
Annual Report of the
 Association EURATOM-CEA

2006
(full report)

Compiled by : Th. SALMON and F. LE VAGUERES

DRFC/EUR-2007.001
ASSOCIATION EURATOM-CEA

CEA/DSM/DRFC 
Centre de Cadarache 

13108 Saint-Paul-Lez-Durance, France

Compact Vacuum Tuner (CVT) Design

CVT Tests

Components Mock-ups

ITER ICRF Antenna

ITER ICH internal match concept 
Launcher front face (frame 
included)

3D horizontal cut-view of 
the antenna and port-



FUSION TECHNOLOGY

Annual Report of the
Association EURATOM-CEA

2006
(full report)

Compiled by : Th. SALMON and F. LE VAGUERES

ASSOCIATION EURATOM-CEA
CEA/DSM/DRFC

Centre de Cadarache
13108 Saint-Paul-Lez-Durance, France

Tel. :  33 - 4 42 25 46 59
Fax  :  33 - 4 42 25 64 21
e-mail :  dirdrfc@drfc.cad.cea.fr
Web  :  http://www-fusion-magnetique.cea.fr

This report is also available on-line at : http://www-fusion-magnetique.cea.fr

This work, supported by the European Communities under the contract of Association between EURATOM and CEA,
was carried out within the framework of the European Fusion Development Agreement. The views and opinions expressed herein do not necessarily

reflect those of the European Commission
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INTRODUCTION
European research on controlled thermonuclear fusion is carried out in an integrated programme with the objective to develop
a safe, clean and economically viable energy source. Part of this programme is under the responsibility of the European
Fusion Development Agreement (EFDA) which provides a framework covering the activities in the field of technology (both
Next Step and Reactor) and the collective use of the Joint European Torus (JET).

This annual report summarizes activities performed by the Euratom-CEA Association in 2006 within the frame of the
European Technology Programme (both  “EFDA” activities, “Underlying Technology” programme), and also includes keep-
in-touch activities in the frame of Inertial Confinement Energy.

This full report is also available on line at “http://www-fusion-magnetique.cea.fr”.  In each section, the tasks are sorted out
according to the EFDA main fields: Physics (TP), Vessel/In-Vessel (TV), Magnets (TM), Tritium Breeding and Materials
(TT), Safety and Environment (TS), System Studies (TR), JET technology activities (TJ) … The Euratom-CEA Association is
involved in all these topics (figure 1).

Euratom-CEA activities carried out in the field “Physics Integration” are mainly linked to heating, current drive and
diagnostics. For heating, both Ion Cyclotron Range of Frequencies (ICRF) antenna developments and SINGAP studies
have been pursued. Developments on diagnostics, in particular in support to ITER diagnostic design (bolometer, optical
design, magnetic sensors, thermocouples, Infra Red fibres for thermography applications, port integration) have been
carried out.

Plasma Facing Component (PFC) developments, Vacuum Vessel/Blanket activities and Remote Handling studies are
carried out in the field “Vessel/In-Vessel”. The Vacuum Vessel (VV) studies have been pursued on welding techniques
(hybrid MIG/Laser), and qualification of inspection methods along the Vacuum Vessel inter-sector weld.
On the PFC side, investigations have been carried out on materials (CuCrZr creep-fatigue studies, neutron effects on
material properties of CFC), development and optimisation of Be/CuCrZr joining techniques (HIP), and studies dedicated
to the divertor (Carbon Erosion Modelling, Test of Divertor components in FE200).
The work performed by the Association in Remote Handling has been dedicated to improvement of knowledge on
radiation tolerance of electronic components for RH, and to the program called Articulated Inspection Arm (AIA). In 2006
this program included the manufacture of the complete AIA robot, including the deployer and the storage cask.
Assembling is now going on in Tore Supra. In 2007, tests in the tokamak environment will be conducted.

In  the  field  “Magnets”, the Euratom-CEA Association has devoted a major part of its effort to the studies of advanced
Nb3Sn strands for the Toroidal Field (TF) coils, and the first full size conductor sample was manufactured. The Euratom-
CEA Association has also been involved in ITER PF coils studies: a mock-up, representative of the main features of the
coil tail has been manufactured, in collaboration with ENEA and fatigue cycled tests at Brasimone (Italy) have been made.
On a long term approach, the Euratom-CEA Association has also pursued its investigations on the possible use of High
Temperature Superconductor (HTS) for future fusion reactors.

The Field “Tritium Breeding and Materials” includes for a large part reactor relevant activities. Within the frame of Test
Blanket Module (TBM), activities mainly concerned the improvement and completion of the TBM engineering design.
After a first design step in which the main structure, its functional features, its mounting sequence and manufacturing
characteristics were defined, the second step, relied on the optimization of the design and manufacturing of the module as
well as its integration to the supporting frame. A planning and list of test requirements for the qualification of the HCLL
TBM was defined. A preliminary testing programme for the HCLL TBMs in ITER has been proposed on the basis of the
foreseen ITER scenario and of the TBM testing strategy and mock-ups test objectives. Manufacturing of relevant mock-
ups are still under progress, and qualification of fabrication processes for TBM have been an important part of 2006
activities.
Euratom-CEA maintained in 2006 significant involvement in the development of structural materials for a fusion reactor.
The main focus has been for EUROFER, a reduced activation martensitic steel, and significant work has been performed
on a long term approach for advanced materials, which have been an important part of the activities dedicated to materials,
especially improvement of knowledge on SiC/SiC for future fusion power plants.

“Safety and Environment” studies realized by Euratom-CEA cover different parts of this topic such as investigation on
possible concrete detritition methods, cryogenic experiments on the EVITA facility, dust measurements and removal
techniques, code development and validation (safety studies on hydrogen mitigation and dust explosion in the vaccum
vessel or on activated corrosion products activities).
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Activities in the field “System studies” have been dedicated, in 2006, to conceptual studies for DEMO and future fusion
power plants. In that aim, Euratom-CEA has pursued the studies on blanket design from PPCS-model AB, and on DEMO
(blanket segmentation and maintenance - remote handling issues ; analysis of current profile control in tokamak reactor
scenarios using realistic treatment of current drive efficiencies ; magnet system outline).

Activities carried out in the Field “JET
technology” have been devoted to both
studies of different processes which can be
used for tritium removal from carbon
materials and dust characterisation and
measurement. 2006 activities have also
been devoted to the new diagnostic for
thermography analysis which produced
infrared images of the in-vessel
components showing energy deposited on
the divertor, on the top limiter and on the
outer limiters during ELMs in JET.

Four specific operational divisions of the
CEA, located on four sites (see appendix 5),
are involved in the Euratom-CEA fusion
activities:

the Nuclear Energy Division (DEN) , for
In-vessel component design (first wall,
divertor, blanket, …), neutronics,
structural materials and safety activities,

the Technology Research Division (DRT),
for activities dedicated to materials
(elaboration, breeding materials) and
robotics,

the Matter Sciences Division (DSM),
which includes the Department for
Controlled Fusion Research (DRFC) which
operates Tore Supra and is responsible for
plasma physics and engineering
developments , cryoplant and magnet and
plasma facing components activities,

the Life Sciences Division (DSV), for
activities related to the impact of tritium
contamination on staff.

The Euratom-CEA programme in Technology is also complemented by specific R&D collaborations with the French National
Centre for Scientific Research (CNRS), the Ecole Polytechnique, and Universities in the Plasma Facing Components and
Inertial Confinement Fusion activities.

Progress in fusion technology is constant over the years and this report once again highlights a number of important steps that
have been accomplished in many domains. Euratom-CEA, together with other European Institutions is on the forefront of
technological advances which are of prime importance for the success of the ITER construction. On the longer term, progress
in technology will gradually improve the vision of an electricity producing reactor and will increase the credibility of fusion
energy as a genuine solution for energy production for the future. The authors and the editors should be commended for their
dedicated contribution in making this report available.

M. CHATELIER
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TP : Physics
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 activities devoted to ITER future
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TD : Design Support and
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TJ : JET Technology
TH : Heating Systems

 Technology Project
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UT : Underlying Technology program
ICF        :   Inertial Confinement Fusion

Figure 1 : breakdown of the work carried out by Field
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 4 EFDA Technology / Physics Integration / Operation 
 

CEFDA05-1336 

Task Title: TW5-TPO-ERGITER: MAGNETIC PERTURBATION FOR ELM 
SUPPRESSION IN ITER  

 
INTRODUCTION 

 
The objective of the task was to finalize the design studies 
for optimum set of coils generating Resonant Magnetic 
Perturbations (RMPs) for Type I ELMs control in ITER [1], 
[2], [3], [4], [5]. This study was strongly motivated by 
experimental success of Type I ELMs control on DIII-D 
using external perturbation generated by in-vessel coils 
with n=3 toroidal symmetry [6] and lately on JET using 
n=1 perturbation from external Error Field Correction Coils 
(EFCC) [7]. During the period a large number of possible 
designs of external or in-vessel coils for ITER were 
analyzed for the reference scenarios (H-mode-q95=3, 
Hybrid-q95=4 and Steady-state-q95=5) taking into account 
physical, technical and spatial constraints [4], [5]. The level 
of stochasticity (Chirikov parameter ~1 at ψ1/2~0.95) 
generated by the I-coils in the DIII-D experiments on ELMs 
suppression were taken as a reference [6]. Designs with a 
toroidal symmetry n=3 was considered to avoid lower n 
numbers (n=1, n=2) that produce larger central islands, a 
potential trigger of central MHD. For example, n=1 RMPs 
at certain amplitude triggered lock modes JET [7]. The 
current needed in RMP coils to ergodize the edge increase 
with n but higher n  could be also used in principle 
(however coils currents are usually limited by technical 
reasons), since the core MHD thresholds usually increases 
with n. 
 
The optimum spectrum of RMPs (small core perturbations 
and maximal edge perturbations) for all reference scenarios 
can be generated by coils situated as close as possible to 
plasma. However, at present the general consensus is that 
the in-vessel coils should be avoided because of the severe 
technical constraints and modifications needed for this 
design. Here we present two designs with very similar 
characteristics with respect to the edge ergodicity and core 
perturbations: 
 
1) The 36 external coils on TF coils at 300-200kAt, 
 
2) The 9 mid-plane plug ports coils 150kAt.  
In all the estimations given here there is no margin 
compared to DIII-D reference case and the self-consistent 
plasma response is not taken into account, hence for 
vacuum fields. 
However the analytical estimations of the screening effect 
due to the plasma rotation predicted small effect in the 
pedestal where we want RMPs to be effective, in contrast 
with the core, where the perturbations are estimated almost 
an order of magnitude smaller compared to the vacuum 
fields. This central screening by toroidal rotation is a 
positive effect that would reduce a risk of triggering core 
MHD. 
 

2006 ACTIVITIES 

 
NUMERICAL METHODS 
 
In this section we give a short summary of the methods 
developed for the task to model RMP spectrum and 
estimate the plasma edge ergodisation [1], [5]. The RMPs 
coils are represented schematically by zero-thickness wires 
in 3D space. Assuming the plasma magnetic response to be 
very small, the perturbation magnetic field is calculated as 
if in vacuum using Biot and Savart formula in cylindrical 
coordinates (R,ø,Z). A poloidal spectrum of the radial 
magnetic perturbation is calculated in the intrinsic flux 

coordinates: ( )φθ ,,s .  Here [ ]1,0∈= ψs   is a 

normalized radial coordinate, ψ is the normalised poloidal 
magnetic flux, ø is the toroidal angle and the poloidal 

angleθ  is defined such that )(ψ
θ
φ

q
d

d −= -a safety factor. 

 
The magnetic equilibrium is calculated using the HELENA 
code. The perpendicular to the magnetic surface (“radial”) 

component can be represented as (1) ( , )eqB B s≈ ∇
r r

, where 

φψφ ∇+∇×∇=
rrrr

FBeq  and φψ RBF =)(  is the product 

of the major radius R and the toroidal magnetic field Bφ. 
Notice, that in the equilibrium case without RMPs Beq

(1)=0. 
In order to obtain a physical normalized radial  
component one should use the formula: 

( ) 11( , ) /( )ph
eq eqb B s B g= ∇
r r

, where ),(11 ssg ∇∇≡
rr

. 

The radial component can be presented as a sum over 
poloidal and toroidal 

harmonics: (1) (1) ( )( , , ) ( ) i m n
mn

n m

B s B s e θ φθ φ
∞ ∞

+

=−∞ =−∞

= ∑ ∑  

 
To estimate the island size and the degree of overlapping of 
the edge islands and hence the edge ergodisation, Poincaré 
plots were obtained by integrating the field-line equations. 
However, for a quantitative and more rapid estimation of 
the level of ergodicity the cylindrical approximation for 
island width and Chirikov parameter has proven to be rather 
efficient since its results are very close to direct field-lines 
integration. Introducing the effective radial coordinate  
r=as (where a is the minor radius) as a mark for the 
magnetic surfaces, defining the effective radial coordinate 

vector as: 11/re s g θ= ∇ < >
rv

 and using the procedure of 

field lines integration near resonant surface one obtains the 
expression for the magnetic island half-width:  
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1
2

2
, 04 /( )r

m n res

dq
R aq b m

ds
δ  ≈  

 
, and the distance 

between the neighbouring surfaces as: 

, 1 /( )m m

dq
a n

ds+∆ ≈  

 

The Chirikov parameter , 1, , 1( )/Chir mn m n mmσ δ δ + += + ∆  is a 

characteristic of the degree of overlapping for islands. Here 
the amplitude of the effective radial perturbation 
normalised to the magnetic field on the axis is calculated 
as: 

1 11
02 /( )r

res mnb B B g θ< >�  

Note that at fixed r
resb   and for a given q profile, Chirσ  

scales as: ( )1 1
2 2

0 / ~R a a ε −
. 

 
The reference level of ergodisation needed for ELMs 
suppression was taken from the experiment on DIII-D [6]. 
The ITER-like (in terms of triangularity and elongation) 
configuration with optimum pumping was taken from the 
shot DIII-D#125913 (R0=1.72m, <δ>~0.5, κ=1.78, 
B0=1.9T, Ip=1.55MA, q95=3.5, where Type I ELMs were 
suppressed by  Icoil=4kA (at even parity). The time traces 
of this shot are presented on figure 1. 
The main effect of the RMPs is the density control, leading 
to the small decrease of the total pressure gradient and 
hence, to the edge MHD stabilization, in particular pressure 
gradient driven ballooning-peeling modes responsible for 
Type I ELMs. 
 

 
 
Figure 1: Time traces of reference shot of DIII-D with Type 

I ELMs suppression by RMPs generated by I-coils at 
constant confinement. From the top to the bottom:  

(a) Neutral beam power and coil current 
 (b) Pedestal electron temperature and density  

(c)-Da signal  
(d) Confinement factor 

 
A schematic view of I-coils on DIII-D (a), poloidal 
spectrum of RMPs (b) and estimated islands size(c) are 
presented on figure 2 for DIII-D reference shot 125913. 

 

Figure 2: A schematic view of I-coils on DIII-D  
(a), poloidal spectrum of RMPs with the position of 

resonant surfaces (diamonds) (b); islands position and 
width (c) for DIII-D reference shot 125913. The ergodic 
region where islands overlap starts at ψ

1/2>0.95, hence 
Chirikov parameter >1 

 
 
DESIGNS OF RMP COILS FOR ITER 
 
The aim of  the design work for ITER was to propose the 
coils system and phasing between coils in a way that edge 
resonant surfaces q=-m/n (signs of m and n are 
conventional, but opposite since q>0) are situated near the 
maximum of the spectrum  that is the case on figure 2(b) 
for DIII-D. However, notice that the RMPs spectrum is 
specific for each equilibrium and in particular q-profile 
through the pitch angles of the field lines as they pass in 
front of the RMP coils. As a consequence, in design studies 
for ITER the variation of equilibrium for different reference 
scenarios (H-mode- q95=3, Hybrid q95=4, and Steady-state 
q95=5) were analyzed.  Also the changes in equilibrium 
due to the changes in internal inductance (li), βp, edge 
magnetic shear in the reasonable range for ITER scenarios 
were done but demonstrated to have small effect on the 
edge ergodisation. 
 
Because of the rapid decrease of the magnetic perturbation 
with the distance from the coils the RMP coils the optimum 
case would be coils situated as close as possible to plasma. 
 
However, due to the strong technical restrictions for the in-
vessel implantation in ITER, external coil designs were 
considered initially as the more feasible option. After 
studies of the available space in ITER the realistic 
geometrical parameters were taken into account. Here we 
propose the best design of external coils (18 upper and 18 
lower fixed close to TF coils shown on figure 3) found up 
to now that require ~300kAt to obtain the same ergodisity 
for all ITER reference scenarios considered here. 
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Figure 3: A schematic view of 36 external RMP coils 
(a,b,c) ,RMPpoloidal spectrum for n=3 (d) and island 

size(e) for three ITER scenarios. The ergodic region where 
islands overlap: ψ1/2>0.95, hence Chirikov parameter >1 

 
 

 
 

Figure 4: A schematic view (a) of the first turn of the mid-
port coils (each coil is represented by 11 turns wired from 
R=8.7m to 9.2m), RMP poloidal spectrum (c) and island 

size for 150kAt (b) for three ITER scenarios. (d)- 
comparative island size calculated in vacuum for reference 

H-mode equilibrium (li=0.8, βp=0.6) for  three designs 
included 36 external coils(300kAt), 9 ports coils(150kAt) 

and 6 upper and 6 lower  in-vessel coils(20kAt) around the 
blanket modules [3]  

 
Similar characteristics for mid-ports design are presented in 
figure 4. Here we took into account the fact that not all 
ports are available (only 9 from 18 ports were used here) 
because of the heating systems installed in them. From the 
figure 4(d) one can see that central (q=4/3)  island size 
estimated for vacuum increases only slightly from 6cm for 
in-vessel coils to 8cm for more external coils, but edge 
ergodisation is similar for these three designs, hence one 
can avoid in-vessel coils. 

In all the estimations given here there is no margin and the 
self-consistent plasma response is not taken into account, 
hence for vacuum fields. The changes in equilibrium due to 
the changes in internal inductance (li), βp, edge magnetic 
shear in the reasonable range for ITER scenarios were 
studied and were demonstrated to have small effect on the 
edge ergodisation. These results are not presented here. The 

most strong plasma response on RMPs however, is due to 
the plasma rotation. 

It was shown in [3] that the radial component of the 
vacuum magnetic field in cylindrical approximation on the 
resonance surface q=-m/n is shielded by plasma rotation: 

,
,, ,

, ,21 ( / 2 / )

r vac
m nr pl r vac

m n fac m n

L

B
B S B

mτ
= =

+ Ω
. 

Here Ω=2π n f  is local toroidal rotation frequency for the 
mode n, τL is the visco-resistive layer time: 

2 2 / 3 2 / 3 1/ 32( 1 2 ) /L A vq ητ τ τ τ= + , 

/ 1 /( )A AR V n Shτ = ⋅ ⋅  is the Alfvén time, 

/ ( / )Sh r q dq dr=  is the local magnetic shear, 
2

0 /rητ µ η=  is the resistive time , r=aψ 
½ is an 

equivalent radius of the resonant magnetic surface in 
cylindrical approximation, η  is the parallel plasma 

resistivity, 2 /v rτ ρ µ=  the viscous time (here we take 
µ/ρ∼1m2/s). The analytical estimations [4] of the screening 
effect due to the plasma rotation predicted small effect in 
the pedestal, in contrast with the core, where the 
perturbations are estimated almost an order of magnitude 
smaller compared to the vacuum fields (figure 5), which is 
a positive effect that would reduce the risk of triggering 
core MHD.  

 

 

Figure 5: (a): H-mode scenario profiles used in modelling: 
electron density(ne), temperature (Te)and two profiles of 

toroidal rotation f -(1) and (2) which is (1)*0.5, (b): island 
width for 36external coils design at 300kA ,n=3,  without 
rotation (circus) and with rotation profile (1)-stars, with 

profile (2)-squares 
 
 
REPORTS AND PUBLICATIONS 

 
[1] M. Bécoulet, et al., “Comparative Modeling of Type I 

ELM control by stochastic fields in DIII-D, JET and 
ITER”, Proc. 32nd EPS Conf. Plasma Physics, 
Tarragona (2005) P2.005 

 
[2] E. Nardon et al., to be published in J. Nuc Mater 

(2007) 
 
[3] M. Becoulet et al., “Modelling of Edge Control by 

Ergodic Fields in DIII-D, JET and ITER”, 21st IAEA 
Conference, Chengdu, China, 16-22 October, 2006, 
IT/P1-29 



 7 EFDA Technology / Physics Integration / Operation 
 

 
[4] Becoulet et al. First Intermediate Report on the Task: 

TW5-TPO-ERGITER: Resonant Magnetic 
Perturbations (RMPs) for ELMs suppression in ITER. 
Design studies of RMPs coils for ITER. CEA/DRFC: 
PEFC/NTT-2006.016 

 
[5] Becoulet et al, Second Intermediate Report on the 

Task: CEFDA05-1336 TW5-TPO-ERGITER: 
Resonant Magnetic Perturbations (RMPs) for ELMs 
suppression in ITER. Design studies of RMPs coils 
for ITER. Rep. CEA/DRFC: PHY/NTT-2006.007 

 
[6] T.E. Evans, R.A. Moyer, J.G. Watkins, T.H. Osborne, 

P.R. Thomas, M. Becoulet, et al, Nuclear Fusion, 45 
(2005) 595 

 
[7] Y. Liang, M. Becoulet, E. Nardon  et al submitted 

PRL(2007) 
 
 
TASK LEADER 

 
Marina BECOULET 
 
DSM/DRFC/SIPP 
CEA-Cadarache 
F-13108 Saint-Paul-lez-Durance Cedex 
 
Tel. : 33 4 42 25 74 84 
Fax : 33 4 42 25 49 90 
 
e-mail : marina.becoulet@cea.fr 



- 8 - EFDA Technology / Physics Integration / Operation

TW5-TPO-CODACGW

Task Title: REVIEW OF ITER CONTROL AND DATA ACQUISITION
(CODAC) SYSTEM

INTRODUCTION

The objective of this task is to provide support to the review
of the ITER CODAC specifications, in particular drawing
on experience in the development of the Tore Supra control
and data acquisition system.

This task has been launched at the end of January 2006.
Since then the working group has met twice in Garching
(March) and in JET (May). Meetings have also taken place
on separate issues in various places. An interactive web site
has been set up with UKAEA support for the people to
communicate their work.

2006 ACTIVITIES

Our Association has provided support to the review of the
ITER CODAC since beginning of 2006. The Euratom-CEA
representative in the working group, participated to the
three meetings of the working group.

For the review work we proposed to concentrate its activity
on two important issues for the CODAC:
- The CODAC architecture and design feature
- Pulse control and operation.

For the first activity our Association identified manpower
and expertise to collaborate with the experts of other
associations.

For the second activity detailed discussions have taken
place at the European level between in particular CEA, IPP
and UKAEA specialists, on the organisation of the
operation, the pulse schedule and the editor. This work
should come up with a synthesis of a conceptual study
during the first half of 2007.

In addition Euratom-CEA formed a pool of specialists to
review the main documents of the review, namely: the
overview, the list of systems, the design documents and the
work-package document. In this pool Euratom-CEA also
called for the assistance of specialist of fission reactor
operation and safety. These expertises are considered as an
essential template for the operation of a fusion reactor.

Our Association has reviewed the overview in April 2006
and given comments and recommendation to the working
group. More recently the list of systems has also been
reviewed and commented.

There are also some areas where our Association developed
a recognised expertise which can be directly applicable to
the CODAC review. These areas are:

- Data archiving and structure and data access,
- Software methodology and tools,
- Remote operation control room and communication and

standard,
- Synchronous databus and event distribution network,
- Physical networks.

The conceptual study of some of these areas, have made
good progress in particular on the communication and
standard and on the synchronous databus.

In addition, because of its particular role of host for ITER,
the Euratom-CEA Association could facilitate the
interaction between the safety issues and the CODAC
revision. For this reason we organized a specific meeting
between the people in charge of the safety case and the
chairman of the working group (J. Lister), in May 2006.
This meeting was important to identify the area of
interaction between the CODAC and the safety case.
During his visit to Cadarache, J. Lister had also the
opportunity to detail the on-going work to Euratom-CEA
experts. This meeting has been fruitful in identifying the
areas where our Association’s participation could be
optimized.

CONCLUSIONS

The Euratom-CEA Association will continue in the second
phase to commit itself in this work and participate to the
CODAC revision in the areas described above.

TASK LEADER

Emmanuel JOFFRIN

DSM/DRFC/STEP
CEA-Cadarache
F-13108 Saint-Paul-Lez-Durance Cedex

Tel : 33 4 42 25
Fax : 33 4 42 25

e-mail : emmanuel.joffrin@cea.fr
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CEFDA05-1329

Task Title: TW6-TPHI-ICFS: FARADAY SHIELD MODELLING AND
RF SHEATH DISSIPATION

INTRODUCTION

The Faraday shield on the ITER ion cyclotron antenna is a
critical component: it is the main plasma-facing
component for the antenna and must withstand the same
heat loads and disruption effects as the first wall; it shields
the inner parts of the antenna from particles; it polarizes
the IC wave and prevents the electrostatic field on the
current strap from coupling to the plasma.

Experiments on Tore Supra and elsewhere indicate that
parts of the antenna structure (e.g., guard limiters) can be
heated anomalously in the presence of RF fields and
plasma; the standard explanation is that RF-induced
sheaths and/or convective cells enhance particle and power
transport to these regions, thereby causing the observed
high heat load. Considerable modeling of this effect has
been done in the past. Can a model of these effects be
developed and applied to the Faraday shield design for
ITER, and what guidance regarding shield geometry can
be obtained from these models?

According to specifications the task includes the following
activities:

5.2.1) Use RF electric field maps developed as a part of
task TW6-TPHI-ICFS, static magnetic equilibria supplied
by the IT, and current or improved sheath theories to
compute  the  power  lost  to  RF  sheaths  in  different  ITER
antenna/Faraday shield configurations.  Use density
profiles in the scrape-off region, supplied by the IT,
corresponding to those used to calculate antenna loading
for Scenario 4.

5.2.2) Calculate power deposition profiles on the antenna
and surrounding regions for different cases of antenna and
Faraday shield geometry. Evaluate the advantages and
disadvantages of various geometries, including in
particular the case of horizontal and tilted Faraday shield
elements, transparent vs. opaque shields and no shield at
all for comparison. Consider in particular the case where
the antenna is contained completely in a mid-plane port,
with the front surface of the Faraday shield being ~ 1 cm
behind the first wall.

2006 ACTIVITIES

PRINCIPLE OF RF SHEATH EVALUATION

RF sheath rectification processes can be briefly
summarized as follows. ICRF antenna operation drives an
oscillating RF potential VRF between the extremities of

open magnetic flux tubes, given by dlEV
LRF .// ,

where E// is the RF parallel electric field and integration is
along the open  field  line.  As  a  reaction  to  this  RF
potential, and due to the non-linear behaviour of the
sheaths at both flux tube extremities, the field line gets
biased to a rectified DC potential VDC, which is generally
well above typical floating potentials in the Scrape-Off
Layer (SOL). Ions accelerated across the high DC
potential cause enhanced sputtering and localised high heat
fluxes at the field line ends. Moreover the differential
biasing of nearby flux tubes creates RF-induced DC E×B
particle convection transversally to the field lines [3]. The
intense RF-induced DC electric fields could also interact
with the H-mode [3].
Calculation is thus performed in several steps:

1°) Evaluate dlEV
LRF .//  along every open field line,

from computed RF field maps.

2°) Evaluate VDC from VRF on each field line. In the
simplest RF sheath model, each flux tube is biased
independently from its neighbours, to a potential
VDC=|VRF|/ .

3°) Evaluate the density n on each field line. Density is
supposed homogeneous along flux tubes so that its
determination is a 2D problem transversally to the field
lines. Particle transport is due to parallel losses, cross-field
diffusion and RF-induced E×B convection, and density
balance in steady-state regime reads

0div
//

2
0

0

L
nc

B
VnnD sDC B (1)

where D  is a particle diffusion coefficient, L// is the length
of open field lines, cs is the sound speed = [k(Te+Ti)/mi]1/2.
The 2D density map needs to be computed only in the
region affected by convection. This domain is chosen as a
rectangular box. In the radial direction, convective cells
penetrate from the antenna mouth up to the point where
VDC is of the order of kTe. From Tore Supra measurements,
this is of the order of a few skin depths for the Slow Wave
[6]. On the other side it is proposed to stop density
calculation at the antenna mouth and not to calculate the
density inside the box. This is motivated as follows:

- Geometry is complicated, so that precise
boundaries of open field lines are not clear.

- Due to complicated geometry, precision of the
local RF field might not be guarantied.

- Connection lengths decrease abruptly inside box,
leading to fast density decay.

Equation 1 is solved in the simulation box using the
CELLS code [1]. As boundary conditions on the plasma
side n is fixed to its “unperturbed value”. Density is put
at 0 on the antenna side, assuming no recycling from
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chamber walls. In the poloidal direction the poloidal
derivative of the density is supposed to vanish at the limits
of the simulation domain (meaning no poloidal
convection).
4°) Evaluate ion parallel heat losses at the extremities of
the flux tubes. The particle density outflux is nL//cs and
each ion is accelerated across the sheaths to the energy of
eVDC, so that the energy outflux becomes Q//=enVDCL//cs.
5°) Evaluate the transverse heat fluxes at the antenna side.
The heat flux is deduced from the particle outflux at the
antenna side of the simulation domain, assuming that each
particle carries a kinetic energy of the order of kTe.

PLASMA PARAMETERS

Magnetic equilibrium

The geometry chosen for RF field calculation is a flattened
version of the ITER antenna front face. Consistently with
this choice a simple magnetic equilibrium is proposed, in
which field lines are straight lines parallel to the antenna
front face and tilted by a pitch angle of =15°. The local
magnitude of the magnetic field in the antenna vicinity is
taken constant at B0=3.9T, consistently with ITER scenario
2 proposed for computations [7]. Note that since all the
geometry is flattened, magnetic field lines are parallel to
the antenna front face and no parallel loss is considered on
FS rods.

Unperturbed radial profiles

From reference [7], typical SOL radial profiles are
available in the zone unaffected by convection. They are
shown on figure 1 for ITER scenario 2.

Considerable uncertainty remains on these profiles. This
impacts directly on the sheath calculations:
- For given power coupled to the plasma, the magnitude of

the RF near fields depends on the antenna coupling
resistance, which is quite sensitive to the edge density
profile.

- The radial penetration of the slow wave depends on the
density at the antenna mouth.

- The local density at the penetration depth roughly
determines how many particles are likely to be convected
onto the antenna front face.

Extra input parameters needed from IT team

To perform density calculations, typical values of B0 and
Te and D  in the antenna vicinity need to be provided. As a
boundary condition for density computation, the value of
the density on the plasma side of the simulation domain
needs to be provided.

Typical field line pitch angles in front of antenna are
critical since (mis)alignment of antenna structure elements
with tilted field lines plays a crucial role in building up the
RF potentials.

Radially in front of the antenna structure, open field lines
will be supposed to extend over the dimensions of the RF

field map, and E// will be taken 0 outside the map. For such
field lines L// can be taken as typically 2 qR.

Figure 1: Scenario 2 profiles
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RF FIELD MAPS

The first step in the simulation process is a 3D mapping of
RF near fields in the antenna vicinity.

Definition of a target medium for RF wave

Antenna code HFSS used in task TW6-TPHI-ICFS cannot
handle the most general dielectric tensors of magnetized
plasmas. The load used for previous test RF field maps
was shown to reproduce fairly well the coupling properties
of a typical ITER plasma for the fast wave [4]. However,
the present task is mainly interested in parallel RF fields,
i.e. the slow wave, whose properties are radically different
due to the anisotropy of magnetised plasmas. Slow wave is
completely absent of the present HFSS medium, since it is
isotropic. Simulations should however preserve realistic
coupling to the fast wave, which determines the near field
amplitude for given coupled power.

A systematic comparison of uniaxial and gyrotropic
homogeneous media was made [9]. From this analysis it
appears that part of the information about wave
propagation is always lost when approximating gyrotropic
with uniaxial media. However there is some latitude in
choosing what is lost and what is preserved. Based on
these considerations the following fall-back solution was
proposed to try to get results using HFSS:

- As in “conventional cases” the domain facing the antenna
is composed of a “vacuum zone”, followed by an
isotropic lossy dielectric where the fast wave is damped.

- In the vacuum zone, transverse dielectric constants are
still =1. It is proposed to use a highly negative value
for the dielectric constant // parallel to (tilted) magnetic
field lines, in order to reproduce the high parallel
conductivity in the plasma.

The fall-back solution has the following merits:

- Fast wave propagation, being insensitive to //, should not
be affected by the change of medium, whatever k//.

-For perpendicular propagation k//=0, suitable for
integrating E// over “long field lines” with large toroidal
extension (see [2]) a clear decoupling is possible.
Propagation properties of the fast wave depend only on
elements S and D of the Stix dielectric tensor, while the
squared refractive index for the slow wave takes the form

N2=P (2)

The refractive index for the Slow Wave at k//=0 is thus
well reproduced when //=P=1- pe

2/ 0
2.  From  scenario  2

profiles, P~-24000 at the antenna mouth. For this
particular density, the typical evanescence length for the
slow wave at k//=ky=0 is typically 6mm. Such rapid decay
justifies a posteriori the choice of homogeneous plasma
parameters near the antenna to represent the Slow Wave.
Recent probe measurements on Tore Supra suggest that
RF-induced SOL perturbations extend a few centimetres in
front of powered antennas, consistently with skin depth
estimates [6]. The proposed procedure was never tested
previously, and potential drawbacks may arise. The highly

anisotropic artificial medium is very demanding for a
Finite Element code. The refractive index for the Slow
wave is only well reproduced for k//=0, whereas other
values of k// contribute to the integral of E// over the finite
extension of the map. In particular a spurious surface wave
is expected for k//= =1, which does not exist in the real
plasma when S<0. Therefore some basic checks should
thus be made on the HFSS results:
- Verify that the input impedance matrix, and particularly

its real part, are only weakly affected when // is
switched from 1 to –24000.

- Check the radial evanescence of the Slow wave.
- Check the absence of surface wave.

Requirements on RF field maps and antenna structure

Within the simple magnetic equilibrium proposed, only the
RF field parallel to tilted straight field lines is needed. Real
and imaginary parts E// should be computed, even if the
part in phase quadrature with RF currents on the straps is
generally dominant. This RF field can be normalized to
either 1MW (or 20MW) coupled. The direction of
anisotropy in the uniaxial medium should be consistent
with the pitch angle =15°. Poloidal and toroidal extension
of the map should be such that E// vanishes at map
boundaries. This could reveal difficult if surface waves are
absent. Tilted field line from map corner should not
intersect antenna structure. A reasonable poloidal distance
should be left between the “corner” field lines and the
antenna box, because convective cells around the antenna
are larger than the box itself (see [2]). Poloidal and
toroidal resolution should be sufficient to resolve small-
scale antenna structures (typically FS rods). In the radial
direction, it is proposed to start the mapping at the antenna
mouth. No sheath will be assumed inside the antenna box.
The radial extension and resolution of the map should be
adapted to reproduce the evanescence of the Slow Wave.
For //=-24000, the radial evanescence length is
approximately 6mm. It is proposed to map the RF field
every millimetre over 15mm from the antenna mouth.

NUMERICAL INTEGRATION ALONG TILTED
STRAIGHT LINES IN 2D

In order to prepare intensive simulations on large scale
field RF maps, numerical methods for integrating RF
potentials were improved towards more accuracy and
reduced computing time. The new methods were
benchmarked against previous ones during the preliminary
study in the appendix. They are well suited for tilted
straight field lines in a 2D reference plane, but could be
extended to more complex 3D field line topologies if need
be.

In this section we consider a scalar field y(x1,x2) defined in
a 2D space with cartesian coordinates (x1,x2).  We seek to
integrate y along a straight line tilted by an angle  with
respect to the x1 axis. y is known on a 2D rectangular grid
with coordinates x1a(j) and x2a(k),  (j,k) integers, dividing
the 2D space into rectangles of the type . The grid
may not be regular. The integration path can be split into
its successive intersections with several rectangles, which
are segments of the type [A, B]. In figure 5 point A is on a
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vertical grid line and point B is on an horizontal grid line,
but other configurations can be imagined with A and B
either on vertical or horizontal grid lines. Interpolation
formulas are valid for all configurations.

A
O (s=0)

B

x1

x2

s

j j+1

k

k+1

x1

x2

s M(x1,x2)

Figure 5: Geometrical notations used in
 integration formula

In every point M(x1,x2) inside rectangle  a bilinear
interpolation of y is performed from its value at grid
points.
Integration along segment [A,B] thus takes the simple
form.
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Subscripts 1,2,3,4 of y refer respectively to grid points
, , , . The above formula also applies if A and B are

not located on grid lines, provided that they still belong to
the same rectangle. This can be useful near end points of
open field lines. If the integration path is horizontal or
vertical, sin(2 )=0 and the integration technique is
Simpson’s method. The procedure of numerical integration
is thus the following:

- Determine the intersection of the tilted line with
horizontal grid lines, and then with vertical grid lines.

-  Sort the intersection points, for example by increasing
values of coordinate x1, to split the integration path into
successive segments of type [A,B].

-  For each segment, determine rectangle , middle
point O(t0,u0)and length s. Perform the integral using
the analytical formula (9).

-  Add-up the contributions of all segments.

CONCLUSIONS

At the end of 2006 it was agreed to test the fall-back
dielectric tensor on HFSS, and after assessment of the

obtained RF field maps to proceed with RF sheath
evaluation. Initially several antenna phasings as well as
several configurations of Faraday Screen had to be
compared. Since then Faraday Screen design has started.
Therefore the following option was proposed:

- Start with a reference case, using “standard” toroidal
phasing [0, ,0, ] and FS design currently envisaged
(3rods/box, horizontal bars). This reference case will serve
to assess the proposed numerical procedure, and to
evaluate an order of magnitude for heat loads.

If we are confident enough on the results of the reference
case, and if significant heat loads are found, then proceed
with other toroidal phasings and other FS designs,
specified by IT team and FS design task. To perform this
work the task CEFDA05-1329 was extended till April
2007.

If field maps assessment reveals not satisfactory, it was
proposed to calculate RF fields using the new antenna
code TOPICA [5], which incorporates a more realistic
plasma load than HFSS. This could be envisaged only
within the framework of a new EFDA task.
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TW5-TPHI-ICRFDEV

Task Title: DEVELOPMENT OF HIGH PERFORMANCE TUNING
COMPONENT FOR THE ITER ION CYCLOTRON ARRAY

INTRODUCTION

The Compact Vacuum Tuner (CVT) is a high power tuning
device to be developed for use in the ITER Ion Cyclotron
Heating launcher [1]. As such, it is designed to be
compatible with ITER vessel mechanical interface, EM
loads, mechanical, thermal, and nuclear specifications. On
the basis of this pre-design, it was originally planned to
manufacture and test a prototype component. To validate
the CVT, dedicated R&D strategy to assess the most critical
aspects regarding the CVT based on mock-ups was
preferred to complicated test on the final object. The main
uncertainties related to this high power tuning device
identified are:
- The RF response of the system over the operating

frequency band;
- The voltage stand-off capability of the structure;
- The operation of the RF contacts inserted in the system

sliding under RF current.

The RF response with regard to frequency and geometrical
variation will be validated by the mean of low power
measurements on an un-cooled mock-up with a network
analyzer. The same setup will also be used to assess the
voltage stand-off capability of the structure, connecting the
mock-up (under vacuum) to a high power RF line. A
second setup, water-cooled, under vacuum and compatible
with operation at high RF power for long pulse length, was
also design to test the operation of the RF contact in
movement.

Hereafter,  the  CVT  inserted  in  the  ITER  IC  launcher  is
briefly described as an introduction for the presentation of
the two setups proposed to validate the system.

Description  of  the  CVT  integrated  in  the  ITER  IC
antenna

The overall structure of the ITER IC launcher is described
in  [1],  and  the  electrical  concept  of  the  CVT  with  a
complete discussion on the different options can be found
in [2].

From a mechanical point of view, the tuner consists in a
simple coaxial structure (figure1), with an inner conductor
of variable length. Between the two conductors a contact
support actuated by 2 rods can be moved independently
from the inner conductor variation. The two movements are
guided by bearings and ball screws located behind the
contact support, and isolated from the torus vacuum by
metallic diaphragm bellows. The variable position of the
electric short circuit inside the tuner coaxial structure,
combined with the movement of the inner conductor will
allow an appropriate matching range.

