No. 03FUS0008) 
 
Objective 
 
The objective of this work was to support the engineering design of the IFMIF Test Facility 
(TF) with the Test Cell (TC) and the high energy beam transport (HEBT) section within the 
IFMIF-EVEDA/BA framework. The TC is the central part of IFMIF where two deuteron beams 
react with the liquid lithium target and the Test Modules (TMs) are placed for irradiation. The 
HEBT section is required to transport two deuteron beams accelerated to 40 MeV with the 
beam current of 125 mA from the exit of the accelerator to the lithium target. Neutronic anal-
yses are performed to provide various nuclear responses which are required for the engi-
neering design of the facility (material damage, gas productions, heating, etc.) and for safety 
related assessments (activation of various components, air and gas, biological doses to work 
personnel and the public).  

Computational approach 
 
In the IFMIF lithium target, neutrons are generated through d-Li(d,xn) reactions. The 
McDeLicious Monte Carlo code [1] was developed as an enhancement to MCNP in order to 
simulate the neutron and photon generation in the transport calculation with the comprehen-
sive evaluated d + 6,7Li cross-section data. A standard set based on the LA150 evaluated 
library has been used in previous IFMIF nuclear analyses.  Currently a new FENDL-3 library 
is prepared by the IAEA with an energy range of incident particles up to 150 MeV. FENDL-3 
is planned as new standard nuclear data library for IFMIF nuclear analyses and several 
starter libraries of FENDL-3 are already available. Here we have utilized the FENDL-3 starter 
library, release 2, except for several lighter nuclides which were evaluated only for neutron 
energies up to 20 MeV.   

Nuclear analysis for IFMIF Test Cell 
 
All previous nuclear analyses were conducted 
with a standard TC model that has been 
manually devised according to the CDR de-
sign. However, the TC presently designed 
has a very different geometry with significant 
impact on neutronic aspects. Therefore, a 
new TC model based on the MTC-2009 con-
cept [2] developed on the CAD platform with 
CATIA V5 was converted into the geometry 
representation by utilizing the McCad conver-
sion software developed at KIT [3]. This new 
Monte Carlo geometry model includes the 
deuterium beam ducts, the lithium target as-
sembly with the back plate, lithium loop com-
ponents within the TC, three TMs, the vessel 
and vessel cover, and concrete shielding 
walls around the vessel (Fig. 1). This model is 
quite complex and the total number of cells is 
around 18,000.  

 
Fig. 1: Vertical cut of the new IFMIF TC neutronic model 

based on the MTC concept. 
 



 -- 342 --

The nuclear heating rate, displacement damage and gas production rates in the TC vessel 
wall were calculated with the new geometry model. Fig. 2 shows the nuclear heating distribu-
tion calculated for the vessel wall as an example. Pronounced peaks were obtained around the 
beam ducts entrance region due to back-streaming neutrons. The helium production was 
shown to be too high if re-welding is considered. A wall thickness of more than 350 cm is 
needed to satisfy the dose rate limit during operation of less than 10 µSv/h in rooms adjacent 
to TC. The dose rate on the top access cell floor is estimated to be around 20 µSv/h and well 
less than 100 µSv/h. Thus substantial improvement has been achieved in the shielding ca-
pability for the access cell in the present TC design.  
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Fig. 2: Nuclear heating distribution calculated for the cylindrical plane of the vessel liner. 
 
 

 
Nuclear analysis for IFMIF HEBT section 
 
In the HEBT section, neutrons back streaming from the lithium target can cause significant 
damage to accelerator components and result in their activation. In order to estimate the re-
sulting radiation doses, detailed neutron and photon flux distributions inside the Target Inter-
face Room (TIR) and the Radiation Isolation Room (RIR) during operation are evaluated. A 
new calculation model for the IFMIF accelerator building up to 41.2 m upstream from the Li 
target was prepared according to the latest HEBT system design. Fig. 3 shows the geomet-
rical configuration of the present calculation model. A calculation with the full TC model was 
used to generate a surface source located on the inner concrete wall of TIR downstream as 
indicated in the figure. Neutron and photon particles have been recorded along the 
McDeLicious runs on the surface source and then sampled in subsequent MCNP5 runs. Fig. 
4 shows the neutron flux distribution during IFMIF full power operation calculated for TIR and 
RIR as an example. The present analysis shows that the largest contribution to the TIR dose 
will come from neutrons streaming from the Li target through the beam ducts. It seems to be 
impossible to use any semiconductor devices inside TIR, while there will be no problem on 
other mechanical devices. The dose after shutdown due to decay gamma was preliminary 
estimated for the beam duct in TIR with the FISPACT-2007 inventory code. In order to re-
duce the shutdown dose rate, the use of a low-Mn content aluminium alloy is proposed. 
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Fig. 3: Geometrical configuration of the present analysis for the IFMIF HEBT section. 

 
 
 
 

 
 

Fig. 4: Neutron flux distribution during IFMIF full power operation calculated for TIR and RIR. 
 
 



 -- 344 --

 
Literature: 
 
[1] S.P. Simakov et al., Advanced Monte Carlo procedure for the IFMIF d-Li neutron source term based on eval-

uated cross section data, Journal of Nuclear Materials 307–311 (2002), pp. 1710-1714. 

[2] K. Tian et al., IFMIF target and test cell—Conceptual designs, boundary condition definitions and current 
status of preliminary engineering design, Fusion Engineering and Design 85 (2010), pp. 2282-2287. 

[3] D. Große and H. Tsige-Tamirat, Current Status of the CAD Interface Program McCad for MC Particle 
Transport Calculations, Proceedings of International Conference on Mathematics, Computational Methods & 
Reactor Physics (M&C 2009), on CD-ROM, American Nuclear Society, 2009. 

 

Acknowledgement 
 
This work was financially supported by the Ministry of Research and Education (BMBF) un-
der the grant No. 03FUS0008. The views and opinions expressed herein do not reflect nec-
essarily those of the BMBF or the European Commission. 

 
 

 



 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fuel Cycle –  
Vacuum Pumping 



 

 

 



 -- 347 --

Completion of Final Design for the Prototype Torus Cryopump 
(F4E-2009-GRT-018-01) 
 
Background and objectives 
 
The reference design of the ITER exhaust gas pumping includes 8 cryopumps to pump the 
torus via 5 ducts (configuration under change). The design of these cryopumps has to con-
sider the different requirements for vacuum pumping, remote handling and safety, and pro-
vides strong interfaces to the surrounding environment of the installation port plugs of the 
ITER machine.  

The aim of this task is to provide the build-to-print design of the pre-production cryopump 
(PPC) including a solid mechanical, thermal, seismic, safety event and engineering limit 
analysis to demonstrate compliance with EN13445, the chosen design code for this ITER 
component [1]. In this sense, the PPC represents a real prototype that is presently also in-
tended to be used as a spare. After manufacturing, the cryopump will be tested in the TIMO-
2 facility.  

Design development and verification 
 
The concept design of the torus cryopump as developed in 2007 [2] was used as starting 
point of this design task. The detailed design development had to undergo various stages to 
reflect changing ITER requirements. The final design is depicted in Fig. 1. The PPC is circu-
lar shaped with a maximum outer diameter of 1776 mm and a total length of about 2054 mm. 
The cryopanel system at 4.5 K with a total pumping surface of 11.2 m² consists of 28 
cryopanels in a circular arrangement. The outer thermal shield system at 80 K forms an en-
closure around the cryopanel system against the heat radiation from inside and outside the 
cryopump. The pumping speed can be varied by throttling the main valve, which opens to-
wards the torus with a maximum stroke of 470 mm. The valve inlet diameter is 800 mm. The 
prototype torus cryopump can be separated into four main subassemblies: the pump housing 
including the pump plug, the thermal shield system, the cryopanel system and the pump inlet 
valve. For all subassemblies analyses of the different operational and accidental scenarios 
were done by finite element analysis (FEM). In Figs. 2 and 3 the schemes for the different 
cases are summarised which include the dead weight of the components (DW), the internal 
and external pressures and additional acceleration caused by seismic events with different 
probability and spectrum (SL1 and SL2). 

 

Fig. 1: Final design of the torus pump as single unit, showing the main subassemblies: the housing (grey), the thermal shield 
system (green), the cryopanel system (blue) and the inlet valve system (pink/orange). 
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Fig. 2: Investigated load cases for the FEM analyses of the cryopanel and thermal shield system. 

 

 
Fig. 3: Investigated load cases for the FEM analyses of the valve assembly and PPC housing. 

 
 

The results of the FEM work are the displacements and mechanical/thermal/seismic stresses 
for the subassemblies under the different operational and accidental scenarios. The resulting 
maximum stresses were always compared with the values requested by the standards. In 
cases where the stresses were too high the design was optimised and the displacements 
and stresses were recalculated. As an example, Fig. 4 shows the displacement along the 
symmetry axis for a seismic event of class SL2 after design optimisation of the pipe supports. 
The resulting stresses in the supply manifold of the thermal shield system are shown in Fig. 
5. Both, displacements and maximum stresses, could be reduced significantly. 
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Fig. 4: Displacement of the thermal shield system in direction of the symmetry axis (SL2). 

 

 
 

Fig. 5: FEM calculations of the stresses in the thermal shied system (supply manifold for SL2). 
 
 

Calculation of the maximal acceptable heat flux to the PPC  
 
Different calculations were performed in order to assess the maximal acceptable heat flux to 
the PPC in case of an accidental situation in a loss-of-vacuum event (LOVA) [3]. The maxi-
mum acceptable heat load value is directly linked to the maximum acceptable cryogenic 
mass flow in the cryopump’s circuits which is limited by the pressure design of the circuits. 
Both cryopanel circuit (normal operation at about 0.5 MPaA and 4.5 K) and thermal shield 
circuit (normal operation at about 1.8 MPaA and 80 K) were investigated. 
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In order to protect a helium circuit in a LOVA situation (leading to excessive heat load due to 
air, water, or helium ingress), the safety components (relief valve, burst disk, etc…) must be 
correctly sized and the maximal pressure reached in the circuit must be assessed. Indeed, 
when the helium is released from the circuit during an accidental situation, a pressure gradi-
ent occurs in the circuit and a peak pressure is reached at a certain point within the system. 

Defining the heat load value for a specific accident (air, water, and helium ingress) is the crit-
ical point of the problem. Unfortunately, it is very difficult to calculate this value as it is de-
pending on the heat transfer coefficient inside the circuit and on complex phenomena occur-
ring outside the circuit (such as ice layers formation). Moreover, no reliable experimental da-
ta exist on heat fluxes in case of ingress for circuits operated with supercritical helium. This is 
why a reverse approach was taken in the present study. This means, the maximum accepta-
ble mass flow that can be handled according to the design pressure of the circuit was calcu-
lated. Once the maximal mass flow is calculated, the corresponding heat load is calculated 
and compared to the maximum acceptable value of heat load defined by ITER. 

The maximum mass flow that can be released from the cryopanel circuit was assessed with 
about 10.6 kg/s, which corresponds to a heat load of 800 kW and a heat flux of 6.2 W/cm². 
The maximum mass flow that can be released from the thermal shield circuit was assessed 
with about 3.7 kg/s, which corresponds to a heat load of 2200 kW and a heat flux of 7.8 
W/cm². 

The following Fig. 6 illustrates the results for the cryopanel circuit. One block of cryopanels is 
made of 4 parallel cryopanels, and one block of connection pipes is made of 4 parallel con-
nection pipes. The mass flow profile to the two protecting relief valves (RV1 and RV2) and 
the pressures in the circuit are represented along the circuit.  
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Fig. 6: Mass flows and pressure build-up in the PPC cryopanel circuit. 
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In order to perform this work, a specific code has been developed by KIT. The code offers 
the possibility to size a safety component for a given mass flow or for a given heat load on a 
helium circuit, according to the norms related to pressure devices (API520, EN13648-3).  

Current status and outlook 
 
The complete build-to-print design of the PPC together with the documentation catalogue of 
performed studies, analyses and assessments is finalised. The 3D CATIA products have 
been transferred according to the ITER format requirements. A number of 230 2D drawings 
have been produced including a detailed list of 1400 weld descriptions. The design was ap-
proved from F4E and ITER and will be given to the manufacturer who will be identified until 
mid 2012 in a call-for-tender procedure. If invited, KIT is ready to provide expertise to F4E in 
cryopump manufacturing. Finally, when built, the pump will be tested in the TIMO-2 facility to 
validate the design [4].  