The CVT is an “LC type” matching system featuring a
capacitive or inductive behaviour depending of the relative
position of the inner conductor and short-circuit. By its
conception, the CVT is robust structure that can be
manufactured without many difficulties, the only remaining
uncertainties on the CVT are its RF behaviour. Two
dedicated test rigs were designed and are under completion
to assess this specific aspect.

Figure 1: View of the CVT structure integrated in the ITER
IC launcher

Voltage stand-off and low-power measurement setup
description

On the basis of the clearance of the structure inserted in the
ITER IC antenna, a mock-up with the same outer structure
(geometrical envelop) of the CVT was designed (figure 2
and 3). The mock-up proposed will allow the test of the
following electrical configurations (depending of the
relative position of the inner conductor and short-circuit):
purely inductive (L), purely capacitive (C), and the LC
configuration a combination of the two.

Figure 2: Cut-view of the CVT mock-up
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Figure 3: Over-view of the CVT test-rig

A first series of low power measurements will be conducted
over the operating frequency band (40-55MHz) prior to
high power tests. For the voltage stand-off qualification, RF
power shots lasting a maximum of 10s will be sufficient.
An un-cooled structure can therefore be used to work on
this specific problematic. For the tests, the existing Tore
Supra test bench will be used, with the experimental setup
short-circuiting the 30  coaxial lines connected to one of
the TS RF generators (figure 4). On this test bed, RF pulse
of 40kW with peak voltage of 40kV, and peak current of
1.4 kA RMS can be routinely achieved fur duration of 60s.
The experimental setup will be instrumented with bi-
directional couplers located prior to the vacuum window,
voltage and current probes located under vacuum, and
vacuum probes will monitored the vacuum level during
operation.

Figure 4: Sketch of the high power test-bed

Test  of  the  sliding  RF  contact  in  baked  environment
under vacuum setup description

The flexible Finger Contacts (FC) integrated in the design
of the antenna are MC®-MultilamTM LA-CUT/0.25/0. These
FC have been chosen for of their electrical, thermo-
mechanical and geometrical properties, i.e: low contact
resistance, high current-carrying capacity, large temperature
range of utilization, large radial tolerance and angular
misalignment absorption. These properties result of the
original design of the FCs consisting of 1mm thick louvers
made of silver-plated copper mounted on a 0.3 mm stainless
steel carrier strip. In the LA-CUT contact the contact
pressure is ensured by the slightly bended SS strip, this
feature allowed more severe working conditions in term of
temperature than the standard copper beryllium thin strip of
contact. These contacts have been successfully tested at
CEA-Cadarache under vacuum and high temperature,
within different assembly geometry [3], [4].
 In order to check the mechanical integration of the contact
in the CVT configuration small, mock-ups of the contact

support has been fabricated (figure 5). The remaining
uncertainty is their operation sliding with RF power
applied.

Figure 5: Assembly mock-up of the MC contact

In the setup sketch in figure 6, the contact will be tested
sliding under vacuum at a maximum of current (short-
circuit of the line), within a mechanical configuration
similar to the one integrated in the IC launcher. The two FC
strips are inserted in a Ø54mm groove, one located in the
short-circuit, the other few centimeters away inside the
inner conductor. A cylindrical axis, connected to a step-
motor by the mean of ball screw, slide in between the two
FC strips. The contacts are cooled on both sides
(shaft/groove) in a similar configuration than the one
proposed on the antenna. The TS test bench will be used for
the test, the pulse length for the tests will be limited to a
duration of 60s, with a heavy cycling.

Figure 6: Sketch of the high power test-bed

CONCLUSIONS

Once all the tests completed, the manufacturing of a
complete prototype component can be planned, to assess
the mechanical interface of the CVT with the
actuating/driving system. The results and knowledge
harvested during this R&D program, in complement to the
on-going studies carried out the IC launcher, will give all
the required technical elements to launch the manufacturing
of a series CW CVT applicable for use in ITER.
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CEFDA03-1111Bolo

Task Title: TW3-TPDS-DIASUP1: SUPPORT TO THE ITER DIAGNOSTIC
SYSTEM: BOLOMETER ARRAY

INTRODUCTION

Europe has a long standing leading role in bolometer
development towards the reference design for ITER (e.g.
[1], [2]). This has been continued by the EFDA with
contracts on further development of this diagnostic [3], [4],
[5] including the present one. This contract was aimed at
the investigation of the survivability of the reference
bolometers considering two substrate options - the standard
20  µm  Mica  foil  and  a  new  1.5  µm  SiN  carrier  [5]  -  in
abnormal conditions as during disruptions or high EC-
power (at 170 GHz) incidence and consequences for the
design in particular for the viewing apertures. Some
reflections on connectors and cabling and on a plan for the
full development towards ITER were also demanded. The
draft final report on this task has been submitted to EFDA
November 2006 [8].

2006 ACTIVITIES

The investigation of the disruption survivability started with
an analysis of the disruption phenomenology. A disruption
may begin with a precursor phase (100ms) during which
mitigating measures such as heavy gas puffing can be
employed. If this has no effect the disruption continues with
a rapid (0.5-3 ms) thermal quench during which the electron
temperature drops to 3-10 eV and a major fraction of the
thermal energy (1 GJ) hits the divertor. Thereafter the
current quench sets in with a current quench rate of up to
450 MA/s during 50 – 200 ms which may lead to runaway
electron currents (up to 16 MA). A loss of vertical stability
(VDE = vertical displacement event) may also occur at one
stage or other of the disruption. It will induce eddy currents
in the vessel that may lead to strong forces on the vessel
(150 MN). For our investigation we chose the most severe
of the conditions in each of the phases.

The investigation of the currents induced in the absorber of
the bolometer during the current quench phase due to eddy
currents in the absorber itself and in the camera box and
halo currents in the wall lead to an estimation of a
maximum current of the order of 100mA. The forces and
the stress and the strain on the foil were calculated on the
basis of the maximum current in the foil and were found to
be more than 3 orders of magnitude lower than the limit for
Mica which is of the order 100 MPa. The maximum
induced current value in the CuCrZr base plate had earlier
been estimated to 3620 A [3]. Even with this current the
strain on the baseplate rests (with 2 MPa) more than one
order of magnitude below its limit.

We considered the case of a disruption mitigation technique
using massive gas injection of about 1 kg of He. For such a

scenario we estimate a pressure rise in 1 ms to 200 mbar.
The Mica foil can only withstand 60 mbar. We propose to
introduce holes in the camera box and the base plate that
reduce the strain to 4 MPa for the mica foil and to 64 MPa
on the thinner SiN foil, which is largely acceptable for the
mica foil, but should be looked into more detail for the SiN
carrier foil since it is more marginal there (safety
factor 1.5).

Arrival of pressure

Holes

Figure 1: Equalisation of pressure

For the acceleration of the part of the vacuum vessel on
which the bolometers are mounted we estimated a
maximum of 15 g (including a security factor of 2-3) which
gave  us  a  securite  margin  of  2  orders  of  magitude  for  the
Mica foil and one order of magnitude for the SiN foil.
Having seen that the current quench phase will be
survivable by a large margin we looked for the effects
during the thermal quench phase and found that the
temperature rise due to the intense radiation (400MJ
assumed) will be below 100°C for the absorber foil. Similar
values had been found previously for the temperature rise
of the front-end of the camera-box [3]. These values are
acceptable.

With regards to the interference of EC waves we considered
as the worst case scenario that EC waves may land
(attenuated to 5%) on a bolometer. This would be a
potential power density of 6 MW/m², which would lead to a
power deposition in the absorber of 50mW, which is at
almost 2 orders of magnitude higher than typical radiation
signals, normally measured by the bolometers. The
proposed protection is to make many small openings
instead of 1 large one and to form the openings such that
become underdimensioned and therefore attenuating
waveguides for the EC waves of a wavelength of 1.8 mm.
A system of 12 such waveguides (figure 2) of 3 mm length
and 0.5 mm width in poloidal and toroidal directions has an
attenuation of power of 58 dB which would be largely
sufficient.
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The principle of such a collimator structure is shown in
figure 3. The upper apertures have a microstructure as
indicated in figure 2. The lower apertures are open and
serve to avoid cross talk between the channels.

The comparison of the light transmission achievable with
such multihole apertures in relation to the values achievable
with single hole pinhole constructions as assumed in the
previous tomographic perfomance analysis [4], has led us to
estimate the losses of light to be  20 % - 50 % depending on
the respective camera position.

Figure 2: System of multiple slit apertures

Figure 3: Architecture of a camera with a multiple
slit aperture system

From JET experience some recommendations for cabling
and connectors were given:

1) Wherever possible solid metal-metal joints such as
soldered, welded or bonded connections should be used.
Spring connections should be avoided wherever possible.

2) Another principle that is important in this respect is the
use of the highest possible voltage on the detector foils in
order to have the best possible signal/noise ratio.

3) As far as the choice of cables is concerned it is worth the
effort to find out how close one can bring the organic
isolated cable type which is used in ASDEX Upgrade and

in  JET  for  the  vertical  X-point  camera  KB5  to  the
bolometers in order to keep the length of the more noisy
but more radiation resistant ceramic cable (as used for the
in-vessel JET bolometers) as short as possible.

CONCLUSIONS

The  research  activities  towards  ITER  should  in  the  first
instance continue with the irradiation programs of
alternative substrates AlN and SiN with metallic parts in Pt.
In the more distant future the ferrolectric bolometers [6]
may play a role, but a considerable effort is still needed to
bring them to the usability of the conventional bolometers.
In the course of this report we have identified the thickness
of the SiN substrate as relatively thin in comparison to the
thickness required to withstand disruption mitigation. This
should be investigated in more detail. The cabling question
needs more attention.
More advanced than the ferro-electric bolometers are the
2D-IR bolometer cameras [7]. They look like a more
realistic and faster track to working alternative bolometers.
The main questions are the attainable sensitivity and
calibration issues.
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CEFDA03-1111WAVS

Task Title: TW3-TPDS-DIASUP1: SUPPORT TO ITER DIAGNOSTIC
SYSTEM: ITER WIDE-ANGLE VIEWING THERMOGRAPHIC
AND VISIBLE SYSTEM: OPTICAL DESIGN

INTRODUCTION

The task consists in performing an optical design for the
ITER wide-angle equatorial viewing system (Procurement
Package: PP5.5.11 – G01 Equatorial Visible-IR TV). This
system is proposed to ensure visible and IR real time survey
for machine safety and operation. The ITER equatorial
viewing system is presently composed of 3 different views
(tangential left, tangential right and divertor views) into 4
different port plugs (Port Plug EQ#01, 03, 09 and 12). The
field of view for the EQ#01 RIGHT tangential view is
presented in the figure 1. Blue dash lines indicate the high
field side pellet injection.

Figure 1:

2006 ACTIVITIES

The activity done in 2006 concerning this task was
essentially dedicated to the writing of the final report for
EFDA. This has been done by CEA in close contact with C.
Walker from the ITER diagnostic team. In this technical
fusion report we’ll give a description of the optical and
mechanical design with the associated performance of the
system. At the end of this document, we’ll propose a list of
remaining things to be addressed to develop the diagnostic.

The technical specifications of the system are the following:

- The system has to provide good measurements of the
surface temperature in the range of [200-2500°C] with a
large field of view, with the required spatial (for hot spot)
and time resolution (10ms).

- The second function of the system is also for machine
safety and operation, but in the visible range (UFOs,
initial wall-damage assessment).

- This diagnostic can alternatively be used to study runaway
electrons, visible spectroscopy or/and track pellet.

- This diagnostic can also be used for other physic purposes
(heat loads and particle balance, dust and layer
localisation…). In his present requested form, this
diagnostic doesn’t resolve transient events (ELM and
disruption).

DESCRIPTION OF THE OPTICAL DESIGN

Several optical solutions have been investigated. The final
solution has been selected by taking into account: 1) the
available volume into the port plugs, 2) the expected
performance of the system and 3) the complexity and
feasibility of the solution. According to us, the best solution
today is a single optical line with a double Cassegrain
embedded one into the other one (solution with a hole in the
optical throughput): one large Cassegrain for the IR light
(diameter: IR = 10 cm), into which is inserted a smaller
Cassegrain for the visible light (diameter:

visible = 2 cm). The main advantage of this solution is the
reduced required volume. The anti-reflection coating is not
a problem in that case and could be adapted to the light (IR
in the outer periphery and VIS in the inner periphery of the
optical beam). On the other hand, mechanic and tolerencing
of the optical system will be more challenging.

The full optical design for the 3 different views into port
plug EQ#01 is presented in the figure 2. The proposed
generic optical line is compatible with port plug #01, #03,
#09 and #12. Each line is essentially composed of: the head
mirror assembly facing the plasma, one double Cassegrain
telescope, one adaptative relay to put the image up and one
sub-marine like standard relay to accommodate the machine
displacement relatively to the bio-shield.

divertor view

left view
right view

divertor view

left view
right view

Miroirs de tête Double Cassegrain

IR
visible

Double
Cassegrain:

Adaptative relay

divertor view

left view
right view

divertor view

left view
right view

Miroirs de tête Double Cassegrain

IR
visible

Double
Cassegrain:

Adaptative relay

Figure 2: Full optical design
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OPTICAL PERFORMANCES

The performance analysis shows that, with a numerical
aperture of 3.3, the maximum of resolution of the system is:
- 1800 points at 3µm and 1080 points at 5µm for the IR part
- 3375 points at 400nm and 1928 points at 700nm for the
visible
These resolutions satisfy the requested specification. A
detailed study of the spatial resolution on the ITER first
wall shows that about 80% of the inner wall is visible with
a reasonable spatial resolution (  9mm). The main chamber
is particularly well covered but the divertor region is much
less  covered  because  of  the  line  of  sight  that  is  not
optimized for this part of the machine. The equatorial wide
angle viewing system cannot replace the divertor
thermography, especially in the outer leg (one of the crucial
part of the machine). The spatial resolution of the full
WAVS  system  over  the  full  first  wall  of  the  machine  is
presented in the figure 3 in the ( , ) plan.

The spatial resolution lies between [3-5] mm on the inner
wall and [7-9] mm on the outer wall. About 80% of the first
wall is viewed.

MECHANICAL DESIGN aND INTEGRATION

A simplified mechanical design is proposed to reserve the
needed volume for the VIS/IR wide angle viewing system.
This preliminary mechanical design is shown in figure 4. It
is based on approximative value for each optical
component, no thermal analysis have been performed and
take into account in the present form of the mechanical
design. The needed diameter into the port plug is

=240mm at the double Cassegrain location, note that this
is into the port plug that the available space is the most
demanding. The needed diameter in the rest of the system is
smaller and should not be a problem ( 140mm at max).

Cassegrain telescope

dog-leg

First standard relayAdaptive relay

A B C D

G1     G2                G3

l= 6175 mm
d1= 240mm

d2= 116mm d3= 136mm

IR and visible
( =180mm)

Visible beam ( ~40mm) into the IR beam ( ~110mm)

Optical head
Cassegrain telescope

dog-leg

First standard relayAdaptive relay

A B C D

G1     G2                G3

l= 6175 mm
d1= 240mm

d2= 116mm d3= 136mm

IR and visible
( =180mm)

Visible beam ( ~40mm) into the IR beam ( ~110mm)

Optical head

Figure 4: Preliminary mechanical design

Because of the high neutron heat flux present in the front of
the port-plug, the most crucial part of the mechanical design
is the head mirror assembly - made of one aspheric and one
flat mirror. In its present form, the mechanical design is
made of 3 separate and identical head mirror assembly. An
integrated box design has to be done with efficient water
cooling (note that this part should be accessible for
maintenance: mirror cleaning or mirror changes). This is
illustrated in figure 5. Thermal analysis have been started to
dimension and design the box with an adapted active
cooling system.

Figure 5

The integration of the 3 optical lines including the
simplified mechanical design into the port plug EQ#03 is
presented in the figure 6 with the neighbourhood
diagnostics. Because of the charge exchange and H
diagnostics, the available volume for IR-VIS wide angle
viewing system is very limited. The available volume is
also very limited in port plug EQ#01.

Figure 6

COORDINATION AND OTHER TASKS

As the leader Association, Euratom-CEA was also
responsible for coordinating the other tasks related to the
equatorial wide angle viewing system:

Assess the efficiency of the visible imaging
This task is contracted by ENEA. For the main chamber the
system seems:
- Adequate for D  measurements
- Rather marginal for detecting carbon and beryllium

influxes
- Not adequate for tungsten
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Figure 3: Spatial resolution of the full WAVS system
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For the divertor the IR-VIS system is:
-  Adequate  for  D  and C influx (at least for the plain

solution)
- Marginal/adequate for detecting beryllium and tungsten

influxes

Assess if the system can be used to study runaway
electrons:
This task has been contracted by FOM institute. It shows
that the present version of the optical design is well adapted
to measure synchrotron radiation in the band: 4-5 m.

Assess if the system can be used to study pellet injection:
This task has been contracted by CEA. It shows that the
present version of the system is very well adapted to track
pellets.

Assess if the equatorial wide angle viewing system can
supplement or replace the divertor thermography:
This task was supported by CEA. It has been shown that the
equatorial system is not adapted to survey the vertical tiles
on the outer side (low field side) of the divertor. A region
where the deposited heat fluxes can be very important
(outer strike point).

REMAINING TOPICS TO BE ADDRESSED:

For the optical/mechanical design:
1. Test wide band Visible and Infrared antireflection

coating for lenses. Simplified architecture. Reduction of
Optical and Mechanical tolerances. Large increase of
the Visible performances (but not the IR).

2.  If point 1) failed, test the Holographic selective diffuser
solution. This is an interesting alternative.

3.   Optical generic line choice and optimisation.
4.  Test the auto-adaptative shifting relay. Solution more

reliable than active method.
5.  A mechanical design should be done when points 1) to
 3)   will be   achieved.
6.   Shutter development generic for all optical diagnostic

(ENEA task).
7.   Data acquisition.
8.   Data storage.
9.   Database and data management.
10. Access to the database.
11. Design a test-bed.
12. Build the prototype.
13. Test the prototype in an adapted environment /

acceptance criterion.
14. Feed-back on the optical/mechanical design.
15. Make an up-date of the optical/mechanical design.
16. Ready for construction... and, some months later, ready

to be installed in ITER.

For the IR and visible measurement: “metrology”
1. The transmission of the system is expected to vary with

time. We need to measure the global transmission for
calibration of the system. This could be done:

      In situ: calibrated black body/spectral source with the
articulated inspection arm (for VIS and IR)

      During operation: heated tile with TC, heated shutter
with TC (for IR).

2. Assess to the head mirror assembly: Cleaning of the
mirror.

3. Evaluation of the temperature incertitude (for IR).
4. Passive/Active method to measure emissivity (metals,

co-deposited layer characteristics) and so improve
temperature measurements (for IR).

5. Study the 2 wavelengths system to improve temperature
measurements (for IR).

6. Assess the problem of reflection in metallic environment
(for VIS and IR).

7. Develop tools to simulate VIS and IR pictures (ray
tracing) with simplified models of the Vacuum Vessel
and inner components could also be very helpful for
optimisation of the optical design.
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TW5-TPDS-DIADEV 

Task Title: TW5-TPDS-DIASUP1: DIAGNOSTIC DESIGN FOR ITER: 
MAGNETIC SENSORS 

 
INTRODUCTION 

 
The EU will supply the magnetic diagnostic for ITER. In 
2005, a review and design analysis of the ITER magnetics 
diagnostics has been carried out [1–6]. While the magnetic 
diagnostic includes a wide diversity of sensors in 
interaction with the ITER vacuum vessel and located in 
various places, the task involves 4 partners: EPFL-CRPP 
which ensures the task coordination, ENEA-RFX, CEA and 
CIEMAT. It is also conducted in very close interaction with 
the ITER international team. 
The objective of the 2006 activity deals with the analysis of 
the magnetic diagnostic general design focusing on ex-
vessel tangential and normal coils (A.01), external 
continuous Rogowski loops (A.04) and fibre optic current 
sensor which were recently considered for plasma current 
measurement. The overall activity aimed at:  
 
- Designing underdeveloped sensors considering 

environmental conditions and interface with tokamak 
components. 

- Developing ElectroMagnetic model for vacuum vessel 
movement and current. 

- Initiate the performance analysis on the sensor 
- Complete the existing technical description documents to 

a more detailed level 
- Update and refine the work plan for full implementation 

of the magnetics diagnostic on ITER 
- Assess the existing documentation and assist the ITER IT 

in the updating of the documentation. 
 
 
2006 ACTIVITIES 

 
EX-VESSEL TANGENTIAL AND NORMAL COILS 
 
The ex-vessel coils radial and tangential coils set-up is a 
supplementary set used to measure the plasma current, 
position and shape. It requires higher signal level than in-
vessel coils set-up in order to improve the measurement 
errors. The requirement is to build coils with an effective 
area of 2m2. Originally, the available winding pack was 
7x55x250mm3. It was shown [4] that making a 2m2 area 
tangential coil in such small winding pack is very hard 
(easier for radial coils). In fact the main constraint concerns 
the radial dimension (8 mm) that cannot be enlarged to keep 
sufficient clearance between the VV outer shell and the 
thermal shield. More space is available along the toroidal 
direction; therefore the winding pack has been enlarged to 
9x159x250 mm3 in areas where the radius of curvature of 
the vacuum vessel is big and 9x155x122 mm3 in areas 
where the radius of curvature of the vacuum vessel is 
smaller (figure 1). Coils have been fully redesigned. 

Their ellipticity has been substantially increased compared 
to the previous design.  

 
Figure 1: Illustration of coils integration on vacuum vessel 
 
This was possible because we proposed to wind the coil as 
a transformer without trying to arrange each turn in order to 
fill entirely a layer. We specified the number of turn per 
layer which is smaller than the maximum number of turn 
available. For example, while the coil can accommodate 
700 turns per layer we specified only 650 turn per layer. 
With such geometry it is possible to use 0.35mm OD 
enamelled cable instead of 0.25mm (previous design) 
ensuring a more robust coil. Using such winding process, 
freedom is left to the cable with respect to the coil former 
requiring to “pot” the coil into its casing with a ceramic 
filler. This winding technique prevents getting a constant 
coil effective area over the 60 sensors. This is not a real 
problem because each coil will be calibrated and their 
effective area will be determined. The effective area 
distribution will be simply larger. Prototype of ex-vessel 
tangential has been made (figure 2) by CEA and contact 
with manufacturer has been taken to produce such coil in 
larger quantities. 
 

 
 

Figure 2: Photo of ex-vessel tangential coil prototype  
(located in large curvature vacuum vessel area) 
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The main electrical parameters of the coils have been 
calculated:  
 

 
Tangential 
coil (big) 

Tangential 
coil (small) 

Radial coil 
(big) 

Radial coil 
(small) 

Cable OD 0.35 mm 0.55 mm 
Cable type Enamelled wire 
OD (mm3) 9x159x250 9x159x122 9x219x219 9x119x219 

#layers 4 4 6 6 
Turn/layer 650 320 10 10 
Effective 
area (m2) 

2.66 1.31 2.14 1.14 

Length of 
cable (m) 

860 425 41 32 

Resistance 
(Ω) 

210 102 3.5 2.73 

Inductance 
(mH) 

30.16 14.45 0.86 0.59 

 
 
The accuracy of magnetics reconstruction is assessed using 
the equilibrium reconstruction code EFIT_ITM [5]. As a 
starting point we use a full equilibrium reconstruction 
calculated by DINA-CH (we used the equilibrium number 
11 corresponding to plasma equilibrium on the current flat 
top (Ip=15MA) during the burning phase (βp=0.43)). This 
gives, in particular, the flux function everywhere in a 
poloidal plane and the magnetic at the sensors location 
defined in DINA-CH. A set of relevant parameters have 
been defined and used to quantify the error introduced by a 
sensor failure. Pertinent parameters are: 
 
- The magnetic axis positions Rmag, Zmag, 
- The X-point position RXpts, ZXpts. 
- The safety factor at the plasma centre q0 and at the plasma 

edge qa. 
- Gaps between the limiter and the plasma boundary. As a 
staring point one chose the gaps defined in [6] (figure 3). 
 
The calculated errors must be compared to the specification 
(1cm maximum admissible error) given in [7]. 
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Figure 3: Gap position 

 
Nowadays, EFIT-ITM performs simulation taking into 
account in-vessel sensors (12 divertor coils + 36 in-vessel 
coils), one complete flux loop, 23 saddle loops, 60 ex-
vessel tangential coils and 60 ex-vessel radial coils. 
Simulations have been performed using the entire set of 
sensors or only the ex-vessel set. 

For both cases, reference equilibrium is calculated. From it, 
the equilibrium accuracy has been assessed considering 
various defaults on one ex-vessel sensor (in-vessel sensors 
effects are estimated in [8]) and calculating discrepancies 
between the relevant parameters:  
- One ex-vessel sensor is not considered in EFIT for the 

equilibrium reconstruction. Errors on the selected relevant 
parameters are small (error on gaps < 0.1mm).  

- An error of 5% on the measured magnetic field is added 
sequentially to each ex-vessel sensor. The error on gaps is 
bigger and reaches 5mm. 

- An offset of 10mT is added sequentially to each ex-vessel 
sensor. The error on gaps is lower than 1mm (figure 4). 

The results obtained confirm that combining in-vessel and 
ex-vessel sets of coils allows more accurate reconstruction. 
They allow locating sensors that impact on the accuracy. 
 

 
Figure 4: Example of gap errors introduced by 10mT offset 

on one ex-vessel coil (ex-vessel tangential coils are 
labelled1 to 60, ex-vessel radial coils are labelled 61 to 

120) 
 
EX-VESSEL CONTINUOUS ROGOWSKI 
 
The external continuous Rogowski is a separate backup 
facility measuring the plasma current. It provides a 
potentially valuable backup in case of drift of the in/ex-
vessel systems for long pulse operation. The set-up is 
located in a 14.5mm diameter groove cut in the Toroidal 
Field Coil (TFC) casing. The path of the Rogowski in the 
groove has been precisely defined (figure 5). 
 

 
 

Figure 5: Rogowski path in TFC casing 
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The Rogowski cable is a 1mm Outer Diameter (OD) 
enamelled cable and fibre optic current sensors (cf. next 
section) must be installed in the core of the Rogowski. 
Therefore, the design of the Rogowski has to evolve. We 
analyzed an integrated solution based on composite cable 
(figure 6). The cable integrates a 1.0mm OD copper 
conductor (Rogowski cable return) and 5 to 6 optic fibres. 
The outer diameter of the heterogeneous cable is 9mm. A 
1.0mm OD copper cable is wound like a spiral 
(pitch=1.05mm) on the composite cable and covered by a 
protective insulating sheath 
The main issue of such Rogowski is the connector at the top 
of the TFC casing that accommodates optics fibres and 
copper conductor. While electric connection is easily done, 
the optical connection seems much more complicated. This 
point needs R&D or a prototype. Finally, the minimum 
radius of curvature of such cable is still to be assessed. 
 

 
 

Figure 6: Example of Rogowski based on composite cable 
 
In order to satisfy the measurements requirements given in 
[7], winding constraints must be defined. The Rogowski 
has been modelled in 3D using matlab®. The 3D magnetic 
field is calculated (figure 7) considering current loops 
accounting for tokamak systems (poloidal field (PF) coils, 
central solenoid (CS) and plasma current). PF coils and CS 
are modelled using coil positions and number of turns in 
each coil [9]. The plasma is modelled as a single current 
loop holding the total plasma current and located at the 
plasma magnetic axis. The time evolution of the current 
flowing in PF coils, CS coils and in the plasma is taken 
from the ITER standard scenario [9]. 
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Figure 7: Magnetic field created by PF coils, CS coils and 

plasma current (ITER reference scenario t=300s, 
Ip=15MA) 

Various types of winding errors have been investigated:  
- Non stationary pitch between turns of cable (varying pitch 

along the Rogowski). The pitch mean value is set to 
1.1mm. The perturbation is defined in such a way that the 
perturbation mean value is equal to the pitch without 
perturbation (1.1mm). Thus increasing the distance 
between turns in some places implicates that the distance 
is reduced in other places. The minimum distance is the 
cable diameter (1.0mm). 

- Lack of turn along the Rogowski. Such default could 
simulate upper and lower joint of the Rogowski. The pitch 
angle is constant to 1.1mm and at a defined place 10 turns 
are removed. This corresponds to an empty space of 
11mm (typical value we can guess for a joint). In order to 
identify the most sensitive parts, the location of lack of 
turn is moved along the Rogowski. The maximum 
absolute error is defined for plasma current lower than 
1.0MA and the maximum relative error is calculated for 
current above 1.0MA. Results are shown in Figure 8 
where the points account for the perturbation position 
along the Rogowski and the colour indicate the error 
amplitude. 

 

 
Figure 8: Absolute and relative errors due to a lack 

of 10 turns 
 
Below 1.0MA, the maximum absolute error is about 8kA, 
satisfying ITER specifications [9]. The error is especially 
big when the perturbation is close to the central solenoid 
and PF4 and PF5 coils. The part of the Rogowski along the 
toroidal direction is not a source of error. 
Above 1.0MA, the maximum relative error is lower than 
1% satisfying ITER specifications [9]. The error is 
especially big near PF and CS coils. The error is also big 
when the lack of turn is located in the part of the Rogowski 
located along the toroidal direction 
 
FIBRE OPTIC CURRENT SENSORS 
 
Recently Fibers Optic Current Sensors (FOCS) have been 
considered to be installed for measuring plasma current and 
vacuum vessel current. The present position of the fibre 
could be in the core of the Rogowski (at low temperature, 
4K) and along ex-vessel tangential and normal coils (at 
high temperature < 240°C). 
 
 



 - 26 - EFDA Technology / Physics Integration / Diagnostics 

 
The measurement is based on the Faraday Effect. In 
presence of a magnetic field, a linearly polarized light 
experiences a non reciprocal rotation of an angle  
proportional to the magnetic field:  

∫ ⋅=θ dlHV  

Where V is the Verdet constant (magneto-optic constant) 
for the fibre material. The Verdet constant V is the specific 
rotation of a material and is defined as the angle over the 
magnetic field times the length (°/T m). 
 
Considering a closed loop of fibre, according to the gauss 
theorem, this angle is simply proportional to the electrical 
current flowing through the sensing coil. FOCSs measure 
the exact integral of the magnetic field along the closed 
loop created by the fibre. 

IV=θ  

The Verdet constant (or Faraday Effect) of silica fibres 
decreases as the wavelength of the light beam increases. 
Nevertheless we propose to operate the fibre current sensor 
in the low sensitivity region (1.3-1.5µm) because at these 
wavelengths we reduce the effect of radiation (defaults in 
fibers, darken the fiber, etc.) and the light source are 
commercially available. 
The influence of temperature on the Verdet constant from 
room temperature to 77K has been investigated (figure 9).  
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Figure 9: FOCS sensitivity when they are submitted to low 
temperature (77K, liquid nitrogen) 

[Data from B. Brichard SCK.CEN ITPA meeting 2006] 
 
Comparing data at room temperature and 77K shows that 
from the same current in the conductor, the Faraday rotation 
is smaller at 77K, the signal is noisier and the time response 
appears to be slightly bigger. Taking into account the FOCS 
behaviour at low temperature, 77K (enhanced Radiation 
Induced Absorption effects and low Verdet constant) it 
seems important to favour operation at high temperature 
(typically 120°C). It means that our efforts should focus on 
the installation of the sensors on the 2nd skin of the vacuum 
vessel along the ex-vessel tangential and radial coils. 
Using the model developed for the Rogowski the phase 
shift due to the magnetic field has been estimated (figure 
10) for the standard scenario. On the flat top of plasma 
current, the Faraday rotation amplitude is bigger than 2 
turns. It means that the electronic system will have to take 
into account phase jump in case of fast current variation. 
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Figure 10: Calculation of the FOCS Faraday rotation 
amplitude during ITER standard scenario (V=10-6 °/T m 

 
 
CONCLUSIONS 

 
Three kinds of ITER magnetic sensors have been reviewed. 
The ex-vessel coils design has been modified to obtain coils 
with an effective area of 2m2. The equilibrium 
reconstruction accuracy has been assessed using the code 
EFIT. Various types of error were investigated showing that 
robust equilibrium reconstruction can be obtain by 
combining the whole set of magnetic sensors (in-vessel 
coils, flux loops and ex-vessel coils). The considered errors 
(offset of 10mT and error of 5%) lead to gap errors lower 
than ITER specifications but using only the ex-vessel coils 
to reconstruct the equilibrium produced not acceptable 
errors. 
The Rogowski design has evolved to incorporate fibre optic 
current sensors. 3D modelling and simulation based on 
current loops principle have been performed. Small winding 
defaults have been modelled. They could account for joints 
or irregular winding. From the simulation one conclude that 
putting joint at the top and at the bottom of the TFC 
introduces errors which are compatible with ITER 
requirement. 
Fibre optic current sensors have been considered. Low 
temperature enhances the Radiation Induced Absorption 
effect due to neutrons and the Verdet constant become 
negligible. Therefore we should focus on the installation of 
such sensors in higher temperature places, for example on 
the 2nd skin of the vacuum vessel. 
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CEFDA05-1343PI

Task Title: TW5-TPDS-DIASUP1: DIAGNOSTIC DESIGN FOR ITER:
PORT INTEGRATION

INTRODUCTION

ITER requires an extensive set of diagnostic systems to
provide several key functions such as protection of the
device, input to plasma control systems and evaluation of
the plasma performance. These diagnostic systems are to
be integrated inside the vacuum vessel of ITER by means
of  water  cooled  stainless  steel  structure  (42t,  2m  x  2m  x
3m) named port plug structure. The port plug structure
must perform basic functions such as providing neutron
and gamma shielding, supporting the first wall armour and
shielding blanket material, closing the vacuum vessel
ports, supporting the diagnostic equipment.
In 2005 Euratom-CEA Association contributed to general,
structural and thermal analysis [1], those assessment
focused mainly on the equatorial port plug EQ#01 (see
figure 1) chosen as representative. These detailed analyses
have highlighted some design issues which were worked
out through different solutions.

Figure 1: View of the equatorial port plug Eq#01 and
associated diagnostics

These engineering activities have been pursued during
2006. They concerned the validation of a new reference
design of the port plug structure and specific design
options, in parallel wider activities have also been assessed
[2].

2006 ACTIVITIES

The different tasks to be done are divided into 2 types of
activities: engineering activities (including CAD effort)
and "other activities":

- The engineering activities essentially consist of finite
lements analysis of the mechanical and thermal

behaviour of the port plug in order to validate a new
design. Associated CAD activities are performed in
order to improve the design of some specific parts of the
port plug (as the Blanket Shield Module attachment
system, or the far forward extension module), and in
studying the handlings of some pieces (port plug
structure, window plate, tubes…).

- The "other activities" are wider activities like, remote
handling, risk analysis, review of specifications,
manufacturing processes and quality control associated,
prototyping and R&D activities. These tasks have been
partly done by CEA, and by an industrial subcontractor
of CEA. They constitute a first approach on each topic
and will provide inputs for the continuation of the port
plug activities to be done in the frame of future
contracts.

ENGINEERING ACTIVITIES

Port plug mechanical behaviour
A number of changes have been made to the port plug
design. The top beam in the latest design now consists of
one top plate rather than three distinct pieces, this element
is still dowelled and bolted to the side of the port plug in
which  the design of a labyrinth has been done to reduce
neutron streaming. Another proposed change is to remove
the front plate of the port plug structure which is now
formed by the front shield module (see figure 2).

Figure 2: New reference design of the Equatorial port
plug

The purpose of this mechanical assessment is to validate
the mechanical behaviour of this new design under the
new mechanical electromagnetic reference case of load
MD40ms (major disruption of 40 ms duration, radial
torque of 4.43MN.m). Some particular design optimisation
such as the BSM attachment system and the bolting of the
top plate have also be considered.
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In order to decrease the maximal stresses in the vicinity of
the attaching bolts and pins of the top plate, another study
has been realized by changing the quantity and the
distribution of bolts and pins. In the original model, there
were 12 bolts and 21 pins, by putting only 3 pins at the
front fixation and 5 pins at the rear fixation and having
only bolts on the side fixation, the study shows that the
torsional stiffness of the port plug is not changed (maximal
displacement of 1.35mm), whereas the maximal stresses
highly decrease (the maximal stresses reach locally
230MPa, instead of 500MPa with the previous
configuration). This leads to a total number of bolts of 8
and a total number of pins of 20.
The requirements concerning the BSM attachment system
can be summarized in one sentence: “provide a rigid,
stable, self aligning and self preloaded, minimally sized,
non-cooled mount for the BSM". It also has to be simple,
reliable and dismountable by remote handling. To improve
and mostly simplify the initial design (gimbal principle),
alternative solutions have been studied, based on V-shape
supports (see figure 3), key-locked by shear pins, and
ensuring natural and simple contacts between the BSM and
the front plate.

Figure 3: V-shape BSM attachment system

This design has been improved by running mechanical and
thermal analyses towards an optimized solution, with high
mechanical stiffness and thermal performances. The basic
design of the V-shape solution has showed that fairly rigid
supports permit to avoid high stresses in the pins (but
localized on the BSM and supports bore diameters),
whereas too rigid supports concentrates the shearing
efforts on the pins, over the acceptable limit. The solution
chosen for later studies is the “optimized with cylindrical
pins”, the stress results associated to this solution are
summarized on figure 4.

Figure 4: Stresses on the port plug with V-shaped BSM
attachments

Port plug thermal behaviour
The objective of this study is to determine the thermal
behaviour of the equatorial port plug taking into
consideration the updated mechanical design of the
structure and the new configuration of the coolant circuit.
The thermal load applied to the port plug is a specific heat
generation due to the neutron radiation comprised between
600000W.m-3 on the front plate and 165000W.m-3 on the
bolting flange.
For the transient calculations, the heat load is supposed to
be applied during 3000 seconds and to be equal to 0 during
the following 3000 seconds. The temporal evolution of the
maximal temperature (in the BSM attachment, see
figure 5) shows that the equilibrium is reached after 2
cycles, and that the maximal temperature is almost
identical to the one obtained in steady state analysis
(437 °C). This result shows that for preliminary design,
steady state calculations give good results, and thus can be
considered sufficiently accurate at this phase.

Température min et max

0

50

100

150

200

250

300

350

400

450

500

0 2000 4000 6000 8000 10000 12000 14000 16000 18000
Temps (s)

Te
m

pé
ra

tu
re

 (°
C

)

min
max

Figure 5: Temporal evolution of the maximal temperature

Secondary stress (thermal stress) is under 50MPa on most
of the port plug, and the reduction of the cooling system
did not induce a real difference in thermal stress in the rear
parts of the port plug. Unsurprisingly, the high stress areas
are concentrated in the front plate and BSM attachment
(see figure 6): 500MPa in the front plate, near cooling
pipes (thin material between pipes and the front of the
plate), 450MPa in BSM attachments, 750MPa near the
attachments pins.
Some extremely severe stresses appear in some very small
areas. They are caused by geometry problems (sharp
angles).

Figure 6: Thermal stress
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The cooling system used in this calculation was optimised
for thermal response of the port plug, and this is why some
areas near cooling pipes show high stress values. An
optimisation on the distance between the pipes and the
front of the front plate on both thermal and thermo-
mechanical aspects will certainly allow us to reach lower
stress values without too high temperatures.

Preliminary study of visible IRTV diagnostic module
extension
The objective of this study is to design, with respect to the
thermal and mechanical loads to which it is subject to, the
far forward diagnostic module extension, a component
located between the BSM and the first shield module. The
main function of this far forward extension is to support a
part of the visible IRTV diagnostic, which has several
mirrors close to the plasma in this area (see figure 7). The
proposed design consists in a compact module to limit the
size of the aperture in the BSM and thus limit the loss of
shielding due to this aperture. This component will use the
first wall BSM technology made up of a layer of copper
and a layer of beryllium. Due to the great heat loads
applied to the module extension, all the components
(module, first wall and 2nd optical head mirrors) have to be
actively cooled. Moreover, a shield module will have to be
put inside the hollow part of the module to ensure the
shielding function of the port plug components which are
located after the BSM.

Figure 7: Proposed design of the far forward module
extension

Both thermal loads (nuclear heating of 11MW.m-3, plasma
heat flux of 0.5MW.m-2) and mechanical loads (radial
moment of 1MN.m for all the module, vertical force of
1600 kN.m-3 radial force of 4300 kN.m-3) have been
applied to this component.
With these conditions and this preliminary design, thermal
can be validated for the majority of the far forward module
extension (with small zone in the front face where
temperatures are higher than 400°C). Concerning
mechanical, the design done to resist the radial moment is
not completely optimized yet. This optimisation could
consist in adding stainless steel on the critical zones like
the sides of the far forward module extension. However,
an optimisation of a design for both the thermal and
mechanical loads has to be done.

OTHER ACTIVITIES

Diagnostic port plugs remote handling approach
The maintenance of ITER is strongly constraints by the
levels of irradiation induced by the action of the neutron
streaming and by the presence of beryllium and tritium in

the vessel. These are the reasons why the maintenance
cannot be done classically and why the remote handling is
crucial. For all the components of the first wall, the
strategy is to make the refurbishment in hot cells. This
means that a transfer phase is necessary. The main
difficulty is that all in vessel components must be confined
during their transport to prevent from beryllium dust or
tritium contamination. This induces that even if the
transfer preparation can be made hands-on, all the transfer
and refurbishment tasks must be done in full remote
handling, and the transfer cask must be equipped with a
double door system (see figure 8).

Figure 8: View of the Transfer Cask

This transfer equipment is composed of 4 main sub-
systems:
The Cask Container: tight but not shielded, designed to
contain the port plug plus the whole equipment needed to
handle it.
The air cushion system: the cask is remotely controlled
and the gravity load is supported by making floating the
cask on an air cushion.
The double door system: common to all kind of transfer
casks, it ensures the continuity of the sealing to the
contamination.
The port plug mover: able to carry the port plug
components in cantilever from its location in-vessel to the
inside of the cask. Two degrees of freedom allow fitting
the position and orientation of the component during its
stroke. These displacements are provided by hydraulic
power and controlled by the mean of force sensors. A
frame mounted on the gripper is equipped with
screwing/unscrewing devices.
The different necessary tools and equipments of the hot
cells will be of different nature: diagnostic inspection
tools, heavy remote handling and end-effectors, force
feedback remote handling and end-effectors, automatic
processes, test and conditioning equipments, spare parts.
The maintenance of the diagnostic port plugs is an
operation that will certainly occur several times in the
reactor’s life. The sequence of preparing the port cell,
transferring the components and refurbish them in the hot
cells must be very efficient in order to provide the optimal
availability of the tokamak. The design of the diagnostic
port plugs must be carried out by considering as a priority
this technical constraint and working closely with the
remote handling team. This is especially true for the hot
cell layout and equipment that will have to fit all the
specific needs of the diagnostic port plug refurbishment.

Review of specifications, quality assurance,
manufacturing and prototyping
These tasks have been studied jointly with a CEA
industrial subcontractor specialized in nuclear
environment.
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The port plug specifications document established by
ITER Team has been revisited in order to make it more
concise and moreover conform to nuclear components
specificities.
It appears necessary to implement a quality management
system  as  soon  as  possible  which  will  have  to  meet  the
requirements of the 10th August 1984 French decree
relative to quality for nuclear facilities and/or the AIEA
safety standards n°50 C/SG-Q "Quality Assurance for
Safety in Nuclear Power Plants and Other Nuclear
Installations, Codes and Safety Guides Q1-Q14".
A quality plan will have to be established in order to be
submitted to the potential suppliers, and will be completed
by the contractor’s manufacturing plan. This plan will
indicate the break and inspection points required for
technical reasons (critical manufacturing steps as control
of welding), and for administrative reasons (control of
French regulation, ILE…).
Because of their location inside the vacuum vessel and
thus in a nuclear environment, the design and
manufacturing of the port plug components will have to
respect specific construction codes and standards. For the
port plug structure, which is SIC classified due to its role
of first containment barrier at the vacuum vessel port, and
which is submitted to severe mechanical and thermal loads
(risk of creeping),  it  is  suggested to use the same code as
for the vacuum vessel (RCC-MR Class 2). The cooling
system is assumed to be SIC due to its role of removal of
nuclear power, and of transport of activation and corrosion
products through cooling water. So the suggestion is to use
the ASME code, or the RCC-MR Class 2 (for homogeneity
reasons). For the shielding modules, which only have a
role of passive shielding, a construction code should not be
required.
The critical points of the port plug manufacturing are the
welding of important thickness (up to 140 mm) and the
deep drilling for the cooling channels. The choice of the
process will depend on the potential manufacturers
availability, the relevance of the process regarding
construction code and the cost. The best welding process
choice seems to be the electron beam welding since it is a
proven technology. As deep drilling is also a proven
technology, it is suggested to use this solution as reference,
and to examine the possibility to perform R&D activities
on the HIP process.
The aims of prototyping in a nuclear facility are to check
the performance requirements and to check the safety
requirements. Concerning performance, the suggestion is
to qualify items which could induce delay, or having an
important risk of non compliance. For safety purpose the
suggestion is to qualify items having a role in containment
barrier and shielding.

Risk analysis
The port plug project is at the very beginning so most of
the risks could concern programmatic, organizational
aspects and communication in an international context.
Today the most obvious risk concerning the technical
aspect could be the difficulty to obtain the good reference
information to perform engineering actions.
On the basis of this first approach our Association could
propose to put in application risk management process in
the frame of the 2007 contract.

CONCLUSIONS

Performed analysis such as CAD, mechanical and thermal
studies validate the new version of the equatorial port plug
structure, including the design integration of the far
forward diagnostic module extension containing the first
set of the visible IR TV mirrors. The mechanical behaviour
of the port plug cantilevered model has been validated and
two optimizations are proposed concerning the top plate
fixation and the BSM attachments (V-shaped solution).

Thermal transient and steady state analyses have been
performed and showed steady state analyses is sufficient
for preliminary design. Most of the port plug reaches
acceptable temperature, which allows us to reduce the
cooling system in certain parts. Nevertheless, temperatures
and thermal gradient in the front plate and the BSM
attachments are quite high (390 and 450°C, several
hundred degrees Celsius variation in a few centimetres)
and remain to be optimised due to the induced secondary
stresses.

Additional tasks such as risk analysis, remote handling,
and collaboration with a company specialized in nuclear
engineering have been performed. At the light of those
activities which need to be pursued next year some design
considerations will have to be addressed.
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CEFDA05-1343TH

Task Title: TW5-TPDS-DIASUP1: DIAGNOSTIC DESIGN FOR ITER:
THERMOCOUPLES DIAGNOSTIC

INTRODUCTION

Thermocouples on first wall components will be used in
ITER for machine protection, and also they can be used for
calibration purposes of the IR/VIS diagnostic. The
objectives of the present study are:

- Review the currently foreseen implementation of the
thermocouple diagnostic on ITER. In particular, consider
suitable types of sensors, the cabling needs, integration
of sensors and cables in ITER, remote-handling aspects
and, if relevant, calibration issues. Define integration
requirements, including spatial requirements, cables and
connectors. Assess the measurement performance that
can be expected in relation to the ITER measurements
requirements,

- Assess the requirements and implementation of
thermocouples for other purposes such as for
calorimetry, and optimized for cross-calibration of
divertor thermography,

- Propose a comprehensive outline plan for the full
implementation of the thermocouple diagnostics on
ITER, incluse identification of critical issues and
questions that need to be resolved, and detailed
specifications for future design tasks on the system,

- Assess existing documentation and assist ITER IT in the
updating of ITER documentation in this area. Support the
ITER IT in the writing of procurement specifications for
the diagnostic procurement packages.

2006 ACTIVITIES

PREVIOUS STATUS OF THE THERMOCOUPLE
DIAGNOSTIC

The measurement of surface and body temperatures in the
high heat flux components of the divertor (inner and outer
targets) and of the blankets are required. They will be used
as reference for the visible/IR TV system and possibly to
derive the heat flux on these components.
In the initial specifications, Thermocouples will be used to
measure the surface temperature within the range 200°C to
1500°C with an accuracy of 20°C. Some platinum
resistance temperature sensors can be used for calibration
of thermocouples. Temperature measurements will be used
during the operation for the monitoring of plasma facing
components (blanket shield modules on port plugs, blanket
modules and divertor cassette surfaces) in complement to
the IR, and visible/IR TV diagnostic.
A total of about 1000 thermocouples are foreseen to be
implemented on the in-vessel components, following the
distribution presented in figure 1.

Figure 1: Location of temperature sensors in
blankets modules and divertor

Blanket: Blanket instrumentation is combined with the IR
Viewing systems to keep the number of both systems to an
optimum minimum. Generally only the blanket modules in
the limiter region and at the top of the Torus are
instrumented with thermocouples. At selected positions
there are more complete thermocouple arrays. With
~200 mm spacing there are up to 13 thermocouples on
some of these modules.
This visible/IR TV diagnostic  will be made of two wide-
angle camera systems which will give views of the first
wall and parts of the divertor in the IR and visible
wavelength ranges.  The wide-angle viewing systems will
be located in the upper ports #02, #05, #08, #11, #14. It is
expected that combining several cameras can achieve high
coverage of the area of the first wall (80% Assessment
based on preliminary analysis for ITER-98).
The thermocouple arrays are situated as near as possible to
the blanket surface to act as suitable calibration
measurements for the IR cameras. It is expected that there
will be losses of these signals as the wall of ITER is
progressively irradiated. Individual reference
thermocouples allow for no redundancy, consequently they
are more deeply buried in the Blanket Module. The
electrical connection of the Blanket Thermocouples is
made during the installation of the blanket modules. An
electrical connector is provided on the back plate and
wires are routed to the nearest diagnostic poloidal cable
conduit.
Divertor: The basic idea for the location of TC diagnostic
is to have a toroidal distribution as evenly as possible.
Cassettes with TC diagnostics are located at places that
can be accessed by the remote handling ports (#2 and 14)
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on instrumented cassettes. These are standard cassettes
modified to incorporate special sensors and wiring
mounted on cassette sides, while allowing remote
installation in the same way as for standard cassettes.
Instrumented cassettes are either side of diagnostic
cassette. The location of the thermocouples proposed is
given in figure 2, using the mounting principle outline
given in figure 3.

Figure 2: Location of the Thermocouples on the divertor

Figure 3: Thermocouples mounting principle in the
divertor

Table 1 presents a summary of the thermocouple
diagnostic as proposed, corresponding to a total amount of
150 TC located in the vacuum vessel.

Table 1

number of
sensors

Comments

Divertor
Port #2 Cassette#3

or
cassette #5

Thermocouples
Inner (x 14) and
Outer (x 15)

Port #14 Cassette#39
or
cassette #41

Thermocouples
Inner (x 14) and
Outer (x 15)

IR
thermography
is located at
Port #16

Blanket
Inboard  Port #1,2, 3,

5, 8, 9, 11,
14,17

4 Thermocouples
at each port

Outboard Port #1
(x3), 4 (x6),
10(x6), 16
(x6)

G01 : Vis/IR
TV
diagnostic
80%
coverage of
the inner first
wall

TEMPERATURE SENSORS OPERATING
CONDITIONS

In order to choose the most appropriate temperature
sensors type, the geometries of the components and the
maximum temperature at the point of measurements are
needed.

Divertor

Two main load cases conditions are considered among
those presented in the Divertor DDD:
- Case I: ‘’Steady state’’ semi-detached plasma : It is

assumed that 30% of the incoming power is dissipated
through radiative mechanisms and that 70% is conducted
to the lower section of the target, with a maximum heat
flux of 10 MWm-2 .

- Case II: ‘’Steady state’’ attached plasma (slow
transients). All the thermal power is conducted to the
lower section of the inner and outer vertical targets; a
small fraction of the power is radiated to the other
surfaces, with a maximum heat flux of 20 MWm-2.

The maximum temperature values computed with the CEA
CASTEM finite element code for a CFC monoblock for an
incident heat flux of 10 and 20 MWm-2 are respectively
1190°C and 2500°C. The temperature gradient is roughly
200°C/mm in the central part of the monoblock.
In addition, following, for the nominal 500 MW fusion
power, the peak neutron wall loading in the divertor region
is 12 MWm-2. The peak wall loading values in the inner
and outer vertical targets are 6 and 9 MWm-2 respectively.
The dpa on carbon tiles of the vertical target is 1.2 at
maximum for 1-year full irradiation time.
In addition, the armour materials (CFC for the vertical
targets and W for all other plasma-facing surfaces of the
divertor) will be eroded during the discharges.  They have
been selected to fulfil the goals of sustaining 3000 full
power discharges of 400s duration, with one in ten
discharges ending in a disruption and with a frequency of
one high power transient per ten discharges, that occur
when the SOL is fully attached to the target. Therefore, the
temperature sensor cannot be implemented close to the
surface receiving power, if it has to survive the lifetime of
the divertor (10 mm for the CFC, and 7mm for the W).

Blanket

The blanket consists of a shield body on which a first wall
(FW) is mounted.  The cross-section of the FW panel at
penetration holes is presented in figure 4. The heat and
neutron loads on the first wall are presented in table 2.

Table 2: Loads on blanket FW

Value
Heat flux on first wall
Steady-state, average/max (MWm-2)
Transient up to 10s, max (MWm-2)

0.25/0.5
05-1.4

Neutron wall loading
Steady-state, average/max (MWm-2) 0.55/0.78
Neutron fluence, average/target max
(Mwa/m2) 0.3/0.5
Volumetric heat deposition in Be
(MW/m3) 4.79



- 34 - EFDA Technology / Physics Integration / Diagnostics

Figure 4: Cross section of the FW pannel

The maximum temperature values and peak neutron
damage for the different blanket materials have been
computed, they are respectively:

- 300°C and 1.6 dpa in the Be armour
- 220°C and 5.3 dpa in the CuCrZr heat sink
- 220°C and 2.7 dpa in the SS 316L structure

POTENTIAL TEMPERATURE SENSORS

For the selection of potential temperature sensors, the
operating temperature range is important, but also their
behaviour in the ITER nuclear environment.  In addition,
for the temperature measurements in a component, the size
of the sensor is an important parameter. The sensor may
modify the temperature field locally and lead to a wrong
measurement. Thermocouples are preferable for this type
of measurement.
Type K or N Thermocouples can be used for the blankets
and probably for the most interior sensors in the divertor.
For the sensors located close to the divertor target surface
C type thermocouples are required.
As the upper temperature limits and life expectancy of all
the thermocouples are dependent on wire size, it seems
convenient to use sheathed sensors with 1.5 or 2 mm outer
diameter.
To set the thermocouples in a Plasma Facing Component,
a method commonly used, is to bore a hole in the material
in which the thermocouple is inserted.  A radial gap of
0.05 to 0.1 mm is made between the sheath and the
material..  An adhesive adapted for high temperatures
operation is used to glue the thermocouple sheath at the
hole base.  Commercial products are available on the
market for operation at temperatures up to 2000°C. This
type of adhesive has been already used successfully in
different materials (CFC, W or CuCrZr).

POTENTIAL METHODS FOR THE ANALYSIS OF
MEASUREMENTS

 The surface temperature of a component can theoretically
be measured with the IR diagnostic. Nevertheless the
calibration of the transmission line is required and, for this
purpose, the temperature of the target has to be measured
accurately. One issue comes from the fact that the
calibration is usually performed during the bake-up phase,
during which the temperature of the component is lower

than that reached in plasma and may be out of the range of
the IR diagnostic.
If we use a PFC as the target, some error may appear. It
may be due to deposits on the surface. The IR system
measures a temperature which is not representative of the
component surface. This depends on the IR emissivity of
the deposit, on its mass and on its thermal connexion to the
component surface.  During the discharges, PFC located in
deposition zones will be facing this problem, while those
located in eroded zone should not be concerned.  TC
should be located in zones with erosion instead of
deposition.
The other issue is the derivation of the trace of the heat
flux level and profile at the PFC surface during pulses.
With the restrictions mentioned above, the IR diagnostic
can be useful to derive at least the heat flux profile. The
use of TCs to measure the temperature inside the
component is complementary to the IR measurement in
order to derive the heat flux level.
At JET, a technique based on the TCs data and on thermal
finite elements simulations, has been developed to derive
the power deposition profiles on the MkIIGB divertor.
 An other technique, based on the deconvolution of the
temperature measurements traces and of a 2D impulse
response of the tile may be applied to reconstruct the trace
of the heat flux. 2D   calculation is required because of the
anisotropy of the CFC. The impulse response is calculated
with the thermal quadrupole method. A regularization is
required for the inverse problem.  The IR frames are used
to assess the spatial heat profile at the surface of the
plasma facing component.
Even if presently this technique is not yet fully validated
on the JET divertor data, the present results are promising.

POTENTIAL USE OF TEMPERATURE SENSORS
TO DERIVE THE NEUTRON POWER ON THE
BLANKETS

The use of thermometers (temperature sensors) on the
blanket module cooling lines to derive the neutron power
generated in the first wall (FW) panels and in the shield
blocks (SB)  on which the FW is mounted  has been
proposed previously.
The basic idea is that, if we can measure with the
bolometry diagnostic the radiative power falling on the
surface of FW, we could use calorimetric measurements
on the cooling pipes feeding the FW and BS elements to
derive the neutron power generated in these elements. The
location of the temperature sensors required to do these
measurements are presented in figure 5.

Figure 5: Temperature sensors in the blankets
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PROPOSAL FOR THE THERMOCOUPLE
DIAGNOSTIC LAY-OUT

K or N Type thermocouples can be used in the ITER
operating conditions except for the temperature
measurements close to the surface of the divertor vertical
target which receives the heat flux. In this last case, C type
Thermocouples will be required.
The diameter of the TC sheath will be ideally 1.5 to 2 mm.
The outline of the TC is presented in figure 6.

Sheathed TC
Outer diameter 1.5 to 2 mm
Hot junction isolated from the sheath
Length TBD

socket MI cable SS sheath
Length TBD

connector

Sheathed TC
Outer diameter 1.5 to 2 mm
Hot junction isolated from the sheath
Length TBD

socket MI cable SS sheath
Length TBD

connector

Figure 6: TC outline

The intermediate socket is in fact a metal piece in which
the sheath of the TC and that of the MI cable are welded.
Vacuum tightness is required for this connection. The
cable wires between the socket and the connector of the
feed-through will be made of the same materials as that of
the thermocouple. The end connector must be compatible
with the linking plug located behind the divertor cassette.
It must be compatible with a Remote handling operation. It
is presently not defined. For the blankets, the end
connector must be compatible with the feed-throughs
selected for ITER.

Divertor TC Diagnostic

For the lower part of the vertical target, the thermocouples
will be imbedded in the CFC mono-blocks at 10 to 15 mm
from the surface and possibly parallel to the
iso-temperature surfaces. The TC is ideally located at the
center of the monoblock parallelly to the surface receiving
the flux (figure 7).

TC imbedded
10 to 15 mm
from the surface

TC imbedded
10 to 15 mm
from the surface

Figure 7: Location of TC in divertor CFC monoblocks

CONCLUSIONS

At the end of this phase, the principle of the temperature
measurement diagnostic in the blanket and divertor of
ITER has been defined.
A technique based on the measurement of temperature
inside the first wall material associated with an analysis
method based on the deconvolution of the TC trace is
proposed. This promising technique is under development
but it has to be validated on the configuration of the
blankets and divertor of ITER. Simulated results obtained
by ANSYS simulations can be used to do this analysis.

Some questions need further work:

- Definition of the sensor from the thermocouple element
to the outer connector. This work must be done in close
contact with potential manufacturers taking into account
ITER component specifications for connectors and feed-
throughs. Prototypes are required.

- Definition and test of the TC implementation technique.
Techniques have been identified, but they have to be
validated before their use in ITER. A development
programme is required. The implementation of TC
prototypes in Tore Supra actively cooled Plasma facing
components such as the Toroidal Pumped Limiter can be
imagined to check the complete thermocouple diagnostic
design. The collected data, could be used to improve and
validate the analysis methods.
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TW5-TPDC-IRRCER-D03

Task Title: ASSESSMENT OF IR FIBRES FOR THERMOGRAPHY
APPLICATIONS, INITIAL GAMMA INDUCED EFFECTS,
THEN NEUTRON IRRADIATIONS - FIBRE SELECTION
AND PROVISION, DIAGNOSTIC PREPARATION AND
MEASUREMENTS

INTRODUCTION

In the course of the development of a concept for a
spectrally resolving thermography diagnostic for the ITER
divertor using optical fibres [1] irradiation tests of optical
fibres  for  the  infrared  range  are  being  carried  out  in  a
collaboration between the Euratom-CEA association and
the SCK-CEN Mol association (Belgium).

2006 ACTIVITES

The performance of the proposed ITER diagnostic system
had been analysed [1] in the range from 1 to 10 µm and
sufficient performance is expected in the 2-6 µm window.
Silica fibres which are relatively radiation hard in the near
infrared (NIR) range are only transparent up to 2 µm. In
Tore Supra, were used with success ZrF4 fibres transparent
up to 4 µm [2], but too little was known about the radiation
hardness of these fibres. They became therefore the prime
candidate to investigate in our first irradiation tests. We
selected ZrF4 fibres from Reflex analytical of 3.33 m length
and two types of fibre from Le Verre Fluoré named IR
Guide 1 (ZrF4)  and  IR  Guide  2  (HfF4) of 2 m length.
Hollow fibres which are made of silica capillaries with an
internal coating of a metal and a dielectric can be
transparent from about 2 µm to beyond 10 µm. This fibre
type promised a certain radiation hardness and a particular
potential [3] for active thermogarphy measurements.
Therefore 2 hollow fibres from Polymicro with internal
Ag/AgI coating, 750 µm internal diameter of a length of
2 m and 8 m were also selected for the first radiation tests.
The total length of a potential fibre path in ITER from the
pumping port of the divertor cassette to the bioshield is
about 8.6 m. Over this length the dose rate of neutrons of an
energy > 0.1 MeV at full power operation decreases
exponentially from 1017n/m²s at the port to 0.5·1014 n/m²s at
the bioshield with a caracteristic decay length of 1.6 m [1].
The full lifetime dose of ITER (7600 hours of full power
operation assumed) at the potential fibre connection point at
the cassette is 3·1023 n/m². The ratio of  dose rate to
neutron (> 0.1 MeV) dose rate in ITER is typically of the
order of [4] 1 Gy/s for 1015 n/m²s. This means that the full
lifetime  dose is expected to be 300 MGy at the transition
from the divertor cassette to the divertor port and 150 kGy
at the bioshield. For an initial test of IR fibres we planned
irradiaton in the multi kGy range with spectrally resolved
in-situ measurements troughout the irradition period and the
subsequent period of time without irradition to investigate
both the loss and the recovery of transmission. The

measurement setup we used has been described in the 2005
CEA Technofusion report. We carried out gamma
irradiations using the Co60 irradiation facility RITA of the
SCK-CEN Mol at a maximum dose-rate of 0.42 Gy/s up to
a total dose of about 5000 Gy. We observed that the optical
transmission of ZrF4 fibres strongly decreased, primarily for
wavelengths below 2 µm (figure 1).
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Figure 1: Spectral distribution of radiation induced
attenuation (RIA) on ZrF4 fibre

(Ir Guide 1 from Le Verre Fluoré)

In this type of fibre typical optical losses can reach 50 % at
5 kGy around 3 µm. Nevertheless, the optical transmission
can be significantly recovered by thermal annealing at room
temperature (figure 2) or more rapidly by performing a
thermal annealing treatment at a temperature of 100°C
(figure 3). These results were independent from the
manufacturer of the fibre.
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Figure 3: Effect of thermal treatment at 100°C on recovery
of RIA (Reflex Analytical fibre n° 6)

The hollow waveguide fibres were irradiated at the same
dose-rate but up to 25 kGy. According to the manufacturer
the transmission values of these fibres at the moment of
production were typically about 1 dB/m but we could only
find values around 5 dB/m with our equipment described
above comparing the transmission of 2 m and 8 m samples.
At  a  test  length  of  2  m  we  did  not  observe  a  significant
change in the optical transmission due to the irradiation.
For a fibre of 8 m length we observed about 50%
transmission loss for the same dose. The absolute values of
these results have to be regarded as preliminary due to the
fact that these measurements could not be performed in the
online fashion due to the low overall transmission of the
available samples. Nevertheless it can be stated that the
hollow fibres are more robust against degradation by -
radiation than the ZrF4 fibres. Their high intrinsic
absorption and strong sensitivity regarding the bending
radius remain however a problem. For the time being, we
conclude that ZrF4 fibres could be used in the 3-4 µm
region if the radiation flux does not exceed 1 Gy/s and if the
fibre is simultaneously heated around 100°C. For
wavelength above 3 µm, hollow fibres appear to be better
candidates but only for short fibre lengths. The doses to
which the fibres have been tested so far are much smaller
than the full lifetime doses of ITER. The next fibres that
shall be tested are sapphire fibres.

CONCLUSIONS

The results of the irradiation hardness test of the fibres
seem to have ruled out the use of ZrF4 fibres close to the
divertor of ITER. The judgement on the hollow fibres is
still reserved and needs further evaluation. We have
however – based on the reputation of bulk sapphire [5] -
some hope regarding the next tests foreseen with sapphire
fibres. These results have been presented at the PSI
conference in Hefei, China [6].

After these first experiments the experimental setup needed
some repair and the scheduling of subsequent experiments
shifted to 2007. For this second series of exposures to -
irradiation we bought a 2 m long sapphire fibre of 250 µm
core diameter. The initial transmission measurements

before irradiation performed with the repaired equipment
showed in comparison with a ZrF4 fibre  –  as  was  to  be
expected - a smaller useful transmission range – up to about
2.8 µm. The start of the irradiation test of this fibre is the
22nd of January 2007.

Comparison of ZrF4 and Saphir fibre transmission
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TW6-TPDS-DIADEV-D03a 

Task Title: EFFECTS OF RF-HEATING ON THE MEASUREMENT 
CAPABILITY OF NEUTRON CAMERAS AND ALPHA  
PARTICLE DIAGNOSTICS 

 
INTRODUCTION 

 
The objective of the task is to investigate the effect of fast 
ions generated by auxiliary heating on ITER diagnostics. In 
particular, existing simulation codes for Ion Cyclotron 
Resonance Frequency (ICRF) and Neutral Beam Injection 
(NBI) are exploited for this purpose. There are essentially 
two issues to be considered: (i) the capability of planned 
ITER diagnostics to measure quantities associated with fast 
ions due to auxiliary heating; (ii) the interference of such 
ions with measurements aimed at diagnosing fusion alpha 
particles.  As an example of the former, one can mention 
the question of asymmetries in the neutron emission profile. 
Owing to the fact that fast ions generated by auxiliary 
heating almost always have an anisotropic velocity space 
distribution; their density can vary along a flux surface. 
Moreover, since they are frequently one of the fuel ion 
species, this would lead to a poloidally varying neutron 
emission. In order to measure such effects a vertical neutron 
camera is needed in addition to a horizontal one. However, 
it is first necessary to assess if the effect is expected to be 
strong enough to be detectible. One of the subtasks is to 
investigate this issue. The Collective Thomson Scattering 
diagnostic can be used to illustrate the second question. 
This kind of instrument measures the velocity distribution 
of fast ions at points in space where a probing beam 
intersects a diagnostic one. However, for a given velocity of 
the fast ions the instrument cannot discriminate between 
signals coming from fusion alpha particles and other fast 
ions with the same velocity. Since NBI will use deuterons 
with an initial energy of 1MeV and ICRF heating is 
expected to generate fast ions in the MeV range, a 
significant part of the alpha particle velocity range will 
overlap with that of fast ions from auxiliary heating 
sources. It is therefore important to predict the relative 
abundance of alpha particles and fast ions generated by 
auxiliary heating.   
 
The task started in October 2006, and only starts up 
activities were undertaken during 2006. In addition to carry 
out simulations of ICRF heated ITER discharges, the author 
of the present report has also been asked to coordinate the 
overall activity.  
 
 
2006 ACTIVITIES 

 
KICK-OFF MEETING DECEMBER 2006 
 
In order to start up the work on the task a “kick-off” 
meeting was organised at the JET on the 1st of December 
2006. It was possible to take advantage of the fact that 
many of the interested parties were at JET, for the 

experimental campaign, to have a largely face to face 
meeting, with only a few remote participants. In particular, 
representatives from four simulation codes and four 
different diagnostic techniques were took part. 
 
The December meeting was devoted to exploring the ITER 
scenarios which one should prioritize in the simulation 
campaign. Moreover, the detailed requirements from the 
diagnostic experts on the quantities to be simulated were 
discussed at some length. This was aided by presentations 
detailing the diagnostic techniques. A review of the 
capabilities of the simulation codes was also started at the 
meeting, and completed at a subsequent meeting held in 
January 2007. As a result, the scenarios and the quantities 
that should be simulated during the execution of the main 
part of the task in 2007 were decided.  
 
Leading up to the meeting, work was carried out on 
identifying relevant ITER scenarios, preparing 
presentations and organisational issues. Below follows a 
summary of the discussions and conclusions from the 
meeting, which have established a firm basis for the main 
simulation and analysis work to be carried during 2007. 
 
ITER SCENARIOS 
 
There are no “official” ITER scenarios available yet. 
However, a number of scenarios have been simulated by 
Polevoi et al. from the ITER CTA with the ASTRA code, 
see [1]. The results of these simulations can be found on the 
website for scenarios maintained by Gabriella Saibene 
[http://efdasql.ipp.mpg.de/saibene/ITER_Eq_Restricted/equ
ilibria_index.htm]. In particular, one can find results for the 
three most important scenarios: standard H-mode, the 
hybrid scenario, and the steady state scenario (with an ITB). 
In terms of characteristic parameters (q-profile, 
temperature, density etc.), the difference is greatest between 
the standard H-mode and the steady state scenario, see e.g. 
figure 1 which shows the q-profiles of the different 
scenarios. It has therefore been agreed that the priority is to 
simulate the standard H-mode scenario and the steady state 
scenario.  
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Figure 1: q-profiles for different inter scenarios: 

(2) standard H-mode, (3) hybrid scenario;  
(4) steady state scenario (ITB) 
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It should be noted that many of the effects that could be of 
interest would be more pronounced during the start-up 
phase of an ITER plasma than during the more stationary 
phase. It might therefore be necessary to make some 
simulations at lower temperature and densities than can be 
found in the simulations mentioned above.  
 
It is also necessary to consider the heating scenarios to 
simulate. In the case of NBI, this is quite straight forward. 
The total NBI power planned for ITER is 33MW; the 
injected species is deuterium, and the injection energy is 
1MeV. The injection geometry can be found in 
[http://www.iter.org]. 
 
The situation regarding ICRF heating is a little more 
complicated. The frequency range planned for ITER allows 
for four different ICRF scenarios, see the table 1. 
 

Table 1: Frequency range for ITER scenarios 
 

Resonance Frequency 
(MHz) 

Comment 

ω=2ωcT 

53 Main scenario, the second 
harmonic T absorption can be 
combined with 3He minority 
absorption to increase ion 
heating fraction in the start-up 
phase of an ITER plasma 

ω=2ωcD 
50 Minority D heating; tritium 

rich plasma; parasitic 
absorption by alpha particles 
and Be 

   FWCD 56 Fast Wave Current Drive, little 
fast ion production. 

ω=ωcHe-3 
45 Minority current drive near the 

q = 1 surface, modest fast ion 
population. 

 
The D minority scenario is of somewhat limited interest 
since it requires a tritium rich plasma. Moreover, there can 
be significant parasitic absorption by fusion born alpha 
particles and Beryllium impurities. The FWCD scenario 
should not produce any significant fast ion population 
(most of the power should be absorbed by the electrons), 
and we need not be concerned with it for the present task.  
Minority current drive with 3He minority should not 
produce a significant population of fast ions either. The 
resonance is far off-axis leading to a relatively low power 
density (the volume in which the power is absorbed is 
larger as compared to on-axis absorption). Thus, for the 
present assessment, the 3He minority current drive scenario 
is not a priority. This leaves us with the main heating 
scenario, second harmonic tritium, around which the efforts 
should be concentrated. An advantage here is that NBI 
injected species is different from the main ICRF heated 
species. This implies that the simulations of ICRF and NBI 
can be carried out independently. It should, however, be 
noted that owing to the significant Doppler broadening for 
D injection at 1MeV, there can be some parasitic absorption 
on the injected deuterium ions during second harmonic 
tritium heating. The effect should be small, and will be 
neglected during the initial assessment. If time allows, one 
could try to quantify the effect in more detail. 

In view of the above considerations, it has been decided 
that the ICRF simulation work should concentrate on the 
second harmonic tritium scenario. Since in the start up 
phase of an ITER plasma the introduction of a 3He minority 
(2-3%) can be used improve the ion heating fraction in this 
scenario. the simulations should be carried out with 
different 3He concentrations. Moreover, moderate 
variations of the resonance position should be considered. 
 
ICRF SIMULATION CODES 
 
The simulation effort carried out at CEA-Cadarache is 
concentrated on ICRF heating. A brief description of the 
PION and SELFO codes is therefore given here; this will 
also facilitate the understanding of the quantities and cases 
that can be simulated by the codes.   
 
PION code 
 
The PION code [2] was developed at JET during the late 
eighties and early nineties, in response to demands for 
simulation results that could be compared to measured 
quantities on a routine basis. At the time there was not 
enough computing power available to allow for routine 
analysis using a combination of the then most 
comprehensive codes (Full wave for power the deposition 
and 2D bounce averaged Fokker-Planck for the distribution 
function(s) of the resonating ions). Instead, it was necessary 
to use simplified models.  
 
The power deposition in PION uses the model developed 
by Hellsten and Villard [3]. It based on fundamental 
observations of the behaviour of the wave field in a toroidal 
device. In sense one could say that the model parameterizes 
the results of a full wave code. The model is robust, but it 
has limitations. In the present context, it should be noted 
that it provides the flux surface average power deposition 
profile only, i.e. the absorption cannot be poloidally 
resolved. 
 
In order to reduce the computing time and to ensure good 
convergence for the high power densities typical of JET, the 
Fokker-Planck equation is reduced to 1D by averaging over 
the pitch angle. The pitch angle averaged distribution is 
sufficient to calculate many of the most important moments 
normally needed (fast ion energy content, collisional power 
transfer to the background plasma, neutron rates etc.). 
However, some information on the anisotropy is also 
needed. Such information is obtained from a model of the 
anisotropy, which has been benchmarked with a 2D bounce 
averaged code. Consequently, it is possible to calculate 
profiles of the parallel and perpendicular energy density of 
the resonating ions (and of course also the pressure), the 
density of fast ions on a flux surface and their effective 
perpendicular and parallel temperatures. However, 
poloidally resolved quantities cannot be obtained. 
 
Finite orbit width effects often play an important role; a 
simplified method to account for this is employed in PION. 
It is based on the observation that fast ICRF accelerated 
ions tend to pile up with their turning points near the 
cyclotron resonance, collisions coefficients are therefore 
averaged over such orbits, and they are also used to 
redistribute the collisions power to the background ions and 
electrons etc. 
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The simulation of ICRF heating is complicated by the fact 
that the two problems, power deposition and distribution 
function calculations, are dependent on each other, which 
necessitates self-consistent simulations. In order to address 
this problem, the PION code produces output used in the 
power deposition calculation to modify the dielectric tensor 
contributions from the resonating ions. In particular, this 
procedure ensures that the absorption strength is consistent 
in the two calculations, which is important for the partition 
of the power between different species. 
 
The PION code is run in the secondary processing chain in 
JET (CAHIN 2), and is still one of the few ICRF codes that 
can be used for routine analysis. It has been extensively 
benchmarked against JET results, see for instance results 
from the JET DT campaign in 1997 [4]. 
 
The SELFO code 
 
The SELFO code [5] [6] combines the full wave code 
LION [7] with the Fokker-Planck code FIDO [8]. The latter 
solves a 3D orbit averaged Fokker-Planck equation for the 
resonating ions with a Monte-Carlo method (see e.g. [9].) 
All effects of wave induced velocity space and spatial 
transport are taken into account. Moreover, the code 
handles the finite width of guiding centre orbits; including 
non-standard orbits in the potato regime (see e.g. [10]). 
A limitation in the present version of the FIDO code is the 
assumption of circular flux surfaces. However, for the 
purposes of the assessment needed for the present task this 
is not a major issue. Furthermore, there are some limitations 
of the power deposition calculation which, like PION, 
cannot handle cases with significant mode conversion 
(conversion of the launched fast wave to short wave length 
modes near cyclotron resonances). Since the ITER 
scenarios to be considered should have very modest 
amounts of mode conversion, this limitation will not pose 
any problems.  
 
The SELFO code follows the temporal evolution of the 
ICRF power deposition and the distribution function(s) of 
the resonating ions. The results from the FIDO code are 
used to calculate the contribution form the resonating ions 
to the dielectric tensor in each point in space; the new 
dielectric tensor is then used in the LION code to calculate 
the wave field/ power deposition for the nest time step. 
Thus, SELFO code (like PION) provides a self consistent 
solution of the ICRF power deposition and the distribution 
function(s) of the resonating ions.  
 
The SELFO code can provide a poloidally resolved 
distribution functions. However, since a Monte Carlo 
method is used, the moments of the distribution function 
are better represented than the function itself (more Monte 
Carlo test particles, i.e better statistics, are necessary to 
have a decent representation of the distribution itself). Thus, 
the SELFO code is suitable for providing poloidally 
resolved moments of the distribution function, like neutron 
rates. Furthermore, the distribution function can be 
reconstructed at every point in space provided a sufficient 
number of Monte Carlo test particles are used; it is not 
foreseen to make many runs of this kind. 
 
The SELFO code has been benchmarked against JET 
discharges, especially in connection with the wave induced 

spatial transport in the presence of asymmetrically lunched 
toroidal mode spectra [11] [12]. 
 
IMPACT OF FAST IONS GENERATED AUXILIARY 
HEATING ON ITER DIAGNOSTICS – MAIN AREAS 
OF INVESTIGATION 
 
In this section the main impact on fast ions on the different 
diagnostics is discussed. Moreover, an assessment is made 
of the quantities that need to be simulated. 
 
Alpha Knock-on Neutron measurements with additional 
plasma heating in ITER 
 
The main issue here concerns the ability to measure knock-
on tails due to alpha particles in the presence of auxiliary 
heating in ITER. Knock-on neutrons is the result of a fast 
ion, e.g. an alpha particle, having a close collision with a 
thermal fuel ion; as a result, the latter acquires a high 
velocity (significantly higher than the thermal), reactions 
between a non-thermal population of fuel ions due to 
knock-on collisions and thermal fuel ions give rise to 
knock-on neutrons. The signature of these is a tail in the 
neutron spectrum, see figure 6. Obviously, the tail due to 
the knock-on reactions of alpha particles can be masked by 
a tail on the distribution function of one of the fuel species 
due to auxiliary heating. Moreover, a non-thermal tail on a 
fuel species can in itself give rise to knock-on reactions. 
Consequently, it is important to simulate the effect of the 
distortion caused by auxiliary heating on the distribution 
functions of fuel ion species.  
 

 
 

Figure 6: Example of simulated neutron spectrum with 
alpha knock on reactions and a tail of tritons with an 

assumed non-thermal Maxwellian distribution having a 
equivalent temperature of 300 keV 

 
Ideally the diagnosticians would like a 4D distribution 
function, )v,v,,( || ⊥ZRf , of the fuel ion species’ 

distribution function in the presence of auxiliary heating 
(they can plug them directly in to existing analysis codes 
for the knock-on spectra). While it is possible to produce 
4D distribution functions, it is not optimal for the 
simulation codes based on the Monte-Carlo method. The 
statistics tend to be poor in the tail of the test particle 
distribution function. In the case of NBI distorted tails, it 
should be relatively straightforward to produce the 4D 
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distribution function even with a Monte-Carlo code. It is a 
more challenging problem for ICRF distorted distribution 
functions, but it is nevertheless possible if a sufficient 
number of Monte-Carlo Test particles is used. Thus, the 
runs for ICRF heated ions will be fairly long, and only a 
very limited number can therefore be carried out. On the 
other hand, the model with an ad hoc tail temperature used 
so far for the simulations of the knock-on spectra in the 
presence of ICRF heating can be improved upon. In 
particular, one can use the PION code to produce realistic 
densities and averaged energies of the ICRF heated 
distribution functions. Since PION can be used for routine 
analysis this should provide a good guidance regarding the 
sensitivity of the measurements to various quantities (like 
resonance position, concentration of 3He ions etc.). 
 
Consequently, in order to explore the parameter space, the 
PION code will be used. The output of flux surface 
averaged perpendicular and parallel tail temperatures 
together with the density of fast ions will be used to assess 
the impact on the knock-on tail formation.  The information 
from the PION code will be communicated to the 
diagnosticians who will use it in their simulation codes. 
 
In a small number of cases, comprehensive SELFO runs, 
which reconstruct the velocity distribution locally in space, 
will be used for more detailed assessments. The distribution 
function will be communicated to the diagnosticians for use 
in their simulation codes.   
 
2D neutron emissivity profiles in the of NBI and ICRF 
heating 
 
As discussed in the introduction, an important question is 
wether there will be a significant asymmetry (along a flux 
surface) in the neutron emission during NBI and/or ICRF 
heating in ITER. The motivation for having a vertical 
neutron camera hinges on it. In order to investigate this, the 
neutron emission profile must be computed for each 
position in the plasma. It involves evaluating the following 
integral: 
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The emission profile, poloidally resolved, is probably most 
easily calculated as an output from the NBI and ICRF 
simulation codes, rather than transferring a distribution 
function to a code evaluating the above integral separately. 
The only problem is if one distribution is taken from a code 
simulating an ICRF distorted distribution function (e.g. 
second harmonic T) and the second from another code 
simulating the neutral beam fast ion distribution function 
(D injection).  
 