Industry involvement 
 
This work has been supported by the company WEKA AG, Switzerland, who were acting as 
Third Party to KIT. WEKA was contributing their expertise in cryogenic valve design and in-
dustrial manufacturability, especially in the areas of sealing, bearing choice and position con-
trol. 
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Simulation of Vacuum Flows in Fusion Reactors  
(EFDA HPC-FF-SIMVAC, WP11-HCD-01-05-05-01) 
 
Background 
 
The prediction and modelling of vacuum flows is of key importance for the design and opera-
tion of fusion machines. In particular, there are high vacuum pumping systems for evacuation 
and maintenance of the needed pressure levels in the torus, in the cryostat and in the neutral 
beam injectors. Each of the aforementioned vacuum systems consists of networks with vari-
ous channels and complicated cross sections and is characterised by large temperature gra-
dients and distributed gas loads. The flow in such systems covers the whole range of the 
Knudsen number, varying from the free molecular regime all the way up to the hydrodynamic 
limit.  

KIT has developed the ProVac3D software, which is a stochastic approach to describe gas 
flows based on the time-of-flight accumulation method [1]. It has become the reference tool 
for the vacuum design of the ITER cryopump systems, see [2-4], and has been applied suc-
cessfully to flow simulations of the ITER divertor system. This success encouraged us to in-
vestigate the feasibility of ProVac3D to describe transient flow problems. Non-equilibrium 
flows are of central importance in fusion machines where not only ramp-up and -down, but 
also keeping steady-state conditions requires the con-current performance of many actuators 
(fuelling, heating, seeding, etc.), each with specific dynamic characteristics.  

Parallelization and transient flow applications 
 
Due to the underlying idea of monitoring a single particle travel path and velocity, ProVac3D 
is intrinsically able to describe transient phenomena and is intrinsically able to be parallelized 
without problem. Because of the complexity of the geometries of interest and the demand for 
a large number of modelled particles - especially in transient cases - to reduce the statistical 
error, parallel calculations are highly desirable. Hence, the computational demands (speed 
and time) are expected to be reasonably low for ProVac3D whereas other codes valid in the 
transitional range (such as DSMC or kinetic equation solvers) are very complicated to be 
parallelized. In view of this promising situation, the main target for 2011 was to demonstrate 
that ProVac3D is a reasonable approach to describe transient phenomena in fusion prob-
lems. 

As first step, an effective parallelization 
was successfully accomplished in 2011. 
Figure 1 shows the results on the High 
Performance Computer for Fusion (HPC-
FF) at Jülich Supercomputing Centre 
(JSC) and on the HC3 supercomputing 
system at KIT. One can see that the 
speed-up efficiency is still quite good by 
using hundreds cores.  

This allowed us to re-simulate many pre-
vious design cases with higher statistical 
precision. With the parallelisation, we had 
the capability to start activities in model-
ling of transient flows, which are, by their 
nature asking for much more computational power than steady-state flows. Up to now, there 
is very little literature about transient phenomena in a vacuum system [5].  

Under this task, we have modified successfully the ProVac3D code to include new subrou-
tines, in which the time-dependent trajectory tracings are handled and the existing good con-

 
Fig. 1: The speed-up efficiency of ProVac3D after parallelization. 
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vergence characteristics are preserved. The model chosen in a test simulation was a cylin-
drical tube of the length of 10 m and the diameter of 300 mm. The test molecules of nitrogen 
at 300 K were injected into the tube inlet according to the Maxwellian velocity distribution. 
100 equally distributed virtual discs along the tube axis were implemented to record the time-
dependent incident hits. The time resolution was 1 ms for the first 5 s. This means that there 
were 5000 time windows in total. As many as 1010 molecules were simulated with 640 cores 
on the supercomputer of HPC-FF. The computation time was less than 5 hours. This work 
was performed under the SIMVAC project of HPC-FF. Figure 2 shows the simulation result. 
The incident hits are a measure for the local pressure. Compared to [5], which is considered 
as the present state-of-the art in this field, the resolution could be improved significantly. 

 
Fig. 2: Time-dependent incident hits of nitrogen molecules at 300 K along the 10 m length of the modelled tube. 

 
 

Conclusions and outlook 
 
It has been demonstrated that the ProVac3D code is a reasonable approach to describe the 
transient gas flows in a vacuum system. This was enabled by a full parallelization of the code 
and by the development of subroutines to record the time-dependent trajectories of the test 
molecules. By these two essential steps the objectives of the task are fulfilled. However, we 
still need to cross-check the simulation results with experimental data. As the published da-
tabase is almost non-existing, this activity will be supported by our experimental test rig 
TRANSFLOW.  
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Components and Infrastructures of PRIMA: Cryopumps for MITICA and the 
ITER Heating Neutral Beam 
(F4E-2009-GRT-032-PMS-H.CD and F4E-GRT-303 (PMS-H.CD)) 
 
Background and objectives 
 
The 2011 activities in the area of the cryopumps for Neutral Beams (NB) were focussed on 
the continuation of the design development to a build-to-print (BtP) level that can be directly 
employed for a call for tender and the manufacturing. The NB cryopump package has two 
elements: firstly, the cryopumps for the ITER HNB, which have to be addressed initially; sec-
ondly and starting from the ITER HNB design, the cryopumps to be used in the MITICA 
testbed, which will be testing a full 1:1 scale ITER NB [1, 2]. To make full benefit of the diag-
nostic capabilities of the testbed, some adaptations have to be made to the cryopumps. But 
they have to be made such that the pump stays fully representative for the ITER HNB envi-
ronment.  

The 2011 work was first organised under Grant F4E-2009-GRT-032, which started in spring 
2009 and was running until March 2011. The continuation of the work was performed under 
GRT-303 which is the direct successor of GRT-032 with the same lead parties involved and 
running since May 2011. Thereby, GRT-303 covers the elaboration of the BtP design of the 
cryopump for the ITER HNB as well as for the MITICA cryopump. The MITICA facility is cur-
rently being set up on site of Consorzio RFX in Padova, Italy. 

Design development 
 
For the ITER HNB cryopump many open design details have been solved, in all cases ac-
companied by FEM analyses and the development of all needed documentation and plans 
[3-4]. 

Solving open design issues 
 

 
Fig. 1: Upper part of one module of the pump showing some details of the final design. The outer manifold cover is hidden to 

show the internal parts. 
 
 

Solutions have been developed and integrated for the side shields at both ends of the pump, 
for the outer manifold shielding, being the outer cover at the top and bottom region, for the 
inner manifold cover, reducing the heat load onto the cryogenic manifolds in the pump, for 
the spacers between the cryopanels and the front shielding, and for the mechanical support 
of all the panels and shields, which has to insulate cooled components from the warm frame 
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while allowing the thermal movements of all components. Fig. 1 illustrates some of these 
design details. 

Conceptual design for MITICA cryopump adaptations  
 
The required beam diagnostics in MITICA ask for additional openings in the cryopump at two 
different positions along the beamline. An investigation on potential design options and con-
sequences has been performed to assess already at an early point in the design develop-
ment if an adequate adaptation of the HNB design is possible without a significant impact to 
the pump performance. The developed solution is basing on a marginal shift of the entire 
pump to not affect the cryosections in the pump. Consequently, the needed openings have 
only to be realized in the shielding backwalls. These openings have to be equipped with 
small additional shieldings to guarantee that no direct thermal radiation coming from the 
beamline vessel through these openings will reach the cryopanels. Fig. 2 shows the concep-
tual design of this additional shielding system. Since this additional shielding system will 
slightly reduce the capture probability of its neighboring pumping sections, a detailed pump 
model, including these adaptations, was integrated in a ProVac3D model of the entire HNB 
system. This led to a reliable prediction of the resulting reduction of the global pump perfor-
mance, caused by the two local adaptations, which was found being negligible and not caus-
ing any significant difference between the HNB pump and the adapted MITICA pump.  

 
Fig. 2: Drawing of the conceptual design for the openings in the shielding backwall to achieve the diagnostic openings re-

quired for MITICA and for the additional shielding needed to avoid any direct thermal radiation on the cryopanels. 
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FEM analyses of all scenarios  
 

Due to the size of the pump and the demanding temperature range of the pump components 
during the different operation scenarios, extensive FEM analyses are needed to check all the 
individual components, sub arrangements and the whole pump. The thermal loads have to 
be determined considering that the pump parts are at different temperatures (4 K, 80 K, 
300 K or 470 K). Fig. 3 shows a typical result of FEM analyses concerning the estimated de-
formation of the radiation back wall when it is cooled down from 300 K to 80 K.  

These analyses have to accompany the design process continuously, this means that almost 
every design step has to be checked and the result is often leading to an iterative redesign 
and optimisation of the related component [5].  

 
Fig. 3: Example for FEM analyses: movement of the front shielding panels when cooled down from 300 K to 80 K during pump 

operation. 
 
 

Assembly and manufacturability studies 
 

To deliver a BtP design ready for manufacturing, it must be accompanied by design support-
ing investigations. Therefore, in parallel to the design process, the question of how to as-
semble all these components and subassemblies has to be answered. Consequently, a ma-
jor step was the development of a detailed assembly procedure and investigations on several 
manufacturing details to guarantee that the manufacturing of the entire pump is possible at 
all. One detail of many others that needed deep investigations and discussions was the 
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manufacturing of the cryopanels. Assuming the enormous heat loads to be handled by the 4 
K circuit, an investigation of the expected panel temperature showed a potentially critical val-
ue. To improve the design and to reduce the panel temperature, a Cu plating of an adapted 
stainless steel structure was implemented to increase the thermal conductivity. This problem 
was addressed within the NIPEE EFDA Goal Oriented Training Programme on Negative Ion 
Physics and Engineering Expertise, and is described in a separate chapter in this annual 
report. 

NBI cryopump safety analysis 
 
Calculations have been performed in order to assess the minimum number and size of the 
safety components (relief valve, burst disk) and the maximal acceptable heat flux to the NB 
cryopumps in case of an accidental situation due to loss of vacuum (air or water ingress). A 
loss of vacuum is leading to an excessive heat load, and the pressure inside the helium cir-
cuit is increasing. Then, when the helium is released above a certain pressure, flow and 
pressure gradients occur in the cryopump circuits, given by the thermohydraulic characteris-
tics of the circuits [6, 7]. As the direct calculation of this safety case is too complex and can 
therefore not be done in a reliable way, a reverse approach has been taken, namely to start 
from the design pressure of the circuit and to derive the maximum mass flow which can be 
released by the devices in such a way that the peak pressure is still below the design pres-
sure. The maximum mass flow can then be converted to a heat load and this can be com-
pared with the ITER values.  

By this method, it could be demonstrated that the chosen pipe diameters in the NB cryopump 
design satisfy the requirements. Furthermore, the heat loads (1.7 W/cm² of the thermal shield 
circuit and 4 W/cm² for the effective cryopanel circuit) were found to be acceptable. 

Conclusions and future work 
 
The design evolution of the ITER HNB cryopump has seen much progress and is very close 
to the final stage [8]. When this will be achieved, the final BtP design will be adapted to the 
needs of the MITICA test bed on site of Consorzio RFX, Italy. The pump for this test bed will 
be the first NB pump to be manufactured and the test bed operation also serves the purpose 
to confirm and validate the design for ITER. 

The remaining scope of GRT-303 includes the following activities to be performed in 2012: 

• Final 3D design of all 16 modules. 

• Preparation of 2D drawings. 

• Finalization of ongoing FEM analyses of the whole pump for all scenarios including seis-
mic events. 

• Mechanical analyses of the load case caused by ice formation from a water leak. 

• Improvement of the manufacturing and assembly plans.  

• Adaptation of the finalized HNB design for MITICA. 
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Development of the Cryogenic Plant of PRIMA (F4E-GRT-306 (PMS-H.CD)) 
 
Background and objectives 
 
KIT is charged with the development of the cryopumps for the ITER Heating Neutral Beam 
Injector (HNB) and for the PRIMA/MITICA test bed which is currently being built at Consorzio 
RFX, Padova, Italy. MITICA is an ITER facility in which the performance of a full 1:1 scale 
HNB will be tested. Contrary to the cryopumps, which will be very much identical in ITER and 
MITICA, the cryoplants to supply the pumps can obviously be different. For ITER, the 
cryopumps are only a small client among many others, whereas in MITICA, the only purpose 
of the cryoplant is to supply the cryopump. The design of the cryoplant has therefore to 
match closely the cryopump requirements. Hence, KIT was contracted to support RFX with 
the cryoplant specification.  

Assessment of the required flows for the HNB cryopump operation 
 
According to the heat load to the HNB cryopump and the required inlet and outlet tempera-
tures, the required mass flows during steady-state pulse and stand-by modes have been 
calculated. During these steady-state phases the cryopanels of the cryopump are supplied 
with supercritical helium at about 4.5 K and the thermal shield system with gaseous helium at 
80 K. The most demanding operation regarding the cryogenic power and the complexity of 
the operation is the regeneration of the cryopanels at 100 K, which has to be performed in 
only 3 hours in some cases. The 100 K regeneration is divided in three phases: the warm-up, 
the exhaust phase at 100 K, and the cool-down to 4.5 K. During the cool-down phase, the 
HNB cryopanels are supplied with supercritical helium at about 4.5 K. Then a large quantity 
of this “cold” helium is warmed up and has to be re-liquefied, which is consuming a lot of 
cryogenic power. The required mass flows during the transient warm-up and cool-down 
phases have been estimated using a simplified approach, in order to assess the required 
cryogenic power of the cryoplant. The final numbers to be included in the cryoplant Technical 
Specification are currently under negotiation. 

Depending on the different pump operation modes the found values can be used as a start-
ing point for the detailed overall design of the cryoplant. The final design including all the 
vessels und transfer lines will be included in the scope of the supplier.  

Conceptual design for the cryogenic plant of PRIMA 
 
The necessary cryogenic infrastructure was developed on the basis of the experience col-
lected during the different test campaigns with the ITER model pump at TIMO [1]. The con-
ceptual design is illustrated in Fig. 1.  

Following a verification of the technical feasibility of this cryoplant concept by RFX and a 
check of the spatial situation on site, a draft technical specification was prepared and dis-
cussed with F4E. Finally, after some loops of iteration a final draft was agreed.  

Outlook 
 
This grant has been closed with the end of 2011. F4E and RFX are discussing the best way 
for how to go ahead with the call for tender procedure. Most probably, there will be an initial 
phase with technical discussions with the industry prior to the official start of the tender pro-
cedure in 2012. It is planned that KIT will be further involved in this development.  
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Fig. 1: KIT concept for the cryogenic infrastructure of PRIMA. It gives an overview of the components which are necessary for 

the successful operation of the MITICA pump under ITER relevant conditions. 
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Integration of Particle Control in ITER Plasma Scenario Simulations: Modelling 
of ITER Gas Fuelling Systems (WP11-HCD-01-05-03-01) 
 
Background and objectives 
 
The gas injection system (GIS) of ITER is a system used for the normal fuelling of the ma-
chine in the ignition phase, for wall conditioning, for radiative seeding and for rapid and pre-
cise injection of impurities for the fusion power shutdown [1]. The GIS consists of two main 
branches namely the system in the upper port region of the torus and a system in the lower 
port region of the divertor. These systems are capable of controlling the injection rate of 
gases, such as D2, H2, N2, Ne, He or Ar, which are needed to be routed from the tritium plant 
through various piping networks, which consist of channels with different lengths and cross 
section. As a result, information on the gas flow dynamics is of vital importance for the design 
and optimization of the above system and subsequently for the performance and efficiency of 
the fusion reactor especially during the discharge phase. The objective of this EFDA task 
was to analyse the dynamics of the gases flowing through the GIS pipework. 

ITER GIS system description 
 
As first step a good understanding of the piping system had to be developed in order to do 
an appropriate modelling. In brief, the individual sub-systems of the GIS are required to pro-
vide the following functions: 

• Provide hydrogen isotopes, He and impurity gas input to the vacuum vessel for plasma 
initiation, maintenance and control and for wall conditioning; 

• Supply H2 and D2 gases to the heating and diagnostics Neutral Beam injectors; 

• Provide a safety important emergency shutdown system (Fusion Power Shutdown Sys-
tem FPSS); 

• Provide the pellet forming and propellant gases for the pellet injection system. 

The gas supply and distribution system supplies gases from the tritium plant and distributes 
them to the various gas supply boxes and incorporates a common pumping and flushing line. 
The supply line is routed from the tritium plant to the upper vault where it intersects a distri-
bution ring manifold which encircles the bio-shield. Circumferentially of this ring manifold 
(Fig. 1-left) are the local distribution manifolds which route the gas supplies to each valve 
box. Each of these valve boxes is charged with a gas pressure of 0.1 MPa. The routing of 
these local manifolds is through the vertical pipe shafts to the valve boxes located at the 
various levels. The fuel delivery line design conditions are the same for most of the individual 
sub systems, where a 10 mm diameter cylindrical pipe with length limited to 20 m is installed. 

In order to provide the flexibility for physics operations (e.g. between minimum neutral den-
sity in the main chamber and a strong plasma flow in the scrape-off layer gas injection is pro-
vided at two poloidal elevations. These are the top port GIS, for fuelling at the top of the 
plasma chamber, and the divertor GIS, for fuelling at the divertor chamber. To minimise ero-
sion of the first wall and the generation of high local peak heat fluxes at the top port injection 
point, the gas has to be injected uniformly. To achieve this, the gas is injected at five discrete 
toroidal locations behind the blanket and the gaps between adjacent blanket modules used 
to promote poloidal spreading of the injected gas (Fig 1-right). The system allows the injec-
tion of any combination of hydrogenic (H2, D2, T2 depending on the type of discharge) and 
impurity gas species simultaneously. 
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Fig. 1: Gas fuel manifold layout (left) and typical injection points (right). 

 
 

The top port GIS consists of four valve boxes uniformly distributed around the biological 
shield. The valve boxes are cylindrical in shape, shrouded in a magnetic shield and mounted 
on a support platform. The typical distance between the torus and the valve boxes is around 
17 m. The exposed connections, between the supply lines and the valve box, are made us-
ing demountable metal sealed connections. The gas injection delivery line is assembled in a 
similar manner. 

The divertor GIS system consists of six valve boxes evenly distributed around the machine at 
the divertor pit level. The configuration of these valve boxes is identical to the top port GIS 
valve boxes with the exception that the magnet shielding is thicker to accommodate the 
higher magnetic field in this location. The gas delivery line is routed from the valve box in a 
secondary confinement line to the divertor port where it is routed through the fixed portion of 
the port secondary to the vacuum vessel flange where it passes through the fixed portion of 
this flange, below the cryopump, under the divertor to end at the divertor chamber. 

Performance requirements 
 
For a typical DT fuelling scenario a maximum combined DT fuelling rate of 400 (Pa m³)/s will 
be provided for at least 50 s for start-up and density ramp-up and between 50 (Pa m³)/s and 
200 (Pa m³)/s used for the remainder of the pulse depending on the plasma operating condi-
tions. During flat top, the fuelling will be modulated up to 400 (Pa m³)/s in 10 second bursts 
for density/fusion power control. The maximum fuelling rate provided for pure tritium, under 
all operating scenarios, will be 110 (Pa m³)/s.  

Three impurity gases, normally He, N2, Ne or Ar, are provided for irradiative cooling of the 
divertor and/or plasma experiments. The impurity gas delivery system provides a maximum 
fuelling rate of 100 (Pa m³)/s, with an average value of 10 (Pa m³)/s required during plasma 
operation, impurity gases such as N2, Ne and Ar. 

Within this present task, it has to be demonstrated that the GIS is able to provide a response 
time to 63% at 20 (Pa m³)/s for H2, D2, T2 and He species in < 1 second [1].  

Numerical modeling 
 
In the above framework, numerical calculations, which include the transient behaviour of gas 
flow through long tubes for various gases, flow conditions and geometrical parameters, were 
performed, using the commercial package ANSYS-CFX (see Fig. 2). The fully transient, tur-
bulent flow described by the well-known Navier-Stokes equations, subject to non-slip bound-
ary conditions, were solved in an iterative manner. The numerical results of pressure and 
mass flow rate evolution and the lag time, have been compared with the corresponding ex-
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perimental results obtained by the experimental facility in SWIP-China [2], who is the ITER 
Domestic Agency responsible for the GIS package. In general, it is seen that the numerical 
calculations seem to predict with acceptable accuracy (Fig. 3) the corresponding experimen-
tal data.  

 
Fig. 2: Piping scheme of the gas injection system. 
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Fig. 3: Comparison between ANSYS-CFX results and experimental results [2] for various injected throughputs of Ar. The 

upstream pressure is p=0.1 MPa, the tube length is L=20 m and the tube radius is R= 5 mm. 
 
 

Another study that was performed supported the design of the upstream tank (see Fig. 2). By 
a parametric analysis, it could be shown how the time needed to inject the specified gas 
amount into the torus chamber is related to the upstream pressure and volume of the supply 
tank, see Figure 4. It was found that for high initial pressures of the upstream tank the time 
needed for its complete evacuation is significantly lower. As a result, since for the ITER 
FPSS the time is a vital performance parameter, high pressure puffing (30 bar) will be im-
plemented at ITER.  

Conclusions  
 
It was successfully demonstrated that numerical models of the Gas Injection System of ITER 
can be developed that are suitable for benchmarking with corresponding experimental results 
and provide results to justify design decisions. The design of ITER GIS is still an open issue 
and a lot of research is under way. As a result, numerical models like the ones described in 
the present report can play a significant role during the optimisation phase.  
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Fig. 4: Time evolution of total mass of Ar inside the upstream tank and the amount of gas injected in the vacuum vessel (out-

let) for the cases with initial tank pressure 30 bar and 1 bar. The tube length and radius are L=25 m and R=5 mm re-
spectively.  
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Design Assessment and Development Needs of Fuelling and Pumping Systems 
for DEMO (WP11-DAS-HCD-FP-01 and -02) 
 
Background 
 
The fuelling and pumping systems of a fusion device are the pacemaker of all torus and 
plasma operation under nominal and off-normal conditions. The technology for ITER is very 
much customized and a direct scale-up towards the power plant level is problematic. In 2011, 
a review assignment task was launched under the EFDA Power Plant Physics & Technology 
Work Programme on the technological maturity and development needs of fuelling and 
pumping systems for DEMO. For this reason, two DEMO options were studied, an early and 
conservative DEMO 1, which is incorporating as much as possible existing and scaled-up 
technology from ITER, and a DEMO 2, which is based on challenging plasma physics and 
full steady-state operation. On top of the technology assessment, recommendations for fur-
ther R&D needs have also been developed.  

KIT was in charge to co-ordinate this review. The fuelling part was elaborated by CCFE with 
some expert input from KIT, whereas the pumping part was mainly provided by KIT with 
some expert input from the Hellenic Association.  

Fuelling systems 
 
Fuelling systems comprise in general gas injection for plasma density control, for supply to 
neutral beams and diagnostic neutral beams, for injecting impurity gases into the divertor to 
provide radiative cooling, and for wall conditioning. Pellet injection is used for plasma density 
control, for ELM control, for enhanced edge radiative cooling and finally for better coupling of 
the RF injectors with the plasma. Specialized systems comprise injecting impurity gases to 
mitigate disruptions and for emergency power shutdown. All these functionalities were care-
fully analysed as they impact on the fuelling throughput and therefore on the pumping sys-
tem. 

Fuelling in ITER relies on pellets at relatively low velocities, injected from the high field side, 
and on the ∇B-drift to increase core fuelling efficiency. The design of ITER does not allow 
high speed pellet injection, which is under debate for a power plant. As result to the per-
formed study, it was re-confirmed that the fuelling of DEMO will require a step change com-
pared to existing tokamaks, neither the technology nor the physics can be regarded as ma-
ture. Most models predict a very low efficiency of gas puffing inside the separatrix. Hence, 
gas injection fuelling is not considered to be a candidate for DEMO. 

As potential fuelling technologies we have considered pellets, supersonic gas injection, com-
pact toroid (CT) injection and unmagnetized plasma injection. 

Pellets will have high fuelling efficiency, but cannot create centrally a peaked density profile 
in a full-scale reactor. Unfortunately, there are no experimental data on purely pellet-fuelled 
high density plasmas in a metal-wall (low outgassing) tokamak. This is an important issue 
which must be addressed to provide a better base for any decision on the next step devel-
opment.  

Compact toroid fuelling has been demonstrated on small tokamaks. The behaviour of a CT 
when approaching and entering a large tokamak is not well understood. An existing CT gen-
erator could be equipped with a flight tube and simulated tokamak stray field. 

Pumping systems  
 
A suitable pumping system for a fusion power plant also has to include an embedded control 
function for gas throughputs (fuel gas and He ash recycle flows) to assist the plasma control 
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system and has to be compatible to the disruption mitigation techniques used at the power 
device (today still unknown). An additional functionality which will be asked from the torus 
exhaust pumping system (or an additional, dedicated pumping system) is to provide im-
proved density control to achieve above Greenwald conditions for the specific magnetic con-
figuration the power plant device will have (divertor concept, plasma shape etc.) [1].  

Concerning pumping systems, cryosorption pumping at 5 K is the reference primary pumping 
concept for ITER. Expertise in the design of customized cryopumps is available, and any 
DEMO 1 requirements for more pumping speed is more or less a question of giving more 
cross-section to pump out.  

The situation is more critical for the backing pumps, because tritium-compatible mechanical 
pumping is still an issue. Dedicated R&D had been started in Europe to develop a tritium-
compatible screw or roots pump, but the programme was stopped because the ITER fore-
pumping procurement package was given to US. Hence, ITER is now using a customized 
cryogenic forevacuum compressor (JET-style) - which is clearly not an option for a fusion 
power plant – and combines this with a dry piston pump, which needs further development to 
reduce the high maintenance requirements. 