As a first approximation it will be assumed that one of the 
reacting species has a Maxwellian distribution function, i.e. 
the non-thermal – non-thermal reactions will be neglected. 
Consequently, the polodally resolved emission profile will 
be calculated separately from NBI and ICRF simulation 

codes. Only if there is perceived need at a later stage should 
the possibility of combining a NBI non-thermal distribution 
with an ICRF distorted one be considered.  
 
Assessment of gamma-ray measurement capabilities 
 
The main point of this investigation is to assess the 2D 
gamma-ray (poloidally resolved) emission resulting from 
interaction of non-thermal ions, caused by auxiliary 
heating, and impurities in the plasma (mainly Carbon and 
Beryllium). This is again of importance for the justification 
of the vertical neutron camera. However, this study has a 
more general interest:  assessing the capabilities of using 
gamma rays to diagnose fast ions in ITER. 
 
The relevant cross sections will be worked out by Vasili 
Kiptily. They will then be implemented in the different 
codes. In order to simulate the gamma-ray spectra for ICRF 
heated ions both the PION and SELFO can be used, with 
the latter being employed to simulate the poloidally 
resolved emission for a small number of cases. 
 
Fast ion CTS for ITER 
 
A critical point of the proposed Collective Thomson 
Scattering diagnostic is that it does not make any distinction 
between different species of fast ions, i.e. for a given 
velocity it is not possible to say which species give rise to 
the measured signal.  
Thus, if one wants to obtain information on the projection 
of the alpha particle distribution function  

 
ˆ( ) ( ) ( )g u f v v k u dvα α δ= ⋅ −∫  

 
in the intersection region of the CTS probe and receiver 
beams, the corresponding g_s(u) for other fast ion species 
must be much smaller than g_alpha(u). Here k is the 
resolved direction defined by the scattering geometry. This 
information can relatively easily be obtained from the 
simulation codes for the auxiliary heating. Essentially it is a 
question of calculating the distribution function at a point in 
the plasma where the two beams intersect. For more 
accurate simulations one could average over the finite area 
consistent with the widths of the beams, but this is probably 
beyond the scope of the initial assessment. 
 
A rough assessment of the impact of ICRF heated fast ions 
on the CTS diagnostic for different parameters can be made 
with the PION code. Essentially it is a question of 
comparing the projected alpha particle distribution function, 
g(u), with that of the ICRF accelerated fast ions for a given 
u = v*k, where * is the vector dot product. For a small 
number of cases where the tails of the ICRF accelerated fast 
ions are of the same order as that of the alpha particles, 
SELFO simulations will be used. In the SELFO code, the 
velocity distribution function should be reconstructed in the 
region where the probing CTS beam intersects the 
diagnostic one. What can be of special interest here is the 
anisotropy of the distribution function of the ICRF heated 
ions. 
 
A rough assessment of the impact of ICRF heated fast ions 
on CTS diagnostic for different parameters can be made 
with the PION code. Essentially it is a question of 
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comparing the alpha particle distribution function with that 
of the ICRF accelerated fast ions for a given velocity. 
For a small number of cases where the tails of the ICRF 
accelerated fast ions are of the same order as that of the 
alpha particles, SELFO simulations will be used. In the 
SELFO code, the velocity distribution function should be 
reconstructed in the region where the probing CTS beam 
intersects the diagnostic one. What can be of special interest 
here is the anisotropy of the distribution function of the 
ICRF heated ions. 
 
 
CONCLUSIONS 

 
The work on the task has started up well during 2006. In 
particular, the ITER scenarios which should be simulated as 
a matter of priority have been decided. Furthermore, a 
detailed review has been made of the quantities that should 
be simulated in order to address the most pertinent issues 
regarding the influence of fast ions generated by auxiliary 
heating on ITER diagnostics. 
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CEFDA06-1376

Task Title: TW5-TPR-RPSUP: SUPPORT TO EFDA REMOTE
PARTICIPATION

INTRODUCTION

The main objective of this Task is to co-ordinate the
Remote Participation (RP) activity in the EFDA
Technology Workprogramme. The RP activity aims at
enhancing the capabilities for remote computer and data
access, teleconferencing and distributed computer design
tools within all the Euratom Fusion Associations and the
EU ITER Participant Team (PT) design and R&D studies.

2006 ACTIVITIES

We organised a technical RP workshop for technical
contact persons. This workshop took place on 20/21 June
2006 in RIGA (Latvia). Its main objectives were to review
the existing remote participation technologies and to
establish a work and development program for 2006/2007.
We counted almost 40 participants, among them 14 were
remote, from 22 EFDA labs in 16 countries.

In order to facilitate the communication between the
technical contacts we developed and launched in November
2006 a wiki site for EFDA RP. This site is a url accessible
via https. It is hosted and managed by DRFC. It is based on
XWiki technology http://www.xwiki.org.
It is a common repository, accessible without any former
knowledge to every technical contact person, either to
consult information, or to put new information for the
community, articles, documents or links, and also to discuss
and comment the news.
It is organized according to the principal RP themes. It got
page editing, version control, rights management, full-text
search, its access is restricted to authorized people and it is
moderated. It is totally programmable so it would fit at term
all user’s needs and demands. It is available from any
browser and rss feeds can be used to be warned about new
contributions.

A meeting on authentication and authorisation systems,
especially on PAPI and shibboleth systems took place at
JET on 28th November, 2006. In conclusion the meeting
agreed that PAPI based federation will be set up for web
access as a test bed. The participants are CIEMAT, CEA,
JET, KFKI/HAS, EFDA, where JET offers the middle-tier
of users page, KFKI the EFDA RP videoconference archive
in cooperation with NIIF/Hungarnet, EFDA offers its web
site and possible would undertake the role as GPoA if
resources allow it.
It  was  also  discussed  that  other  EFDA  labs  will  be  also
asked for their interest in a federated management of
internal Websites.

As decided during the workshop in Riga, we would
participate to regular videoconference the first Wednesday
of the month every two months. These conferences are
dedicated to the progress and issues of videoconference.
The conference allows by itself to measure and comment
what works well and the possible problems that sometimes
occur.

We participate to the collection of information from
technical contacts for a set of surveys, asked by the EFDA
leader, Jerome Pamela, and concerning the various part of
remote participation activity, remote computer and data
access, network issues, teleconferencing and remote
experimentation. The results are presently being compiled
and will be soon available on the wiki site.

CONCLUSIONS

Coordination of remote participation activity among
European labs is a long term task. The best improvements
have been noticed in videoconferencing with the
generalisation of the H323 standard.

REPORTS AND PUBLICATIONS

- Deliverable D1 : Report on Major Review Workshop
RPTC-0193 September 2006
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e-mail : stephane.balme@cea.fr
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CEFDA04-1202

Task Title: TW5-TVV-RFUT: COMPARATIVE ASSESSMENT OF
ULTRASONIC INSPECTION SYSTEMS FOR THE NARROW GAP
AUSTENITIC WELDS IN THE ITER VACUUM VESSEL

INTRODUCTION

This work is carried out in co-operation with PHOENIX,
SINTEZ/ECHO and EURATOM-CEA Association [1].
The main objective of the global project is to prepare three
methods for acceptance by manufacturing code and the
French Certification Authorities so that they may be used
successfully during the ITER Vacuum Vessel fabrication.
This project officially started in September 2005 and it will
in operation until October 2007. The kick-off meeting of
the project was held in Paris in February 2006.
This report presents the status of the project up to 2006 [2]
and in particular the mock-ups manufacturing and the
beginning of the round trials ultrasonic inspections.

2006 ACTIVITIES

The main activities during 2006 were the following:
- The manufacturing of four mock-ups following the related

technical specifications
- The beginning of the round robin trials of the mock-ups

manufactured.

MOCK-UPS MANUFACTURING

Four mock-ups have been designed in the frame of this
project. Two mock-ups were designed and paid for our
Association. The other two were designed and paid for
Phoenix. The Finland Company TRUEFLAW
manufactured all of these mock-ups. The technical
specification of the mock-ups are presented in reference [3]
Figure 1 presents a picture of mock-up A. This mock-up is
manufactured with ITER Grade steel and the coupon was
welded using TIG narrow gap process. This mock-up is
486mm length, 60 mm thick and 475 mm wide.

Figure 1: Mock-up A designed by CEA

Figure 2 presents a schema of the T-joint mock-up D. This
is the T-shape adaptor of the poloidal rib with one joint of
weld. The material of this mock-up is not ITER Grade steel
but a 316L steel. The dimensions of this mock-up are
500mm length, 60 mm thick and 496 mm wide. The
poloidal rib is 10 mm high along the coupon.

Figure 2: Mock-up D designed by CEA

Figure 3 shows a scheme of mock-up B designed by
PHOENIX and manufactured by TRUEFLAW Company.
The material of this mock-up is ITER grade steel and the
planar faces of this mock-up have an angle of 10°, which is
one situation of actual vacuum vessel design.

Figure 3: Mock-up B designed by Phoenix

Figure 4 shows a mock-up partial welded designed by
Phoenix. This sample will be manufactured to inspect
defects, which could appear in realistic situation, in
particular when the weld pass are stopped and started
during the welding process.

Figure 4: Mock-up C designed by Phoenix
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CALIBRATED DEFECTS INCLUDED

In all of these mock-ups were included calibrated flaws.
Different types of defects were chosen in order to simulate
several realistic situations:

- To detect defects immediately after production of weld
joint;

- To test the inspections UT systems near the limits of
detect ability;

- To compare abilities of systems to detect different types of
flaws (lack of fusion in the line of chamfer, centreline
cracks, and incomplete groove weld (crow area).

The location of the flaws was distributed across the weld
and in the heat affected zone (HAZ). In particular at root
area of the weld were included several flaws since this zone
is considered a more HAZ critical weld area.

Thus inner breaking defects, embedded flaws and outer
breaking defect at surface were included. To carry out these
defects, different fabrication methods were applied, thermal
fatigue cracks, solidification cracks and electro-discharge
cracks.

In order to maximise the benefits of this project a blind is
required in terms of inspection of flaws. Thus, partners in
sightless approach carried out the specification of the flaws
related to the dimension and location.

The sizes of flaws vary between 1x25 mm and 10x20 mm
located across the HAZ area.

PROGRESS OF INSPECTION

SINTEZ/ECHO

- SINTEZ/ECHO has optimized his inspection UT system.
For this ECHO manufactured several new transducers
and carried out inspection on existing mock-ups;

-  SINTEZ/ECHO has described his system in the report  in
reference [4]. This task has been selected in order to
facilitate the information exchange between partners;

- SINTEZ/ECHO started the inspection of the mock-ups
sent by CEA;

- The assessment of results will be published in next
months.

PHOENIX

- Phoenix designed and manufactured a mechanical probe
pan for transducers carrying. This device will be used for
simultaneously driving several UT transducers.

- The round robin trials of Phoenix will be started in April.

INSPECTION

Our Association started the inspection of both mock-ups.

The phased array technique is used for the present
measurements. The configuration was already described in
references [5], [6] and [7].

This experimental configuration consists in an angular
scanning associated with an in-depth focusing. Two linear
phased arrays are configured as a dual-element transducer.
This probe is composed of two linear arrays of 32 elements
(1.2x20 mm² for each element) with a 2 MHz frequency.
Dual element configuration is efficient to reduce back-
scattering noise in coarse-grained material as in TIG weld.
Delay laws are calculated to generate longitudinal waves in
the area of the joint, using two configurations: Zone 1)
vertical scanning focusing the beam along the axis (between
z=1mm and z= 20 mm) of the weld joint, 2) angular
scanning between 25° and 70° focusing along a constant
radius of curvature (figure 5).

Figure 5: Phased array technique for inspection for
 a) 1<Z<20mm, b) 20<Z<60mm

Calibration Mock-ups

For the inspection of both mock-ups, the calibration was
performed using a ITER grade planar mock-up containing
the following flaws:
- Nine drilled holes produced by EDM of 90 cm and = 2

mm. The first  hole  is  at  10  mm from the  surface  at  130
mm from the side plane.

Figure 6: Calibration mock-up
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- Two notchs produce by EDM ( 0.2mm opening) of 3 mm
and 10 mm high and 20 mm long placed at 120 mm and
200 mm from the opposite side plane (figure 6).

The results of the inspection will be present in next report.

NEXT MEETING

The next meeting is planned to be held in June 21 and 22,
2007. The objective of this meeting is to exchange
information about the inspection of four mock-ups. The
conclusion of this meeting will be useful for the final
assessment of inspection.

SCHEDULE OF THE PROJECT

REPORTS AND PUBLICATIONS

[1] EFDA Contract TW5-TVV-RFUT, EFDA
ORDER/04-1202 “Comparative assessment of
ultrasonic inspection systems for the narrow gap
austenitic welds in the ITER vacuum vessel”

[2] Progress report RFUT N°1; technical specification for
RFUT tasks. S§YSSC/06 RT0231/Rev.0 October
2006

[3] Flaws technical specification -CEA/DETECS/
SYSSC/05-385

[4] Automatic ultrasonic system AUGUR –
SINTEZ/ECHO Report. 2007

[5] Development of ultrasonic non destructive testing
method for the vessel inter-sector weld of ITER:
development of dynamic phased array techniques»,
SISC/03-RT0096/Rev. 0, September 2003.

[6] Development of phased array techniques for the
inspection of one sided welds in ITER vacuum
vessel», SYSSC/04-RT0143/Rev. 0 September 2004.

[7] Simulation of phased array technique for qualification
of UT methods for one sided welds during VV
manufacture. SYSSC/05 RT0167/Rev 0, October 2005
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CEFDA05-1226

Task Title: TW5-TVM-LIP: MODIFICATION OF ITER MATERIALS
DOCUMENTS, ASSESSMENT OF MATERIALS DATA AND
MAINTENANCE OF A DATABASE

INTRODUCTION

The properties of materials used in fusion components need
to be known in detail by designers, by licensing authorities
and the materials specialists.  ITER Materials Properties
Handbook is a document that provides such information in
an internationally accepted format.

Euratom-CEA contribution to MPH, in addition to
supporting ITER-IT, EFDA-CSU, and ITER database
groups, is to provide MPH files for Type 316L(N) steel
weld metals and joints.  In 2005, the work was focussed on
low temperature (316L) and high temperature (19-12-2,
OKR3U) weld metals.  In 2006 work is extended to 16-8-2
weld metal, see table 1 for compositions.

Table 1: Weld metal compositions used for welding Type 316L(N) steel (FWC= Flux Wire Couple, C.E.= Coated Electrode,
MA= Manual Arc, AC= Automatic Covered)

RCC-MR

WELD METAL

FILLER

METAL

Range C  Mn  Si  P S Cr Ni Mo Nb* Cu  B

(ppm)

Co N2 d ferrite

Calculated

Wire for TIG Min

Max 0.030

1.00

2.50 0.60 0.30 0.020

18.00

20.00

12.00

14.00

2.00

3.00

5

15*

RS 2915

ER 316L (Z2

CND 19-13) In weld deposit

C.E.RS 2925

E 316L (Z 19-

12-3 L)

In weld deposit Min

Max 0035 2.50 0.90 0.025 0.025

18.00

20.00

12.00

14.00

2.00

3.00

5

15*

Flux Wire

Couple

Min

Max 0.025

1.00

2.50 0.60 0.020 0.020

18.00

20.00

10.00

13.00

2.00

3.00

5

15*

RS 2945

316L (SA 19-12-

2L) In deposit Min

Max 0030

1.00

2.50 1.00 0.030 0.030

17.00

20.00

10.00

13.00

2.00

3.00

5

15

RS 9513.1

19-12-2

C.E. for MA  Min

Max

0.045

0.055

1.20

1.80

0.40

0.70

-

0.025

-

0.020

18.0

19.0

11.0

12.0

1.90

2.2

- - - -  - 3

7

RS 9513.2

16-8-2

C.E.  for MA Min

Max

0.045

0.055

1.80

2.5 0.5 0.025 0.020

15.5

16.5

7.5

9.0

1.8

2.5

-

0.30

- -

0.25

- 3

7

RS 9523.1

19-12-2

Wire for TIG Min

Max

3

7

RS 9523.2

16-8-2

Wire for TIG Min

Max

0.030

0.045

1.8

2.5 0.5 0.025 0.020

16.0

17.0

8.0

9.0

1.8

2.2

-

0.1

- -  - 3

7

RS 9543.1

19-12_2

FWC for AC Min

Max

0.030

0.055

1.20

2.0 0.70

-

0.025

-

0.020

18.0

19.0

11.0

12.0

2.0

2.20

-

0.10-

-

0.25-

- 3

7

RS 9543.2

16-8-2

Submerged Arc  Min

Max

0.030

0.045

1.8

2.5

-

0.5

-

0.025

-

0.020

16.0

17.0

8.0

9.0

1.80

2.50

- -

0.10

- -

0.25

- 3

7
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2006 ACTIVITES

All deliverables of the task agreement have been met by
their due dates.  The full report is too large to be reported
here.  Only, an example of the many file codes prepared
for MPH will be given, namely the file code for tensile
strength of 16-8-2 weld metal.  Even there, several figures
and tables will be left out to reduce the length of the paper.

For more information the reader is referred to ITER MPH
files.

File Code: ITER-AA09-2101 Tensile Strength

CODE RECOMMENDATIONS

The 16-8-2 weld metal given in the File Code ITER-
AA09-1100 is an RCC-MR Code qualified material [1].
This metal is also used in other international codes [2 , 3].

ITER MPH recommends the code data, whenever
available, for ITER Structural Design Criteria.  For weld
metals, these are often in the form of knock down factors
applied to the base metal properties values [4], according
to the type and category of welds (see File Code:
ITER-AA09-1100).

RS 9513.2: Covered Electrode / Manual Arc Welding
Process
Sheet Number RS 9513.2 of RCC-MR [1] gives the
requirements for 16-8-2 covered electrodes / manual arc
process (111). Tests performed on weld metal in flat
position (as-welded) with specimens taken in longitudinal
weld orientation should satisfy:

Su (RT) 550 MPa

Su (550 °C)  380 MPa

Tests on qualification test coupons (RS 3334) should
satisfy the same Su value at RT. For materials subjected to
dimensional stabilization heat treatment, 50 h at 650 °C, a
lower Su limit is allowed (500 MPa).
For transverse tests, the specification is given according to
the type of base metal.  For the type Z2 CND 17-12 with
controlled nitrogen addition (similar to ITER 316 L(N)-
IG) and Z2 CND 18-12 with controlled nitrogen addition,
in the as-welded condition, the values are:

Su (RT)  525 MPa

Su (550 °C)  380 MPa

Specified values are the same following a stabilization heat
treatment (longitudinal orientation).

For base metal without controlled nitrogen addition (Z2
CND 17-12, similar to 316L) the values in transverse
orientation are slightly lower:

Su (RT)  490 MPa

Su (550 °C)  350 MPa

Other recommendations are given in RS 9523.2 for wire
for TIG process (141) and in RS 9543.2 for wire
associated with flux for automatic arc process (121).

ADDITIONAL ANALYSES

General

Codebooks such as RCC-MR do not give materials
properties data that are at the origin of their
recommendations.  These are usually available in the
supporting documents, such as the Appendix A (see e.g.
Appendix A for 316L(N)-IG), [5].

In the additional analysis that follows, we will compare the
materials properties data available for 16-18-2 weld metal
with the code recommendations.  The main purpose of this
comparison is to see if the safety margins incorporated in
the code recommendations are still valid when these
materials are used under present ITER operating
conditions and the anticipated future evolutions. We shall
pay a particular attention to the effects of irradiation that
are not currently fully covered by the international codes.

Mechanical Properties

Tensile properties of Type 316L(N) weld metals have been
investigated by ITER partners [6 , 15].

RCC-MR recommendations are made for specific types of
16-8-2 metals and specific welds and welding conditions.
Without such constraint a large scatter in results is
observed [6].  For instance, NRG [7] has tested specimens
taken from TIG welds and TIG weld deposits.  Specimens
taken from the weld deposit are full weld specimens and
show less scatter, while specimens taken from TIG weld
joins, depending on the orientation of the specimen (T or
L) and on the position of the specimen (root weld or bulk
weld) show large scatter.  The very low yield stress in TIG
welds may be due to failure in the base metal.

The earlier French work on Shielded Manual Arc Welding
(SMAW), used as a source for RCC-MR specifications, is
called here “reference” (see also reference 6).
This work covers weld deposits and welded plates in
horizontal and vertical positions (10-20 mm weld
thickness) using coated filler metals (with 0.045 to
0.055 % C). The results (mainly in L orientation) are
situated in the upper part of the scatter band of 16-8-2 data
collected in reference 6.  Figure 1 also shows the
established trend curves for Su average and Su minimum.
RCC-MR min specified values at RT and 550 °C are also
shown.
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Figure 1: Dependence of average and minimum Su on test
temperature for 16-8-2 weld metal (SMAW, higher carbon

content, early French work).  Experimental data shown
are mainly for longitudinal specimens and flat welding

position

Equations describing these trend curves are:

(eq. 1)
Su (ave) = 699.2 - 1.2741 + 0.0031629 2 - 3.1193x10-6 3

 (eq. 2)
Su (min) = 567.3 - 0.91  + 0.00226 2 - 2.23x10-6 3

Figure 2 shows plot of all collected experimental data,
independent of the welding type and orientation of
specimens, on one figure.  Clearly most of the data
collected fall below the above reference curves.  However,
even then the results are mostly above the RCC-MR
specifications.

Equations describing curves for all collected data are:

(eq. 3)
Su (ave) = 700.07 - 2.2049  + 0.0060031 2 - 5.3191x10-6 3

 (eq. 4)
Su (min) = 600.68 – 1.8919  + 0.0051509 2 – 4.564x10-6 3
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Figure 2: Dependence of average and minimum Su on
temperature for 16-8-2 weld metal for a large set of data

(independent of welding type and specimen position)

Effect of Weld Thickness and Welding Position

The effects are expected to be similar to Type 19-12-2.
See section 2.3 of the File code AA08-2101.

Structural Stability Tests

Figure 3 shows effects of aging at temperatures ranging
from 450 to 750 °C on tensile strength of 16-8-2 weld
metal.  The large scatter in aged results is mainly due to
the scatter in the initial results.  At aging temperatures
400-450°C, that are even higher than the operating
conditions of ITER (<300 °C), the effect of aging is
negligible.

The effect of different ITER first wall module fabrication
cycles, such as HIPing treatments, remain to be
investigated but one would expect significant softening, as
observed for Type 19-12-2 welds.
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Figure 3: Effect of aging on tensile strengths of Type
16-8-2 weld metal.  Notice that Rm values remain above
lower limit specified for structural stability test of 50h at

650°C

Effect of Irradiation

Unfortunately, weld metals used in some investigations
[6 , 15] do not correspond to the RCC-MR specifications
or some results obtained are not fully traceable, others are
obtained at temperatures and doses outside the ITER
operating conditions.
As a result, only data generated at NRG for TIG deposits
and TIG welds for EU fusion programme are retained here
[7].  The filler metal used at NRG is Type SMA 16-8-2 SP
(from metal FX-456).  Its nickel concentration (9%) is near
the maximum specified level.  Its carbon content is in the
range of filler metal for TIG welding (0.04%), but lower
than that of the MMA and filler metal associated with flux.
The hardness of the TIG deposit is around 195 HV5 (225
in HAZ), while that of the TIG weld is 225 HV5 (195 in
HAZ).
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Figure 4 shows that the unirradiated results are below the
average reference curve, but once irradiated, even to very
low doses, are higher.
Similar results are obtained after 11 dpa irradiation at
250°C [8]. Here, the hardening is about the same level as 6
dpa irradiation, suggesting a decrease in the rate of
hardening or its saturation.  Also, notice that the yield and
UTS of irradiated material merge leaving practically no
plastic work hardening capability.
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Figure 4: Comparison of ultimate tensile strengths of Type
16-8-2 SP TIG deposit welds, before and after irradiation
at 227 °C, with the reference average and minimum curves
derived for 16-8-2 weld metal.  Filler metals used in NRG
experiments are for TIG welding and have lower carbon

contents than the Su (ref)

Design Allowable

Sm is governed by base metal properties, see figure 5.
Neither aging nor irradiation hardening under ITER
conditions modify this situation.
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Figure 5: Comparison of Sm derived for 316L(N) base
metal with reference average and minimum tensile curves

of 16-8-2 weld metal

CONCLUSIONS

The additional analyses performed here on Type 16-8-2
weld metal for ITER application support RCC-MR
recommendations provided filler materials and welding
parameters correspond to those specified in the code.
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TW5-TVV-MPUT

Task Title: TIG NARROW GAP INFLUENCE OF WELD STRUCTURE
AND GEOMETRY ON PHASED ARRAY TECHNIQUE
PERFORMANCES

INTRODUCTION

For ITER vacuum vessel inspection, studies were
performed to investigate the performances of the ultrasonic
techniques [1], [2]. It has been shown that phased array
technique is a valuable technique for inspection of TIG
narrow gap welds. The techniques used consist in
dynamical inspection methods based on angular scanning
associated with beam focusing [3], [4], and [5].
The  objective  of  this  study  in  the  frame  of
TW5-TVV-MPUT project is to study the influence of both
the TIG narrow gap weld structure and geometry on the
performances of phased array method for one sided welds
mock-up that may be used during ITER VV manufacture.
In particular, this report presents the set of the results of this
project.

2006 ACTIVITIES

The main activities during this period were the following:

- To carry out the inspections of critical areas (root of weld
and near the surface) using an UT phased array
technique;

- To synthesize the results in terms of the influence of the
weld structure and geometry for detecting defects in the
root weld area and near the surface in the crown area.

MOCK-UP INSPECTED

In order to evaluate the influence of the TIG weld structure
two mock-ups are used in the present work:

- One existing TIG mock-up is devoted to study the
attenuation of the sound through the joint weld; for that,
three new flaws are included in the mock-up;

- One new mock-up is dedicated to analyse the role of weld
root geometry on the inspection of flaws in the root area;
for that, a new mock-up is designed with two beads to
simulate the deposit of weld metal produced by a fusion-
welding process.

Figure 1 presents the TIG narrow gap mock-up which was
already described in reference [3]. In particular, this mock-
up has both breaking surfaces defects and the embedded
flaws. In this mock-up are included for the present study
three new flaws which are used to perform test related to
the weld structure. Two surface breaking flaws are included
outside of the joint weld. One supplementary notch is

manufactured near the surface. All of these flaws are
10 mm high and 20 mm wide.

Figure 1: Mock-up including flaws to analyse the weld
structure

Figure 2 presents the scheme of the new mock-ups in which
was manufactured a bead to simulate the longitudinal
deposit of weld metal produced by a fusion-welding
process and two breaking surface defects of 3mm high and
20 mm wide.

Figure 2: Manufactured mock-up for analysing the
influence of the root weld geometry
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TECHNIQUE USED FOR INSPECTION

The phased array technique [1], [2], and [3] has been used
for inspection of mock-ups. The probe is composed of two
linear arrays of 32 elements (1.2x20 mm² for each element)
with a 2 MHz frequency. Dual element configuration (one
in emission and another in reception) is efficient to reduce
back-scattering noise in coarse-grained material as in TIG
weld. This technique consists in an angular scanning
associated with an in-depth focusing. Delay laws are
calculated to generate longitudinal waves in the area of the
joint, using two configurations:

Zone 1) vertical scanning focusing the beam along the axis
(between z = 1mm and z = 20 mm) of the weld joint,

Zone 2) angular scanning between 25° and 70° focusing
along a constant radius of curvature (figure 3).

Figure 3: Phased array technique for inspection for
 a) 1<Z<20mm, b) 20<Z<60mm

RESULTS OF THE INSPECTION NEAR THE
SURFACE

The objective of this inspection is to characterise flaws
located near the surface up to 20mm. In order to analyse
this area a specific wedge is used which can generates 60°
longitudinal waves focused at 10mm. The flaws are
inspected in two opposite directions before and through the
weld. To optimise the detection of the notch outer breaking
the surface, the transducer drives mechanically in directions
X and Y (figure 4) around defects so that the maximum of
the amplitude for the bottom diffraction is reached.
Afterward, the inspection of all flaws near the surface in the
block is carried out in automatic mode driving the
transducer only in Y direction when the transducer is
located at 60 mm from the axis of the weld.

Figure 4: Configuration of inspection near the surface

Figure 5 presents the detections of the outer surface
breaking notch 10 mm high. This experimental data show
both signals detected separately; the diffraction at the
bottom of the notch and the signal coming from the
breaking surface area.

Figure 5: Experimental vertical scan data for 10 mm high
braking surface notch placed at the inspection surface

(a) before the weld (b) through the weld

Table 1 presents the amplitude ratio for the notch inspection
before and through the weld. In particular, the amplitude of
the bottom diffraction is -13 dB before the weld and -15 dB
through the weld.  The signal to noise ratio is 3dB through
the weld and 9 dB before the weld. The high of the flaw is
measured with 2mm.

Table 1: Experimental amplitude ratio for 20x10 mm inner
notch breaking at the surface of inspection

ATTENUATION OF THE SOUND DUE TO THE
WELD STRUCTURE

The weld structure is analysed in terms of the beam
attenuation through the weld area. The sample inspected is
the TIG mock-up shown in figure 1 and the flaw under
analysis is 10 mm high breaking surface notch which is
located at 40 mm from the center line of the weld joint.
The inspection has been performed in automatic mode, the
transducer drives mechanically in direction X and Y. The
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flaw is inspected in two opposite directions before and
through the weld as displayed in figure below (figure 6).

Figure 6: Inspection of the inner breaking notch before the
weld and through the weld

Table 2 presents the amplitude ratio for both the corner
echo and the tip diffraction for the flaw inspected before
and through the weld. The amplitude of the corner echo
decreases through the weld of about 5 dB and those
corresponding to the tip diffraction decreases of 4 dB. The
frequency of the signal detected in both cases is 1.55 MHz.
The joint weld is relatively thin (~10mm) so than the sound
is not filtered in frequency (in the interval of measurement
accuracy) through the weld.  The number of shot to detect
the corner echo and the tip diffraction is shifted of about 5
shots. It means a deviation of the beam of about 5° when it
passes through the weld joint.

Table 2: Amplitude ratio for inner breaking surface located
at 40 mm outside the weld axis

INFLUENCE OF THE BEAD WELD GEOMETRY IN
THE INSPECTION

The objective of this experimental measurement is to
evaluate the influence of the bead of the weld on the
detection of flaws near the weld root area. For this
measurement the mock-up presented in figure 2 is used.
The bead and the block are composed of the steel 316 L.

The mock-up has two beads; one of them has a radius of
3 mm and the second a radius of 5mm. In previous annual
report was presented the preliminary measurement. In the
present paper is given the analytical evaluation.

Figure 7A presents the UT angular B-scan considering a
direct inspection of the 3mm high breaking surface notch
and for the bead R=5mm. This experimental data shows
both the signals resulting from the geometry of bead and
signals related to the interaction of the ultrasonic beam and
the notch. In this figure the signals of the bead and the
notch (tip diffraction and the corner echo) are detected
apart.

Figure 7B shows the UT angular B-scan considering an
indirect inspection. In particular, in this case experimental
data show that the corner echo and the signal of the bead
can not be detected apart. Nevertheless, the tip diffraction
signal is separately detected. The amplitude ratio is
presented in table 3.

Figure 7: The 3 mm inner breaking notch inspection – the
radius of the bead is 5 mm.

A) The notch is inspected before the bead
B) the notch is inspected after the bead

Table 3: Amplitude ratio for the 3mm notch – the radius of
the bead is 5mm

Figure 8A presents the UT angular B-scan considering a
direct inspection of the 3mm high breaking surface notch
and for the bead of R=3mm. This experimental data shows
the signal of the bead of joint and the notch (tip diffraction
and the corner echo) are detected apart. Table 4 presents the
amplitude rate.

Figure 8B shows the UT angular B-scan considering an
indirect inspection. In particular, experimental data shows
that both signals the bead of joint and the notch are not
detected apart. The signals from the flaw are completely
included in the signal coming from the geometry.
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Figure 8: Inspection of 3 mm height inner breaking notch–
the radius of the bead is 3 mm.

A) The notch is inspected before the bead
 B) the notch is inspected after the bead

Table 4: Amplitude ratio for the 3mm notch – the radius of
the bead is 3 mm

The result of this inspection shows that flaws of 3mm high
can be detected and sized when the flaw is located before
the bead. In this case the spatial resolution allows us to
separate echoes coming from the flaw and those coming
from the geometry. In the opposite direction the 3mm high
notch is hidden by the geometrical echoes.

CONCLUSIONS

Results presented in this report and those obtained in
previous experimental data show that phased array is a
valuable technique in detecting and sizing embedded and
surface breaking notches in TIG narrow gap welds.

In particular, this report presents the analysis of the effect
of the TIG joint weld structure related to the UT inspection
using phased array techniques. Special effort is paid to
analyse the role of both the root joint weld geometry and
the attenuation through the weld when flaws are inspected.

Near the surface, experimental inspection was carried out to
analyse the detection and sizing performances of flaws
located near the surface. In particular, the results show that
before the weld flaws can be detected and sized up to
4mm.Through the weld, these flaws can be detected but not
sized.

Concerning the weld structure effect, the experimental
results show a slight attenuation and relatively low level of
noise in the area of weld. The most important level of noise
comes from the weld backwall.

Regarding the effects of the geometry, the results show that
it is possible to detect apart notch of 3mm high and the

signal coming from the bead of weld for a radius of 3mm
and 5mm. Nevertheless, it depends on the configuration of
the experimental inspection.  In general, the inspection of
notch 3 mm high is difficult to characterise if the inspection
is performed in the direction through the weld. It is due to
the geometrical echo generated by the weld root area.

The final results of this project were presented in the
report [5].
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TW6-TVV-STORVS

Task Title: STORAGE OF STAINLESS STEEL MATERIAL FOR VV

INTRODUCTION

In July 2006, about 85 tons of plates, forgings and tubes of
ITER grade SS material, to be used for the manufacturing,
welding and inspection mock-ups of the ITER vacuum
vessel, have been finished. In addition, the Vacuum Vessel
Poloidal Sector Model, to be used later for Sector welding
trials, has been completed at the end of 2006. Also, an
e-beam welded 6 metres by 2.5 metres by 600 mm VV
sector segment piece shall be delivered in late 2007 (VATS
mock-up). It will be the first representative mock-up of an
ITER Vacuum Vessel sector. These materials have to be
stored at an appropriate Association site until the contracts
for which it is destined to investigate issues such as Non
Destructive testing, welding, strength characteristics and
magnetic properties are investigated. CEA-Saclay will
perform this work.

2006 ACTIVITIES

STORAGE ORGANISATION

EFDA has described the storage requirements, under the
task sheet. It is necessary to possess an adequately secured
indoor storage facility, since the material is of value of over
1 M€ and is in fact suitable for utilisation in the actual
ITER construction. CEA was ready to store the different
316 LN parts in a building in CEA-Saclay Laboratory
(figure 1).

Figure 1: CEA Saclay location

The selected building (Hall 704) is dedicated for this
purpose. The 704 Hall is equipped with a 20 ton crane, in
respecting EFDA storage rules. The gate is wide enough to
let enter inside this hall a full truck (figure 2).
In case of necessity, specific lift carrier and/or slings
connecting the metal items to the 20 ton crane with trained
teams is available. Figure 3 shows a 7.5 ton 316 LN forged
plate to be taken off the truck and stored in 704 Hall with
the 20 ton crane. Standard de-loading is presented also in
figure 3.

Figure 2: Forged parts truck inside CEA 704 Hall

Figure 3: Truck de-loading (CEA 704 Hall)

FORGED PARTS STORAGE
The first 316 LN parts stored in 704 Hall are the forged
parts produced by the German company MARKUS KIND,
under EFDA Contract. Procurement of ITER Grade
Stainless Steel, "Supply of ITER Grade Steel Pipes, Tube
Precursor Bars and Welding Wire" and Procurement of
cylindrical and rectangular ITER Grade steel forging.

Figure 4: Forged parts list
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All  these  parts  are  stored  in  CEA-Saclay  (figure  5).  A
complete and precise list of parts is real time followed in
CEA, with attached documentation. Any movement is e-
mailed to the EFDA Officers: M. Lawrence Jones and
Tommi Jokinen.

Figure 5: Forged parts photographs (CEA 704 Hall)

FILLER WIRE STORAGE

The second shipping in CEA-Saclay plant concerns 316 LN
filler wire diameter 1.2 mm produced by the company
MAN DWE Gmbh: 250 kg of Thermanit 19/15H welding
wire, 1.2 mm, wound onto unitary 15 kg coils. Those coils
are stored in CEA-Saclay. 2 coils have been already
shipped to VTT Lappeenranta for performing hot cracking
welding tests.

316LN PLATES STORAGE

Plates in 60 mm thickness and 59.24 tons weight, produced
by ARCELOR INDUSTEEL (Le Creusot, France) have
been shipped to DCN INDRET for performing VATS
mock-up.

Figure 6: Plates list

Discussions are in running stage for performing the 316 LN
tube, dedicated for CEA Hybrid welding tests.

CONCLUSIONS

The storage and shipping run quite well, as foreseen.

REPORTS AND PUBLICATIONS

Intermediate report:
316 LN Storage in CEA Saclay in 2006,
Philippe Aubert, report DTH/2006/126,
December 2006.
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CEFDA04-1218

Task Title: TW5-TVD-HHFT: MONITORING AND ANALYSIS OF DIVERTOR
COMPONENTS TESTED IN FE200: 200 kW ELECTRON BEAM GUN TEST

INTRODUCTION

Thermomechanical fatigue is one of the most important
damaging mechanism for the Plasma Facing Components
(PFC) of the ITER machine due to the high number of
operating cycles (several thousands) and to the expected
surface heat loads. Therefore an assessment of the
behaviour of PFCs under cycling heat loads is essential to
demonstrate the fitness for purpose of the selected design
solutions. This contract concerns the monitoring and
analysis of thermal fatigue testing of PFC to be performed
in the frame of the European R&D programme for ITER.

2006 ACTIVITIES

3 testing campaigns were performed at the high heat flux
testing FE200 facility [1] during the year 2006.

Mock-up W_monoblock

Description of the mock-up

This component was manufactured by Ansaldo Ricerche
by high temperature brazing. It is a straight 27 mm width
tungsten (W) monoblock component, with an armoured
length of about 300 mm (armour thickness on top is 7.5
mm). The 12/15 mm ID/OD cooling tube is made of
CuCrZr (see figure 1).

Figure 1: W_monoblock mock-up made of 24 blocs with
flanges for FE200 heating – the 2 heating zones Z4 and Z5

are marked in red

High heat flux testing

There was no twisted tape in the cooling channel; therefore
the water cooling temperature was reduced down to 50 °C
(to be compared with a nominal value of 100-120°C)
during high heat flux testing to avoid critical heat flux
events. The cooling water conditions at the inlet were 3.5
MPa, 12 m/s. The W heated surfaces were glassblated
before testing for emissivity homogenisation.
After a first step of inrared emissivity estimation, it was set
at 0.30 for the infrared (IR) analog Inframetrics device

(3-5 µm). Imaging under a steady-state flux of 5 MW/m²
performed with a reduced range pointed out non-uniform
temperature field. However, the range of temperature non-
uniformity was limited to 540-680°C (see figure 2) to be
compared with a calculation of 640°C: this means that the
brazing processes between W and copper were successfull
(there is no presence of unexpected thermal resistance).

The following testing steps were performed on 2 zones of
6 blocks named Z4 and Z5, results are given table 1.

Table 1: Description of the testing steps

Testing steps (10 sec. ON /
10 sec. OFF)

Observations

5   MW/m² x 100 cycles No observed degradation

10 MW/m² x 1000cycles No observed degradation

20 MW/m² x 1000cycles Melting of W on the edges of
mock-up

Figure 2: Infrared imaging of the mock-ups under an
absorbed steady-state heat flux of 5 MW/m².

 Image is to be flipped for comparison with figure 1

Thermal behaviour was stable during the steps at 5 and
10 MW/m². During the first steps at 20 MW/m²,
experimental surface temperature were consistent with
calculations (figure 3).

Figure 3: Experimental/calculated surface temperature at
steady-state
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Figure 4: Evolution of steady-state surface temperature
during cycling step at 20MW/m²

Continuous increasing of temperature during the step at
20 MW/m² was observed with pyrometers and Infrared
device (figure 4). However, calibration and emissivity
estimation were performed only up to 1500°c and did not
allow quantitative analysis on temperature field (cf [2]).
The fatigue step was pursued up to 1000 cycles as foreseen
in the testing plan: sides of the mock-up systematically
melted during this step (figure 5). It was not possible to
detect melting of the W with IR devices during the
experiment.

Interpretation

Large debonding between soft copper and W may explain
the melting edges: figure 6 shows an ANSYS calculation
with implementation of debonding leading to a surface
temperature of 3400°C (melting temperature of W). This
shows that the high temperature brazing process is not
compatible with fluxes of 20 MW/m². Metallographic
examination may confirm this assumption.

Figure 5: Visual aspect after 1000 cycles at 20 MW/m²
and IR image; Zoom on surface

Figure 6: ANSYS model with implementation of bonding
for interpretation of melting on the edges

(90° on the left, 70° on the right)

Mock-up W_hypervap

Description of the mock-up

Two medium-scale vertical target prototypes were tested.
One was manufactured by Plansee via HIP’ing and the
other by Ansaldo Ricerche via high temperature brazing.
They are both full flat tile vertical target prototypes with
W armour and hypervapotron CuCrZr heat sink assembled
on SS316L rear plate by explosion bonding (figure 7).

a)

b)

a)

b)

Figure 7: a) The 2 prototypes mounted on a supporting
cooled structure for FE200 testing

b) Sketch of the cross sections

High heat flux testing

Table 2: Description of the testing steps

Testing steps (10 sec. ON /
10 sec. OFF)

Observations

5   MW/m² x 100 cycles No observed degradation

10 MW/m² x 1000cycles No observed degradation

20 MW/m² x 766 cycles Overheating of tiles

The cooling water conditions at the inlet were 3.5 MPa,
8 m/s, 100°C. The W heated surfaces were glassblated
before testing for emissivity homogenisation.

PLANSEE
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ANSALDO

300
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a) b)

Figure 8: Infrared (a) and visible (b) view of overheated tiles on the prototypes

Figure 8 shows initial and final screening after cycling at
20 MW/m²: the tiles overheated during the step at
20 MW/m² (4 tiles: #6, 9 for Plansee prototype and #8-9,
11 for Ansaldo) were not detected during initial screening
(tests are extensively described in [4]. Furthermore, it was
detected a global increasing of surface temperature during
the step at 20 MW/m² (figure 9).
Finally, it was decided to stop the fatigue testing at this
point (dangerous overheating of vacuum chamber due to
radiation from hot W).

Figure 9: Steady-state temperature under a flux of 20
MW/m² - Global increasing of surface

 temperature + overheating of tiles #8-9, 11
on Ansaldo prototype

Interpretation

Behaviour of these W components may be explained by a
failure mode already observed with CFC armoured flat tile
geometry during manufacturing of Tore Supra limiter or
W7-X divertor. Above a certain heat flux value, a sudden
development of debonding at one of the interfaces may
appear after an unpredictable number of cycles. The use of
hypervapotron geometry increases the heat flux treshold
(typically from 10 MW/m² on smooth tube geometry to
20 MW/m²) but doesn’t modify the failure mode. This
assumption may be confirmed by metallographic
examination on tile 9 of the Ansaldo component where
was estimated the propagation of a strip defect of 4-6 mm
(figure 10).
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b)

Figure 10: a) Impact of a 6 mm defect on surface
temperature for a flux of 20 MW/m²

 b) Zoom on T9 surface of Ansaldo prototype

Mock-up HRP

Description of the mock-up

The so-called HRP mock-up is a curved monoblock
vertical target prototype made of CFC NB31 and W
blocks, CuCrZr tube and SS316L backplate manufactured
by  ENEA  via  Pre  Brazed  Casting  (PBC)  and  Hot  Radial
Pressing (HRP) patented processes. The high heat flux unit
is mounted onto the 316L supporting structure by means of
pins of CuCrZr allowing the sliding. A swirl tape - twist
ratio 2 - is inserted into the straight part of the CuCrZr tube
(figure 11).

Figure 11: The HRP mock-up

High heat flux testing

Table 3: Description of the testing steps

Testing steps (10 sec. ON /
10 sec. OFF)

Observations

5   MW/m² x 100 cycles No observed degradation

10 MW/m² x 3000cycles No observed degradation

20 MW/m² x 2000 cycles
on CFC part
15 MW/m² x 2000 cycles
on W part

No observed degradation

The cooling water conditions at the inlet were 3.5 MPa,
12 m/s, 100°C. The W heated surfaces were glassblated
before testing for emissivity homogenisation. Steps of
cycling did not show evolution of surface temperature at 5
and 10 MW/m². At 15/20 MW/m² on W/CFC parts, a
small increase was detected (figure 12) without
consequence on the heat removal capability of the

mock-up. Infrared  surface temperature both on W and
CFC parts are proposed figure 13.
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Figure 14: Mock-up aspect after cycling at 15/20 MW/m²

CONCLUSIONS

3 prototypes were high heat flux tested in the frame of this
contract at FE200 facilities, the main conclusions are the
following:

- High temperature brazing process proposed by Ansaldo
Ricerche on W monoblocks is adapted for removal of
10 MW/m² but is not compatible with fluxes of
20 MW/m²;

- The use of hypervapotron heat sink geometry with W flat
tile increases the heat flux treshold beyond which failure
starts (typically from 10 MW/m² on smooth tube
geometry to 20 MW/m²) but doesn’t modify the typical
flat tile failure mode;

- The Pre Brazed Casting (PBC) and Hot Radial Pressing
(HRP) processes patented by ENEA used for W and CFC
monoblocks manufacturing shows an excellent behaviour
under heat fluxes up to respectively 15 and 20 MW/m²
on W and CFC monoblocks.

Activities in the frame of this contract are completed.
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CEFDA05-1243 

Task Title: TW5-TVD-NDTEST: UPGRADE OF THE SATIR TEST BED FOR 
INFRARED THERMOGRAPHIC INSPECTIONS – DESIGN PHASE 

 
INTRODUCTION 

 
Among all Non-Destructive Examinations (NDE), active 
infrared thermography by internal thermal excitation is 
becoming recognized as a technique available today to 
improve quality control of many materials and structures 
involved in heat transfer. The infrared thermography allows 
to characterise the brazed bond between two materials with 
different thermal physical properties. An infrared 
thermography test bed named SATIR (Station Acquisition 
Traitement Infra Rouge) has been developed by CEA in 
order to evaluate the manufacturing process quality of 
actively water-cooled high heat flux components (PFCs) 
before their installation in Tore Supra. In order to increase 
the defect detection limit of the SATIR, several possibilities 
had been assessed in the frame of a previous contract [1]. 
The installation in 2003 of a digital infrared camera and the 
improvement of the thermal signal processing, has led to a 
considerable increase of performances. 
 
In 2001 the main conclusion of the following EFDA 
contract [1] showed that: 
- The increase of temperature range (up to 200°C) would 

involve complete pressurization of the test bed. Finite 
element calculations showed that this solution allows a 
significant improvement of sensitivity (by factor 2) but it 
was not retained because SATIR would become less 
flexible in its use (Pressure Safety Standard). 

- The implementation in 2003 of a cooled digital IR camera 
using wavelengths range 3-5mm instead of a scanning 
infrared camera allowed to develop a new data 
processing, which led to a significant improvement of 
performances.  

- The increase of water velocity inside the tested component 
involves an increase of the convective heat transfer 
coefficient, which improves in a significant way the 
sensitivity of SATIR diagnostic. 

 
 
2006 ACTIVITIES 

 
TEST BED DESCRIPTION 
 
The principle of SATIR test (figure 1) is to generate 
successively a hot and a cold-water front in the cooling 
channel of the elements, in order to measure the surface 
temperature evolution. 
A cooled infrared digital camera is used to detect zones 
where heat exhaust is not sufficient. Defects like braze 
voids are detected by a slower temperature response of the 
surface during transient. Geometry tolerances and the 
material properties dispersion play a major role in the 
determination of acceptance criteria. In case of serial 
control, two components are tested in parallel with a 
reference. A DTref criterion is defined with respect to the 

reference. The detailed principle of SATIR facility and 
DTref Criterion were subject to many papers [2]. 
 

Figure 1: View of SATIR test bed 
 
Within the on-going work on acceptance criteria task, 
which is being carried out by EU and the ITER 
International team, SATIR inspection has been identified as 
the basic test to decide upon the final acceptance of the 
Divertor PFCs [3]. However, the ITER Divertor PFCs pose 
new challenges for the following reasons: 
The CFC thickness is 2-3 times higher (18-20 mm) than 
any existing component manufactured or being 
manufactured so far either within the ITER project or 
within domestic projects. Therefore, the sensitivity of the 
technique, which depends on the armour thickness, is 
lowered. 
The number of units to be tested is 2-3 times higher (more 
than 2000) than on any existing or under construction 
fusion machine. Therefore, the total time required to test all 
the units increases accordingly. 
 
This involves, as a consequence, the following needs: 
i) To increase the water velocity, 
ii) To minimise the test time.  
 
INCREASE OF WATER VELOCITY   
 
To investigate the water velocity effect on the detection 
sensitivity, a simulation of SATIR experiment by finite 
element calculations (CAST3M, figure 2) has been carried 
out on ITER CFC monoblock, following the conditions 
below: 
2D Finite Element modelling  
2 testing lines in parallel (tested and reference element) 
CFC_NB31 following the dimensions in appendix 1 
No linear model i.e. thermal properties = f (temperature) 
Cooling phase  
Meshing of flaw = void (thickness 0.3mm) 
Surface natural convection 
3 flaw positions ϕ (0°, 45°, 90°) and 1 flaw extension 
Dϕ(60°) 
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Figure 2: FE calculation for a flaw extension ∆θ=60°at 
different position (DTref max) 

 

 

Figure 3: Improvement of DTref the water velocity  
 
The figure 3 illustrates the improvement of the DTref value 
versus the evolution of the SATIR water flow rate. In figure 
3, one can expect a significant increase of performances 
with a water flow improvement. Besides calculations show 
also the need to check the monoblock elements on the 2 
observation surfaces (top and lateral surface). 
 
This will lead to a more accurate detection of the defect 
position. 
- 47% of improvement with a water velocity of 12m/s in 

each element (global flow rate 10m3/h), 
- 38% of improvement with a water velocity of 10m/s in 

each element (global flow rate  8m3/h). 
 
MINIMISE THE TEST TIME REQUIRED 
 
The calculation of the heat transfer convective coefficient 
during the heating and cooling cycle following the  
Dittus-Boelter correlation highlighted that the water 
dynamic viscosity played a significant role on the 
sensitivity of detection.  
The figure 4 shows the effect of the heat transfer coefficient 
difference on SATIR DTref value between the heating 
cycle (h100°C =30000W/m.°C) and the cooling cycle  
(h5°C =13000W/m.°C). 
The figure 5 presents similar DTref values using a constant 
heat transfer coefficient (h mean=20000W/m°C) for both 
heating and cooling cycle. This demonstrates that the 
advisable choice of the cooling cycle leads to an 
improvement of the detection sensitivity. 
 
The SATIR process would be also significantly simplified 
using only one cycle. 
 

 
 

Figure 4: Sensitivity effect following the heat transfer 
coefficient 

 

 

Figure 5: Constant heat transfer coefficient during heating 
and cooling cycle 

 
To validate the previous calculations, experimental SATIR 
tests on Vertical Target Full Scale - CFC part (thickness = 
5mm) – have been performed; it pointed out clearly a better 
sensitivity during cooling cycle up to 20% (figure 6). 
 
The retained solution will take into account only the 
cooling cycle instead of the three pulses usually used. 
 
This test bed operation mode involves: 
A reduction of the film size (750 Mb to ~400Mb), 
A shortening of the data processing time (by 2/3). 
 
 

 

 

Figure 6: Infrared DTref cartography: Experimental 
demonstration of better detection sensibility during the 

cooling cycle 
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PROPOSED IMPROVEMENT CONCEPT 
 
SATIR is going to be transformed into two independent 
injection lines, a hot and a cold one, synchronized by an 
industrial programmable logic controller. For comparison, 
the present SATIR equipment has a single injection stage 
shared by the 2 water sources (see figure 7). 
 
This new SATIR ITER concept is based on two 
continuously operated pressurized stages. Each injection 
stage is designed to be operated all day long under pressure 
with the steepest switching injection time in the mocks-up, 
typically <= 1 s (measured on the flow rate edge). 
 
This concept is already implementation of the W7X HP 
prototype stage designed for the Wendelstein mocks-up in 
2004. It has been qualified during one year of IR testing on 
the W7X mocks-up and it is now fully in operation 
(figure 8). 
 

 

Figure 8: The pumped and regulated loop 
 
However present SATIR had to be upgraded during the 
phase 1 of this contract (Sept-Dec 2005) to improve two 
mains features of the test bed: 
 
To supply enough flow for the two fluid sources in order to 
reach the ITER maximum requirements. This was done by 
an increase of pipes diameter. 
 
To enhance the hot source availability: operation is now 
done at 100°C with a maximum re-heating time of 2 hours 
from ambient temperature to 100°C. The capacity of the 
new hot source would allow 4 successive ITER tests 
without re-heating but it's normally re-heating on line 
between two tests within a time duration of 12min. The 
total volume is VT=1200 L. 
 
A more powerful pump will be dedicated to the cold 
injection stage and supplying the following parameters: 
6<Q<10 m3/h, 5<P<12b, P, Q Injection regulated, Out of 
shot flow rate regulated (Q By-pass) to be more rapid to 
switch into test mode, Response time <=1 s (pump + 
variable speed controller). 
 
Operation at such a high flow rate involves several 
consequences, which make part of the test bed reliability 
enhancement: 

First of all, it is indispensable to prevent the heating source 
from depressurization otherwise the water heaters may run 
into a boiling phase. That's the reason why a safety device 
is installed between the water buffer tank and the two water 
sources: the feeding pump which has the role of 
maintaining a constant pressure in the network at the input 
of the water sources. The specification of feeding pump is 
the following: 
 
Pin= atmospheric pressure, Pout=5b at Q nominal=10m3/h, 
 
It consists of 2 parallel pumps with a variable speed 
controller on each one, plus 2 series bladder tanks. 
 
Secondly, SATIR diagnostic has to be freed from the 
pressure fluctuations induced by the Cadarache open loop 
water network (up to 20% fluctuations). This is the function 
of the water buffer tank, which has the following 
specification: 
An available volume of VA=3250L, a total volume of 
VT=3750L, A regulated water level by a radar probe, and a 
refilling time of TR=18min, compatible with TORE 
SUPRA network. 
 
Thirdly, implementation of two independent HP stages is 
now necessary. This will protect the present unique pump 
against the repetitive thermal shocks which might degrade 
its reliability even with q max pump=120°C. And in the 
end, as the devices to control are becoming quite numerous, 
a new command control system has to be developed, based 
on an industrial programmable logic controller with a 
graphic interface. 
 
 
CONCLUSIONS 

 
SATIR diagnostic has been identified as the basic test to 
decide upon the final acceptance of the Divertor PFCs. In 
order to check the ITER components, the possibility to 
increase the defect detection sensitivity of SATIR has been 
investigated. The retained solution [1] is to increase the 
water velocity inside the tested component to improve the 
heat transfer convective coefficient. Finite element 
calculations, performed on the CFC monoblock, showed 
that this water velocity increase would improve in a 
significant way, the sensitivity of SATIR diagnostic: 47% 
of DTref improvement with a water velocity of 12m/s in 
each element, corresponding to 10m3/h of global flow rate. 
These calculations also pointed out the interest of checking 
the elements on both top and lateral surface in order to 
locate more accurately the defect position. 
 
Calculations also show a significant effect of the heat 
transfer coefficient difference on SATIR DTref value 
between the heating and the cooling cycle. Besides, 
operation with only one cycle – the most sensitive one- will 
minimise the requested time to check the Divertor PFCs. 
The SATIR process would be significantly simplified using 
only one cooling cycle. 
These simulations of SATIR test allowed to design an 
upgraded SATIR facility taking into account the technical 
requirements of ITER mock-ups for the final acceptance of 
the Divertor PFCs. 
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Figure 7: Drawings of the system 
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CEFDA05-1248

Task Title: TW5-TVD-ACCEPT: INFLUENCE OF THE CARBON EROSION
ON THE ACCEPTANCE CRITERIA OF THE ITER DIVERTOR

INTRODUCTION

This study deals with erosion calculations of CFC (Carbon
Fibre Composite) monoblocks of the ITER divertor vertical
target. These monoblocks must sustain high heat fluxes of
10 MW/m2 during 1000 s (normal operation) and 20
MW/m2 during 10 s (off-normal event).
One can expect erosion instability in normal operation in
case of one faulty monoblock besides good ones due to the
balanced rate between the various erosion mechanisms at
different temperatures [3],[5]. Coherent plasma parameters,
which represent the worst cases of erosion in normal
operation, have been taken into account to analyse the
erosion behaviour of the monoblocks, the aim of the study
being to evaluate the eventual impact of these phenomena
on the acceptance of the monoblocks (the monoblocks are
considered thermo-mechanically compliant to a defect but
this compliancy could be drastically reduced by erosion
instability).
It was shown that a 20% decrease of CFC conductivity or a
defect at the CFC/Cu bond affects seriously the erosion rate
and thus temperature distribution. However this erosion
instability seems to be not critical in case of 20 MW/m2

during 10 s.

CALCULATION CONDITIONS

The used model for calculation is composed of one
monoblock between two half-monoblocks (figure 1).The
calculations are performed in 2D.
According to B2-EIRENE calculations, the total power load
for normal operation of ITER on the outer vertical target
consists of about 30% due to irradiation from the plasma
and 70% due to particles in glancing incidence (see figure 2
the power distribution along the target).

An increase of the power load corresponds to an increase of
the density and plasma temperature and leads to a shift of
the maximum to the separatrix near which temperature and
erosion instabilities are possible.
It has to be noticed that physical erosion increases with
plasma temperature (particle energy), deuterium particle
fluence, angle of incidence and surface roughness, whereas
chemical erosion depends on plasma temperature (ion
energy), CFC temperature, deuterium particle flux and
surface roughness.
Operation regimes where instabilities are possible
correspond to a power load of about 3~6 MW/m2.
Nine cases have been recognized as having a potential risk
of erosion instability (figure 2) and table 1.

Figure 2: Power load distribution along the outer plate and
table of selected cases

Figure 1: Geometry of one monoblock and example of FE calculation
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Table 1: 9 selected cases

Case
(location on the target)

Power load (MW/m²)
70% from glancing inc.
30% from normal inc.

Ion flux (D/m²)
Te Plasma

temperature
(eV)

 E0 = 6.Te

1 2.8  ||  1.2 1E+23 5 30
2 2.8  ||  1.2 5E+22 20 120

3 (x= 0.140) 2.31  ||  0.99 7.4E+22 20 120
4 (x= 0.117)  3.25  ||  1.4 9.4E+22 19 114
5 (x= 0.165) 1.75  ||  0.75 5.7E+22 15 90
6 (x= 0.117) 4.2  ||  1.8 9E+23 1 6

7 3.22  ||  1.38 1E+23 16 96
8 2.8  ||  1.2 3E+24 1 6
9 4.2  ||  1.8 9E+22 18 108

Due to the rather low heat flux load (< 5MW/m2) there is
no sublimation for these cases.
For each case 3 runs can be performed:
a) Standard value of conductivity and no defect
b) Conductivity reduced of 20% for the central monoblock
c) Defect of 90° at the CFC/Cu interface located at -30°

(the glancing incidence being 3°)

Boundary conditions
The power load is applied on the upper part (with eventual
penetration into the gaps). Forced convection in subcooled
boiling is applied at the cooling tube inner surface. And
cyclic boundary conditions are applied on the 2 half
monoblocks (left and right sides are forced to have the
same temperature distribution).

ANSYS CALCULATIONS

Modelling and calculations
The modelling has been developed by the ITER team. It is
based on the refinement of the mesh at the upper surface of
the monoblocks (typically 9-13 m x 100 m) and the
killing of cell when the erosion reaches the volume of one
cell. In addition to development of routines that calculate
chemical [1] and physical [2] and sublimation erosion an
important development was made to take into account
angle of incidence and shadowing effects. The calculation
is a transient one and improvements to the code were done
by ITER all along the calculations in 2006 [3], [4], [5], [6].
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Figure 3: Modelling in ANSYS a typical result (Case 3b)

Results and conclusions of the ANSYS calculations
The cases 1, 2 and 3 have been calculated with ANSYS in
the hypothesis b and c (left and right location of defects
have been investigated). The completed results are given
in [6].
The main comments are the following:

-  The  variation  in  the  thermal  conductivity  of  two
neighbour monoblocks by 20% does not exceed the
difference in erosion in 20-40 m that is about
0.1-0.2% of total CFC thickness.

- This difference between erosion of two neighbour
monoblocks can slightly be increased or be decreased
with time but is not a critical point in normal operation
(the calculations have been done up to 50 plasma
discharges without taking into account ELMs, transient
and disruptions which, probably, will depress the
chemical erosion by increasing the surface temperature
and, consequently, depress the instability).

-  The  effect  of  ELMs  and  off-normal  events  should  be
taken into account for the future investigation.

- The influence of a defect of maximum available size of
90° (located at -30° and with an extension of 90°) in
the joint area between CFC and cooling tube on erosion
and temperature instabilities is less pronounced
compared to the difference in thermal conductivities of
neighbour monoblocks.

- Effect of deeper edge erosion of less eroded monoblock
has been observed. Such effect takes place only in the
case of different thermal conductivities of two
neighbour monoblocks.

Consequently, on the point of view of erosion instability,
the presence of a defect in the joint area between CFC
armour and cooling tube of size of 90° and a reduction of
the thermal conductivity by 20% of one the neighbour
monoblocks are acceptable for the present design and
operation conditions.

Difficulties encountered running the ANSYS model
The main difficulty encountered with these transient
calculations is the refinement of the mesh, which leads to
very long computation and reduce the possibility to run
many cases (for example to calculate the erosion of 100-
200 m, the computer time of 5-7 days was necessary).
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It is also important to notice that the time step can have an
influence and that the technique of rectangular fine cells
may increase artificially the surface in contact with the
plasma.

CAST3M CALCULATIONS

All the cases have been calculated for 10 000s simulation,
roughly 25 ITER pulses.
The CASTEM calculations were undertaken to crosscheck
the ANSYS calculations using another methodology. The
calculations is based on a series of steady states the mesh
being updated at each step of the iterations. The model was
developed thanks to the routines developed 10 years ago
for the toroidal pump limiter of Tore Supra and takes into
account penetration and shadowing effects [7].

CAST3M: calculation validation
Mainly chemical and physical erosion was validated
against original equations and ANSYS calculations.
Erosion calculated with CASTEM methodology is fully
continuous and in agreement with analytical equations
(figures 4 and 5) [7].
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Figure 4: Physical sputtering with CAST3M
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Figure 5: Chemical erosion with CAST3M

CAST3M calculation results
Calculations with CAST3M are very quick and very easy
to performed. In these conditions the 27 (9x3) runs were
performed up to 10000 s (= 25 pulses of 400 s) and 6

others (1a, 1b, 2a, 2b, 3a, 3b) were redone up to 40 000s
(= 100 pulses) [8].

No dramatic erosion was found, however sensitive erosion
differences between monoblocks have to be pointed out
(see an example figure 6).

Figure 6: Case 2c: Temperature map at 10 000s and
evolution of the erosion up to 10000s

COMPLEMENTARY CALCULATIONS WITH
CAST3M

In order to check what could happen with this erosion
instability it was decided to run one case with normal
operation during 10 000 s and then to apply 20 MW/m2

(70% conductive and 30% radiation) during 10 s. Such a
result is given figure 7 below for case 8c: at the end of the
10 000 s the erosion is about 0.1 mm and it increases up to
about 0.9 mm during the 10 s at 20 MW/m2. To do such a
calculation it was necessary to cancel the cyclic boundary
conditions that are not appropriated here. One can observe
on figure 7 an important erosion of the faulty central
monoblock that leads to plasma shaping of the adjacent
monoblock on the left.

Figure 7: Case 8c: Evolution of the erosion during 10 s
after 10000s of normal operation
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CONCLUSIONS

This task demonstrated the capability to run erosion
calculations with both ANSYS (transient calculation) and
CAST3M (series of steady states). These calculations have
pointed out some erosion instabilities for the studied cases
(neighbour monoblock with reduced conductivity or with
90° defects) but that phenomenon can be considered not
critical up to now.
Further investigation of critical cases should be pursued
since one has now the tools for such calculations.
As a consequence no modification of the acceptance
criteria of the monoblocks is foreseen.
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CEFDA06-1372 

Task Title: TW5-TVD-FABCON: DEVELOPMENT OF FABRICATION 
CONTROL METHODS FOR THE ITER DIVERTOR 

 
INTRODUCTION 

 
In the plasma facing components (PFCs), the failure of the 
heat sink to armour joints will compromise the 
performance of the Divertor and ultimately result in its 
failure and the shut down of the ITER machine.  
In view of the procurement of the ITER Divertor, the 
development of non-destructive testing (NDT) of the heat 
sink to armour joints is an essential topic to be addressed. 
NDT techniques will also be used to assess the quality of 
the plasma facing components PFCs and their acceptability 
in the ITER machine. 
An infrared thermography test bed named SATIR (Station 
d’ Acquisition et de Traitement InfraRouge) has been 
developed by CEA in order to evaluate the manufacturing 
process quality of actively water-cooled plasma facing 
components (PFCs) before their installation in TORE 
SUPRA. The infrared thermography allows to characterize 
the bond between CFC armour tile and metallic heat sink 
and is becoming more and more a valuable tool for 
detecting cracks and failures. It is a complementary and 
necessary non-destructive testing method to the ultrasonic 
examinations and gives a global information about the 
soundness of the heat path thus being a fast and 
economical way to assess the acceptability of a CFC 
armoured component prior to its installation into a fusion 
machine. Within the on-going work on acceptance criteria, 
which is being carried out by EU and the ITER 
International team, SATIR inspection has been identified 
as the basis test to decide upon the final acceptance of the 
Divertor PFCs. 
In order to improve the defect detection capability of the 
SATIR test bed, the possibility of merging the infrared test 
data with the ultrasonic test data has been identified. A 
cross analysis of these 2 techniques promises to provide a 
more accurate and reliable sizing and location of the 
defects. 
This study was carried out on 3 CFC monoblocks  
(#6, #8, #15) with calibrated defects (θ,dθ) and allowed to 
set up the data merging tools. This work will be extended 
in 2007 when SATIR is operational. 
 
 
2006 ACTIVITIES 

 
MONOBLOCKS CFC DESCRIPTION 
 
The Divertor is one of the most challenging components of 
the next step ITER machine. The PFCs are actively cooled 
thermal shields devoted to sustain the heat and particle 
fluxes during normal and transient operations as well as 
during disruption events. In the PFCs, the failure of the 
heat sink to armour joints will compromise the 
performance of the Divertor and ultimately result in its 

failure and the shut down of the ITER machine. There are 
tens of thousands of such joints in the Divertor assembly, 
either carbon fibre composite (CFC) to copper alloy 
(CuCrZr) joints or tungsten (W) to CuCrZr joints (Figures 
1 and 2).  
 

 
 

Figure 1: CFC monoblock sample”short” 
 

 
 

Figure 2: Assembling defects encountered during the PFC 
manufacturing 

 
INFRARED THERMOGRAPHY METHOD (SATIR) 
 
The SATIR technique (French acronym for Infra Red 
Acquisition and Data Processing device) consists in 
recording the surface temperature evolution of the tested 
component with an infrared device during the circulation 
of a hot and cold-water front into the cooling channel of 
the component (figures 3 and 4). The transient thermal 
response is recorded and compared with those of a 
reference element [1]; the maximum of the temperature 
difference (criteria called DTref max) is stored for each 
armour tile. A bonding defect between heat sink and 
armour tile will be detected by a high value of DTref max. 
The result is a DTref value mapping of each surface 
expressed in a Cartesian reference (figure 5). 
 

 
 

Figure 3: View of SATIR test bed (water injection stage) 
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SATIR test results: 
 

 
 

Figure 4: CFC Monoblocks testing 
 
- The mock-up 6 without defect (as reference) 
- The mock-up 8 with a defect 0_65 
- The mock-up 15 with a defect 45_35 
 

 

 
 

Figure 5: DTref map of mock-up_8 and DTref map of 
mock-up _15 

 
ULTRASOUND TEST METHOD 
 
The ultrasonic tests are based on the reflection of 
ultrasound mechanical waves emitted through a material to 
be tested. The intrinsic porosity of the CFC makes difficult 
a classic ultrasound test.  
 The test is performed from each monoblock cooling 
channel (filled with water). The mechanical waves are 
reflected on a mobile mirror (45°). The waves are only 
focused in the acoustic impedance of one interface, either 
CFC-Cu or Cu-CuCrZr. 
The transducer and the mirror works in translation and in 
rotation inside the tube, the obtained cartography is 
expressed in a cylindrical reference (figure 6). 
 

 
 

Figure 6: Ultrasound device 
 
One can note that this test is not functional contrary to the 
SATIR test: the cartography gives the acoustic impedance 
of the interfaces, not its thermal properties. Furthermore, 
the ultrasound test being focused in the interfaces, it does 
not detect the possible presence of defects in the CFC 
armour. 

Ultrasound test results: 
 
CIEMAT association [2] supplied the US results (figure 7). 
The results represent a percentage of reflection of the 
ultrasound signal (in dB unit). The displacement resolution 
of the US probe is 1mm; the angular resolution is 1°, what 
gives thus 7200 measures for the monoblock (depth of 
20mm). 
 
 

 
 

Figure 7: Ultrasound results of mock-up_8 
 
One can note on the figure 7 a discontinuity (impedance) 
in the center of the defect, which corresponds to the 
drilling in the copper necessary of the defect electro-
erosion machining.  
 
The orthotropic geometrical projection 
To combine the US data with the infrared SATIR data, one 
can use the geometrical projection (figure 8). The purpose 
being to transpose US values expressed in a cylindrical 
reference (θ,y) in a Cartesian reference (x, y).  
 

 
Figure 8: Geometric projection 

 
The geometrical projection is a radial projection on the 3 
faces by means of usual trigonometric formulae. The 
major drawback of the geometrical projection is the 
absence of physical meaning of the method. 
The orthotropic effect of the NB31 involves a modification 
of the temperature field on the surface of mock-up during 
the SATIR test. To combine the US results with the 
SATIR tests, it is necessary that the geometrical projection 
considers the ratio of orthotropy because the pixel-by-pixel 
fusion requires a spatial coherence (figure 9). For that 
purpose, a shape factor was applied to the geometry of the 
monoblock before the pixel projection.  
 

 
Figure 9: US geometric projection results 

 Short Monobloc 
 

a = 28 mm 
b = 27 mm 

c = 14.5 mm 
d = 14 mm 
R = 8.5 mm 
α = 43.9° 
β = 131.8° 
γ = 228.2° 
δ = 316.0° 
ε= 1° 
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The ANSYS thermal projection  
 
The thermal projection of the US data was performed 
using ANSYS finite element model (figure 10). The US 
cartography is implemented in the model at the ad-hoc 
interface CFC/Cu. The result is a SATIR like DTref 
mapping being directly combined with SATIR 
experimental data (figure 11).  
 

Figure 10: ANSYS Model of short monoblock and CFC/Cu 
interface with implemented ultrasonic signals 

 

 

 
 

Figure 11: US thermal projection results after data 
processing 

 
PRINCIPLE OF THE DATA MERGING 
 
A data-merging module has been developed with the aim 
to improve the confidence on the measurement. The 
concept of data merging was developed in order to offer 
user-friendly machine interfaces and give decision 
capacities to non-experts in complex multi-sensor 
environments. This study aims at the coupling of the two 
methods of infrared thermal imaging previously 
mentioned. The data marging method is based on the 
theory of evidence, which was defined by Shafer based on 
the work of Dempster on the generalization of the theory 
for the management of uncertainty and ignorance [3], [4]. 
This method assigns degrees of confidence, so called “sets 
of masses” to simple hypotheses, or combination of simple 
hypotheses for each NDT. Afterwards the merging of the 
experimental knowledge provided from different NDT 
images is performed through the Dempster orthogonal 
summation rule (1).  

 

This method has the advantage to be adapted to the 
concept of decision thresholds used in the domain of non-
destructive inspection [5], [6]. Firstly a pixel-by-pixel 
merged method, which is more demanding than relative 
repositioning of the two NDT images, was chosen. 
Secondly the probabilities on hypotheses accuracy, needful 
for the Dempster-Shafer method, were defined for each 
NDT. This requires a far-reaching experimental training. 
In our application, the hypothesis H1 corresponds to the 
presence of defect; the hypothesis H2 characterizes the 
absence of defect; and the hypothesis H3 corresponds to 
the ignorance. For each measurement, thresholds were 
established based on whether the pixel will be classified as 
defective, or not defective or ignorance (figure 12).  
 
From 2 thresholds (C1 and C2) 3 zones are defined by 
NDT, which represent the regions where the decision is 
one of the 3 hypotheses H1, H2 or H3 with a certainty, 
which will be weighted by the sets of masses (to balance 
the importance of hypotheses): mn(Hi). If the transitions 
between zones are used alone, the decision changes are 
very abrupt and will be too sensitive to measurement 
noise.  
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Figure 12: Definition of zone limits and associated 

hypotheses for n NDT 
 
To obtain a more continuous behaviour from the 
transitions, fuzzy logic functions are used. Lower (lowL) 
and upper (UpL) limits then need to be defined for each 
zone. The purpose is to calculate the sets of masses after 
combination of the sources for each hypothesis. The 
combining of 2 or more NDT allows to increase the 
confidence of defect detection by reducing the 
uncertainties. It is also necessary to introduce the conflict 
term K (2) between the NDT sources when they are 
contradictory. For example, if the sets of masses involve a 
strong confidence in the measurements and that the portion 
of hypotheses H3 (ignorance) is weak, then the conflict 
term K increases. 
 

                   ∑
∅=∩

=
HjHi

ji HmHmK )().( 21   (2) 

 
 
Data merging results 
 
The feasibility was demonstrated on mock-up_8 provided 
by Plansee manufacturer. 

 

(1) 
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Figure 13: Zone limits and associated hypotheses for 
SATIR (DTref) and US (%dB) NDT 

 
1) Definition of hypothesis sets of masses, thresholds for 
each NDT (figure 13). A next step in 2007 based on a 
statistical experimental study will allow to optimise these 
inputs.  
 
2) Data merging procedure highlighted 2 interesting 
cartographies: the cartography of presence of defect H1 
and the cartography of conflict K. H1 cartography 
increases the confidence in the defect presence. The 
cartography of conflict K represents the contradictions 
between the merged data: 
 
- Zones of thermal diffusivity around the defects 
- The presence of defects in the CFC (conflict cartography) 
 
 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 14: SATIR and US cartographies of mock-up_8 
 

As expected the data merging of mock-up_8 shows a 
central defect presence of 100%. In the case of calibrated 
defects, the defect machining involves an ultrasonic 
artefact in the analysis of H1 cartography, which won’t 
appear with real defects. In spite of a bad precision of the 
thermal projection, the tools which were set up during this 
feasibility step are operational. Finally the data merging of 
DTref SATIR and orthotropic geometrical projection 
presents the best relevance (figures 14 and 15).  
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 15: Cartography of defect presence (H1)  
 for mock-up_8(0_65°) 

 

 
CONCLUSIONS 

 
The US data are not directly able to be merged with the 
SATIR data results; this study consisted to set up a method 
and tools making possible the US/IR data merging. Two 
methods were developed to merge the US and SATIR 
data: the orthotropic geometrical projection and the 
ANSYS thermal projection. The geometrical projection is 
more effective than the thermal projection: faster, simpler, 
and more accurate. However the thermal projection is not 
really optimised and its interest is not still quantifiable.  
 
During this intermediate step, only 2 CFC monoblocks 
with calibrated defects were tested on SATIR test bed. 
Even if the reference monoblock used on SATIR presented 
a real asymmetrical defect, these preliminary results are 
very encouraging. In this framework it’ll still remain to 
determine in 2007 the ultrasonic merging parameters: sets 
of masses, hypothesis and thresholds. The SATIR and US 
merging data on real manufacturing defects will show the 
power of this method. One can summarize this preliminary 
step by: a method and operational tools exist now; it 
remains to optimise it in 2007 using all the CFC 
monoblocks. 
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CEFDA06-1373

Task Title: TW6-TVD-ACCREV: DEFINITION OF ACCEPTANCE CRITERIA
FOR THE ITER DIVERTOR

INTRODUCTION

As far as the plasma facing components (PFC) of ITER are
concerned, the failure of the heat sink to armour joints will
compromise the performance of the machine. There are
tens of thousands of such joints in the Divertor assembly,
either carbon fibre composite (CFC) to copper alloy
(CuCrZr) joints or tungsten (W) to CuCrZr joints. In
preparation for writing the procurement specification for
the ITER divertor PFC, this task is undertaken with the
objective of defining workable acceptance criteria for the
PFC armour joints. Investigations of possible detection of
the occurrence of the Critical Heat Flux via acoustic
emission are also developped in this task.

2006 ACTIVITIES

ACOUSTIC EMISSION

Acoustic signals from piezoelectric sensors
(accelerometers 0–40 kHz and microphone 100-400 kHz)
were recorded during a Critical Heat Flux (CHF) test
performed at FE200 facility on a medium-scale ITER
Divertor vertical target mock-up so-called HRP [1].
Design of the mock-up (W and CFC monoblocks with
twisted tape insert), thermal and hydraulics testing
conditions (50°C, 3.5 MPa, 12m/s) were considered as
relevant to ITER conditions

Flange

Mock-up

FE 200
Vacuum vessel

120°C
33b

10m/s

Microphone M80
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Figure 1: Mock-up setup and instrumentation

The evolution of the signals presented on figure 2 are
consistent with the boiling process. In particular, the
increasing of the acoustic emission energy (M80 sensor)
during the development of partial boiling, then the
decreasing and the plateau of vibration energy (C03 & C33
sensor) disclosing the presence of the fully boiling regime.

C03
(broadband)

C33
(broadband)

M80
(RMS)

5 10
20 25 30

Absorbed thermal flux (MW/m2) 35

Rupture
time

Step number: 1         2        3          4          5          6         7          8       9        10        11   12        13    14        15        16       17      18        19        20

32

Fully developed boiling               CHFONB                  Partial boiling Fully developed boiling               CHFONB                  Partial boiling

28

Figure 2: Acoustic signal during increasing flux steps, up
to rupture at 35 MW/m2

This is explained by the fact that during the fully
developped boiling regime the bubbles detach from the
heated channel surface and collapse (condensation) in the
bulk fluid rather than on the heated surface in the case of
partial sub-nucleate boiling, consequently the acoustic
shock waves propagation is less efficient, even if the
number and size of bubbles increases. This decreasing of
acoustic energy level can be considered as precursory
indicator of CHF.
Further data processing pointed out other potential
precursory indicators of CHF:

- Vibration level: increase of global RMS level
(broadband) or restricted to a band limited (occurence
of a high vibration peak at 680 Hz);

-   Vibration envelope level: low frequency modulations of
HF vibrations, calculated on the Hilbert envelope;

-  Vibration statistical indicators: decrease of Skewness,
Kurtosis and Crest factor.

The remote sensor (C33 accelerometer, 2 meters down)
was sensitive to the acoustic phenomena, it was found by
cross correlation with the C03 sensor that this is due to the
fact that the acoustic waves propagate mainly into the
fluid. This is promising for a future operational  system
where the sensors cannot be located near the in-situ
component.

HIGH HEAT FLUX TESTING

In the frame of this task, it is planned to perform fatigue
testing of 108 samples with artificial defects. In 2006, 14
Tungsten (W) flat tile samples were manufactured via
brazing technique onto a CuCrZr heat sink with a
compliant layer of soft Copper by Ansaldo Ricerche, some
calibrated defects were prepared at the joints W/Copper
and Copper/CuCrZr (figure 3).
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These 14 samples was connected on a cooling system for
FE200 testing tested at FE200 facility [2] (figure 4).

Figure 3: View of the elements and implementation
of calibrated defects at the edge

 2, 4 or 6 mm width, 0.3 mm thickness

Figure 4: Cooling system for FE200 testing with the
 14 samples splitted into 2 x7

The testing steps are detailed in table 1, an infrared view of
7  elements  is  given  figure  5.  All  the  4  mm  and  6  mm
defects were detected and stable during the fatigue. Further
analysis taking into account the non destructive
examination are running.

Table 1: Description of the testing steps

Testing steps (10 sec. ON /
10 sec. OFF)

Observations

5   MW/m² x 3000 cycles No observed damage
propagation

10 MW/m² x 500 cycles No observed damage
propagation

2 mm W/Cu
4 mm W/Cu
6 mm W/Cu

2 mm Cu/Cu
4 mm Cu/Cu
6 mm Cu/Cu

2 mm W/Cu
4 mm W/Cu
6 mm W/Cu

2 mm Cu/Cu
4 mm Cu/Cu
6 mm Cu/Cu

Tsurf (°C)

Figure 5: Infrared view of the 7 elements under a flux
of 5 MW/m²

CONCLUSIONS

1)  A study on acoustic emission demonstrated the consist
of demonstrating this capability of detection in
tokamak environment.