The lessons ITER will teach are useful for the areas of cryogenic pumping at 5 K and tritium 
plant systems. However, these two areas are just the ones expected to change for a power 
plant. 

For primary pumping purposes of a DEMO 2, a viable alternative to the 5 K cryopump for 
burn operation with reduced operating costs and equivalent availability would be desirable. In 
view of the unacceptably high processing times and the build-up of large tritium inventories in 
case of a simple scale-up of the ITER fuel cycle towards DEMO, a rigid simplification is 
needed. To achieve this, the concept of direct internal recycling (DIR concept) [2] of the un-
burnt fuel fractions upstream of the torus vacuum pumps was elaborated, see Figure 1, thus 
resulting in significantly reduced throughputs for the tritium plant and vacuum pumping sys-
tems. The ultimate goal is to go from a batch-wise, cryogenic, non-separating vacuum pump-
ing systems, as is the case for ITER, towards a continuous, non-cryogenic and separating 
(He from hydrogens) pumping system [3].  

 
Fig. 1: Concept of Direct Internal Recycling (DIR) to simplify the fuel cycle of a fusion power plant. 
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As a first step in this direction, a theoretical approach was taken to assess all different pump 
types which are available on the market. A quantitative ranking scheme was elaborated, that 
gives the quality of a certain pumping solution. This was based on a pairwise comparison 
procedure based on 18 categories which classify aspects such as tritium compatibility, de-
sign simplicity, suitability for extrapolation, maintainability etc. In a second step, costs have 
been estimated to develop these pumps and/or to make these pumps tritium compatible. As 
a result of this process, two figures have been obtained (see Figure 2), one for the high vac-
uum (HV) pumps and one for roughing pumps, which plot the cost versus the calculated 
quality rating. The best solution can be found in these figures in the lower right corner, where 
R&D costs are low and the quality is high.  

 

 
Fig. 2: Result of the technical-economic examination of different high vacuum pumps (top) and roughing pumps (bottom). 

 
 

In a final step, SWOT tables were elaborated for the most promising pump types. From this 
result, a pumping train has been identified as a very promising solution that consists of a va-
pour diffusion pump as HV pump and a liquid ring pump as roughing pump, both with a work-
ing liquid that was replaced from water or oil to a liquid metal (for tritium reasons). For the 
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separation of the exhaust gas close to the divertor, a metal foil based pump is considered to 
be a promising candidate.  

This novel pumping system configuration is considered to offer significant advantages over 
the ITER solution or any scale-up version thereof and is most promising to work successfully, 
but asks for experimental demonstration [4]. KIT is therefore currently conceptuating the test 
facility THESEUS (see the report on the work done under the VACU-TEC GOT) and first 
proof-of-principle tests are planned to be performed under the EFDA Power Plant Physics 
and Technology Programme 2012.  

Conclusions 
 
The assessment of the fuelling and pumping systems has clearly shown that a simple ex-
trapolation of the ITER systems to a DEMO device would be not a good choice. Possible 
solutions with new technology have been identified and a R&D programme for their devel-
opment was proposed. 
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Revision of the JT-60SA Research Plan – Chapter 9: Fusion Engineering 
(WP11-JTA-RWP) 
 
Background 
 
The research objectives and strategy of the JT-60SA experiment are described in the “JT-
60SA Research Plan”, and the most recent version v2.1 was issued end February 2011. This 
version of the JT-60SA Research Plan outlines the scientific objectives and operation strate-
gy of the JT-60SA tokamak in the views of the JAEA Home Team and the collaborators from 
several Japanese Universities. It contains a detailed description of the foreseen research 
phases, with a tentative planning covering 20 years of operation, describes the various oper-
ational regimes of the machine, and treats different subjects in separate chapters.  

In a Broader Approach management meeting was agreed that the next version of the Re-
search Plan should be issued as a common document between EU and Japan. In order to 
organize this, each chapter was given to a responsible EU officer for review and amendment. 
In this task, KIT was charged to work on the chapter on fusion engineering.  

The role of JT-60SA in fusion research 
 
The target of JT-60SA is to contribute to early realization of fusion energy by two missions. 

Support of ITER exploitation  

Support of the exploitation of ITER is the first main mission of JT-60SA. This is based on a 
favorable phasing between the operation planning of the two machines. A part of the results 
expected makes use of unique JT-60SA capabilities and can be classified as a confirmation 
or consolidation of the ITER physics and operation basis (demonstration of an ITER Q=10 
equivalent discharge, study of the operational boundaries, confirmation of the transport and 
L-H transition scaling laws, study of pedestal structure and ELMs, etc.). Other studies will be 
certainly useful, although they could also be carried out on other tokamaks. Most interesting 
is the versatile heating and current drive systems (positive NB, negative NB, off- and on-axis) 
allowing for burning plasma studies and the long pulse length, allowing the possibility of pre-
paring a full ITER reference H-mode scenario. 

Issues for DEMO  

The second main mission of JT-60SA is the investigation of key physics and engineering 
issues for DEMO. The main plasma physics and operational issues on which JT-60SA could 
contribute to the DEMO design are identified in the JT-60SA Research Plan as: 
(i) understanding self-regulating plasma systems (since the burning plasma will be a physical 
system with a very high fraction of self-generated heating and current), (ii) demonstrate 
steady-state sustainment of the required integrated plasma performance, and (iii) extend 
operational boundaries (high beta, bootstrap and Greenwald fractions).  

Fusion technology aspects 
 
JT-60SA addresses a variety of fusion technology aspects. A series of component tests 
(structural inserts and diagnostics), e.g. ferromagnetic insert tests to study the ripple effects 
for breeding blankets, are foreseen right from the start of the machine. However, due to the 
fact that JT-60SA starts as carbon machine, the plasma facing components will be upgraded 
- to tungsten (divertor) and beryllium (first wall) - only at a later stage. The increasing neutron 
budget from D-D operation is planned to be exploited for instrument characterization.  

In the amended version of the research plan, a new section on testing and validating periph-
eral technology, especially in the area of pumping and fuelling, see Table 1, has been added. 
JT-60SA will be the first plasma device with the capability to have a variable divertor pump-
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ing speed, as ITER will also have (although with a different technology). This may give an 
additional way to control plasma detachment and studies on this influence are now being 
integrated in the detail planning of JT-60SA operation. Installation of the ITER rough pumps 
and/or a DEMO relevant rough pump train is also an option. The study of pellet injection un-
der ITER relevant conditions (where most of the pellet is ablated in the edge and the material 
transport has to rely on the gradB drift only) is another important category which has been 
brought in by the EU working group.  

Table 1: Additional research items defined in the Research Plan review and their relevance for ITER and/or DEMO. 
 

Research items ITER  and 
DEMO 

ITER DEMO 

A. Primary pumping 
Effect of spatial and speed variation on plasma 
Utilizes existing hardware 

x   

B. Rough pumping 
Includes test hardware (different for ITER and 
DEMO) 

 x x 

C1. Pellet fuelling  
Assess performance for ITER and DEMO relevant 
conditions (consumption of the pellets in the edge) 
Utilizes existing hardware 

x   

C2. Pellet fuelling 
Includes ITER test hardware  x  

D. Disruption mitigation by MGI 
Characterise 
Own hardware to be developed 

 x  

 
Conclusions 
 
The revision of the chapter 9 of the JT-60SA Research Plan has been finalized and a new 
version of the whole document (v3) has been issued at the end of 2011. The discussions 
held between EU and Japan (Fig. 1) have been very open, fruitful and characterized by a 
collaborative attitude. A list of collaboration proposals to continue common work on specific 
issues has been elaborated and integrated in the draft of the EFDA Work Programme 2012. 
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Fig. 1: The EU working group with their Japanese counterparts in front of the first segment of the JT-60SA vacuum vessel at 

Naka site on the occasion of the first Research Coordination Meeting, October 2011. 
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Goal Oriented Training Programme on Negative Ion Physics and Engineering 
Expertise (WP08-GOT-NIPEE (FU07-CT-2008-00043)) 
 
Background and objectives 
 
The NIPEE programme is supporting the development of the PRIMA/MITICA neutral beam 
test facility which is currently being built at Consorzio RFX, Padova, Italy. This facility fea-
tures a full 1:1 scale testing environment of the complete ITER Heating Neutral Beam (HNB). 
To provide training and experience in the design, specification and construction of high pow-
er Neutral Beam Injection systems and their integration with the test facility, six engineers 
receive expert training in the relevant aspects. The goal oriented training programme is co-
ordinated by Consorzio RFX. KIT is hosting a trainee.  

Within the NIPEE Programme the KIT trainee shall specifically contribute to the final design 
of the large cryopumping system of MITICA, but also gain general expertise in basic fusion 
and vacuum technology and understanding of Neutral Beam Systems. To build up experi-
ence in this wide field, the trainee was involved in different on-going cryopump projects. 

Design support activities  
 
Capture assessment of a pump configuration for MAST-Upgrade 
 
UK’s fusion energy experiment MAST (Fig. 1) is equipped with a special Super-X divertor for 
which a new open structure cryopump is under consideration. In preparation of a potential 
collaboration in the area of the divertor cryopumping systems, KIT was investigating the most 
promising geometry and position of the pumps in such a novel divertor environment (Fig. 2). 

 
 

Fig.1: Open structure divertor cryopump. 
 

 

For this investigation the capture coefficient of the different geometries was calculated using 
the 3D Monte Carlo Simulation MOVAK, see Fig. 3. The capture coefficient is defined as the 
ratio of pumped particles over incoming particles balanced at the reference inlet cross-
section. These data, together with calculated heat loads, were used to select the optimal 
cross-section geometry of the pump. Additionally, the influence of the position of the pump in 
the divertor region on the pump performance was investigated.  
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Fig. 2: 2D-Illustration of the divertor with a candidate cryopump configuration. 

 

 
 

Fig. 3: Capture coefficient (in%) for different cross-sections of the cryopump. 
 
 
 

Temperature of the HNB beamline vessel 
 
On request by IO, the temperature of the outer wall of the HNB beamline vessel (BLV) was 
investigated. The motivation was the concern of potential ice formation due to frozen humid-
ity on the outer BLV cooled down by the cryopump in operation or standby. Also, the heating 
of the BLV during the high temperature regeneration of the pump was an issue under inves-
tigation. For every scenario the corresponding internal conditions (temperature and pressure) 
- (1) nominal condition (pumping or stand by), (2) normal regeneration at 100 K with internal 
convection, (3) high temperature regeneration with internal convection - were combined with 
the worst case outer air temperature conditions. Fig. 4 shows a typical result regarding the 
temperature distribution on the outer BLV wall and the time dependent behaviour of this cool 
down until thermal equilibrium steady-state conditions are reached.  

The achieved results showed clearly that no ice formation will occur. However, formation of 
liquid water is very likely and should be suppressed by air conditioning measures.  
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Fig. 4: Example of a result of the BLV temperature cooled down by the cold cryopump inside. On top the temperature distribu-

tion on the BLV, on bottom the development of the cool down in time to reach asymptotically the local maximum (green) 
and minimum (red) temperature values.  

 

 
 
Fig. 5: Comparison of the calculated temperature distribution (in K) for the old cryopanel design (top) consisting of SS only 

and the improved design (bottom) consisting of thinner SS fins plated with 1 mm Cu all around.  
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Investigations on cryofin temperature in the HNB pump 
 
The enormous heat loads to be handled by the HNB pump, especially the additional load 
onto the first 1.5 m caused by the energetic electrons emitted from the ion source, necessi-
tated a thorough investigation on the resulting temperature of the cryopanels. Since the 
cryopanels consist of a SS pipe and an attached SS fin, the area coated with charcoal is 
cooled via passive thermal conduction only. The investigations lead to the result that the low 
thermal conductivity of the pure SS arrangement causes a critically high temperature of 
above 20 K. Consequently, the design was improved. The new concept still consists of an 
arrangement of SS pipe and fin but the fin is now reduced in thickness and after the connec-
tion between pipe and fin the arrangement is plated by Cu to increase the effective thermal 
conductivity drastically. Fig. 5 shows both, the pure SS version compared with the improved 
design which guarantees a proper cooling of the entire fin.  

Calculation of the thermal radiation heat load on the cryogenic manifolds in the HNB pump  
 
To optimize the pump design and to predict reliably the heat loads to be handled, the mani-
fold areas in the pump (top and bottom region) have been investigated. To further reduce the 
heat load from warm components like the mounting structure onto the 4 K manifolds, an ad-
ditional manifold shielding had to be developed. For this purpose, a submodel of the manifold 
region was integrated to ANSYS and an iterative calculation and design optimization was 
performed. Fig. 6 shows the resulting sandwich structure of the inner cooled Cu plates and a 
warm outer SS shell which was found to be the optimal solution.  

 
Fig. 6: Design of the manifold region with all shieldings after the optimization process. 

 
 

Conclusions and future work 
 
The EFDA Goal oriented training programme scheme demonstrated to be an excellent 
framework for young researchers to get a thorough education in fusion and be able to deliver 
own selfstanding work packages. The ongoing design work of the NBI cryopump has seen a 
real benefit by this support so that this scheme will be continued in the next year.  
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Goal Oriented Training Programme on Vacuum Technologies and Pumping 
(WP10-GOT-VACU-TEC (FU07-CT-2010-00065)) 
 
Background and objectives 
 
The aim of the VACU-TEC training programme is to prepare five scientists for activities to 
support the ITER project and the long-term fusion programme in Europe in the area of vac-
uum technologies and pumping. 

The European procurement for ITER in the area of vacuum technologies and pumping sys-
tems covers activities for the supply of cryopumps for torus, cryostat, heating and diagnostics 
neutral beam systems as well as the supply of cold valve boxes, instrumentation and the 
R&D needed to finalize the design of these components. All these requested areas are fully 
covered in the VACU-TEC Goal oriented training programme (GOT) and each area is re-
flected by an individual work package (WP 1 to 5):  

• Cryogenic Engineering: Cold turbo pump development (WP1 by CEA Grenoble) 

• Instrumentation: Identification of total and high resolution partial pressure measure-
ments for ITER leak detection (WP2 by KIT) 

• Leak Localization: Development of remote devices for ITER in-vessel leak localization 
(WP3 by CEA Cadarache) 

• Mechanical Vacuum Engineering: Mechanical design of large scale cryopumps for 
ITER and mechanical pumps (WP4 by KIT) 

• Physics: Vacuum gas dynamics and flow modelling (WP5 by the Hellenic Association, 
Volos) 

The training programme for all trainees follows the same generic scheme with four main 
elements:  

1. General education by participation in introductory as well as specialized courses, lec-
tures and seminars all along the first year of the project 

2. Practical education by being involved in the group activities related to the correspond-
ing training topic 

3. Secondments to other partners of the training programme at various stages of the pro-
ject as project introduction, improvement or conclusive training 

4. Participation in conferences, workshops and meetings 

KIT is co-ordinating this network which started in Nov 2010. However, the recruitment phase 
could only be concluded in July 2011.  

VACU-TEC Work Package 2 (Instrumentation) 
 
The main objective for Work Package 2 is to develop and characterize vacuum pressure in-
strumentation and to improve the ITER leak detection system as well as to study outgassing 
behaviour of materials which will be employed in the ITER vacuum systems. Additionally test 
vacuum chambers should be set up in the vacuum laboratory for benchmarking, calibration 
and outgassing measurements. 

Test rig for outgassing rate measurements 
 
A test facility for measuring outgassing rates is being set up, since outgassing plays an im-
portant role, especially if ultra-high vacuum conditions shall be reached. Hydrogen desorp-
tion from stainless steel is a common problem. For building large vacuum systems such as 
ITER, the outgassing rates of the materials should be strongly considered. Often, outgassing 
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rates of different materials have to be reduced by a pre-treatment like electro-polishing, bak-
ing or vacuum-firing. But the theory of outgassing is quite complicated and not yet fully un-
derstood. Also experimental results reported in the literature are often not consistent. This is 
why new experimental efforts are under way at KIT to provide a better understanding. 

The two main methods to measure outgassing rates are the pressure-rise method and the 
throughput method. The new outgassing measurement apparatus, currently being built at 
KIT, uses the difference method (a modified throughput method). With this method, the pres-
sure difference between two identical vacuum chambers, with one containing the sample and 
the other acting as a reference, is measured to achieve the outgassing rate of the sample. 
Like this, the outgassing of the vacuum chamber can be subtracted and also very low sample 
outgassing rates can be measured. 

Another advantage of this concept is the lock system, with which simultaneous transfer of 
sample and reference is possible. Thus, there is no influence on the measurement if the 
outer conditions change with time. In addition there is an extra-heating for the sample that 
should be installed to improve the relation between sample and chamber outgassing. The 
size of the apparatus allows to measure samples with a surface of 250 cm2. The measure-
ments can be taken at room temperature and at 100 °C, in agreement with the requirements 
of the ITER Vacuum Handbook.  

The flowchart of the facility is shown in 
Figure 1. The central part of the test facil-
ity consists of two identical vacuum 
chambers (Figure 1, 4+5) which are con-
nected by a cross piece. The system is 
pumped down by two turbo molecular 
pumps (2) with membrane fore pumps 
(1), since dry pumps are needed to 
achieve sufficiently low pressures and to 
exclude contaminations. The orifices (3) 
have a known conductance of 10 l/s for 
H2. Two bakeable Bayard-Alpert gauges 
(6) are used to measure the total pres-
sure in the sample and the reference 
chamber. The whole apparatus, with the 
exception of the lock system, can be 
baked at 300°C. For the samples, extra 
heating is provided. Additionally to the 
total pressure measurement, the partial 
pressure is measured by a quadrupole 
mass spectrometer (9) to receive the 
composition of the gas and quantify the 
different gas species. Another total pres-
sure gauge is used to check if the pres-
sure is low enough to start the mass spectrometer, which can be in-situ calibrated via a cali-
brated leak (10). 

One lock chamber can be used for both vacuum chambers. Like this, simultaneous transfer 
of sample and reference is possible. Here, the pumping system consists of a turbo molecular 
pump and a membrane pump, too. Two magnetical rotational and linear feedthroughs are 
used for sample transportation. To separate lock and vacuum chambers two all-metal gate 
valves are provided. A vacuum gauge is used to measure the pressure in the lock chamber, 
since a pressure of about 10-5 Pa should be reached before transferring to the vacuum 
chambers. 

 
Fig. 1: Concept of the Outgassing Measurement Apparatus. 
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According to this concept, CAD drawings (Figure 2) of the test facility have been made. At 
present, the design phase is concluded and various components have already been deliv-
ered, so that the main part of the measurement apparatus can be set up in the beginning of 
next year. 

 
 
Fig. 2: CAD-drawing of the vacuum components of the Outgassing Measurement Apparatus. The footprint of the apparatus is 

1.5 mx1.5 m. 
 
 

VACU-TEC Work Package 4 (pumps) 
 
The research activities in 2011 under the VACU-TEC work package 4 focused mainly on the 
investigation of tritium compatible vacuum pumps for fusion applications and the improve-
ment of the ITER vacuum pumping system (including the simplification of the fuel cycle) 
starting with an assessment of the existing ITER solution. This work was done not only for 
ITER but also in view of a commercial fusion power plant (DEMO), see also the report on the 
complementary activity under the EFDA power plant physics and technology activity WP11-
DAS-HCD-FP. 

During this work, four main topics turned out to become the central elements of this work 
package:  

• Development of a continuously working, non-cryogenic and tritium compatible high 
vacuum pump fulfilling high RAMI (Reliability, Availability, Maintainability and 
Inspectability) requirements. 

• Development of a continuously working, non-cryogenic and tritium compatible fore-
vacuum pump (roughing pump) fulfilling high RAMI requirements.  

• Development of a gas separation concept that allows a gas fore-separation in order to 
reduce the size of the tritium plant significantly.  

• Set up a test facility that allows testing the proposed solution/components. (THESEUS; 
Test facility for helium separating units) 
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Development of an improved tritium compatible pumping system for DEMO providing a ca-
pability for direct internal recycling  
 
The vacuum pumping system for ITER is based on a cryogenic solution: Cryogenic high vac-
uum pumps are used to pump the exhaust gas out of the torus. These pumps are gas bind-
ing pumps that need to be frequently regenerated. For this regeneration, a roughing pump is 
needed. This pump is also a cryogenic pump: The gas which is released of the torus pumps 
during regeneration is cooled down again into a smaller volume where all gases except of 
helium are condensed. The pressures that are achieved during regeneration of this small 
volume cryo viscous compressor are high enough to use a dry piston pump to compress the 
gas to atmospheric pressure. 

This cryo-based pumping system is considered to be a good solution for an experimental 
device such as ITER, but for DEMO, requirements are completely different: Cost and RAMI-
issues become more and more important [1]. For this reason, a generic assessment of vari-
ous pump types was performed (see WP11-DAS-HCD-FP) which identified a novel, promis-
ing pumping train concept that consists of a vapour diffusion pump as high vacuum pump 
and a liquid ring pump as roughing pump, both with a working liquid that was replaced from 
water or oil to a liquid metal (for tritium reasons) [2].  

Figure 3 shows the full fuel cycle (without detailed fuelling systems and the tritium plant) that 
has been proposed in 2011 by KIT for use in a fusion power plant /DEMO. Central part of this 
fuel cycle is the gas separation by special metal foil modules, the Separator Pumping Mod-
ules. By these heated metal foils, the gas is pumped and separated in a helium enriched part 
and the pure unburnt deuterium/tritium fuel. Deuterium and tritium is recycled directly into the 
reactor and thus, it is called Direct Internal Recycling (DIR) concept.  

 
 
Fig. 3: Summary of a new fuel cycle concept proposed by KIT for a fusion power plant including the Direct Internal Recycling 

concept to keep the total tritium inventory small and the tritium processing times short. 
 
 

All these pumps have never been tested before. Therefore a proof-of-principle-test is abso-
lutely necessary. In addition, a fundamental understanding of the underlying physics in these 
three pump types has to be gained. Based on this, software tools (lumped parameter or rig-
orous) have to be developed which allow for predictive modelling and thus, would support a 
dedicated design approach for DEMO. To perform parametric experiments and to learn how 
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to operate such a complex vacuum system is a major task of the THESEUS facility, which is 
planned to be fully constructed in 2012. The main tasks of this facility are the 

1. Testing of tritium compatible, continuous working vacuum pumps. 
2. Testing of the Separator Pumping Modules. 
3. Demonstration of the functionality of the Direct Internal Recycling (DIR) concept. 

This test facility is needed in a technical scale as the reasonable minimum size of the avail-
able components is already big. The simulation of the fuel cycle pumping situation is a com-
plex task with high demands on safety (hydrogen and deuterium handling), control and data 
acquisition. This work was started in spring 2011 and was co-funded by the KIT start-up 
budget provided by the German Helmholtz Society.  

Figure 4 gives an overview of the THESUS facility. Gas is dosed via the dosing system in a 
test vessel that represents the torus of a fusion machine. Then it is pumped out by the test 
pumps or the separator pumping module. The infrastructure (cooling system, electronic 
switchboards, control room) is also installed on the upper level. When the gas is pumped out 
of the test vessel, it is recycled to the dosing dome in a closed loop. For investigation of the 
separating performance, it is planned to employ a three channel gas analyzing system.  

 
 

Fig. 4: The THESEUS facility. 
 
 

The whole facility can be controlled remotely by a PLC (SIEMATIC S7) and a human ma-
chine interface (SIEMENS WinCC). This is necessary because during hydrogen and deute-
rium operation of THESEUS, no people are allowed close to the facility for safety reasons. All 
pressures, temperatures and flows are measured with high accuracy by a 23 bit data acquisi-
tion system (Delphin TopMassage ©). A Hydrogen Interlock System is installed to guarantee 
the safety during the experiments. First results of the component tests are expected for late 
2012.  

Conclusions 
 
The EFDA GOT VACU-TEC training programme was established in 2011, see Figure 5. It 
demonstrated to be an excellent framework for young researchers to get a thorough educa-
tion in fusion and be able to deliver own and selfstanding work for fusion research. 
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Fig. 5: Kick-off meeting of VACU-TEC, held in October 2011 at KIT. The front row features the five trainees. 
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Testing of Isotope Separation System (ISS) with the WDS (TW6-TTFD-TR 63) 
 
In view of mitigation the concern over tritium release into the environment during pulsed op-
eration of the Torus, the Water Detritiation System (WDS) and Isotope Separation System 
(ISS), based on cryogenic distillation (CD), will operate in such a way that WDS will be a final 
barrier of tritium for the processed protium waste gas stream discharged from ISS. To inves-
tigate the capability of the WDS to achieve this goal, the influence of the additional basically 
hydrogen stream from ISS and its feeding location into the WDS, the separation perform-
ances of Liquid Phase Catalytic Exchange process has to be investigated and accurately 
mathematically modelled. 

In order to develop the experimental data base needed for design of ITER WDS and ISS, the 
following modes of operation have been considered during the design of the combination 
WDS-ISS:  

• Operation of the LPCE column with composition fluctuation in the stream returned from 
the CD column 

• Operating of the CD column with composition and flow rate fluctuations in the feeding 
stream 

• Operation in different dynamic modes in order to validate and bench mark the TRIMO 
code. 

To support the research activities an experimental facility, called TRENTA, has been con-
structed and is in operation at TLK. The design of the facility was developed in view of the 
experimental program mainly dedicated to investigate the combination WDS-ISS processes 
during isotopic and thermal transitory regimes. Therefore, a detailed investigation of the con-
trol system and separation performances of the CECE process when working as a final bar-
rier of the top product of the CD column to be discharged into the environment is under in-
vestigation. 