2) A first high heat flux testing campaign at FE200 facility
on W flat tile samples with artificial defects
demonstrated the detectability of 4 capability to detect
precursory indicators of CHF with standard sensors and
classical data processing techniques. A further step
would and 6 m width defects and their stability under
fatigue under fluxes up to 10 MW/m².
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TW5-TVR-AIA

Task Title: ARTICULATED INSPECTION ARM (AIA)

INTRODUCTION

The Articulated Inspection Arm (AIA) project takes place
in the Remote Handling (RH) activities for the next step
fusion  reactor  ITER.  The  aim  of  this  R&D  program  is
mainly to demonstrate the feasibility of close inspection of
the Divertor Cassettes and the Vacuum Vessel first wall of
a Tokamak with a long reach multi link and limited payload
carrier called AIA. We assumed that the AIA robot
penetrates the first wall using the 6 penetrations evenly
distributed around the machine.

The need to access close to the Vacuum Vessel first wall
and the Divertor cassettes had been identified. This is
required when considering inspection with other processes
as camera or leak detection.

The work performed under the EFDA-CSU
Workprogramme includes the design, manufacture and
testing of an articulated device demonstrator called
Articulated Inspection Arm (AIA).
The AIA has to fulfil the following specifications:

- Elevation: +/- 45 ° range,
- Rotation: +/- 90 ° range,
- Robot total length: 7.4 meters,
- Admissible payload: 10 Kg,
- Temperature: 200 °C during baking – 120 °C under

working,
- Pressure: 9.7 10-6 Pa – Ultra high vacuum.

Therefore a scale one full module with 2 degrees of
freedom was manufactured and tested under Tore Supra
(TS) requirements (temperature and pressure). The
manufacture of the complete AIA robot, the deployer and
the storage cask is now achieved. The design of the video
process is completed, the procurement and its manufacture
is foreseen in the first months of 2007.

2006 ACTIVITIES

PROTOTYPE MODULE ACTIVITIES SUMMARY

2006 was first dedicated to the segment baking tests
(200°C). Then, the segment cycling test campaign in air and
at room temperature was carried on in CEA-Cadarache
facilities to validate the mechanical behaviour and service
life of the most stressed module of the whole robot. The

successful results enabled to start the whole robot
manufacture and procurement.
Succeeding maintenance and expertise operations, a new
test campaign in Tore Supra facility ME60 was carried on
to fully qualify the robot under vacuum and temperature
conditions.

Figure 1: Prototype module test campaign in ME60 facility
- March 2007

AIA ROBOT MANUFACTURE

The complete manufacture of the AIA robot ended in
autumn 2006 and the whole robot is being assembled in
CEA-Fontenay-aux-Roses facilities.

Figure 2: Clevis subassembly



104 EFDA Technology / Vessel-In Vessel / Remote Handling

Figure 3: Segment assembly (First segment)

Figure 4: Vue of the rotation box assembled into the tube
(First segment)

A demonstration of the AIA behaviour and reliability in
real temperature and vacuum Tokamak environment is
planned on Tore Supra test facilities.

STORAGE CASK AND DEPLOYER
MANUFACTURE

The storage cask is performed to condition the AIA robot
before its introduction into the tokamak. This 11 meter
stainless steel material structure has to insure the baking
phase (200°C) of the AIA robot during several days. It also
insures the ultra high vacuum conditioning so it is
connected to vacuum pumps and must remain perfectly
tight.
The storage cask manufacture is achieved and tests are
carried on in CEA-Cadarache facilities.

Figure 5: Storage cask dome welding

The deployer, also called the passive module of the AIA
robot, enables to push the AIA robot on its stroke. It is
actuated by an electric motor and its control is based on the
position sensor signal. This structure is also made in
stainless steel material to be compatible with ultra high
vacuum constraints.
The deployer manufacture is also achieved and the
assembly is being tested in the storage cask in real
temperature conditions.

Figure 6: Storage cask, deployer and holding cable chain
assembly

VIDEO PROCESS

At this step of the project, the design of the video process is
already achieved and the procurement is about to start.

Figure 7: 3D design of the video process

Figure 8: Plan of the video process design
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CONCLUSIONS

Integration and tests of the complete AIA robot is planned
during the beginning of 2007. The complete integration of
the AIA robot on the deployer and storage cask is planned
for 2007.

Demonstration of the AIA behaviour and reliability in real
temperature and vacuum Tokamak environment is planed
on Tore Supra test facilities.

This robotic device gives new perspectives on maintenance
and operating activities for a reactor like ITER and aims to
enhance operator perception of in-vessel situation.
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TW5-TVR-RADTOL

Task Title: RADIATION TOLERANCE ASSESSMENT OF STANDARD
ELECTRONIC COMPONENTS FOR REMOTE HANDLING

INTRODUCTION

The objective of 2006 activity is the qualification of an
embedded electronic module used for digitalising and
transferring analog signals coming from an angular
position sensor (resolver). This work is connected with
previous studies performed between 2003 and 2005.
Initial works investigated the availability of RH
components electronic functions applied to the limitation
of umbilical wire sizes.
Mock-ups were developed for the most useful sensors, i.e.
resolvers and LVDT.
Experiments were done under test conditions as close as
possible to the real ITER environment. Results were
confident enough to engage in 2005 the prototyping of an
electronic 12-bit converter and 16-bit serial multiplexers
for a resolver and LVDT (only 8 bits converter).
Unfortunately, the resolver’s prototype was unable to
deliver correct signals. Scheduling of irradiation by the
end of year 2005 saved a short time to enable partial
recover of critical functions. Results presented in [1] were
used to design with new rules a more efficient prototype
and organise a new validation sequence.
The main objectives of the task achieved in 2006 were to
consolidate this earlier work by designing a new radiation
hardened system (under the same environments) and
manufacture it. A second aspect of this work was to
evaluate the accuracy of the R/D 12-bits conversion
subsystem before and during irradiation, for different
angular positions.

2006 ACTIVITIES

The new prototype was delivered by the end of year 2005,
taking into account most of the necessary new design
rules.

Figure 1: Components routing on PCB

With respect to functional blocks previously presented in
[1], figure 1 shows an overall PCB implantation of the
various electronic modules used to realise the 12-bit digital
converter and 16-bit serial frame transmission.
Each of these functions was controlled in order to evaluate
the efficiency of the new design rules for previous
deficient modules needed to drive a “BRT” resolver or
resolver “ ”.
The output delivered by the component /sin tA
was issued from the two input signals tAsin  and

tAcos  where  is the angular position to measure.
This angle was then converted to duration by the phase
measure module as shown on figures 2 and 3.

Figure 2: Phase measurement (small angular position)

Figure 3: Phase measurement (large angular position)

The phase to duration signal was then sliced into burst of
pulses cadenced by the 20MHz clock as shown on
figure 4.

Figure 4: Slicing of phase duration signal
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Further control trials were carried out on the prototype
with respect to the largest availability of internal functions
(12 bits counter, 16 bits frame LVDS signals, …).
Due to the lack of synchronisation between serial clock
signals, division of quartz basic oscillation and
buffering/framing clock, signal division of resolver basic
oscillation was later modified on the new PCB in order to
rectify the duration of the first bit of the frame as
represented on figures 5 and 6.

Figure 5: Duration of first bit before rectification

Figure 6: Duration of first bit after rectification

Then, the prototype board was exposed to a radiation field
of about 7,5kGy/h during a week in order to reach a total
dose of about 800kGy. No on-line tests were conducted
during this time.
The post-irradiation measures were done a few days after
the end of the irradiation.
No significant problems were reported. Nevertheless, some
bits of the frame were affected by an instability mainly
induced at the level of the resolver functions.

Figure 7: Instability inherent to the phase duration
function

The chronogram of figure 7, as well as some recordings
for two angular positions, displays the faulty effect of the
resolver cable.
In order to take into account a nominal configuration of a
long cable between resolver and conditional signal board,
it was necessary to use a shielded cable, and this was done
for the next step of the study (accuracy measurement
during an irradiation process).
Angular position calibration (for the resolver, electronic
elements and printed board used) provides, with a
accessible degree of accuracy, the necessary link between
the angular position being the measurement and the digital
position registered and sent into the frame.
Under normal conditions, the angular position is very
stable considering the use of correct wires and
connections. However, most of the involved elements are
sensitive to the harsh environment encountered into
radiation fields. For these reasons, the study takes into
account some recalibration steps to counterbalance
damaging radiation effects.

Set-up design
To perform such on-line control and appreciate the
degradation of the overall “smart” sensor, the most
common method consists in relying on a simple
comparison between the sensor and a previously calibrated
sensor.
Due to the uniqueness of the module, it was proposed to
compare with a standard industrial angular sensor. The
reference resolver HEIDENHAIN ROC 413 13bits SSI
output frame was used.
By mounting the tested resolver to the reference and then
connecting this combination to a suitable rotation source, it
has been possible to move both devices and compare the
data.
As shown on figure 8, we developed and automated a set-
up using a simple DC motor and equipped with gear
wheels to reduce rotation speed at a very low level. The
final axe of the gear box allows the connection of the two
resolvers and then a common rotation.

Multiplexer board
inside irradiation cell

Signal adaptation
board

On-line control and read-out
of SSI and resolver frames

Half-SSI
exchange
protocole

SSI exchange
protocole

Figure 8: Set-up for accuracy evaluation

Because the multiplex serial link was designed as a pseudo
SSI protocol (no clock was delivered by the control
system) while the ROC413 disposes of a full SSI one, it
was developped an adaptation board. It includes a clock
generator, RS485 and LVDS voltages translations to TTL
level, compatible with control read-out.
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A  specific  software  was  written  to  drive  the  reading,  the
recording and the visualization of the digitalised angular
positions of both the BRT (through multiplexer board) and
ROC413 resolvers.
In addition, other useful information concerning the
behaviour of specific electrical parameters was also
recorded by an other PC equipment.

On-line laboratory recording
Some laboratory experiments were done just before
starting the irradiation. Unfortunately, more significant and
exhaustive measurements were not considered due to a
limited time schedule.
We observed at room temperature conditions, as reported
on figure 9, the behaviour of both ROC413 and BRT
resolvers during about 10 hours for one angular position
given after having stopped the rotation of the DC motor.
The scanning of the two frames was realised every second.
The resulting curve for the recorded BRT data shows a
mean value plus a drift of less than 4 points (an equivalent
noise of about 2 bits at the level of the prototype board).
The stability measurement gave an approximate value of
4*360/4096 (12 bits) ~= 0,3° for the corresponding
angular position.
No fluctuation was seen for the industrial resolver.
This result was an encouraging first step, even if some
artefacts partly induced by the scanning mechanism were
visible (fully dependant of the operating system used on
the control PC, an old Windows version).

Figure 9: Stability observed for one point during 10 hours

The second preliminary experiment was done with rotation
induced by DC motor. The speed was slowed as much as
possible with our DC motor and gear box in order to
measure the smallest possible angle variations.
The results of this experiment are shown on figure 10. The
curves represent resolver)f(SSIresolverBRT  in order
to easily compare the expected linear transcription of the
angular position to a binary value for both resolvers. In
normal conditions, the linearity of the resulting curve must
be clearly visible.
The curves showed also this linearity. Globally, the multi
revolution of the resolver axes led to a correct
repetitiveness of the digital recorded data with a precision
of about 3 bits. However, the curve was made up of three
distinct elements (points 5, 6 and 7). The curves
referenced as point 5 and point 7 were  obtained  for  an
angular position generating binary position 0 to 12-bits
maximum value of the counter. The curve “point 6” was

unfortunately a consequence of the independence of the
frequencies chosen for the clock counter (20MHz) and for
the resolver. A full phase of an angular position of 360°
needs more than 12-bits to be sliced at 20 MHz. This part
of the curve represents the extra counting.
Moreover, the figure highlights some static measures
(points 1) which were induced at very low speed, the DC
motor being unable to assume a regular rotation or even
sometimes to move.

Figure 10: Accuracy observed during multiple
 full rotations

On-line recording during irradiation
This technique offers the possibility to cover a large
inspection range with only one transducer and without any
mechanical displacement. For that case, the geometrical
requirement related to the maximal available area is
respected, that is to say 80 mm from the weld center axis.
Acquisitions were carried out on the prototype inserted
inside the cell under  rays at the dose rate of about
7.9kGy/h during 168 hours, up to a total dose of 130 kGy.
No destruction was resulting of such environment.
Nevertheless, some drifts were observed during the first
irradiation hours, involving the conversion of the static
angular position to duration.
The measurements done with an oscilloscope gave a
starting value at about 76µs, followed an hour later by a
value of 67 µs. The main components were probably the
analog components such as the OPAs. The curves of figure
11 related to this period clearly showed the quick
degradation followed by a very slow recovery. After about
18 hours, the last point of the curves, an oscilloscope
control gave a value of 67 µs.

Figure 11: Drifts observed during the first hours under
radiation
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The next curve, figure 12, shows the accuracy and linearity
controls after 0.75MGy total dose. As can be seen, no
damage was observed and the good reproducibility of the
counting / discounting during these 8 hours was an
interesting result. This curve highlighted also an
ambiguous behaviour when angular position passed from
360° to 0°C (already seen on figure 10). A bad timing on
the signal applied to the clear function of the counter was a
reason which has to be taken into account.

Figure 12: Accuracy and linearity observed after 0.75Mgy

A new static period was established during a two days
period between 0.8MGy and 1.2MGy. The stability of the
BRT angular conversion was still effective with a
precision of less than 3 bits as shown on figure 13.
However, an unexpected drift increased the angular
conversion to an intermediate value. A continuous
decrease was later observed on figure 14. Control of the
duration, set at 102µs at the beginning of this observation
period, was still at the same value after 1.2MGy.

Figure 13 : Static angular position from 0.8MGy to 1MGy

Figure 14 : Static angular position from 1MGy to 1.2MGy

A new angular position was then initiated by rotation of
the DC motor. But the BRT instability on the converted
frame was still present.
At that radiation level, one possible reason of this
erroneous comportment should normally be related to the
threshold voltage shift which needs to increase
progressively the logic components’ power supply in order
to be recovered. That was done by changing the logic
supply from 1.74V to 1.88V.
This bias condition was kept for the last irradiation period
from 1.2MGy to 1.3MGy.
A  permanent  rotation  of  the  motor  was  also  effective  in
order to evaluate the accuracy before stopping the
experiment. Unfortunately, the action was stopped very
quickly. Nevertheless, the accuracy seems correct as
represented on figure 15.
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Figure 15: Accuracy at the end of the experiment

Last irradiation period done with a permanent position of
the encoders over lighted a correct stability of the
converted angular position as shown on Figure 16.
However, few moments before end of irradiation period,
the very slow degradation of logic threshold was starting
to be visible.
The necessary automatic adjustment of logic supply
voltage after a certain amount of integrated dose was
becoming one of the key functions for electronic
embedded in high total dose environment. As seen during
previous RADTOL tasks, a permanent excessive voltage
could induce erratic behaviors but also and mainly an early
ageing not suitable in such severe environmental
conditions.
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Figure 16: Static angular position from 1.2 to 1.3 MGy
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CONCLUSIONS

Further experimental trials have been carried out on the
prototype to ensure the accuracy and linearity of the
multiplexer conversion module for a BRT resolver.
These acquisitions have shown the validity of this
conversion method. However, some radiation effects were
still present on a few critical components. Some others
were easily recoverable.
Since EFDA indicates that the resolver seems to be
calibrated by comparison with another one used as a
reference, the validity range of the embedded module was
particularly studied.
Some overviews of static angular positions have been seen
in terms of stability of the values produced by the
multiplexer. Results were interesting
Accuracy has been viewed more partially, mainly under
the point of repetitiveness which was correct. The
precision of the measures was not evaluated for two
reasons: mechanical problems (our DC motor was not
efficient at very low speed) and very short radiation
periods.
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TW5-TVR-WHMAN 

Task Title: DEVELOPMENT OF A WATER HYDRAULIC MANIPULATOR 

 
INTRODUCTION 

 
Hydraulic technology can provide powerful actuators in 
small volumes. For that reason hydraulics becomes an 
interesting technology to build heavy duty manipulators for 
maintenance operations in space constrained areas. 
 
Due to potential leaks, oil hydraulic can not be used for 
maintenance operations in ITER. Pure water hydraulics 
proposes a good alternative to oil and today’s developments 
are focusing on that direction. 
 
To identify areas of improvement, a standard MAESTRO 
joint was supplied with water. Characterization of the joint 
was made both from a mechanical and from a control point 
of view.  
 
 
2006 ACTIVITIES  

 
TEST RIG  
 
The test rig (see figure 1) is composed of a 135mdaN vane 
actuator mounted on a manifold providing pressurized 
water through a type 30-417 Moog servovalve. 
 

 
 

Figure 1: Test rig 
 

Pressure is measured with EPXT pressure sensors of the 
manufacturer Entran. These are the pressure sensors used in 
the Maestro hydraulic arm. 4 of them are used to measure: 
- The supply pressure.  
- The pressure of the return loop. 
- Pressure at outlets 1 & 2 of the servovalve.  
 
Position is measured with an Artus-Kollmorgen resolver. 
The fluid used in this application is water from the tap 
demineralized through ion resins cartridges. 
Fluid power is supplied by a Danfoss Nessie power unit. 
Maximum supply pressure is 210 bar with a maximal flow 
of 45 l/min. 
 
PRELIMINARY TESTS 
 
Identification of the performances of the servovalve was 
first made on open ports. The flow response of the 
servovalve to a current input can be modeled by the 
following polynomial: 

32 004.00002.05708.1092.0 iiiQ −++−=  

(Q in L/min and i in mA) 
 
The previous expression of the water flow rate, measured 
on open ports, doesn’t take into account the compressibility 
of the fluid in the joint chambers and the internal leak rate. 
For that reason it is not really relevant for use as a control 
law synthesis. Identification of the flow response of the 
servovalve to input signals with different frequencies give 
the results of figure 2. 
 

 
Figure 2: Flow response to current input signals for 

different frequencies 
 
We see a saturation of the flow rate in both directions to a 
value close to 9.4 l/min. 
According to the joint position, the internal leak rate of the 
complete assembly varies between 0.8 l/min and 1.3 l/min. 
The actuator is able to raise a load of about 156kg at 
0.815m, which is close to its real maximal supported torque 
(1249N.m instead of 1350N.m of the design specification). 
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PERFORMANCES IN FORCE CONTROL MODE: 
 
The quality of a force control loop highly depends on the 
quality of the friction and gravity model that are built and 
used as compensation factors in the control loop. In our 
case this model takes into account: the arm inertia, the 
viscous friction coefficient, the dry friction coefficient, an 
impact factor coefficient of the gravity on the dry friction 
and an offset torque due to asymmetrical behaviour of the 
joint. 
 
A theoretical torque is rebuilt according to the mechanical 
model, from the measurements of the position, the seed and 
the acceleration, and the identified parameters. 
The difference between the measured and rebuilt torques 
characterizes the accuracy of our identification. 
The smaller is the difference, the better the compensation. 
 

 

Figure 3: Comparison between real torque and rebuilt 
torque (red and green) + error graph (blue) 

 
 
Step (see figure 4a) and ramp tracking response (see figure 
4b) of the joint were assessed. 

 

 
Figure 4: Step and ramp tracking response of the joint 

 

The performances with water are better than the same joint 
supplied with oil. 
The stability of the control loop is guaranteed by the step 
response and the overshooting that are respectively less 
than 6ms from -80N.m to 80N.m and 48%. For memory, 
the overshooting and the time response of the oil device 
were respectively 82% and about 175ms. 
 
Backdrivability tests provide a good image of the force 
feedback quality. The joint is moved manually back and 
forth with a payload. The torque supplied by the operator is 
evaluated with the pressure sensors and the model and 
compared to the real torque (see figure 5). 
 
Although a peak value is observed during high speed or 
high acceleration movements, the behaviour of this joint for 
remote handling application with force feedback should be 
very good.  

 
 

Figure 5: Back drivability tests: real torque (green) + 
Torque supplied by operator during same period (blue) 

 
Low speed tests are carried out to evaluate the resolution of 
the position control loop. Due to the friction the position 
resolution can be simply assimilated to the resolution of the 
resolver. 

 
Figure 6: Low speed tests 

4a 

4b 
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In force control mode, when gains of the model are not as 
stiff as they are in a position loop, the resolution in position 
at the end of the arm is expected to be close to 0.7mm for 
this axis.  
 
EFFECTS OF TEMPERATURE ON THE 
BEHAVIOUR 
 
Between 20 and 45°C, high variation of the viscosity of 
water is observed (close to a factor 2 less). Tests were 
carried out with water at 22°C and 42°C to evaluate the 
impact of the temperature on the control scheme. No 
significant effects were noticed on the control 
performances. Minor increase of the internal leak rate was 
noticed.  
 
 
CONCLUSIONS  

 
Force and position performances of the joint equipped with 
a water hydraulics flow servovalve are globally similar or 
better than the one equipped with an oil servovalve. The 
cylinder manufactured by CYBERNETIX fits the initial 
requirements and the conception of an entire water 
hydraulics MAESTRO arm should be successful. 
Our efforts will now be concentrated on the evolutions of 
the design to adapt the joint design to water. 
Endurance tests will start to identify all areas of 
improvement in the mechanical design.  

REPORTS AND PUBLICATIONS 

 
DTSI/SRI/LPR/06RT018 Results on qualification of a 
water-hydraulics joint for force feedback applications 
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CEFDA03-1015

Task Title: TW2-TMSM-COOLIN: MOCK-UPS FOR THE TF AND CS TERMINAL
REGIONS AND COOLING INLETS

INTRODUCTION

Among our Association, the CEA-Cadarache Magnet
Group is requested to assist the EFDA Close Support Unit
Garching and the Superconducting Coils and Structures
Division of the ITER International Team in the detailed
design and manufacture of relevant mock-ups for some
critical areas of the Toroidal Field (TF), Central Solenoid
(CS) and Poloidal Field (PF) coil windings.

Mechanical testing at cryogenic temperatures of the mock-
ups under relevant loads and number of cycles will be
carried out at FZK Karlsruhe (TW3-TMSM-CRYTES) and
ENEA Brasimone (TW1-TMS-SHKEYS). Euratom-CEA is
requested to design the mock-ups in close collaboration
with these two Groups and EFDA/ITER, coordinate the
testing activity and report on the final test results. Our
Association is responsible for the definition of the testing
conditions (loads, number of cycles, temperature, etc.)
under review and approval of EFDA/ITER.

The work includes three main activities:

- Design, manufacture and assistance to testing of mock-ups
and samples of the Toroidal Field (TF) coil helium inlet;

- Design, manufacture and assistance to testing of mock-ups
and samples of the Central Solenoid (CS) helium inlet;

- Design, manufacture and assistance to testing of mock-ups
and samples of the bonded tails at the extremity of the
windings of the Poloidal Field (PF) coils.

2006 ACTIVITIES

DEVELOPMENT OF THE CS COIL HELIUM INLET

Design and analysis

The CS conductor consists of a Nb3Sn cable-in-conduit
with a central cooling channel, cooled by supercritical
helium. The material used for the conductor jacket is
stainless steel. The jacket inner diameter is 33.2 mm and the
jacket outer square section is 49.9 mm 49.9 mm.
The CS modules are wound as hexa-pancakes (6 pancakes
with a single conductor length) and quad-pancakes (4
pancakes with a single conductor length). Helium inlets are
at the crossover regions on the inner bore between each
double pancake and outlets are at the crossover regions and
joints on the outside. The high field region is therefore
cooled by the coldest helium. There are three helium inlets
for each hexa-pancake and two for each quad-pancake. The
inlets are located at the CS inner diameter, where cyclic
tensile stresses are highest. In the CS jacket, the maximum

stress occurs at initial magnetization and reaches 470 MPa
in the vertical sidewalls of the jacket. The helium inlet
region requires, therefore, a local reinforcement to allow the
opening in the conductor jacket without excessive stress
intensification. The inlet must also provide a good
distribution of helium in the six sub-cables of the
conductor. A design of this inlet was suggested by IT to
achieve these requirements. A model of the inlet was built
and a F.E.M. analysis has led to a design optimisation. In
addition, a manufacturing mock-up allowed to validate the
feasibility of this kind of inlet which is characterised by a
narrow groove of one cable twist pitch long. All this work
was performed during year 2004.

Mock-ups manufacture

Unfortunately, due to development problems, no relevant
material for the conductor jacket manufacture was
available.  It was then decided in agreement with EFDA
and IT to cancel the mechanical qualification part of the
contract. An hydraulic mock-up only was built in 2005
using a dummy TFMC cable which was jacketed with a
square Valinox tube. A final length of 4 m of conductor was
produced by ENEA. The helium inlet mock-up called CS-
IN5 was manufactured in the middle of this conductor
length and was tested in the beginning of year 2006.

Hydraulic qualification

The hydraulic qualification was performed on CS-IN5 in
the OTHELLO test facility using GN2 at room temperature
under relevant Reynolds conditions.
The ITER CS operating point is Qc = 8 g/s, P = 0.6 MPa,
T = 4.7 K in supercritical Helium.
The conductor of the mock-up having not the same helium
areas, the Reynolds analogy was made only in the annular
area. The corresponding operating point with Nitrogen in
our facility was determined to be Qc = 60.0 g/s, P = 0.1
MPa, T = 300 K.
The hydraulic path was symmetric as it is on the CS coils
with temperature, pressure and flow rate sensors as shown
in figure 1. Due to symmetry, the conductor flow rate was
recorded at one side only. A specific preparation of each
conductor end allow to separate each petal flow rate and to
record it using a movable flow-meter. With this facility
layout, pressure drop as well as flow repartition among the
petals were recorded.
Four tests were performed: the first one with a 1.85 m
conductor length at each inlet side, this length was then
reduced to 1 m, 0.85 m and finally 0.41 m. With this
process, the evolution of the flow rate distribution was
checked at different distances from the inlet. The inlet
pressure drop as well as the flow rate distribution were
compared to reference pressure drop and flow rate
distribution gained on a 4 m long TFMC conductor with a
gas inlet at one end.
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Figure 1: Hydraulic path of the OTHELLO test facility for
inlet qualification

The pressure drop of the inlet was found to be quasi-linear
with the conductor flow rate. It was interesting to compare
the inlet pressure drop coefficient to the one of the unit
length of conductor. However, in ITER type conductors, the
hydraulics uses a dual channel with a high Reynolds inside
central channel and a low Reynolds in the petals area. Then
the conductor characterisation is not easy. For
simplification, in the particular TFMC conductor geometry,
a reduced pressure drop coefficient and a reduced Reynolds
number independents of the wetted area Ac and hydraulic
diameter Dh can be defined with respect to the global
conductor mass flow rate Qc and the measured pressure
drop P as follows:

2*
Qc

PK
Qc*Re

with
22

*
Ac
KK  and

Dh
AcRe*Re

( , P, Qc, , Ac, Dh) in (Kg/m3, MPa, Kg/s, Pa.s, m2, m)

The reduced inlet pressure drop coefficient K* was found to
have a low dependency on the reduced Reynolds number
Re* in a same way that for the regular conductor unit length
with a value lightly identical (figure 2).
The flow rate distribution among petals was recorded at
1.85 m, 1 m, 0.85 and 0.41 m from the inlet and compared
to the one gained on our reference 4 m long straight
conductor. The results at the CS operating point are
summarised in table 1.
These results show some unexplained behaviour since the
annular flow rate should be maximum near the inlet and
should decrease when the distance to the inlet increases.
Probably that the separation flow system was not perfect
and has disturbed the results. Anyway, it can be concluded
that with this helium inlet design, all the petals are well
cooled by a flow rate higher than in a regular conductor.

Figure 2: Reduced pressure drop coefficient of the CS inlet
compared to the regular conductor unit length

Table 1: Flow rate ratios for the different studied
configurations

Pet
al
1

Petal
2

Petal
3

Petal
4

Petal
5

Petal
6

Annular

At  4  m
of
direct
inlet

5.5
%

5.5
%

5.5
%

5.5
%

5.5
%

5.5
%

33 %

At 1.85
m of
CS
inlet

10.
8
%

11.4
%

11 % 12 % 13.7
%

13.5
%

72.4 %

At  1  m
of CS
inlet

9.1
%

10.0
%

10.4
%

11.9
%

10.3
%

9.7
%

61.4 %

At 0.85
m of
CS
inlet

9.2
%

9.4
%

14.5
%

9.7
%

8.9
%

10.1
%

61.8 %

At 0.41
m of
CS
inlet

8.9
%

9.3
%

8.2
%

10.1
%

9.5
%

9.1
%

55.1 %

DEVELOPMENT OF THE BONDED TAILS OF THE
PF COIL WINDINGS

Design

The ITER PF coils design consists of a stack of double
pancakes of cable-in-conduit conductor with a square
section jacket. At each joint and terminals of a double-
pancake, a structural element is required to transfer the
hoop force from the outmost conductor to the winding-
pack. The design envisages a ‘tail’ welded to the terminal
conductor jacket, bonded to the adjacent turns, transferring
this force by shear through the interposed insulation to the
winding pack. A design was developed in the framework of
contract EFDA00-541. The scope of the present task is to
design and build a mock-up, representative of the main
features of the coil tail and to subject it fatigue cycled test,
at LN2 temperature, at ENEA laboratory (Brasimone, Italy).
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Figure 5: Overall view of the mock-up design

Manufacturing of mock-up and tests structure

The manufacturing of the coil tails parts and the adjacent
steel plates was completed in 2005. The assembly and
impregnation of the mock-up was performed by Alstom
under CEA specifications. The insulation wrapping,
according to the ITER design, consisted of various layers
of coupled glass-fibre/Kapton, half overlapped. Particular
attention was paid to the filler parts, machined from
special high glass density G10 material (Micam®) to limit
thermal induced stresses at cool-down. Following
impregnation, the end faces of the mock-up were
machined to provide smooth surface to assemble the bolted
flanges, anchoring the mock-up to the test structure.
Finally dieletric high voltage tests at 4.5 kV were
performed to confirm the insulation integrity.
To overcome the strict space limitations and apply
sufficient pre-load (400 kN per bolt), special bolts M30
bolts, in Inconel 717, were procured (PS-Superbolt®), and
a special test structure, required  to invert the test machine
compressive force into traction force on the mock-up, was
also designed and manufactured.  The latter consists of two
coaxial tubes and flanges, 100 mm thick, where the
mock-up end faces are bolted.

Figure 6: PF tail mock-up after impregnation and end face
machining

Figure 7: Mock-up fully assembled with test structure
ready for transport

The bent conductor jacket were extracted and subjected to
tensile cycled testing at 7K, at the FZK laboratory. The
weld test samples were able to withstand 60000 cycles at
an equivalent tensile stress of 400 MPa (average on the
sample section) and would fail after 22000 cycles at 500
MPa. The expected result was that the sample would pass
the 60000 cycles at 600 MPa. Further investigation
showed a not complete penetration of the weld explaining
the results. This is not considered satisfactory as a full
qualification of the weld to be implemented on the
ITER-PF. As similar welds were performed on the coil-tail
mock-up parts, the load level for cycle testing the mock-up
was reduced from twice the nominal load to the nominal
load. This does not meet the requirement of a full
qualification of the process, nonetheless a successful test at
the nominal load and 60000 cycles would provide
invaluable experience and source of data. Given the
limitations of the computing codes in cases of stresses are
in bonded surface, it could provide an experimental
confirmation, and confidence, on the sound basis of the
design.

Figure 4: Coil-Tail mock-up, welded onto
conductor jacket on the terminal bend

PF coil tail
Conductor terminal bend

PF Conductor  Tail

Figure 3: PF coil tail from ITER drawing
FEAT-1201690003
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Tests on the mock-up

The fatigue cycled tests, of the mock-up, at LN2
temperature, took place at ENEA Brasimone in February
07. In preparation of the tests, optical targets and cameras
were installed to measure displacements at two symmetric
locations. Temperature sensors mounted at various levels
on the test structure to monitor the cooling down phase.
The mock-up and test structure were inserted in thermally
insulated steel vessel.  Thick glass/epoxy blocks were used
for insulating the vessel bottom and the top plate of the
mock up test structure from the machine piston. To
maintain the piston always in contact, considering the
piston friction of 120 kN, a minimum load was set at
140 kN. Cycling was between 1400kN and 140 kN with
10 seconds periods (faster operation was attempted, but
found not to be compatible with the overall piston
movement of about 4 mm).  Recording of data was set at 4
Hz. Cool-down took 7 hours to fill-up the vessel with LN2.
Few hundred cycles were performed at half load to verify
for linearity, immediately followed by the 60000 cycles at
full load, which lasted for 6 days. The recorded optical
measurements on the mock up were unchanged over the
60000 cycles and show linearity with the cycles at half
load. The measured displacement of 2 mm peak to peak is
consistent with the estimates of 1 mm displacement on the
mock-up plus 1 mm deflection in the test structure. The
final analysis and assessment of data is underway but the
indications are that the mock-up passed the test
successfully.

Figure 9: Test machine and LN tank during cycled tests

CONCLUSIONS

This task is devoted to design and fabrication of mock-ups
for three different items: the TF helium inlets, the CS
helium inlets and the PF bonded tails. During the year
2006, the task was terminated by the following actions:
A final report on the work on the TF inlets terminated in
the previous year was issued [1].

For the CS inlet, it was agreed to stop the mechanical
qualification due to the lack of relevant material for
conductor manufacture. An hydraulic qualification mock-
up manufactured in 2005 using a TFMC type cable with
square steel jacket was tested for hydraulic
characterisation. The pressure drop was found very low
and equal to the conductor unit length. All the petals were
found over cooled at every distance of the inlet. A final
report was issued [2].

The manufacture of the PF tail mock-up was terminated in
year 2006. The final report was issued [3]. The testing of
the mock-up concludes the activity, for the PF coil tail
development undertaken in the task framework.
Unfortunately, due to problems in the welds between ‘tail’
and conductor, which can be overcome, the tests at
nominal conditions were then cancelled in agreement with
EFDA. A full qualification at twice the full stress load was
not possible. However the tests undertaken at nominal load
have demonstrated the sound basis of the design.  For a
full qualification at twice the nominal load new mock-up
would be required.

Epoxy Block

Machine Piston

LN Tank

Inner tube

Outer tube

MockUp

Epoxy Block

Figure 8: Schematic of the test set-up with the PF tail
 mock-up, test structure and test machine
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CEFDA04-1127

Task Title: TW4-TMSC-SAMAN1: MANUFACTURE OF SUBSIZE SAMPLES

INTRODUCTION

The tests of the ITER TF model coil in 2001 – 2002 have
shown that the performance of the conductor was lower
than expected. New high performance strands have been
ordered by EFDA to industry.

In the framework of the SAMAN task, EURATOM-CEA
Association has to explore the sensitivity of these high
performance Nb3Sn strands on stainless steel jacketed
subsize samples, regarding the critical properties. This will
be done by ordering and manufacturing subsize samples in
the industry and then by participating in the tests at FZK
(Germany) in the FBI test facility, and in their
interpretation.

In the first stage of the scientific program, using OST
strands, subsize cables of different cable layouts (9, 45 and
180 strands) have been produced, the number of pure
copper strands the void fraction or the cabling pattern,
have been varied.

In the second stage of the saman task, strands originated
from different companies will be tested on two kinds of
subsize samples such as to compare the sensitivity of the
different strands to the strain. A first strand manufactured
by  OCSI  has  been  tested  in  the  FBI  test  facility.  An
analysis of the results is presented.

2006 ACTIVITIES

OBSERVATION OF STRAIN DEGRADATION IN
SAMAN SAMPLES OF THE FIRST STAGE

Increasing the Lorentz force in FBI by testing the
samples a low field down to 10 T

Starting from the test of the model coils of ITER and
especially from the ITER TF model coil, it has been
demonstrated that the Lorentz force, due to the
combination of the high transport current in the cable and
of the high magnetic field surrounding the conductor, has
clearly an effect on the critical properties of the strand.
What is not still completely clear is whether this effect is
due to the global Lorentz force on the sample or whether it
is due to the Lorentz force acting on each individual strand
by bending them or whether both of them are playing a
role in a complex form.

Lorentz force per strand in ITER TF system (11.8 T,
68000 A, 900 superconducting strands): 892 N.

The FBI test facility is operating only at 4.2 K. Due to the
technology of the connection and due to the test procedure
(inductive mode), it is assumed that the current distribution

among the strands is homogeneous. FBI offers two ways to
increase the Lorentz force, which increases the strain in
absolute value, and enables to observe the effect on the
samples:

- The first way is to stretch the sample by pulling on it,
which uncompresses the sample and decreases the strain
(in absolute value). The critical properties of the sample
are therefore improved simultaneously with the Lorentz
force increase, and the process can reveal different
behaviors according to the sample properties. This is the
classical way of using the FBI test facility which can
provide in addition, at maximum performance, the initial
compression of the sample due to heat treatment. The
results of these tests have been presented in a recent
paper.

- The second way is, before stretching the sample, to
explore the sample critical properties at different fields
using the maximum capacity of the FBI power supply
(10 kA). Contrary to what is generally thought, the
maximum of Lorentz force is reached not at high
magnetic field but at low magnetic field (the minimum
field practically applicable in FBI is 10 T). The results of
this approach are reported here.

Using the second way, the order of magnitude of the
Lorentz force in FBI is far above the nominal Lorentz
force in ITER TF system (by around three times).
It is therefore very interesting to investigate the effects on
critical current of such tests at low field.

The detrimental effect of the Lorentz force on samples

Classically, from the critical current measurement at given
field and temperature (B and T=4.2 K), and taking into
account classical correlations for Jnoncu as a function of B,
T and effective (the strain), an effective value of the strain,
can be deduced .Snoncu is the non copper section in the
strand.

Ic =Snoncu Jnoncu (B, T, effective)

The detailed results of this study have been published in
[1].
It is illustrated in figure 1 where two samples with the
same number of OST type 1 strands (30 superconducting
strands and 15 copper strands) have been tested at different
magnetic fields. Figure 1-a regards sample n05 with 25 %
void fraction, while figure 1-b regards sample n06 with 45
% void fraction. The typical Lorenz force per strand is
1400 N/m at 14 T (already larger than in ITER) and 2200
N/m at 10 T. The behaviour of sample n05 shows better
resistance to strain degradation to Lorentz force including
a region with a plateau.
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Effect of B on effective strain n05 A225 OST type I
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Effect of B on effective strain n06 A245 OST type I
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Figure 1: Effect of field on strain degradation for two
different OST type 1 samples during first stage of the

scientific program (effect of void fraction)

- The main conclusion of this study is that the strain
degradation is already visible on small subzise samples
(45 strands) showing that the Lorentz force per strand is
probably playing a major role.

- OST type 1 strand strands behave better sans OST type 2
showing the role of the strand.

- Subsize samples with low void fraction (25 %) showed
better performance and less sensitivity to strain than
samples with high void fraction (45 %) or samples with
standard void fraction.

- Subsize samples with long twist pitches
(45 mm/85 mm/125 mm) showed better performance
than samples with small twist pitches (35 mm/ 65
mm/110 mm).

High Lorentz force during Sultan tests on full size
conductor?

It is well known that the contact resistances of the strands
constituting the cable with the copper sole of a connection
such as the one equipping the Sultan full size sample, are
far from being homogenous. At given field, the current is
increased in the sample and in this inductive phase the
current can be relatively well distributed within the strands
because it is inductively driven. After a short relaxation
time, which can be in the order of few minutes in Sultan,
the current distribution relaxes to a resistive mode where
the current in certain strands is probably very high and
limited only by its critical value. In these conditions the
Lorentz force can be very high especially at low field.
The paradox is that, at low field, the samples can be
severely damaged by hidden large currents circulating in
the strands connected by the lowest contact resistances.
The tests in FBI have shown that the tests at low field are
associated with the largest Lorentz forces and therefore the
largest effective strains (in absolute value). Careful
examination of the sequence of tests at Sultan or on the

dipole prototype conductors can reveal that tests at low
field are particularly degrading the conductor.
Note that the relaxation phase in ITER TF system will
probably take, due to the long length of conductor, more
than one hour.