 
Fig. 1: The valve box and the glove box of TRENTA facility in view of CD-CECE operation. 
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In support of the above program the following activities have been carried out in 2011: 

• Installation of the heat exchangers within the cryogenic distillation cold box.  

• Completion and commissioning of the valve box in between the cryogenic distillation 
cold box and glove box. The role of the valve box is to isolate the glove box from the 
cryogenic distillation cold box in case of abnormal conditions to prevent any pressuriza-
tion of the glove box.  

• Completion and commissioning of the glove box where all the components for gas pro-
cessing in between the cryogenic distillation cold box and the CECE process at ambi-
ent temperature are accommodated.   

• A dedicated software based on TRIMO++ software have been developed aiming to 
simulate the operation of the combination cryogenic distillation process with the CECE 
process. The software has been developed according to the real configuration of 
TRENTA plant, i.e. including all major components relevant for operation of the facility. 

• Several runs of the dedicated software have been performed considering various oper-
ation modes at different parameters. In view of calibration of the software developed at 
TLK the predicted performances, such as decontamination factor and isotopic profiles 
along the LPCE column, will be benchmarked against the experimental results.  
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Finalization of the System Capacity, Enhancements Studies and Detailed De-
sign of WDS Components including HAZOP Studies  
(F4E-2010-GRT-045 (PNS-VTP)) 
 
The assignment of WDS is to recover tritium from tritiated water and to discharge decon-
taminated hydrogen, which is oxidized to water before released to the atmosphere. The re-
covered tritium is available in the gas phase (tritiated hydrogen) and partially transferred to 
ISS for final enrichment and separation. The CECE process is applied for WDS, which con-
sists mainly of two processing steps. First tritiated water is converted to gaseous hydrogen 
by electrolyser units, and secondly along an isotopic exchange column (LPCE) one part of 
the generated hydrogen stream is decontaminated for discharge and whereas the other part 
is fed to the ISS for final enrichment and separation of the required hydrogen isotopologues. 

To control the process in an efficient manner, all tritiated water will be intermediately stored 
in the holding tanks of WDS, from where the water is constantly fed to the exchange columns 
or to the electrolyser units, depending on the tritium content and the operation modes of 
WDS. The main sources of tritiated water are the scrubber columns (SC) and the molecular 
sieve drier (MS) from the Detritiation System (DS). 

The water input to WDS is cleaned over a purification stage prior to be sent to the different 
holding tanks regarding the tritium content. Tritiated water emerged from accidents/incidents 
is collected in emergency tanks, which are capable to receive larger amounts of tritiated wa-
ter. 

The basic functions of the WDS can be summarized as follows: 

• Temporary storage of tritiated water in holding tanks coming from the scrubber col-
umns and molecular sieve drier of DS during normal operation and maintenance duties 

• Temporary storage in emergency tanks of tritiated water coming mainly from DS. 

• Processing of tritiated water for tritium recovery 

• Enrichment of tritium from processed water into the gaseous phase to be fed to ISS for 
further enrichment and separation 

• Decontamination of ISS off-gas by processing through the catalytic exchange column 
in WDS prior to discharge to atmosphere 

• Discharge of decontaminated hydrogen stream generated from the tritiated water by 
electrolysis. 

In view of the Preliminary Design Review (PDR) prior to the signature of the Procurement 
Arrangement (PA) the following activities have been carried out: 

• Development of the P&ID for the entire ITER WDS  

• 3-D layout of the B2 level, where the largest components of ITER WDS shall be placed 
such as emergency holding tanks of 100 m3, tritiated water holding tanks of  20 m3 , 
electrolysers, etc. 

• Detailed design for the emergency holding tanks of 100 m3 and tritiated water holding 
tanks of  20 m3 has been completed.  

• The procedure for the seismic analysis of the major WDS components has been devel-
oped and used to check the behaviour of holding tanks of 100 m3 and tritiated water 
holding tanks of 20 m3 during an earth quake (s. Fig.1).  
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Fig. 1: Example for seimic analysis of the 100 m3 holding tank. 

 
 

• Detailed investigation of separation performances of 8 m LPCE column from TRENTA 
facility have been carried out aiming to quantify the influence of deuterium content in 
the tritiated water to be processed on the decontamination factor that can be achieved 
along the column. Various concentrations of deuterium have been used, ranging from 
natural level up to 45% atomic deuterium concentration; the decontamination factor 
and deuterium and tritium profile along the LPCE column have been measured.  

• The experimental results have been used as input data for the TRIMO++ software and 
the mass transfer coefficients for various chemical reactions, relevant for ITER WDS 
design, have been calculated. 
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Water Detritiation after Purification using TRENTA-3 (JW11-FT-2.38) 
 
Introduction 
 
The normal operation of any type of Fusion machine, such as JET, inevitably produces not 
only large amounts of solid waste material but also tritiated liquids (oils and water). Amongst 
them tritiated water (HTO), is the major liquid waste, which needs to be processed with a 
view not only to reduce the tritium content in order to comply with the disposal regulations 
relating to the upper limit of tritium concentration, but also with the aim to recover tritium.  

During the last years of operation through many experimental campaigns JET generated 
tritiated water with an average rate of approximately 10 tonnes per year. This amount of 
tritiated water has been collected and temporarily stored on site and currently, there are 
about 250 drums waiting for detritiation, each one of them containing approximately 180 litres 
of tritiated water with the average tritium concentration of 1.5 GBq/l (0.04 Ci/l). 

Until recently, the tritiated water has been shipped to Ontario Power Generation Inc. (OPGI), 
Canada for detritiation and final disposal. However, lately the costs for the processing of the 
JET tritiated water did increase considerably as well as, the criteria for the water quality. In-
deed, after chemical analysis it appeared that the JET tritiated water is contaminated by a 
large variety of anions and cations, which are “poisoning” the detritiation facility at OPGI. 
Therefore, the specifications of the water quality have been increased and therefore, there 
are serious concerns that this “route to Canada” might not be available in the future. If this 
route becomes unavailable JET needs to find a viable alternative, which means that JET has 
been looking after a substitute solution, either on-site or in collaboration with another Associ-
ation, which will be able to provide the adequate facility for the processing of its tritiated wa-
ter. 

In this regard, the choice of using the TRENTA detritiation facility located at the Tritium La-
boratory Karlsruhe (TLK) was an obvious solution and therefore, a Fusion Technology task 
has been initiated in the frame of the JET 2011 Work-programme, The aim of this task is to 
demonstrate that it is possible to reduce to a minimum volume large amounts of JET tritiated 
water with the aim to possibly appoint TLK as the substitute route for the detritiation (in fact 
enrichment) of the JET tritiated water. However, in order to perform this task, prior to the 
detritiation of the JET water it was also necessary to use water, which has been purified i.e. 
depleted from the major part of metal and ion contaminants. 

In a previous task undertaken under the Fusion Technology Task Force, it has been suc-
cessfully demonstrated that such purification can be achieved very efficiently, in order to 
meet the purity criteria set up by OPGI (JW9-FT-2.33) [1]. Therefore, after having reduced 
the concentration of all major impurities such as, chlorine, fluorine and other heavy metals 
such as gadolinium, the detritiation of the purified water was a second and necessary step in 
the way of establishing a new route for the detritiation of the JET water. 

In this task it is proposed to demonstrate an efficient detritiation of one drum of tritiated water 
(after purification), using the existing TRENTA-3 experimental facility, which is already in op-
eration at the TLK. In fact, in this task we propose an enrichment of the JET tritiated water or 
in order words we propose to reduce the tritiated volume of one single drum to a minimum 
(few litres) but keeping the total tritium concentration. For this task it is proposed to detritiate 
the drum sent previously to SCK•CEN i.e. drum 476.  

Experimental 
 
Working in the field of detritiation of many types of liquids and gaseous mixtures, the TLK 
acquired huge and worldwide-acknowledged expertise. In this respect, for the detritiation of 
tritiated water in liquid phase, TLK developed a semi-technical scale plant facility, the so-
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called TRENTA facility [2]. In order to perform the needed experiments, the TRENTA team 
investigated and optimised the various experimental parameters involved in the detritiation 
process. These parameters are affecting the separation performances of the TRENTA sys-
tem and therefore, various tests have been carried out extended over a period of several 
years. During this investigation, we did explore many experiment conditions using several 
catalysts/packing mixtures. The aim was to establish and finely tune up the most critical ex-
perimental parameters, in order to provide the highest possible decontamination factor [3]. 

The TRENTA-3 test rig, used for this task is combining two well-established methods, which 
appear to be the most suitable processes for water detritiation and tritium recovery. These 
processes, are involving the electrolysis of the tritiated water, followed by a Liquid Phase 
Catalytic Exchange (LPCE). During the first step tritiated water is electrolysed generating 
oxygen and a tritiated hydrogen stream, which in a second step is enriched after being sent 
into a catalytic column (the LPCE column). This column is filled with an appropriate mixture 
made of an active catalytic material and an appropriate packing material.  

The whole process is known as being the CECE process, which stands for Combination of 
Electrolysis and Catalytic Exchange of hydrogen isotopes. In a third step, it is also possible 
to recover the tritium contained into the enriched mixture of hydrogen isotopes, by sending 
the latter into a cryogenic distillation column operating at very low temperatures (20 K-25 K). 

The TRENTA-3 facility, developed with the support of a previous work programme of the TF-
FT (JW0-FT-2.01) [4, 5], is currently under regular operation at the TLK. It is an experimental 
facility, which allows us to systematically investigate the influence of deuterium (or tritium) 
content on the decontamination factor in relation with the location of the feeding points. The 
facility also allows the evaluation of the separation performances for transitory regimes and is 
fully validated by well-established simulation models, developed at the TLK. 

More in details, the TRENTA-3 facility consists of two following systems: 

• Two upgraded electrolyser units from Proton Energy Systems (HOGEN 40) 

• An 8 m length LPCE column having an internal diameter of 55 mm and operating at the 
average temperature of 70°C and at the pressure of 1.2-1.8 bar absolute. 

The electrolysis unit consist of two electrolysers using a Solid Polymer Membrane (SPM) 
electrolyte made from Nafion. The Nafion has received a considerable amount of attention as 
it is a very good proton conductor and therefore, has been extensively used as main material 
for proton exchange membrane (PEM) fuel cells, because of its excellent thermal and me-
chanical stability. The chemical basis of Nafion's superior conductive properties should be 
regarded on its sulfonic groups (--SO3) as in these groups, hydrogen can very easily "hop" 
from one acid site to another. 

In comparison with the electrolyser using the alkaline electrolyte potassium hydroxide (KOH), 
electrolysers using a SPM electrolyte have the big advantages to not release K+ anions, 
which can be transported with the hydrogen stream and finally deposited into the packing 
and catalyst material of the LPCE column. No less important is that SPM has a lower inven-
tory of tritiated water and therefore, it does not generate additional tritiated liquid waste. 

On the other hand, filling the LPCE column with an appropriate catalyst and packing material 
is of paramount importance, as it enhances the catalytic exchange taking place within the 
column and need to remain free of any ion contamination other than the hydrogen isotopes 
(thus importance of the purification process of the JET tritiated water prior to its detritiation). 

The LPCE column consists of four sections of 2 m each, with liquid distributors between 
them. In addition to the catalyst/packing mixture the column is also equipped at the bottom 
with an integrated electric boiler and an external cooler at the top, while a jacket in which 
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warm water is circulating assures a constant temperature along the whole length of the col-
umn (Fig. 1). 

The LPCE column was designed to allow processing water with different tritium and/or deu-
terium concentration. Therefore, beside the tritiated water, directly feeding into the electro-
lysers, several feeding points along the column could also be used. This allows feeding the 
LPCE column with tritiated water at a various locations, the feeding point depending on the 
tritium concentration of the tritiated water to be processed.  

During our experiment for this task, only demineralised water has been supplied, at the top of 
the LPCE column, while the enriched tritiated water is collected in the boiler located at the 
bottom of the LPCE column from where it is sent to the electrolysis unit. The hydrogen–
deuterium–tritium mixture produced by the electrolysis of tritiated water is fed at the bottom 
of the LPCE column. In the boiler of the LPCE column, the hydrogen and tritium gas mixture 
is saturated with water vapours flowing down the column, and then flows upstream in coun-
ter-current mode across the LPCE column. During the whole process the demineralised liq-
uid water feeding the top of the column, is flowing down up to the boiler, while simultaneously 
the tritiated gaseous mixture is flowing upstream across the LPCE column. The isotopic ex-
change process as well as the chemical reactions taking place across the LPCE column are 
illustrated in Fig.1.  

 
Fig. 1: The LPCE column and the chemical reactions taking place at the TRENTA-3 experimental test rig. 