SAMPLES OF THE SECOND STAGE OF THE
SCIENTIFIC PROGRAM

In the second stage of the saman task, several strands from
different companies are planned to be tested, to explore
their sensitivity to strain. All the samples related to this
second stage have now been manufactured. The results
presented here are related to an OCSI strand. The
particularity of the OCSI strand is that the copper to non
copper ratio is high: 1.5. The characteristics of the strand
are the following: Billet number: NS026001 Jnoncu (12T,
4.2 K, 0) = 1030 A/mm2.
The detailed results of this study have been published in
[2].
It is illustrated in figure 2 where two samples with the
same OCSI strand and same standard void fraction have
been tested at different magnetic fields. Figure 2-a regards
sample n31 with 30 superconducting strands and 15 copper
strands, while figure 2-b regards sample n33 with 60
superconducting strands and 120 copper strands.

Figure 2: Effect of field on strain degradation of two
different OCSI samples during second stage of the

scientific program (effect of sample size)

As observed for OST strands, the strain is very correlated
to the Lorenz force per strand. The behaviour between n31
and n05 is different because the Lorentz force per strand is
smaller due to the high copper ratio within the strand and
therefore the strain degradation is smaller for n31 as the
field decreases. The influence of the size of the sample is
also visible between n31 and n33, showing that the global
Lorentz force is playing a role an not only the Lorentz
force per strand.
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Is there an interest for ITER TF coils to high copper
ratio strands like OCSI strands?

At given Lorentz force per strand, the OCSI strand is not
far better than the OST strand. However we cannot
consider that the four legs of the EU TF-AS samples
recently tested in Sultan [3], were operated at the same
Lorentz force per strand.
Supposing the current perfectly distributed among the
strands at given sample current, due to the number of
superconducting strands in the cable, the Lorentz force
was smaller by 50 % in the OCSI leg than in OST leg of
the EU TF-AS samples, which makes a big difference.
In addition, it is probably due to current distribution in the
conductor, especially at low field, that in some modes,
large currents can be induced in some strands producing
large Lorentz force in the strand.
With respect to this behaviour, OCSI strands due to lower
non copper section, at same non copper current density as
in OST strands, provide a kind of auto-limitation of the
induced current by about 50 % lower than in OST strands.
This can explain the good results of the OCSI leg in the
EU TFSAS samples which provided the best Tcs of the
four legs, not far from ITER requirement and especially
with nearly no degradation by cycling (contrary to OST
and OKSC samples), which is very safe for the designer.
This behaviour confirms what has been observed with such
a strand in the TFMC and in the associated Sultan samples.

It  cannot be stated that the Lorentz force per strand is the
only driver of the degradation due to strain and it is
confirmed that the total Lorentz force per conductor is also
playing a role.
Again there is now an interest to test the FBI samples by
cycling them at different Lorentz forces as proposed in [1].

CONCLUSIONS

To reduce the average Lorentz force and prevent as far as
possible hidden local Lorentz forces, is certainly
determining.
There are several ways to go to this direction:

-  By not choosing very advanced strands in the project,
which by definition can accept in them very high current
and associated very high Lorentz force. The very
advanced strands are famous to be more fragile than the
non advanced strands but they have certainly also this
faculty to auto damage themselves by accepting
“naturally” high Lorentz forces.

- By spreading non copper in the overall section and
suppressing copper segregation (but this solution has a
high cost).

- By improving the strand support either by decreasing the
void or by improving the twist pattern. Samples with
long twist pitches have proved to behave better during
the FBI tests.

- The inhomogeneous current distribution within a petal,
which was supposed not to affect the conductor
performance, thanks to current redistribution in the high
field zone, is eventually an issue due to hidden high

Lorentz  force.  A  reflexion  has  to  be  carried  out  to
improve this current distribution in joints.

REPORTS AND PUBLICATIONS

 [1] J.L. Duchateau, N. Dolgetta “EFDA contract TW4-
TMSC-SAMAN1:  “Second intermediate report
Estimation of the detrimental effect of Lorentz forces
on Nb3Sn strands by critical current measurements in
the FBI test facility” October 2006 internal CEA
report AIM/NTT-2006.032

[2] J.L. Duchateau, N. Dolgetta “EFDA contract TW4-
TMSC-SAMAN1:   OCSI  strand”  December  2006
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CEFDA04-1170

Task Title: TW4-TMSC-RESDEV: DEVELOPMENT AND TESTING ON NEW
RESIN SOLUTION

INTRODUCTION

New advanced cyanate ester-based resin materials have
been tested and found to have significantly improved
radiation resistance as compared to currently used resins.
Therefore, it is necessary to stimulate the activity within
Europe to gain experience with these new resin systems in
close collaboration between the associations and the
European companies.
The primary objective of this task is to industrialise the
vacuum impregnation technique of new advanced resins
with optimised catalyst contents, resin temperatures and
lifetime for large magnet systems. To qualify the process,
a mock-up with about 50 kg of resin will be manufactured.

2006 ACTIVITIES

The work with Hunstman has continued to find a resin
formulation which fulfils the requirements for an
impregnation process.  The baseline was a 40/60 CE/epoxy
blend. At the end of November 2006, a formulation has
been proposed which shows a pot life of 24 hours and a
suitable viscosity profile; if the curing at 150°C is not
complete, the degree of curing is similar to the degree
measured on samples tested positively by ATI, so we can
expect similar mechanical behaviour. The safety studies
have begun.
Following the conclusions of the mechanical studies after
irradiation made at ATI on different CE/epoxy blends,
EFDA has decided in March 2007 to change the baseline
from the 40/60 to the 30/70 CE/epoxy blend as baseline.
So a new campaign of tests has to be done to correct the
amount of catalyst, check the viscosity profile and the
curing conditions.
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CEFDA04-1215

Task Title: TW4-TMSC-CRYOLA: CRYOGENIC TESTS ON ITER MAGNET
STRUCTURAL MATERIALS

INTRODUCTION

The main objective of the task was:

- To perform cryogenic tests at 4 K, 77 K and room
temperature to characterize the structural materials of the
ITER magnets from the thermal and mechanical point of
view (e.g.: jacket, TF case, …);

- To spread and standardize the available know-how on this
type of cryogenic tests across the European laboratories to
be prepared for the large number of tests necessary during
the ITER magnet procurement action.

This task is performed in collaboration with FZK for the
definition of the standard procedures to be followed during
mechanical cryogenic tests at 4 K, 77 K and room
temperature.

Air Liquide / DTA and CEA / SBT have been collaborating
for years in the field of material characterization: Air
Liquide / DTA is in charge of Mechanical tests (Young
modulus, tensile tests, compression tests, fatigue tests …)
while thermal tests are performed at CEA / SBT (thermal
expansion, thermal conductivity …).

From a technical point of view, the work is separated in two
parts: the first one concerns the upgrade of the test benches
to improve the quality of the measurements and to
standardize the measurement procedures (especially for
mechanical tests).
In the second part, the same tests were carried out at the
FZK laboratory and at CEA / SBT and Air Liquide / DTA.
Then the results were compared.

After all these tests a preliminary study was done
concerning the time scales and the requirements in terms of
equipment versus number of tests per year needed for the
ITER quality program of the magnets.

This task started at the beginning of 2005 and was finished
at the end of 2006 [3].

2006 ACTIVITIES

THERMAL TESTS:

In 2005, all the thermal tests of the contract were performed
for the stainless steel and composite samples. After some
difficulties in 2006 for the elaboration of the material
foreseen in the RESDEV task, the thermal tests on these
samples have been postponed.

MECHANICAL TESTS

About the mechanical tests, the year 2005 was dedicated to
the update of the test bench to be able to perform fatigue
tests. In 2006, these tests have been done.

Figure 1: Mechanical test bench

FRACTURE TOUGHNESS

Such a test was performed on alumimium 7020 material
following the E399 standard at room temperature. The
measurements and some samples after tests are shown on
figures 2 and 3.

Figure 2: Load - Displacement Diagram allowing to
calculate the Fracture toughness

A good agreement was found between FZK ones and our
measurements.
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Figure 3: Aluminium 7020 specimen after fracture

J-TEST

The test campaign using an automatic load ramping gave
good quality results. The tests were performed with
stainless steel samples (grade 316 LN) at 4 K. The results
for one measurement are given in figures 4 and 5.

Figure 4: Load displacement diagram for 316 LN

Figure 5: Diagram for JQ determination

As for fracture toughness, a good agreement with the FZK
measurements was found.

FATIGUE CRACK GROWTH RATE TEST (FCGR)

These tests were performed on stainless steel material
(grade 316LN) at 4 K. An up-to-date procedure, from FZK
was applied for these measurements and the analysis done
by Air Liquide showed a good understanding of the
method.

Figure 6 presents the results of this measurement.

Figure 6: FCGR test

DEVELOPMENT OF TEST BENCHES

As only few inputs are so far available in Europe
concerning the amount of tests needed for the magnet ITER
quality program, different assumptions and scenarios were
taken into account for mechanical and thermal tests. The
table 1 summarises the result of this study according to the
test type.

Table 1: Tests required for Iter magnet quality program

Up to 50
tests/year Nothing required

From 50 to
250 tests/year

Automation of the current test
benches (delay: 6 months)Mechanical

tests
Beyond 250
tests/year

Test bench dedicated to ITER
program needed (delay: 12
months)

Up to 50
tests/year Nothing requiredThermal

expansion
coefficient Above 50

tests/year

Additional test bench(es)
dedicated to ITER program
(delay: 12 months)

Thermal
conductivity

Few tests/year
due to the
needed time
for one test (10
days)

New test bench is envisaged
to reduce the effect of
radiation near the room
temperature (delay: 14
months)

CONCLUSIONS

Concerning thermal tests (coefficient of thermal expansion
and thermal conductivity), the high skill already present at
FZK and CEA / SBT in this field resulted in a good
agreement between all the measurements.
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Concerning mechanical tests, Air Liquide was able to
perform standard tests in good conditions and nothing
special was required. For the fatigue tests, FZK transmitted
the skill to Air Liquide and the measurements performed
then and analysed by FZK showed that they were properly
carried out by Air Liquide. This validates the capability of
Air Liquide to perform these types of tests.

Because  of  lack  of  input  data  from Europe  and  /  or  ITER
team so far, concerning the number of tests per year,
different assumptions were envisaged to estimate the
necessary developments to be carried out in order to be able
to face the ITER Magnet quality program.
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CEFDA04-1219

Task Title: TW4-TMSC-SAMFSS: MANUFACTURE OF TWO FULL SIZE
SAMPLES OF Nb3Sn STRANDS

INTRODUCTION

Following the revision of the design of the ITER TF
conductor in 2003, relying on the use of advanced Nb3Sn
strands, EFDA launched an R&D programme in 2004 to
procure advanced strands in industry. The final advanced
Nb3Sn strand qualification will be done by the testing of
two full size conductor samples. This task covers the
manufacturing of the samples according to the requirements
of the SULTAN facility. The work includes the joint
fabrication, sample assembly and instrumentation. The
manufacture of the conductor lengths is performed by
ENEA and the heat treatment is performed at CRPP
(Switzerland). The zero field joint resistance will be less
than 2 n , in order not to interfere with the conductor
measurements. The same applies to the upper terminations,
which will meet the CRPP/SULTAN requirements. The
two full-size samples (corresponding to four legs) will be
made using different types of advanced strand.

2006 ACTIVITIES

PREVIOUS ACTIVITIES

The sample design was defined in year 2005. The first
sample EU-TFAS1 was manufactured at Ansaldo
Superconduttori (A.S., Italy) under CEA monitoring and
was delivered for test in the CRPP/SULTAN test facility in
November 2005.
The manufacture of the second sample using OKSC and
OCSI conductors has started in September 2005 The two
legs were sent for heat treatment to CRPP in November
2005 and sent back to A.S. in December 2005 for final
sample assembly.

EU-TFAS2 MANUFACTURE

The manufacture of the sample started in September 2005.
This sample uses the OKSC and OCSI conductors.

The preparation of the two legs was done in the same way
as described for the first sample. After the heat treatment at
CRPP, the two legs were back to A.S. for final assembly in
January 2006.  The final assembly was performed in the
same way as it was performed for the first sample. The
geometry, tightness and electric insulation were checked to
be in accordance with the specifications. To save time, it
was agreed to perform the final instrumentation in the CEA
laboratory, the sample was then delivered to
CEA-Cadarache on March 2006. From the experience
gained on the test of the first sample, it appears than the
thermalization of the temperature sensors was not correct.
So, all the instrumentation was identical to the first sample

excepted the temperature sensors which were assembled
with an additional thermal insulation. In addition, the
temperature sensors were doubled in the high field region
using remaining CERNOX sensors with a layout identical
to the one successfully tested on the old full size samples
(SS-FSJS and PF-FSJS). The final delivery to CRPP for
tests was in April 2006 (figure 1).

Figure 1: The EU-TFAS2 ready to be sent to CRPP for test

CONCLUSIONS

The task SAMFSS is devoted to the manufacture of two full
size samples to be tested in the CRPP test facility.  These
samples were designed with a TFMC type conductor using
circular steel jacket. Each sample uses two conductor
lengths each of them using one candidate advanced strand
proposed by the industry. Four different strands will then be
tested in the same cable configuration and the results will
be compared to the previous results gained on the TFMC
full size joint sample. The production of conceptual
drawings and the manufacture were performed by Ansaldo
Superconduttori (Italy) and started in May 2005. The first
sample was manufactured with EAS and OST strands And
delivered to CRPP for tests in November 2005. In the same
time, the second sample manufacture was started after
delivery of the conductors using OCSI and OKSC strands
in September 2005. After preparation of the two sample
legs and heat treatment at CRPP, the legs were back to A.S.
in January 2006. The final assembly was performed in the
same way as it was performed for the first sample. After the
final dimensional, tightness and insulation tests, it was
decided to send the sample to CEA-Cadarache for
instrumentation. The temperature sensors which were
detected after the first sample test to be incorrect were
modified and doubled in the high field region to insure a
better temperature measurement. The final delivery to
CRPP for tests was in April 2006. A final report was issued
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[1]. This last sample concludes the task with the two
samples set which are the first which could give helpful
information on the performances of advanced strands for
ITER TF magnets in real cable-in-conduit conditions.
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CEFDA05-1363

Task Title: TW6-TMSC-THCOIL: THERMOHYDRAULIC ANALYSIS FOR
THE ITER SUPERCONDUCTING COILS

INTRODUCTION

In the framework of the thermohydraulic analysis for ITER
superconducting coils, the main objective of this task is to
provide assistance to the ITER International Team in
performing thermohydraulic simulations of the ITER TF
coils for a range of operating scenarios and parametric
analysis. This analysis allows to update the conductor
design documentation and to investigate the impact of
selected design parameters on the conductor performance
and the cooling loop efficiency.

The CEA and the D.V. Efremov Scientific Research
Institute of Electrophysical Apparatus have signed a
cooperation agreement for the utilization of the
VINCENTA software developed by Efremov Institute. This
cooperation concerns, inter alia, the use of the VINCENTA
code for the modelisation of the ITER cryogenic system.
All the results presented here were derived with the
vincenta code.

2006 ACTIVITIES

TF COIL MODEL DESCRIPTION

The  ITER  18  TF  coils  are  “D”  shaped  and  consist  of  a
winding pack contained in a thick stainless steel casing. The
TF Winding Pack (TFWP) is included in a structure of
radial plates (which contain the conductor), with an outer
insulation. The casing surrounds completely the winding
pack and is closed by welding. A cross- sectional view of
the TF coil model is shown in figure 1. Figure 2 shows the
layout of cooling inlets/outlets and the positons of the
cross-sections considered in the calculation.

Figure 1: Geometry of the coil cross-section
(conductors are in yellow color)

Figure 2: Layout of the He inlets/outlets and cross sections

CRYOPLANT CONTROL DESCRIPTION

Usually, a helium cryorefrigerator is operated in steady
state with mixed operation including constant refrigeration
and liquefaction capacities. Therefore, in the particular case
of ITER, variable heat loads which are induced by the
magnet system itself and the nuclear heating, must be
smoothed before reaching the cryoplant.

The ITER cooling system consists of two main loops (see
figure 3) cooled by a forced flow of supercritical helium:
one loop cools the casing and one loop cools the TF
winding pack. Each loop includes a circulating pump and
all the heat deposited in the loop flows to the heat
exchanger.

Two other loops dedicated to the central solenoid (CS) and
the poloidal field (PF) have also to be considered, as they
contribute to the total heat load to the cryoplant, as it can
seen on figure 3. These cooling systems are considered in
the analysis by the time-dependent heat deposited into the
bath of the heat exchanger. In the analysis only 1 bath
instead of four in reality are considered. This bath receives
all the heat deposited in the structures and the different
magnetic systems.

Heat Load into the helium bath

The smoothing of the total heat load is performed through
the control on the heat loads coming from the TF casing
circuit only. When the variable heat load coming to the
saturated bath tends to increase over its average value, part
of this load coming from TF case is derived and will be
released after the plasma pulse, when the loads to the bath
will decrease. To achieve this, a cooling scheme with a
by-pass valve is used. Indeed, two control valves are
considered in the casing cooling loop.
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Figure 3: Four Cooling loops: above TFWP and Casing loops, below CS and PF loops

The total  cross-section  of  the  system of  valves  (control  +
by-pass) seem by the helium flow remains constant, so that
the circulating pump always operates on the same
characteristic point. When the instantaneous sum of the
heat loads from all the magnet systems transferred to the
cryoplant becomes higher than its average value, the by-
pass valve of the TF casing cooling circuit is opened and
only one part of the total supercritical helium flow reaches
the heat exchanger. So, the temperature of the structures
increases. The temperature of the structures is allowed to
vary in a larger range than the coil temperature.

Parametric study

Different ITER plasma scenarios were studied:

1. Reference plasma scenario:  15 MA plasma,
  500MW,
  400 s burn

2. Reference plasma scenario:  Plasma disruption at
  end of burn 7th pulse

3. Hybrid scenario:  14 MA plasma,
  400 MW,
  1000 s burn

4. High nuclear heating scenario:  17 MA plasma,
  700 MW,
  200 s burn

We studied the sensitivity to the main thermo-hydraulic
parameters (mass flow rate for casing loop, bath

temperature for heat exchanger…) and the sensitivity to
changes in conductor parameters in order to verify that
the magnet system always remains in the superconducting
area (the value of electrical field should be less than
2 µV/m).

CONTROL PERFORMANCE DURING NORMAL
OPERATION OF ITER

Simulation without power control

This simulation is first performed to estimate the total
average heat load. The total average heat power over a
plasma pulse is 26.1 kW as shown in figure 4.

Ref. Scenario : Heat Power into the bath - Voff
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Figure 4: Time evolution of different heat power
contributions into the bath
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Simulation with power control

The value for the control of the variable load is chosen to
be close to the average heat load calculated from the
previous simulation. Each valve aperture is controlled to
split the SHe flow between the heat exchanger and the by-
pass circuit, to ensure that the total heat load on the LHe
bath is kept below the fixed limit. This limit will be some
% higher that the average heat load in order to obtain
steady state conditions for strand temperature and
electrical field. Figure 5 shows the time evolution of heat
power into the bath with two different controls. It appears
that the cryoplant control algorithm does not ensure a
complete smoothing of the pulsed heat load.

Ref. Scenario : Heat Power into the bath - Voff/Von
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Figure 5: Time evolution of heat power into the bath
without and with control

CONCLUSIONS

A Thermal-hydraulic analysis of TF coil with and without
control operation including the plasma disruption was
performed in this study.

First, we derived, for all plasma scenarios, an electrical
field value lower than the 2 µV/m. This criterion is the
maximum electrical field allowed at the nominal operating
point. The peak value is obtained for the pancake #6 in the
high field region. Conductor shows a higher temperature in
that region, but stays below the 5.0 K design value.
The control of the power does not induce a strong variation
of the electrical field.

Second, the analysis performed shows that the cryoplant
control algorithm ensures only a partial smoothing of the
pulsed heat load. The relative variation of power in the
helium bath is about 40%-45% without control and about
18%-20% with the active control. Nevertheless, the
dynamic variation of the helium bath power (upstream of
cryoplant) with and without control has practically the
same slope in the increase phase ~ 20 W/s.

REPORTS AND PUBLICATIONS

[1] THCOIL Intermediate report I. August 2006

[2] THCOIL Intermediate report II. October 2006

[3] THCOIL Final report. January 2007
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CEFDA05-1370

Task Title: TW6-TMSC-TFPRO: ITER TF FULL SIZE PROTOTYPE
CONDUCTOR

INTRODUCTION

In agreement with the ITER Team, EFDA-CSU Garching
has decided to qualify the manufacturing feasibility of the
present ITER TF conductor design. To this purpose, three
full size TF conductor lengths will be manufactured
according to the ITER design, using lower performance
Nb3Sn strand. Our Association shall follow up the whole
manufacturing process and shall procure all required
components including the lower performance Nb3Sn
strand.
The work consists in the following sub-tasks:

1) Procurement of Cr plated copper strand and lower
performance Nb3Sn strand.

2) Cabling and jacketing of a dummy conductor length
using copper strands.

3) Cabling and jacketing of three conductor unit lengths
according to the ITER TF conductor specification
using lower performance Nb3Sn strands.

After writing of a technical specification and
corresponding call for tender, the contract was passed with
the NEXANS company which have the equipment needed
for production of ITER type cables and corresponding
jacketing, and a wide range of cabling machines in
different factories.

2006 ACTIVITIES

PROCUREMENT OF CONDUCTOR
COMPONENTS

During year 2006, the components were procured:  central
spiral, dummy and superconducting strand, jacket-tubes. A
length of 24 m of the central spiral was manufactured by
the MECARESSORT Firm (France). This spiral is a 9 mm
O.D. with a gap of about 40% as specified by IT. Due to
the cost and delay for base material procurement, it was
agreed to use AISI 304L instead of the AISI 316L foreseen
for this spiral manufacture. The spiral was delivered to our
Association on June 2006. It is to be noted that this kind of
spiral has “tile” deformation as it was observed on the old
spiral productions. It seems difficult to overcome this
problem without start from a pre-shaped tape in the
opposite direction to the tile deformation.
The tubes for the jacket manufacture was produced by
INOXTUBE. A minimum quantity of 100 m of tube was
delivered to our Association. Half was delivered to ENEA
for their conductor manufacture program as requested by
EFDA. The dummy copper strand of 0.81 mm diameter
were procured by EFDA. The superconducting 0.81 mm

diameter Nb3Sn  strand  was,  was  made  by  ALSTOM.
These strands were chrome plated by DURALOY.

CABLING AND JACKETING OF CONDUCTOR

After drafting of the technical specification and the relative
call for tender, the contract was awarded to the NEXANS
company, which has the type of equipment needed for the
manufacturing of ITER type cables and jacketing, and a
wide range of cabling machines in various factories. The
cabling of sub stages up to the sub–petal stage, with
dummy and superconductor strands, was performed at
OPTICABLE  (B)  by  the  end  of  year  2006.  The  final
cabling of the petals and the cable is planned to be
performed in year 2007 at the NEXANS-CORTAILLOD
(CH) factory. The final jacketing being planned to be
performed at NEXANS Jeumont (France).

CONCLUSIONS

This task is mainly devoted to qualify a new conductor
manufacturer which is the European company NEXANS.
The work has started by the material procurement and the
first cabling stages were performed. The final petal and
cable stages as well as the cable jacketing will be
completed in 2007.
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TW1-TMS-PFCITE

Task Title: POLOIDAL FIELD CONDUCTOR INSERT (PFCI)

INTRODUCTION

Within the framework of the ITER project, the EU partner
has been asked to manufacture a model coil, called Poloidal
Field Conductor Insert (PFCI), to be tested in the JAEA test
facility in Naka, Japan. The development, manufacture and
testing of the PFCI coil shall support the design of the ITER
PF conductors and coils.
The  main  objective  of  the  model  coil  tests  is  to  get  a
complete knowledge and understanding of the behaviour of
high current NbTi cable-in-conduit conductors and related
joints under operating conditions as foreseen for the ITER
Poloidal Field (PF1 & PF6) coils. A conductor
representative of the ITER PF1 & PF6 coils was wound in a
single layer coil and equipped with a numerous
instrumentation composed of inductive heaters, voltage
taps, temperature and pressure sensors, strain gauges, etc.
The coil fabrication was completed in summer 2006 at
Tesla (UK), and, due to the time needed to prepare the
ITER CS Model Coil (CSMC) test facility at JAEA, the
tests are now planned in 2008.

The coil winding features a square conductor with a NbTi
superconducting cable inserted in a thick wall, stainless
steel jacket. Superconducting joints are required to connect
the coil to the current leads. Another joint is located at an
intermediate location in the winding to test an ITER-
relevant joint under magnetic field operating conditions
similar to the ones foreseen in the ITER PF coils. The upper
and lower terminations shall connect the winding to the
existing CSMC Insert busbar system of the CSMC facility,
as well as to the cryogen supplies.
The work of our Association within task PFCITE covers the
following items:

- Participation to definition and review of the test procedure
- Participation to operational campaigns of the PFCI and

reporting of the results
- Analysis of the results, including thermo-hydraulic,

electro-magnetic, and structural simulations of the real
operating conditions of the coil

- Analysis of impact of results on ITER PF coils design

2006 ACTIVITIES

For 2006, activities were reduced because of the delay
taken in the fabrication of the PFCI at Tesla (UK).
However, some significant work was performed to prepare
the PFCI tests by predicting conductor DC performance,
conductor AC losses, and intermediate joint AC losses. The
results of these predictive analyses have been presented
together with analyses from other laboratories at the 2006
Applied Superconductivity Conference in Seattle (USA),
August 29-September 1, 2006 [1].

PREDICTION OF CONDUCTOR DC
PERFORMANCE

Predictive simulations have been performed on the basis of
the PFCI test program. The main features of the model used
for calculations are as follows:
- 3D geometrical computation for strands trajectories

considered for 240 individual strands equivalent to one
main subcable (petal), with a longitudinal increment of 10
mm.

- Strand/field angle effect is considered along the
trajectories, with an anisotropy factor P = 0.3

- A constant longitudinal temperature gradient along the
conductor was assumed

- Strand temperature is assumed equal to helium
temperature

- The local magnetic field on strands is obtained thanks to a
2D interpolation from the given computed data table
provided by the Efremov Institute

- Uniform current density among strands inside the petal is
assumed

- The strand transition n index is taken at n = 25

Two current sharing temperature (TCS) tests have been
chosen, with: IPFCI = 18 kA and IPFCI = 45 kA, respectively.
For both tests, the applied magnetic field is B ~ 6 T (ICSMC ~
21 kA), the helium inlet temperature is Tin (t = 0 s) = 4.5 K,
the helium inlet pressure is pin (t = 0) = 0.6 MPa, the helium
mass flow rate is dm/dt (t = 0) = 10 g/s and the temperature
increase rate is dT/dt = 1 mK/s.

The overall results are shown in figures. 1 a) and b) for 18
kA and 45 kA, respectively. Comparisons are made with
the models developed by different institutes: NM for LLNL
Livermore (USA), THELMA for Politecnico Torino (Italy),
RW for CRPP Villigen (Switzerland), LZ for CEA (France)
and EZ for Efremov Institute (Russia).

Figure 1a): Total voltage drop across PFCI coil main
winding vs. helium inlet temperature at 18 kA.
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Figure 1b): Total voltage drop across PFCI coil main
winding vs. helium inlet temperature at 45 kA

As can be seen, some differences appear between
predictions which can be commented as:

-  At  IPFCI = 18 kA, a smooth transition is computed by
several predictors, (see figure 1a) with TCS in the range
6.35-6.55 K. The practically sudden transitions predicted
by LZ and (to some extent) THELMA, with run away
before a measurable voltage is reached, could be due both
to  the  large  n  value  assumed  (LZ)  and/or  to
overestimation of local effects (THELMA) already noted
in the PFIS sample analysis.

-  At  IPFCI = 45 kA, the nature of the predicted transition
depends even more on the model used. A sudden quench
is predicted by THELMA and LZ, but the quench
temperature strongly depends on the assumption of the
current overload in the most loaded strands (MLS) in
THELMA

CONDUCTOR AC LOSSES CALCULATION

Simulations have been performed with the THEA code in
order to calculate AC losses and thermal-hydraulic
behaviour of the conductor winding, i.e. replacing lower
terminal and intermediate joints by conductor, under CSMC
exponential discharge and trapezoidal runs. Calculations
have thus been performed considering a 44.2 m long
conductor.

The AC losses calculation has been introduced in THEA
and is based on classical formula for hysteretic and
coupling losses in a cable. The main data characterizing the
cable are:

-  A  time  constant  n  taken equal to 20 ms (at the cable
scale, corresponding to N ~ 100 cycles) [2],

- A NbTi filament effective diameter deff = 5 µm,
- The scaling law parameters describing the critical current

density Jc(B,T) in NbTi [3].

For the thermal-hydraulic behaviour, the correlations taken
into account are:
- fcentral = 4,37.10-2

and fannular =  1  /  (void0,742 . (0,0231 + 19,5/Re0,7953) ) for
friction factors,

- The Colburn-Reynolds analogy for heat exchange
coefficients [4].

The first calculation deals with an exponential discharge of
the CSMC with no current in the PFCI : ICSMC(t=0) =
21,2 kA, time constant = 20 s. The second calculation
considers a CSMC trapezoidal wave of the CSMC current
with again no current in the PFCI : ICSMC = 21,2 kA at flat
top, dB/dt = ± 5 T/s, flat top duration = 5 s. For both
simulations, the hydraulic conditions are Tin = 4,5 K, Pin =
6.105 Pa, dm/dt = 10 g/s. Figure 2 shows predicted
evolutions of the Joule power deposited in the conductor for
both scenarios.
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Figure 2: Evolution of the power deposited in the PFCI
conductor

For the exponential mode, the maximum heat power is of ~
40 W at the beginning of the discharge. The total energy
deposition reaches 525 J and the final temperature increase
at the conductor outlet should be weak, near 0.05 K. In the
trapezoidal scenario, the heat power induced reaches nearly
120 W during ramp up and ramp down, leading to an
energy deposition of 2611 J. The outlet temperature
increase is thus more important, about 0.25 K.

INTERMEDIATE JOINT AC LOSSES
CALCULATION

AC losses in the intermediate joint were computed using
the JUST code developed by CEA [5]. Whereas in [3] the
simulation was performed for the exponential decay of the
CSMC current, the new simulation dealt with the
trapezoidal run (see above). The code can separate the
losses coming from the variation of the radial component of
the field (Wr) from the losses coming from the variation of
the axial component of the field (Wz), which is valid as
long as no saturation of strand currents occurs. Wr comes
mainly from induced currents crossing the joint mid-plane,
these currents involve a large time constant (> 5 s)
inversely proportional to the joint DC resistance (here a
realistic value of 5.1 n  has been taken). Wz comes mainly
from eddy currents in copper pieces and interstrand
coupling currents in the cables, these currents are
characterized by low time constants (< 0.5 s) which are
independent of the joint DC resistance.
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Figure 3 shows the results of the calculation: Wr, Wz, and
Wtot  =  Wr  +  Wz  (total  loss  power),  as  functions  of  time
during the trapezoidal run. The high value of Wz comes
from the highest value of dBz/dt compared to dBr/dt, where
Br and Bz are the radial and axial magnetic field
components, respectively. Compared to figure 2, one can
see that the intermediate joint itself will provide roughly the
same loss power as the whole regular winding of the coil.

Figure 3: Loss power in PFCI intermediate joint during the
CSMC current trapezoidal wave

CONCLUSIONS

The fabrication of the Poloidal Field Conductor Insert
(PFCI) has been completed in industry and the coil should
be tested in the CSMC facility (Naka, Japan) in 2008.
Within EFDA task PFCITE, we have adapted and used our
codes to predict the conductor DC performance (current
sharing temperature runs), as well as the AC losses in the
regular conductor and in the intermediate joint. Due to the
peculiar structure and geometry of the joint, the AC losses
of the joint are expected to be at the same level as the AC
losses in the whole regular conductor winding.

REFERENCES

[1] R. Zanino et al., “Predictive Analysis of the ITER
Poloidal Field Conductor Insert (PFCI) Test
Program”, presented at the 2006 Applied
Superconductivity Conference, Seattle (USA), Aug.
29-Sep. 1, 2006.

[2] Yu. A. Ilyin, et al., “Effect of cyclic loading and
conductor layout on contact resistance of full-size
ITER PFCI conductors,” IEEE Trans. Appl.
Supercond., vol. 15, pp. 1359 – 1362, 2005.

[3] R. Zanino, et al., “Preparation of the ITER Poloidal
Field Conductor Insert (PFCI) Test,” IEEE Trans.
Appl. Supercond., vol. 15, pp. 1346 – 1350, 2005.

[4] S. Nicollet et al, “Evaluation of the ITER Cable-In-
Conduit-Conductor heat transfer” ICEC 20 (2004) 589
– 592.

REPORTS AND PUBLICATIONS

[5] D. Ciazynski and A. Martinez, “Electrical and thermal
designs and analyses of joints for the ITER PF coils,”
IEEE Trans. Appl. Supercond., vol. 12, pp. 538–542,
2002

TASK LEADER

Daniel CIAZYNSKI

DSM/DRFC/STEP
CEA-Cadarache
F-13108 Saint-Paul-Lez-Durance Cedex

Tel : 33.4.42.25.42.18
Fax : 33.4.42.25.26.61

e-mail : daniel.ciazynski@cea.fr

0

20

40

60

80

100

120

140

160

0 10 20 30 40 50

time (s)

Lo
ss

 p
ow

er
 (W

/jo
in

t)

Wz
Wr
Wtot



- 135 - EFDA Technology /  Magnet Structure

TW5-TMSF-HTSMAG

Task Title: SCOPING STUDY FOR HTS FUSION MAGNETS

INTRODUCTION

Will the superconducting system of DEMO [1] be simply
an extrapolation of the superconducting system of ITER, or
is it necessary to prepare for a complete technology
mutation ?
This has to be considered as a function of the objectives of
DEMO which are up to now not completely defined. This
mutation could deal with the superconducting material if
classical A15 superconducting materials cannot sustain the
magnetic field of DEMO. But, even if A15 materials are
still on the stage, it is not sure that the major components or
choices  of  ITER  should  be  adequate  for  DEMO  as  well:
plates, conductor shape, mode of cooling etc

2006 ACTIVITIES

A COMPARISON BETWEEN BI2212 AND Nb3Sn
FOR THE TF MAGNET SYSTEM OF A DEMO TYPE
REACTOR

For a tokamak, it will be admitted that, in a first approach, a
performance factor  can be defined. If  is constant the
fusion power and the amplification factor of the reactor are
constant:  = R2Bt

3.

Regarding the general dimensioning of the tokamak, it has
been shown in [1] and [2], that the maximum field on the
magnet system situated at re (see figure 1), plays a very
important role. In addition the leading role of the structure
to resist the mechanical load, has been also demonstrated,
highlighting the importance of the “radial built” of the
machine (r’i –  re). The overall current density if the TF
system Jcond is driven by the structure.

Btmax

re

ri

r’i

Figure 1: ITER inner leg showing the relative importance
of structural components (plates and casing) and

localization of maximum magnetic field

The discussion will be illustrated through the design of
three fusion machines: ITER, DEMO1 and DEMO2 (see
table 1).
A priori, high toroidal magnetic fields should be beneficial,
because leading to smaller machines associated with lower
investment cost.

Table 1: TF radial extension of ITER and of two versions of
DEMO

ITER DEMO1 DEMO2
R (m) 6.2 7.5 8.5
a (m) 2. 2.5 2.83
 (m2T3) 5723 12150 12150

Bt (T) 5.3 6. 5.5
Btave (T) 11.02 13.62 11.78
Btmax (T) 11.8 14.6 12.6
Beffective (T) 11.2 14.1 12.2
re(m) 3.075 3.4 4.067
ri (m) 2.5 2.25 3.4
r’i (m) 2.17 1.76 2.945
Jcond (A/mm2) 12.2 9 10.1

DEMO1 is the presently considered version of DEMO, with
a major radius of 7.5 m; DEMO2 is an alternative version
with a higher major radius (8.5 m) and, for the same ,
associated with a lower toroidal magnetic field. As visible
in table 1, the impact is important especially for r’i which
are different by 1.2 m for the two machines. It can be noted
that the initial difference in major radius, which was 1
meter, has been amplified at the level of the inner radius of
the radial extension to 1.2 m due to the high magnetic load
of DEMO1.

Moreover this preliminary estimation shows that DEMO1 is
probably, at given , the machine with the smallest radius
possible, taking into account the mechanical constraints

Discussion about the superconducting material of
DEMO1 and DEMO2 TF system

The estimated capability of the actual industrial
superconducting strands, developed in the framework of
fusion programs, is presented in figure 2. The indicated
temperature is not the operation temperature, but is the
temperature including the margin, which drives the
superconducting section when dimensioning the conductor.
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Figure 2: Capability of several industrial strands at
different design temperatures

If a solution with actual low Tc industrial strands, exists for
DEMO2 (Beffective=12.2 T), according to figure 2, no
industrial low Tc strand is available at present for DEMO1
(Beffective=14.1 T). For the present study, an arbitrary value
of 150 A/mm2 has been taken into account for both
versions.

A very preliminary estimation of the investment cost of the
two DEMO versions has been performed. The basis for this
estimation is described in [3] and has been checked on
ITER. The dimensioning parameters are given according to
the different components.
The difference of cost between the two machines is low:
about 1310 M€.

Estimation of the electrical power for cryogenic
refrigeration in DEMO1 and DEMO2

The basis of the extrapolation of electrical power for
cryogenic refrigeration from ITER to DEMO has been
presented in [4]. It is admitted that DEMO will be a steady
state machine contrary to ITER. At 4.5 K and 80 K, the
steady state losses are proportional to Ra. Pr1 and Pr2, the
estimated electrical powers awaited respectively at 4.5 K
and 80 K, are given in table 2. Note that, in both DEMO
versions, the level of electrical power is acceptable with
respect to the electrical power of the reactor, which is about
1000 MW.

Table 2: Estimation of electrical power associated with
cryogenic refrigeration for DEMO1 and DEMO2

DEMO1 DEMO2

Ra 18.75 m2 24.06 m2

Pr1 (4.5K) 7.8 MW 9.7 MW
Pr2 (80 K) 10.6 MW 13.6 MW

WHICH TEMPERATURE FOR THE MAGNET
SYSTEM OF DEMO

Using HTS materials it can be envisaged to increase the
operation temperature of the TF system. Starting from the
estimated losses at 5 K P5K, it is possible to derive Pr1 using
the following formula:

Pr1= P5Kf
 being the Carnot efficiency, T2 the magnet temperature

and T1 the room temperature.
=T2/(T1-T2)  f 0.25

Adjusting Pr1 arbitrarily  at  10  MW  (see  table  2)  for  the
magnet operation at 4 K, it is possible to see in figure 3 the
impact of the coil operating temperature increase on Pr1.
This rough calculation supposes in a first approach, that the
power to be extracted is not dependent on the operating
temperature. It is visible in figure 3 that there is little
interest to increase the temperature above 20 K.

Figure 3: Impact of the coil temperature on the refrigerator
electrical power Pr1

However using a circulation loop at 20 K and a cryoplant at
4.2 K is very costly due to the low density of helium at 20
K and therefore the high dissipated power in the pump to
compensate pressure drop in magnets. Indeed, this scheme
is more efficient if fully operated at 4.5K, therefore the
operation of HTS magnets at 4.5 K should be also
envisaged as it would also provide significant operation
margins, to the magnets. It is also suggested not to use
hydrogen cycle as it does not bring many benefits in terms
of electrical consumption, and also considering the risks
and safety issues added to the system.
From the cryoplant point of view, operating magnets at 20
K instead of 4 K will have a significant impact on reduction
of electrical consumption. However, the flexibility will not
be the same due to the lack of temperature reference and
buffering that can provide a liquid bath

CONCLUSIONS

Considering the high level of recirculating power presently
envisaged for DEMO which is 544MW, the electrical
power estimated for the magnet system of DEMO and
derived from ITER which is around 20 MW is not a major
concern.

Therefore the conclusion of this study is that there is no
absolute need to envisage a technical revolution for the
magnet systems of DEMO in designing a magnet system
operating at higher temperature than 5 K.

However the design of DEMO is not completely finalized
and therefore an R&D program is to be maintained in the
direction of HTS, it appears from this report that there is no
interest in terms of efficiency to operate the magnet system
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above 20 K, the largest expected reduction of electrical
energy consumption being already reached at this level.