 
 

As it is clearly illustrated, as the liquid water trickles down the LPCE column, it becomes 
more and more enriched in tritium whereas simultaneously the tritiated hydrogen gas flowing 
upstream across the LPCE column becomes more and more depleted in tritium (compared to 
the initial electrolyte solution from which it evolved). During the process and in steady state 
operation of the column, a gradient in tritium concentration is established across the column 
leading finally to the release of the tritium depleted hydrogen stream at the top of the column 
and then to the stack. 
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A condenser is also included at the top of the LPCE column just to trap the traces of tritium 
that might have escaped the isotopic exchange. Regular sampling of the tritiated water was 
controlling the efficiency of the isotopic exchange, taking place across at column. 

The nominal feed rate of tritiated water of the CECE process at TLK is 2 kg/h compared with 
60 kg/h foreseen for ITER-WDS (Water Detritiation System), however during routine opera-
tion we were processing about 1.7 kg/h (94.4 mol/h). 

Description of the facility 
 
The flow diagram of the entire water detritiation facility (TRENTA-3) as it is in operation at the 
TLK is given in Fig. 2. It comprises two electrolysers able to provide up to 2 Nm3/h and an 
8m height LPCE column. The column has been filled with catalyst and inert packing (as lay-
ers or as mixture) according to the manufacturer specifications. The isotopic exchange col-
umn has an outer jacket, through which thermostated water flows to maintain a constant 
temperature along the column. In addition, the power of the heater for the feed water and the 
heater of the boiler are controlled. The boiler ensures heating and saturation of the hydrogen 
with water vapour.  

 
Fig. 2: Schematic illustration of the entire TRENTA-3 facility. 

 
 

The electrolyser is fed with one single stream of liquid water. It is a mixture of the tritiated 
water collected at the bottom of the LPCE column (0.7 kg/h), to which we add the JET 
tritiated water (1 kg/h). Therefore the electrolyser receives about 1.7 kg/h (94.4 mol/h) 
tritiated water. After the electrolysis 94.4 mol/h tritiated hydrogen is sent to the bottom of the 
LPCE column or approximately 2.28 m3/h. The isotopic exchange process takes place be-
tween the pre-heated distillated water feeding the top of the column (0.7 kg/h) and the 
tritiated hydrogen coming from the electrolysed at the bottom of the column. The ratio be-
tween the tritiated hydrogen gas entering at the bottom of the LPCE column to the molar wa-
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ter amount feeding the top of the column is known as the molar gas to liquid flow rate ratio, 
and in this case it was equal to 2.4. 

Several sampling locations have been foreseen along the whole process and their position is 
indicated on Fig. 2. This allows us to control the whole process and follow the evolution of 
the tritium concentration in respect to the time. The main sampling points were performed for 
the liquid phase at the bottom of the column and in the gas phase at the top of the column, 
which give us an indication when the steady state is reached. Moreover, at the column outlet 
it is also possible to proceed with on-line measurements of the gas phase composition as 
there is a connection leading to a Quadrupole mass spectrometer. After the steady state 
conditions have been established, comparative measurements have been performed on reg-
ular basis, using the Omegatron mass spectrometer. 

The evolution of the triti-
um concentration, at the 
various sampling point, in 
respect to the time, is 
illustrated in the Figure 3. 

We may notice that we 
needed approximately 
one week to introduce the 
whole amount of JET 
tritiated water into the 
system and during this 
time the tritium concen-
tration at the top and the 
bottom of the column and 
at the feeding position 
was constant or slightly 
increasing. However, 
once the total amount of 
the JET tritiated has been 
introduced into the sys-
tem we started operating 
in close loop and there-
fore, the tritium concen-
tration was constantly 
increasing. This is showing by the sampling measurement performed for the holding vessel 
BD101 feeding the electrolyser. 

It is also worth mentioning that the tritium concentration at the condensed water at the top of 
the column is about 4 orders of magnitude lower than the tritium concentration of the water 
leaving the bottom of the LPCE column.  

After processing, the 180.5 l of JET tritiated water have been reduced to 6.25 l with an aver-
age tritium concentration of 11.85 GBq/kg, i.e. a total tritium activity of 74.01 GBq (2.00 Ci).  

Conclusions 
 
The goal of this task was to demonstrate, on a representative scale, that the tritiated water 
produced during normal operation at JET could be efficiently detritiated using the TRENTA-3 
facility at TLK. 

For this task one drum of tritiated water containing about 180.5 l of tritiated water, with an 
average tritium concentration of 0.41 GBq/kg i.e. a total activity of 74.01 GBq (2.00 Ci) was 

 
Fig. 3: Evolution of the tritium concentration against time at the various sampling points 

(the location of the various points it is indicated in Fig. 2). 
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sent to TLK for volume reduction and therefore tritium enrichment. The tritiated water has 
been previously purified at SCK•CEN in order to meet the admission criteria requested by 
OPGI, i.e. before its detritiation many anions and cations impurities which were contaminat-
ing the tritiated water have been removed by passing the water through a series of ion filters. 

After processing the JET water into the TRENTA-3 facility at the TLK, the final reduced vol-
ume was only 6.25 kg with an average tritium concentration of 11.85 GBq/kg, i.e. a total triti-
um activity of 74.01 GBq (2.00 Ci), which gives us a volume reduction factor of about 29. 

The process showed that it is possible to efficiently reduce large amounts of tritiated water to 
a minimum volume. We are only limited by the tritium concentration of 10 Ci/kg which is the 
highest concentration for which the two electrolysers have been licensed. Having this limit in 
mind and taking into account that presently there are about 250 drums of tritiated water 
stored at JET (45 m3) with an average concentration of 1.5 GBq/l (0.04 Ci), it is possible to 
reduce this volume to approximately 182 l i.e. to one single drum with an average tritium 
concentration of 10 Ci/l. This means that for the JET water, we can reach a volume reduction 
factor of about 250. 
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Goal Oriented Training Programme “Tritium Technologies for the Fusion Fuel 
Cycle” (WP08-GOT-TRI-TOFFY (FU07-CT-2008-00047)) 
 
Background 
 
The overall objective of the project is to support EU activities in the Deuterium-Tritium Fuel 
Cycle area for ITER by the training of six Early-Stage Researchers. The training programme 
is developed along existing projects in the framework of the European procurement package 
for the ITER Fuel Cycle with the main focus on water detritiation (WDS) and isotope separa-
tion (ISS) systems, detritiation processes, gas analytics and tritium measurements (see 
overview table: list of Work Packages). The participating Associations are: KIT, CEA, ENEA, 
HAS/MTA ATOMKI, MEdC/ICIT, and CCFE. 

No. Title Partners involved 

1 Combined operation of WDS and ISS KIT (ICIT, CCFE) 

2 Detritiation of waste CEA (KIT, CCFE) 

3 Technologies for tritium recovery and trapping ENEA (KIT, CCFE) 

4 Calorimeter with large sample volume MTA ATOMKI (KIT, CCFE) 

5 Experimental Pilot Plant for Tritium and Deuterium 
Separation 

ICIT (KIT, CCFE) 

6 Participation in JET operation CCFE (KIT) 

 
The project was started in late 2008. The last 2 recruitments were done in the first part of 
2010 and all trainees started their traineeship. 

Status of project 
 
All trainees are now fully involved in R&D work and part of them (those who started earlier) 
have already submitted papers. Two of the trainees have joined the ISFNT 2011 conference 
in Portland contributing by presentations.  

An educational highlight in 2011 was the 4 weeks stay of all trainees at JET. The trainees got 
a dedicated training covering all aspects of a fusion machine. The course was well prepared 
and given with a lot of enthusiasm by our JET partners. 

Outlook 
 
In the next reporting period almost all trainees will have finished their programme. Therefore, 
the responsible people in the different countries now will have to see to it that these well 
educated trainees get a possibility to stay “in fusion”. 

Programme Coordinator: 
 
B. Bornschein 
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Development of In-vessel Dust Measurement Techniques  
(F4E-2010-GRT-050 (ES-SF) 
 
Subtask 3: Hot dust measurement using water vapour injection 
 
The aim of the work is a feasibility study for a diagnostic method proposed recently to meas-
ure the hot beryllium dust inventory accumulated inside the ITER vacuum vessel during its 
normal operation. The method is to inject intentionally a small amount of water vapour into 
the evacuated vacuummvessel and to monitor the hydrogen release due to the Be-steam 
reaction Be+H2O=BeO+H2. The measurement results could allow extrapolation to loss of 
coolant (LOCA) events and evaluation of the hydrogen production to be expected in this 
case. Because of the high toxicity of beryllium dust, it was decided to use a substitute mate-
rial instead of beryllium.  

The following experimental scheme has been elaborated to perform the study. Based upon 
the analysis of the physical and chemical properties of Be and on the mechanism of its sur-
face oxidation, aluminum has been chosen as a Be substitute to study the feasibility of the 
method. As it is known from the literature, the beryllium oxide layer forming on the pure Be 
surface during its oxidation provides an efficient protection of the Be surface from its further 
oxidation. The protective capability remains up to 600° C. The same is valid for Al. So the 
most interesting and informative data can be obtained at the initial stage of the dust oxida-
tion, when the surfaces are still clean and have no oxide layer.  

A test matrix has been produced and the methods of the dust specification have been elabo-
rated. The methods include: 

• Carrier gas heat extraction CGHE: to measure the oxygen content of dusts; 

• BET method: to measure the specific dust surface; 

• Scanning electron microscopy: to measure the dust size distribution; 

• Optic ICP Emission Spectroscopy: to measure the bulk purity of the dust. 

The experiments will be performed in a modified DUSTEX facility. The modification has been 
designed: it is a measuring chamber of about 2 l volume, that will be evacuated down to sev-
eral hundredths of Pa with a dust sample inside. The chamber is connected to a steam injec-
tor providing a defined amount of steam let inside the chamber, and to a mass-spectrometer 
to measure the hydrogen release due to steam/Be-substitute reaction. The chamber is heat-
ed to 200-450°C to investigate the reaction sensitivity to temperature.  

Dust samples will be prepared in a special box filled with argon. A coarse Al dust will be 
milled inside the box using a ball-mill machine. Then it will be placed inside the chamber 
keeping the atmosphere/environment oxygen-free. After that, the chamber will be detached 
from the box, closed, evacuated, and heated to the desired temperature. A defined amount 
of steam will be let inside the chamber to react with the sample. The test scheme is shown in 
Fig. 1.  

The facility modification has been designed; some parts have been manufactured, the others 
have been procured:  

1. Measuring chamber. The chamber integrates a support to place the samples, and 
temperature sensors to measure the inner temperature and its homogeneity (manu-
factured).  

2. Heater to bring the chamber to the desired temperature and keep it during the tests 
(procured, Horst GmbH).  
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Fig. 1: Test scheme. 
 
 

3. Steam injector connected to the chamber via a heated line (procured, WAGNER 
Mess- und Regeltechnik).  

4. Vacuum pump/system to evacuate the chamber to several hundredths of Pa (pro-
cured, OERLIKON).  

5. Mass-spectrometer connected to the measuring chamber to monitor/measure the dy-
namics of hydrogen release after steam injection (adopted to low vacuum conditions).  

6. Glove box to prepare dust samples and store them for the tests (lent and equipped 
with procured parts). 

7. Test preparation and run control system (developed at KIT). 

 
 
Fig. 2: Modified facility to measure hydrogen release due to Be-substitute/steam reaction at high temperatures and low 

pressures.  
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The facility has been assembled and tested (see Fig. 2). Commissioning and calibration tests 
will be finished beginning of 2012. The measurements will be completed April 2012. 
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Appendix IV: Glossary 

  

AAS Atomic Absorption Spectroscopy 

AC Alternating Current 

ACAB UNED Code for Activation Calculations 

ACI After Cavity Interaction 

AEUL Association EURATOM – University of Latvia, Riga 

AF Accelerator Facility 

ALICE/ASH 
The code for the calculation of nuclear reaction cross-sections and secondary particle distributions using 
geometry dependent hybrid model 

APD Avalance Photo Diode 

AREVA French Nuclear Company 

ASG magnet Superconducting magnet at CRPP for the ITER gyrotron manufactured by ASG Superconductors 

ASTM American Society for Testing and Materials 

BA Broader Approach 

BDT Brittle-to-Ductile Transition 

BEKED The code package for the evaluation of nuclear data 

BF Bright-Field 

BLV Beamline Vessel 

BMBF Bundesministerium für Bildung und Forschung 

BTR Beam Transport Room 

BSM Blanket Shield Module 

BtP Built-to-print 

BU Breeder Unit 

CAD Computer Aided Design 

CATIA V5 CAD Software, Version 5 

CBED Convergent Beam Electron Diffraction 

CCFE Culham Centre for Fusion Energy, UK 

CCRC Coated Conductor Rutherford Cable 

CD Cryogenic Distillation 

CdTe Cadmium Telluride 

CEA Commissariat à l’Énergie Atomique, Saclay (France) 

CEBSR Continuous Edge Bending Strain Rig 

CECE Combined Electrolysis Catalytic Exchange 

CFC Carbon Fibre Composite 

CFD Computational Fluid Dynamic 

CHF Critical Heat Flux 
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CIEMAT Centro de Investigaciones Energeticas Medioambientales y Tecnologicas 

CNR Consiglio Nazionale delle Ricerche, Milano, Italy 

COD Crack Opening Displacement 

CPS Capillary Porous System 

CPU Central Processing Unit 

C-R Circumferential Orientation 

Cr Chromium 

CRPP-EPFL Centre de Recherces en Physique des Plasmas, - Ècole polytechnique fédérale de Lausanne, Switzerland 

CS Central Solenoïd 

CT Compact Toroid 

CTE Coefficient of Thermal Expansion 

Cu Copper 

CuLTKa Current Lead Test Facility Karlsruhe 

CVD Chemical Vapor Deposition 

CW Continuous Wave 

CZT Cadmium-Zinc-Telluride 

D1S Direct One-step Method for Shut-down Dose rate Calculations 

DAS Design Assessment Studies 

DBH Dispersed Barrier Hardening 

DBTT Ductile-to-Brittle Transition Temperature 

DCLL Dual Coolant Lithium Lead 

DD Deuterium Deuterium Fusion Process 

DDA DEMO Design Activities 

DEMO DEMOnstration Fusion Reactor 

DEMONET DEMO Version of the Next European Torus (NET) 

DIR Direct Internal Recycling 

DSC Differential Scanning Calorimetry 

DSMC Direct Simulation Monte Carlo 

DT Deuterium Tritium  

DTC Drift Tube Linac 

EAF European Activation File 

EASY European Activation System 

EB Electron Beam Welding 

ECCD Electron Cyclotron Current Drive 

ECH & CD Electron Cyclotron Heating and Current Drive 

ECIS 
The code for the calculation of total and elastic cross-sections and particle transmission coefficients using 
the coupled channel model 
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ECRF Electron Cyclotron Range of Frequences 

ECRH Electron Cyclotron Resonance Heating 

ECRH & CD Electron Cyclotron Resonance Heating and Current Drive 

EDM Electrical Discharge Machining 

EDX Energy Dispersive X-ray Spectrocopy 

EELS Electron Energy Loss Spectroscopy 

EF Equilibrium Field 

EFDA European Fusion Development Agreement 

EFF European Fusion File 

EFREMOV Scientific Research Institute, Saint Petersburg, Russia 

EGYC European Gyrotron Consortium 

ELM Edge Localized Model 

EM Electromagnetic 

EMIM-AlCl4 Ethyl-Ethyl-Imidazolium Tetrachloroaluminium Chloride 

EMIM-Cl Ethyl-Ethyl-Imidazolium Chloride 

ENDF Evaluated Nuclear Data File 

ENEA Italian National Agency for New Technologies, Energy and Sustainable Economy Development 

ENSDF Evaluated Nuclear Structure Data File 

EPP Diagnostic Generic Equatorial Port Plug in ITER 

EU European 

EUROFER European RAF/M Steel 

EVEDA Engineering Validation and Engineering Design Activities 

EXFOR Exchange Format for Nuclear Reaction Data and the file containing the compilation of measurements 

F4E Fusion for Energy 

FE Finite Element 

FEM Finite Element Method 

FENDL Fusion Evaluated Nuclear Data Library 

FGMC Fundamental Gaussian Mode Content 

FIB Focused Ion Beam Microscope 

FISPACT Nuclear Inventory Code for Activation Calculations 

FM Fracture-Mechanical 

FML Fusion Materials Laboratory (KIT, Germany) 

FNG Frascati Neutron Generator 

FPP Fusion Power Plant 

FPSS Fusion Power Shutdown System 

FPY Full Power Year 
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FT Fracture Toughness 

FW First Wall 

FZ Fusion Zone 

FZJ Forschungszentrum Jülich 

GEM Gas Electron Multiplier 

GIS Gas Injection Fuelling System 

GOT Goal Oriented Training Programme 

GS2 Lithium Glass Scintallator 

GUI Graphical User Interface 

H2 Hydrogen 

H&CD Heating and Current Drive 

HAADF High Angle Annular Dark Field (detector) 

HAS Hungarian Academy of Sciences 

HAZ Heat Affected Zone 

HC3 High Performance Computer cluster at KIT 

HCF Hot Cell Facility 

HCLL Helium Cooled Lithium Lead 

HCPB Helium Cooled Pebble Bed 

He Helium 

HEBLO HElium BLOwer (Helium facility at FZK) 

HELLAS 
A synonym for the collaborating Greek Institutions National Technical University of Athens, Greece and the 
National and Kapodistrian University of Athens, Greece 

HELOKA Helium Loop Karlsruhe 

HETRA Heat TRAnsfer Experiment 

HFR High Flux Reactor (Petten) 

HFTM High Flux Text Module 

HHF High Heat Flux 

HIP Hot Isostatic Pressing 

HNB Heating Neutral Beam Injector 

HPC-FF High Performance Computer for Fusion, Jülich 

HPGe High-Purity Germanium (detector) 

HR Hot Rolling 

HRJRG-13 Helmholtz Russia Joint Research Group-13 

HTIL High Temperature Ionic Liquids 

HTO Tritiated Water Vapour 

HTS High Temperature Superconductor 

HV High Vacuum 
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IAEA International Atomic Energy Agency 

IAP Institute of Applied Physics, Nizhny Novgorod, Russia 

Ic Critical Current 

ICIT 
National Institute of Research and Development for Cryogenics and Isotope Technology, Rm. Valcea,  
Romania 

ICP-MS Inductively Coupled Plasma Mass Spectroscopy 

ICRP International Commission on Radiation Protection 

IFMIF International Fusion Materials Irradiation Facility 

IGES Data Format for the Exchange of CAD Geometry Data 

IL Ionic Liquids 

IPE Institute for Data Processing and Electronics 

IPF Institut für Plasmaforschung, Universität Stuttgart, Germany 

IPP Max Planck Institut für Plasmaphysik, Garching,/Greifswald, Germany 

IPPLM-WUT Institute of Plasma Physics and Laser Microfusion – Warsaw University of Technology, PL 

ISS Isotope Separation System 

ISSP Institute of Solid State Physics, Riga, Latvia 

ITEP Institute for Technical Physics 

ITER International Thermonuclear Experimental Reactor 

IVCC In-vessel Components Coolants Assessment 

JAERI Japan Atomic Energy Agency 

JEFF Joint Evaluated Fission Fusion File 

JET Joint European Torus 

JSC Jülich Supercomputing Centre 

JSC “SSC RIAR” Joint Stock Company “State Scientific Centre Research Institute of Atomic Reactors” 

JT-60 Japan Torus with D-shape Cross Section 

JUROPA/HPC-FF 
High Performance Computing for Fusion cluster at Juelich Supercomputing Centre at Forschungszentrum 
Juelich, Germany 

KALOS Karlsruhe Lithium Orthosilicate 

KBHF Karlsruhe Beryllium Handling Facility 

KIC Critical Stress Intensity Factor for Model I Loading 

KIT Karlsruhe Institute of Technology 

KQ Stress Intensity Factor as defined ASTM 399 

LCF Low Cycle Fatigue 

LF Lithium Target Facility 

LHT Launcher Handling Test Facility at KIT 

LLL Liquid Lithium Limiter 

LOM Light Optical Microscope / Microscopy 

LOVA Loss of Vacuum Accident 
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LPMS Large Port Maintenance System 

LPCE Liquid Phase Catalytic Exchange 

L-R Longitudinal Orientation 

MA Mechanical Alloying 

MAXED Unfolding Code 

McCAD Software Tool for the Conversion of CAD Geometry Data into Monte Carlo Representation 

MCNP Monte Carlo Neutron Photon (code for particle transport simulations) 

CPX Monte Carlo Code for Multi Particle Transport Simulations 

MCSEN Monte Carlo Sensitivity Code based on MCNP 

MGI Massive Gas Injection for Disruption Mitigation 

MHD Magneto Hydrodynamic 

MITICA Neutral Beam test bed in Padova, Italy 

MOU Matching Optics Unit 

MPI Message Passing Interface 

MTC Modular Test Cell 

MTIL Medium Temperature Ionic Liquids 

NB Neutral Beam 

NC Normal Conducting 

NDT Non-destructive Testing 

NE213 Liquid scintillator with capability to discriminate between gamma-ray and neutron interaction 

NG Neutral Gas 

Ni Nickel 

NRG 
Nuclear Research and Consultancy Group, National Nuclear Research Institute of the Netherlands, located 
in Petten 

ODS Oxygen Dispersion Strengthened 

ODSFS Oxygen Dispersion Strengthened ferritic steels 

OI magnet Superconducting magnet at KIT, manufactured by Oxford Instruments 

OM Optical Microscopy 

ORE Occupational Radiation Exposure 

OSi Lithium Orthosilicate 

P/R Ratio of Power over the Major Radius 

PAS Positron Annihilation Spectroscopy 

PCW Poly-Crystalline Tungsten 

Pd Palladium 

PEX Power Exhaust 

PF Poloïdal Field 

PFC Plasma Facing Component 



 

 

-- 453 --

PIE Post Irradiation Examination 

PIM Power Injection Molding 

PLT Princeton Large Tokamak 

PMT Photo Multiplier Tube 

PPC ITER Pre-production Torus Cryopump 

PPCS Power Plant Conceptual Study  

PPE Port Plug Engineering 

PPPT Power Plant Physics Technology 

PRIMA Neutral Beam Test d Facility in Padova, Italy 

ProVac3D KIT Code for Vacuum Flow Calculations 

PS Power Distribution System 

PWHT Post Weld Heat Treatment 

QD Quench Detection 

QDU Quench Detection Unit 

R2S Rigorous Two-step Methode for Shut-down Dose Rate Calculations 

RAFM Reduced Activation Ferritic Martensitic (Steel) 

RAMI Reliability, Availability, Maintainability, Inspectability 

RD Rolling direction 

RE Runaway Electrons 

RF Radio Frequency, within this report above 100 GHz 

RF Russian Federation 

RH Remote Handling 

RIR Radiation Isolation Room 

R-L Radial Orientation 

rpm rotations per minute 

RT Room Temperature 

RTIL Room Temperature Ionic Liquids 

SA2 Safety scenario of irradiation in ITER for activation calculations 

SANS Small Angel Neutron Scattering 

Sc Superconducting 

SCD Single Crystal Diffraction 

SCK-CEN Studiecentrum voor Kernenergie, Mol, Belgium 

SCW Single-Crystalline Tungsten 

SEM Scanning Electron Microscopy 

SENB Single Edged Notched Bar 

SL1, SL2 Seismic Load Case 
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SOL Scrape-off Layer 

SS Stainless Steel 

STEM Scanning Transmission Electron Microscope 

STEP Data Format for the Exchange of CAD Geometry Data 

T-3M Russian Tokamak with Materials Testing Stand 

TAP Technical Advisory Panel for F4 

TALYS 
The code for the calculation of nuclear reaction cress-sections and secondary particle distributions using 
pre-equilibrium exciton model 

TBM Test Blanket Module 

Tbr Brazing Temperature 

TCILE Two Component Ionic Liquids Electrolyte 

TD Theoretical Density 

TED Thales Electron Devices at Velizy, France 

TEM Transmission Electron Microscope / Microscopy 

TF Test Facility 

TF Toroidal Field 

THESEUS Test Facility for DEMO Vacuum Pumps 

Ti Titanium 

TIG Tungsten Inert Gas Welding 

TIMO Test Facility for ITER Model Pump 

TIR Target Interface Room 

TiT target Titanium-Tritium, solid target used in accelerator-based neutron generators.  

TLD  Thermo Luminescence Detector 

TLK Tritium Laboratory Karlsruhe 

TOL-F Name of a measurement device for the local dose rate 

TOSKA Torusspulen Testanordnung Karlsruhe 

TPR Tritium Production Rate  

TQ Thermal Quench 

TRANSFLOW Test Facility for Vacuum Flows 

TRIPOLI Monte Carlo Code for Particle Transport Calculations 

TRM Tritium Release Test Module 

TTC Target- and Test Cell 

TUD Technical University of Dresden 

TUD-NG Technical University of Dresden Neutron Generator 

TZM Molybdenum, stabilized by small amounts of titanium and zirconium 

UNED Universidad Nacional de Educación a Distancia, Madrid, Spain 

UNIQD Universal Quench Detector 
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VDE Vertical Displacement Event 

VMS Vertical Maintenance System 

VNWA Vectorial Network Analyzer 

VV Vacuum Vessel 

W Tungsten 

W7-X The Wendelstein 7-X Stellarator Project in Greifswald, Germany 

WCD Water-cooled Divertor 

WDS Water Detritiation System 

WL10 Tungsten with 10 % of La2O3 

Zr Zirconium 
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