With respect to this consideration, Bi2212 conductors have
made during the last five years, a lot of progress, with the
production of long unit length, round strands, and prototype
cables. They therefore appear as the best candidates
from far.
In the present design of DEMO, it appears that the
maximum magnetic field on the conductor will be in the
range of 12 to 14 T. This range of magnetic field could
probably be within reach of conventional A15 materials like
Nb3Sn if the present problems regarding strain sensitivity
due to Lorentz forces are mastered which looks probable.
If not, again Bi2212 due to their industrial maturity are well
placed and should be developed.
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TW5-TMSF-HTSPER

Task Title: HTS MATERIALS FOR FUSION MAGNETS

INTRODUCTION

High Tc superconductors are just coming out of the R&D
stage. Long term work will be needed until the availability
of such conductor for fusion plant. Among the potential
superconducting HTS materials Bi(2,2,1,2) seems the most
advanced in term of industrial production as well as
suitability for large superconducting magnets. Furthermore
it is the only superconducting material allowing the
drawing of round wire usable for cabling with conventional
cabling machines.
This high Tc superconducting material will be studied in
order to identify its engineering performance and the
parameters limiting its use. Emphasis will be given in
electrical properties with the aim to provide data for the
TW5-TMSF-HTSMAG task.
Following the manufacturing of a cryostat insert allowing
the critical current to be measured up to 40K the
experimental measurements have started.

2006 ACTIVITIES

STATE OF THE ART IN Bi2212
SUPERCONDUCTOR PRODUCTION

The Nexans Company has been working since several years
on a 800 kJ SMES (Superconducting Magnetic Energy
Storage) operating at 20 K and with a local maximum field
of 7 T. This SMES has been successfully tested in 2006.
The conductor produced by Nexans in length up to 1000 m
contains 85 superconducting filaments in a silver matrix.
The outer shell  of this matrix is made of AgMg alloy as a
strengthening element. The section of this conductor is 4 x
0.25 mm². Its current transport property reaches up to 500
A/mm² at 4.2 K and 20 T at the maximum but the mean
value is between 100 and 150 A/mm² at 4.2 K and 20 T.
This is the conductor tested in our test station between 4.2
K and 40 K.
In a complementary activity initiated by CEA-Saclay a
round wire has been developed at Nexans and produced
during 2006. A picture of this new wire is shown on
figure1.

Figure 1: Cross section of a Bi(2,2,1,2) round wire
developed by Nexans under CEA contract.

Diameter 0.8 mm

TEST STATION UPGRADE

The CétacéS test station is dedicated to critical current
measurement under high field. Samples of superconducting
wires can be tested up to 3000 A at 4.2 K in a magnetic
field up to 16 T. A thermal regulation allowing
measurements between 1.8 and 4.2 K has already been
developed. Tested samples are usually Nb3Sn wires used in
VAMAS samples.

A new sample holder has been developed allowing critical
current measurement in the 5 K to 40 K range. This special
insert is based on a helium gas thermal regulation. Special
attention has been paid to limit the thermal gradient in the
sample area. Figure 2 is a picture of the upgraded facility
showing the phase separator used to eliminate the liquid
helium and adjust roughly the temperature of the gaseous
helium and the test station itself.

Figure 2: The upgraded CETACES test facility

To limit the thermal losses in the sample area the 500 A
current feed trough are made of superconducting ribbons of
the type produced by Nexans.

The new facility has been assembled and tested during
thesecond half of 2006 and worked satisfactorily.

TEST SAMPLE DEVELOPMENT

In parallel to the development of the test station, new types
of samples have been designed. A VAMAS like sample
holder will be used to measure the critical current of the
HTc ribbons. In order to study the influence of residual
stresses in the superconducting material these VAMAS like
sample holder will be realised in different materials:
titanium alloy, aluminium alloy, copper, stainless steel and
glass fiber epoxy composite.

Phase
separator

Test
station
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A wind and react way to test the sample has been developed
using an Inconel mandrel to react the superconducting
ribbon which is afterwards transferred on the measurement
VAMAS mandrel. Figure 3 shows a VAMAS sample after
the transfer.

Figure 3: HTs ribbon on a VAMAS mandrel

MEASUREMENT OF CRITICAL CURRENT AND
CRITICAL CURRENT DENSITY UP TO 40K

Measurements are going on at CEA-Saclay and some
preliminary results are available. As shown on figure 4 the
noise level on the superconducting part of the V/I plot is not
a function of temperature. The criterion used for HTs
material is the same as the one used for conventional low
temperature superconductors, 1.0 microV/cm.

Voltage/current plot for tests at 4,2K and 20K
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CRITICAL CURRENT AS A FUNCTION OF
MAGNETIC FIELD

As expected the critical current reduces with magnetic field.
Figure 5 shows the reduction in critical current between 7
and 15 T.

Critical current of Bi(2212)
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CRITICAL CURRENT AS A FUNCTION OF
TEMPERATURE

The extrapolation of previous curves allows estimating the
critical field as a function of temperature which is shown on
figure 6. The very surprising result is not explained
actually.

Critical field as a function of temperature
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COMPARISON BETWEEN DIFFERENT RIBBONS
SUPPOSEDLY IDENTICAL

There is a wide scatter in the results obtained for ribbons
supposed identical and tested in the same condition. Figure
7 provides the critical current results of 2 ribbons tested on
aluminium alloy mandrels. Such differences are supposed
to come from slight deviation in the composition of the
powder mixture.

Comparison between 2 ribbons on the same mandrel
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CRITICAL CURRENT AS A FUNCTION OF
RESIDUAL STRESSES

The use of different materials for the VAMAS mandrels
allows plotting the result as a function of the mandrel
thermal contraction as shown on figure 8. Further work is
needed to define precisely the residual strain of the tested
samples.

Critical current as a function of thermal
contraction of the mandrel
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CONCLUSIONS

Although some delays have been encountered with the
upgrading of the CETACES test station, the work is
progressing well and the characterization of the HTs
materials has started.
In order to have significant error bars the systematic
duplication of the measurements is needed to estimate the
respective contributions of heat treatment, powder mixture
in the superconductor precursors and assembling on the test
station.
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TW6-TMSC-FSTEST

Task Title: PARTICIPATION TO CONDUCTOR TESTS AND EVALUATION
OF TEST RESULTS

INTRODUCTION

In the framework of the EFDA Technology Work
programme, additional full size conductor samples are
being manufactured and tested in order to assess the gain in
performance by using advanced Nb3Sn strand. The scope of
this work can be summarised as follows:

- Preparation of the test programme and review of the
instrumentation;

- Predictive DC performance analyses and the basis of the
strand data;

- Participation in the testing campaigns for TF/PF
conductors;

- Evaluation of the test results;
- Preparation of the Final Report describing the main results

and conclusions extrapolated from the testing campaigns.

Two samples (TFAS1 and TFAS2) based on the Toroidal
Field Model Coil (TFMC) conductor design were tested in
2005-2006, two other samples (TFPRO1 and TFPRO2)
based on the ITER TF conductor design should be tested in
the first half of 2007, and a fifth sample (NEFSS) using an
ITER TF-type conductor fabricated by the Russian
Federation should be tested in July 2007. Only four samples
were considered initially in the task.

2006 ACTIVITIES

CEA Euratom-Association participated in the extensive test
of TFAS1, conducted the preparation of the TFAS2 testing
program [1] and participated in the test of TFAS2. The tests
were performed in the SULTAN facility at CRPP Villigen
(Switzerland). Our Association also contributed to the
reduction of the experimental data [2], and to the analysis
of the test results with regard to the properties of the strand
composing the tested conductors, as well as with regard to
the expected performance for the ITER TF conductor [3].
Our Association presented the test results at the 24th SOFT
Conference held in Warsaw (Poland) on September 11-15,
2006 [4] and contributed to presentations of the test results
at the 2006 Applied Superconductivity Conference, held in
Seattle (USA) on August 29-September 1, 2006 [5],[6].

SHORT DESCRIPTION OF TFAS1 and TFAS2

TFAS1 and TFAS2, as all the big SULTAN samples, are
composed of two straight conductor legs connected together
at one end through an electrical joint and having each at the
other end a terminal joint to connect the sample to the
facility transformer. The four conductor legs are based on
the TFMC conductor design (see figure 1) but each of them
makes use of a different advanced superconducting (s/c)
strand produced by an European company:

European Advanced Superconductors (EAS) using the
bronze route, Oxford Instruments (OST), Luvata Pori
(OKSC) and Luvata Italy (OCSI) using internal tin. Only
the number of s/c strands and the number of pure copper
(Cu) strands are varied to match strand current capability
(see table 1). The TFMC conductor itself had 1/3 of Cu
strands. The samples are about 3.5 m long (including the
joints), but only a conductor length of 450 mm (about one
cable twist pitch) can be submitted to a high magnetic field
in the facility.

Table 1: Strands in TFAS1 and TFAS2 conductors

Leg Strand S/c strands Cu strands
TFAS1-Right OST 720 360
TFAS1-Left EAS 1080 0
TFAS2-Right OKSC 720 360
TFAS2-Left OCSI 1080 0

Figure 1: Cross-section of TFAS2 OCSI conductor

TEST RESULTS AND ANALYSIS FOR TFAS1

A first testing campaign was carried out under different
magnetic fields from 11 T down to 8 T by 1 T steps. Then
1000 current cycles from 0 to 60 kA and back to 0, under a
11 T field, were applied to perform a mechanical cycling
under the Lorentz force. After cycling, the sample was
again tested in a second campaign, similarly as in the first
campaign. Since it was observed that the temperature
sensors mounted on the sample were not accurate enough,
likely due to an insufficient thermalisation, a third testing
campaign was performed after installation by CRPP of
additional temperature sensors. This third campaign was
thus used to confirm conductor performance as well as to
calibrate the “old” sensors in order to be able to use the
results of the first two campaigns.

A first unexpected experimental result was the observation
of an “extra” voltage drop on all the measured voltage
drops used to define the electrical field developed along the
conductor, and therefore used to define the conductor
performance.
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This disturbing effect, which could be observed even at
zero applied magnetic field and low temperature (4.5 K),
could be either positive or negative depending on the
conductor and on the voltage taps, and was varying roughly
linearly with the sample current. In addition, this effect was
found to vary slightly with applied magnetic field and with
sample history. As this extra voltage drop could be at high
current (70 kA) as high as the electric field criterion
(10 V/m) used to define the conductor current sharing
temperature (Tcs), it was decided to remove (compensate) it
on the experimental voltage drop used to define conductor
performance. The origin of this effect was thought to come
from slightly different electric potentials among the
conductor main subcables due to non-perfect electrical
joints. The original idea was to compute the compensation
by using runs performed at zero magnetic field and 4.5 K
for which a real resistive behaviour of the superconducting
conductor could not be suspected [2].

A second remarkable experimental result was the
degradation of the conductor performance (particularly of
the OST leg) from run to run (including cycling) which
made the last test (3rd campaign) Tcs to be about 0.4-0.5 K
lower than the very first values on the EAS leg, and about 1
K lower on the OST leg (see figures 2 and 3).

The  ITER-type  Nb3Sn conductor performances are
generally assessed with respect to strand performance using
smeared models. A fully reversible degradation can be
modeled by adding an extra strain extra (proportional to the
total Lorentz force on the conductor) to the thermal strain

th of  the  Nb3Sn filaments, whereas a fully irreversible
degradation of the strand current capability can be modeled
by applying a coefficient eff (< 1) to the conductor critical
current computed (from strand properties) with only the
thermal strain.
Figures 2 and 3 show the experimental points obtained
during the three campaigns, on the OST and the EAS legs,
respectively, together with a fit of the points of the 3rd

campaign obtained using the irreversible smeared model.
The associated values of th and eff giving the best fit at
11 T are reported in table 2. Note also that the fit is not so
good at 8 T for the EAS conductor.

Figure 2: Test results (1st, 2nd, 3rd campaigns) and analysis
from strand properties (best fitting 3rd campaign at 11 T) on

TFAS1 OST conductor

Figure 3: Test results (1st, 2nd, 3rd campaigns) and analysis
from strand properties (best fitting 3rd campaign at 11 T) on

TFAS1 EAS conductor

TEST RESULTS AND ANALYSIS FOR TFAS2

Extra voltage drops were also observed on TFAS2, but this
time special dedicated runs with 10 kA step by step increase
of the sample current, under a given magnetic field, were
applied in order to compute accurately the compensating
voltage drops. Note that the use of clamped copper rings
around the conductor jacket, to create a kind of
equipotential surface averaging the subcables potentials, did
not produce its expected beneficial effect on voltage drop.
On the other hand, this time the temperature sensors were
mounted properly and the temperature measurements were
quite reliable. A first testing campaign, similar to TFAS1,
was first carried out, then 1000 current cycles from 0 to 68
kA (ITER TF current) and back to 0, under a 11 T field
were applied, and finally a second testing campaign similar
to the first one was carried out to check the conductor “after
cycling” performance. In addition, after warm-up and cool-
down, a third campaign was dedicated to thermohydraulic
tests with only a few (not accurate) electric tests.

Again, a degradation with “cycling” was observed, however
with a lower extent than in TFAS1. Figures 4 and 5 show
the experimental points obtained during the three
campaigns, on the OKSC and the OCSI legs, respectively,
together  with  a  fit  of  the  points  of  the  2nd campaign
obtained using the irreversible smeared model. The
associated values of th and eff giving  the  best  fit  at  11  T
are reported in table 2. Note also that the fit is not so good
at 8 T for the OCSI conductor.

Figure 4: Test results (1st, 2nd, 3rd campaigns) and analysis
from strand properties (best fitting 3rd campaign at 11 T) on

TFAS2 OKSC conductor
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Figure 5: Test results (1st, 2nd, 3rd campaigns) and analysis
from strand properties (best fitting 2nd campaign at 11 T)

on TFAS2 OCSI conductor

Table 2: Best fit values of irreversible model parameters at
B = 11 T after cycling

Conductor th (%) eff
TFAS1-OST -0.36 0.41
TFAS1-EAS -0.54 0.62
TFAS2-OKSC -0.46 0.42
TFAS2-OCSI -0.64 0.64

EXTRAPOLATION TO ITER TF CONDUCTOR

The most relevant operating conditions for the ITER TF
conductors are those performed under an 11 T magnetic
field. However, because all the TFAS conductors have
different non-copper areas, to consider ITER TF relevant
operating conditions means to consider operation at
different currents, all different from the ITER TF conductor
(68 kA). Table 3 gives the “equivalent” operating currents
in the TFAS conductors as well as in the original TFMC
conductor. Then the estimation of a TFAS conductor
performance to the ITER TF conductor can only be made
using extrapolations based on models. The two smeared
models depicted above have been used for this purpose.
Note also that a slight correction has to be made to account
for the different self-field values. The results of these
extrapolations using the “after cycling” experimental points
are given in figure 6 as current sharing temperature vs. run
number. The extrapolations obtained from the original
TFMC sample tested in 1999 in SULTAN are also plotted.
In the legend, m1 means the reversible “ extra” model, and
m2 means the irreversible “ eff” model. It is worth noting
that the TFAS1 conductors were tested with a maximum
Lorentz force (900 kN/m, corresponding to 80 kA under 11
T) in excess of the ITER TF nominal value (760 kN/m)
during the first campaign (first series at 11 T), while such
an overload was applied only “after cycling” tests to the
TFAS2 conductors without any damage.

Table 3: Equivalent currents in tested conductors to
operate at ITER TF non-copper current density

Evolution of Tcs with runs (models m1 and m2)
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Figure 6: Evolution of TFAS and TFMC conductor Tcs with
runs under ITER TF operating conditions

It can be seen in figure 6 that, whatever the model is, the
extrapolated performance for any conductor after cycling
and tests is always below the ITER TF specification of 5.7
K. Except the OCSI conductor, the other TFAS conductors
do not appear much better than the original TFMC
conductor. The scattering of the extrapolations depending
on the model (except for OCSI) is also quite large,
generally about 0.5 K or even higher.

THERMOHYDRAULIC TESTS ON TFAS2

Thermohydraulic tests were performed on TFAS2 to
estimate the heat exchange coefficient H between the
annular (strand) area and the central channel. The
preliminary results obtained using steady state heating
(measurement of the characteristic transfer length) are
presented in table 4. It can be seen in this table that the
CEA model predicts a correct order of magnitude as well as
the correct evolution with the operating conditions (mass
flow, temperature), however the model tends to
underestimate by 30-40% the heat exchange.

Table 4: Comparison between H experimental and H given by the model

Testing conditions

Tinlet (K) Q (g/s) W annular
heater (W)

H experimental
(W.m-2.K-1)

H model
(W.m-2.K-1)

H model /
H experimental

4.61 5.73 8.59 536 379 0.71
5.98 5.09 5.47 665 455 0.68
6.55 4.63 6.30 780 471 0.60

Conductor OST EAS OKSC OCSI TFMC ITER
TF

Ieq (kA) 53 83 51 65 42 68
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CONCLUSIONS

CEA-Euratom Association conducted the preparation of
the testing programs and worked on predictive analyses for
TFAS1 and TFAS2. Our Association participated in the
three testing campaigns of TFAS1 and in the three testing
campaigns of TFAS2 in SULTAN at Villigen
(Switzerland), as well as in the analysis of the test results
with regard to strand properties and with regard to the
ITER TF conductor expected performance.

From the experimental point of view, both legs in both
samples have been characterized by the observation of an
extra voltage drop (either positive or negative) varying
roughly linearly with the transport current but dependent
on the applied magnetic field and the sample history. This
voltage drop, never observed at this level on previous
samples, has been attributed to current transfer among
strands and petals. It has been corrected in the analysis of
the V-I or V-T characteristics for each conductor because
of the difficulty to consider it has a real resistive voltage
(particularly when negative) and of the lack of
experimental data to model it using an electrical network
(as ENSIC at CEA).

With different behaviours, all these conductors show
performance below the ITER TF Tcs specification, (the
best conductor (OCSI) being about 0.3 K below the 5.7 K
specification) and finally not much higher than the original
TFMC conductor. These poor results have questioned the
present ITER Nb3Sn conductor design.

The analysis of the results also shows that the present
simple “smeared” models while useful to understand
conductor performance from strand and to compare
conductor behaviours, are not fully reliable to predict
either conductor performance directly from strand
properties or conductor performance in coils from
performance in a short straight sample.

A dedicated test of TFAS2 also gave the opportunity to
gather additional data on the heat transfer between annular
channel and central spiral in the conductor, in order to
validate existing thermal-hydraulic models.
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TW2-TTBC-002-D03

Task Title: BLANKET MANUFACTURING TECHNOLOGIES TESTING OF
SMALL-SCALE MOCKS-UPS TO QUALIFY MANUFACTURING

INTRODUCTION

The aim of this study is to validate the manufacturing
process of HCLL blanket mock-up by means of
thermomechanical tests in representative operating
conditions of the breeder blanket module.

Figure 1: Composition of HCLL module – DIADEMO CP
Mock- up

This manufacturing validation program will begin by the
manufacturing process of the Cooling Plates (CP). For that
a mock-up is manufactured in the task TW2-TTBC-002-
D01. This mock-up manufacturing is relevant of the CP
manufacturing, but its geometry is simplified (figure1):

- 8 straight channels of 4x4.5 mm² with 360 mm length,
- 1 U turn in a distribution box,
- The width the 2x 8 channels is 94.5 mm,
- The cooling plate, the He feeding and collector are made

of EUROFER.

The principal program steps are:

- Design of the He cooling loop of DIADEMO,
- Design of the PbLi test section
- Manufacturing,
- Thermomechanical tests,
- Endurance tests.

2006 ACTIVITIES

The year 2006 was devoted to the preparation and the tests
of the mock-up.

Due to the delay of the mock-up delivery (task TW2-
TTBC-002-D01), these operations begun in the second part
of the year, and only 3000 transient tests have been made
in ITER relevant conditions.

The instrumentation, essentially thermocouples, was
located with the help of calculations made in the frame of
the tasks TW5-TTBC-001-D10 (figure 2).

Figure 2: CP mock-up with its instrumentation

Then, the instrumented mock-up was mounted on the test
section support, equipped with the heaters which allow the
simulation of the thermal gradient in the CP length due to
the plasma (figure 3).

HCLL
Module

Stiffening Plates

Breeder
Unit

Cooling Plate

DIADEMO CP Mock-
up

First wall
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Figure 3: CP mock-up on its test section support with
heaters

After that, the test section has been closed and the transient
tests, in ITER relevant conditions began.

3000 cycles have been made in such conditions. The heat
removal of the mock up, by the helium loop, was stable
(about 1,2 KW when the power is on) all along the tests.
The PbLi reached near the heaters a temperature up to
650°C during the power on phases.
The typical informations given by instrumentation are
illustrated by the figure 4.

Figure 4: Typical information given by thermocouples
during transient cycles

These results are the first obtained without post
examination study and without expertise of the mock-up.
The main issue encountered during these tests is the
corrosion of the stainless steel sheath of the thermocouples.
The figure 5 shows the loss of thermocouples versus time.

Figure 5: Loss of thermocouples due to corrosion vs time

This corrosion issue was pointed out before the tests but
the lack of solutions, and also the lack of time to develop
them, push us to go on with standard instrumentation.

CONCLUSIONS

After 3000 transient cycles made during 3 months showing
a good functioning of the DIADEMO device, no leak
occurred in the mock up.
So up to now, after the first investigations, manufacturing
technologies seem to be qualified. Of course detailed
expertises of the mock-up will have to be performed in
order to confirm these first encouraging results.

For the next experimental manufacturing demonstrations,
which could be done on a set of 3 CP (scale 1/TBM),
corrosion issue in liquid metal of instrumentation will have
to be solved.

Upper side

Lower side
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TW4-TTBC-001-D01 

Task Title: TBM DESIGN, INTEGRATION AND ANALYSIS: TESTING 
PROGRAMME AND ENGINEERING DESIGN OF THE FIRST 
HCLL TBM FOR ITER H-H PHASE 

 
INTRODUCTION 

 
The objective of this activity is the development of the 
design and testing programme of the first TBM (Test 
Blanket Module) to be inserted in ITER during the H-H 
plasma phase. It is focused on the TBM itself and therefore 
the design of the associated systems and components is 
only very preliminary.  
In fact, the main part of the TBM design activities have 
been performed under another subtask [1] and are oriented 
towards the definition of a TBM design directly derived 
from the corresponding DEMO modules. These activities 
will permit to define the design of the TBM required for a 
fully integrated test program under D-T plasma after several 
years of operation (the so-called “Integral TBM”, In-TBM).  
 
 
2006 ACTIVITIES 

 
The final report activity [2] has been written and is to be 
published. This report describes the specific features of the 
Helium-Cooled Lithium-Lead EM-TBM compared to the 
most demanding one, the In-TBM which will be tested in 
the high duty phase of D-T plasma in ITER. The document 
only focuses on dedicated testing programme, specific 
design features and particular thermal-hydraulics and 
hydrogen permeation calculations. 
 
 
CONCLUSIONS 

 
Because the EM-TBM shares the main design features of 
the In-TBM while it is tested in less demanding loads 
situations, critical dimensioning studies such as thermo-
mechanical and mechanical calculations have not been 
repeated. It is therefore not necessary to circulate the whole 
He mass flow envisaged for the In-TBM in the first phase 
of ITER operation. Moreover, if heaters are used to heat the 
PbLi (because no neutronics power is deposited during the 
EM phase), an overcooling of the FW and the breeding 
zone is expected if circulating the same He mass flow. A by 
pass has therefore been situated at the exit of the FW, so 
that only one part of the He mass flow goes to the other 
subcomponents (figure 1). Nevertheless, some thermal-
hydraulics calculations have been performed (figure 2) in 
order to assess the effect of the lower heat flux occurring in 
the HH phase. Main conclusion is that a He mass flow 
reduced to 0.6 kg/s is sufficient to ensure that temperature 
limits are not exceeded (in case of peak heat load) but leads 
to a He outlet temperature of 355°C when assuming the 
average flux value.  
 

 

 
 

Figure 1: View of the HCLL EM-TBM with cut in the by-
pass exit tube plane 

 

 

 

Figure 2: Temperature distribution (°C) in the FW 
(flux=0.30 MW/m2, He mass flow=0.6 kg/s) 

 
 
In order to be able to test permeation and internal structure 
behaviour under temperatures relevant for In-TBM, PbLi 
heaters will be necessary. A permeation study has also been 
performed. It is shown that even if PbLi entering the TBM 
is saturated with Hydrogen or Deuterium, the amount of 
permeated H/D towards He circuits will be very low and 
difficult to measure with classical equipments. 
One solution in order to investigate permeation with the 
EM-TBM could be to dedicate some breeder units to 
permeation tests with specific low flow rate He purge 
circuit coming by dedicated feeding tubes (figure 3 and 
figure 4) instead of the main He coolant stream. 
Moreover, some considerations on specific instrumentation 
needs have been given. 
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Figure 3: View of the HCLL EM TBM with dedicated He 
feeding tubes 

 
 

 
 

Figure 4: View of the HCLL EM-TBM with dedicated He 
feeding tubes (detail). 
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TW5-TTBC-001-D01

Task Title: TBM DESIGN, INTEGRATION AND ANALYSIS: DESIGN AND
ANALYSES OF THE HCLL TBM INCLUDING DESIGN OF
SUPPORTING SYSTEM AND INSTRUMENTATION
INTEGRATION

INTRODUCTION

The task aimed at completing the design and analyses for
the HCLL Test Blanket Module, and for the EM-TBM (first
TBM inserted in ITER) and the In-TBM (last and most
complete TBM) versions. Based on an existing preliminary
concept, various improvements were done in order to set
fabrication issues, to introduce a possible access to
instrumentation, and the attachment system. The specific
features of the EM-TBM were also designed. Various
analyses were performed aiming at demonstrating the
withstanding of the structure under the main mechanical
loads it is submitted to.

2006 ACTIVITIES

The activities related to this task were mostly achieved
within the year 2005. However, a thermal hydraulic model
of a TBM slice was developed within the year 2006, and
used in order to update the thermal results produced for this
task.

Thermal-Hydraulic Analyses
Finite Element thermal and thermal-hydraulic analyses have
been performed to assess the thermal behaviour of the
TBM. Previous analyses used 3 different simplified models
(1  for  the  FW  and  2  for  the  Breeding  Zone)  in  order  to
calculate the fraction of the heat deposited in the Breeding
Zone that was recovered by the FW. It was then necessary
to iterate between model 1 and models 2 and 3 to obtain the
final temperature distribution. In recent analyses, a new FE
model comprising a whole Breeding Unit next to the Side
Wall (figure 1) has been developed in order to obtain a
more accurate estimate of temperature levels in the different
cooling elements (FW, SPs, CPs) thus avoiding the iterative
procedure and computing the thermal field in all the BU

Figure 1: 3D FE model of one BU used for thermal
analyses

Temperature Limits
According to the latest ITER specifications, the TBM has to
withstand a surface Heat Flux of 0.5 MW/m2 and a Neutron
Wall Load of 0.78 MW/m2 without exceeding the assumed
temperature limits. Those limits derive from considerations
on the DEMO reactor.
In particular, He inlet temperature is fixed by the
embrittlement of Eurofer under irradiation. The increase of
the DBTT (Ductile Brittle Transition Temperature) can
become a concern if irradiation temperature is lower than
300 °C.
As far as the maximum steel temperature is concerned,
thermodynamic considerations would suggest a He outlet T
as high as possible; however, the strength of the steel drops
sharply above 550 °C and its creep strength is sharply
reduced for T > 600°C. As a compromise, 550°C has been
fixed for the DEMO reactor on the basis of the St criterion
(according to DISDC rules), assuming 10,000 h of
operation time and a primary stress of 100 MPa. Although
the TBM will not work at these conditions, the 550°C has
been assumed as a temperature limit in order to keep the
DEMO relevancy.
Besides, experimental campaigns have been carried out to
estimate the compatibility between the lithium lead and FM
steels at high temperatures. Available results suggest that
the corrosion of Eurofer due to a Pb-Li flow appears
acceptable up to a temperature of 550°C but more data are
still needed.

Loads
The total power deposited in the TBM is summarized in
table 1.

Table 1: Thermal power on the TBM (HF = 0.5 MWm-2,
NWL = 0.78MWm-2

Regions Deposited Power kW
LiPb 406.5
First wall 90.0
Side wall 52.1
Backplate 6.6
Top Cap 12.0
Bottom Cap 12.5
Stiffening plate tor-rad 7.0
Stiffening plate pol-rad 6.2
Cooling plates 29.1
Total Nuclear 622
TOTAL from FW HEAT
FLUX
(HF = 0.5 MW/m2)

573

Total FW 663.4
Total (Nuclear + heat flux) 1195



- 162 - EFDA Technology / Tritium Breeding and Materials /
Breeding Blanket / HCLL Blanket

For the FE analyses, the following loads have been
assumed:
- A heat flux on the FW = 0.5 MWm-2;
- A constant nuclear power density in the FW equal to

30.78  x 5.191      (MWm )
0.75

IIIq

- A nuclear power density following, in the radial direction,
a double exponential law of the type:

30.78( ) exp( ) exp( )  (MWm )
0.75

III -q r a b r c d r

with r the distance (in m) from the plasma. The equation
coefficients are summarized in the table 2 for the various
materials components.

Table 2: Nuclear power density profile coefficients in the
various TBM materials

a b c d

SW steel 2.7116 13.673 3.3047 5.425

hSP steel 3.2598 57.041 2.9611 10.218

vSP steel 7.4208 99.037 3.26645 11.610

CP steel 3.9592 58.0042 2.7493 10.316

LiPb 51.601 88.910 4.9510 8.0691

Boundary Conditions
A forced convection boundary conditions has been applied
in the FW, SPs and CPs channels. For the Helium bulk
temperature, the same hypotheses applied in [1] have been
used, that is a linear temperature distribution varying
between inlet and outlet values in each channel. The only
exceptions are the Side Walls (SW) channels where the He
temperature is constant. It should be noted that the heat
recovering effect between adjacent channels is not, in this
way, taken into account.
The He velocity, as well as the He physical parameters, are
calculated as a function of its temperature.
The Nusselt number is estimated with the Dittus & Boelter
correlation and the heat transfer coefficient calculated along
the channel length.

Results
Figure 2 shows the obtained temperature distribution in the
FW. The maximum value (560° C) is slightly higher than
that obtained in previous analyses and also higher than the
assumed limit. This difference can be explained by the
more detailed modelling of the channel geometry near the
bending FW/SW. In fact, the distance between the He
channel and the plasma facing surface of the FW increases
near the bending, which leads to higher FW temperatures.
This effect could not be accounted for in previous FE
models. However, the change in the He flow direction in
the bending increases turbulence and thus the convection
heat transfer coefficient. Since this phenomenon is not
taken into account in the current model, the actual steel
temperature should be lower. The temperature in the
straight part of the channels remains within the assumed
limits.

Figure 2: Temperature distribution in the FW

Figures 3 and 4 show the temperature levels in the SPs and
CPs. For the CPs, the highest temperatures are located in
the central one. All temperatures remain within the assumed
limits.

Figure 3: Temperature distribution in the SP

Figure 4: Temperature distribution in the central CP
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CONCLUSIONS

The presented thermal hydraulics studies have completed
the work that have been performed to modify, optimize, and
validate the design of the HCLL Test Blanket Module. The
final report [2] was achieved, including the review of the
complete studies, detailed information for fabrication R&D,
the assembly sequence and the whole set of 2D drawings.
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TW5-TTBC-001-D02

Task Title: TBM DESIGN, INTEGRATION AND ANALYSIS
FINALIZATION OF THE CONCEPTUAL DESIGN OF THE
PROTOTYPICAL HCLL TBM MOCK-UP

INTRODUCTION

Within the framework of the development of Test Blanket
Modules (TBM) for ITER, out-of-pile test campaigns are
foreseen to qualify components, functionalities, and
systems to guarantee that insertion of TBM in ITER will
not affect its safety. This qualification program prior to
ITER is foreseen in dedicated facilities and includes:
- The testing of the sub-components design and fabrication

technology (First Wall, Breeder Units, Back Manifolds)
from small to 1:1 mock-ups;

- In scale functional tests 1/4 TBM (PbLi loop with and
without TBM, TBM structure, TBM structure and
Breeder Units);

- 1/1 TBM mock up tests;
- Electro Magnetic TBM (EM-TBM, for ITER H-H phase)

acceptance tests.
A relevant medium-scale Prototypical Mock-Up (PMU) is
foreseen and will be tested in the European Breeding
Blanket Testing Facility (EBBTF) in Brasimone, Italy.
The objective of this task is to finalize the conceptual
design of this prototypical mock-up (preliminary design
studied in the TW4 work-program) including the definition
of operating parameters for test relevancy and
instrumentation

2006 ACTIVITIES

Main activities for 2006 concerned the specification of
measurement tools and the writing of the final report. A
draft version of the final report is already written.
Previous works, presented in the last technofusion report
presented the test objectives of the PMU, the mock up
design and the design of the heaters simulating the heat
production due to irradiation. A view of the PMU is
presented figure 1.

Figure 1: Conceptual design view of the TBM Prototypical
Mock-Up

MEASUREMENT TOOLS

One of the PMU aims is to test the instrumentation and
measurement procedure of the TBM. However, the more
friendly environment (no electromagnetic fields neither
neutron irradiation) as well as the possibility of acceding
to the PMU from 5 sides and using more invasive tools
will allow a wider choice on the off the shelves
instrumentation and acquisition data chains, on the number
of installed sensors and on their type.

Some measurements which could not be realized in the
TBM, can furthermore be envisaged, e.g. the PbLi velocity
(or mass flow) inside the TBM.

As  too  many  measurement  tools  would  have  a  major
impact on the behaviour of the PMU, the number of
measurements which can be carried out on a run is limited
and having various test campaigns with different sets of
installed instruments is so far retained.

A preliminary list of the needed measurements has been
established. A distinction has to be made between the
monitoring instrumentation and the experiments
instrumentation. The former is supposed to be installed for
the whole mock-up life duration; the latter can be
dependent on the various experiments. This list is
summarized in the table 1 and table 2.

CONCLUSIONS

The main functional data for the design of a HCLL TBM
relevant Prototypical Mock-Up have been identified, and
conceptual drawings have been produced. The next steps
of the design are identified under the deliverable
TW5-TTBC-001-D05, in which final drawings of the
mock-up will be produced, and internal and external
heating devices will be defined in more detail. The PMU
design main requirement is the In-TBM for ITER
relevancy [1] in terms both of thermal and mechanical
behaviour and also in geometry and manufacturing
procedures. That implies similar velocities and flow path
for helium and PbLi, similar heat levels (First Wall,
Cooling Plates), similar mechanical behaviour with regard
to the pressure loads, similar manufacturing /
manufacturing sequence. The main design characteristics
are synthesized in table 3.
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Table 1: List of possible fields of investigation for PMU monitoring

Field Data type Location on PMU Instrumentation type

Structural response Structure temperatures Box structure (internal) Thermocouples, optical fibres

Helium
thermal-hydraulics

Temperature (inlet, outlet, by-pass)
Velocities / Mass flow (inlet)
Pressure (manifold stages, inlet
and outlet, leak detection)

Inlet / outlet pipes
Inlet pipe
Box structure (internal)

Thermocouples, optical fibres
Flow meters
Pressure transducers

PbLi flow Temperature (inlet, outlet)
Mass flow
PbLi replenishment/draining
Pressure (leak detection)

Inlet / outlet pipes
Inlet pipe
Box structure (internal)
Inlet / outlet pipes

Thermocouples, optical fibres
Flow meters
Level sensors
Pressure transducers

Table 2: List of possible fields of investigation for dedicated experiments

Field Data type Location on PMU Instrumentation type

Structural response Strains
Structure temperatures

Box structure (external)
Box structure (internal)

Strain gauges
Thermocouples, optical fibres

PbLi MHD Temperature field
Velocities / Mass flow distributions

In PbLi
In PbLi

Thermocouples
Potentiometers

H or D permeation Partial pressure / Gas analysis Out of box Permeation sensor

Corrosion by PbLi Post-examination

Table 3: Main data on the PMU design

Box structure
FW thickness 25 mm
Steel mass 480 kg
Total mass 1250 kg
FW max. temperature (°C) 533

Helium scheme
FW channels dimensions 14 x 15 mm2
He mass flow 0.34 kg/s
He inlet T 300°C
He outlet T #459°C
Total pressure drop (bar) 1.97
FW He velocity (min., ave., max.
- m/s) 61,30 64,75 73,69

SP He velocity (min., ave., max.
- m/s) 3,46 3,61 3,78

CP He velocity (min., ave., max.
- m/s) 3,59 3,79 4,11

PbLi scheme
PbLi number of recirculation per day 10 70
PbLi mass flow (kg/s) 0.089 0.623

Mock-up 0.0327 0.229Volumetric
flow (m3/h) Cells column 0.0109 0.0763

Mock-up
feeding pipe 5.7 40

BU cross section 0.09 0.65
PbLi velocity
(mm/s)

FW opening 3 21
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TW5-TTBC-001-D03

Task Title: TBM DESIGN, INTEGRATION AND ANALYSIS PIE AND HOT
CELL REQUIREMENTS FOR THE HCLL TBM

INTRODUCTION

The definition of the ITER building and especially of the
Hot Cell building features is a key issue that has been
already extensively studied by the ITER Team. The impact
of the TBM testing programme in ITER on the RH and Hot
Cell facility has to be evaluated (operation schedule,
storage, repairing, etc.). For that the hot cell needs for TBM
maintenance operations (replacement, inspection, repairing,
storage, PIE) have to be identified and compared to the
ITER capabilities. Discrepancies have to be discussed with
the ITER team for definition of common solution.

2006 ACTIVITIES

The  bases  of  the  HCLL  TBM  system  Integration
Description Document (IDD) have been produced by
identifying main boundaries and guidelines, geometrical
aspects, objects to be considered and preliminary
maintenance sequence. In a future final version, this IDD
should include procedures describing the mounting,
dismounting and neutralisation operations specific to the
HCLL-TBM. Moreover, the preliminary list of required PIE
test (in-situ or external) has been described for a later
evaluation with the ITER project and some
recommendations for TBM cutting after operation have
been derived. An assessment of the envisaged PIEs based
on CEA/DMN/SEMI/LECI (Saclay hot cell operation)
expertise has also been performed. It gives general
informations on existing techniques and equipments
potentially compatible with HCLL PIE needs. The final
report for the task [1] has been edited.

OVERVIEW OF THE INTEGRATION
PROBLEMATIC

The general guidelines identified in the study have been
intended to be as general as possible. However in practice,
they will be affected by ITER boundaries. TBM mounting
and dismounting procedures will distinguish between
operations in Interface-2 region (from the VV outer walls to
the cryostat inner wall) and operations in Interface-3 region
(behind the cryostat, i.e. in the Port Cell). These regions are
illustrated on figure 1.
The boundaries of this integration study are related to
Interface-2 & Interface-3 Zones, Port Cell Geometry &
Available Space, Remote Handling System (RHS), and
Testing Apparatus & Cables. The preliminary implantation
of the HCLL TBM system in Port Cell #18, including
piping, part of the He circuit components and PbLi ancillary
system has been designed, taking into account geometrical
and components considerations and identifying specific
issues.

Figure 1: Schematised representation of the Port Cell
region with TBM-pipes interfaces

An illustration of this implantation is given on figure 2.
Then, general considerations on the TBM system
integration and handling have been identified. Then concern
the overall replacement strategy, the TBM Mounting
sequences including the preliminary identification of
operations, the circuits' maintenance, the dismounting and
transfer to hot cell and the TBM replacement in hot cell
possible strategy. Open points have been highlighted.

Figure 2: Implantation of the HCLL TBM system in Port
Cell #18

PIE REQUIREMENTS

Based on the preliminary list of needed PIE already
identified in the framework of this subtask, the estimation
of needs in term of hot cell equipments have been derived.
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To recover any PIE specimens/parts, the TBM PIE Hot Cell
needs to be equipped with:
- Equipment and glove box tritium measurement facilities

to recover and measure any potential tritium release while
the TBM is still hot.

- Remote manipulators for handling the TBM, sections
removed from the TBM, and specimen cassettes.

- Remote visual inspection and recording to examine and
record the condition of the TBM and sections of a TBM.
Such equipment is essential for guiding subsequent
cutting operations.

- Ultrasonic and eddy current non destructive inspection of
the TBM and sections removed from the TBM.

- Metrology to characterize dimensional changes with an
accuracy of ±0.1 mm.

- Equipments (to be determined) to remove and store any
residual liquid metals from liquid breeder TBMs.

- Computer controlled cutting tools such as laser and argon-
arc torches, mechanical cropping equipment and electro
discharge machining capability for careful sectioning of
the TBM and subcomponents into more manageable
pieces.

- The capability to perform simple mechanical tests such as
tensile or Charpy impact testing of pre-machined
specimens over a range of temperatures and possibly
under vacuum or inert gas environment.

- RF or thermocouple monitoring to track the temperature
of the TBM and TBM sections (from a rough estimation
taking into account a starting state of TBM structures
(PbLi-empty) at 300°C, afterheat sources and radiation of
TBM external surfaces to 20°C, temperature of the steel
structures is about 140°C after 1 day and 50°C after 3
days).

- Radiation monitoring for radioactive decay of the TBM,
TBM sections, and test specimens.

- Provisions must be made to collect and pick-up any waste
parts from the sectioning.

- The capability to load sections of a TBM and test
specimens into appropriate activated material shipping
casks for shipment.

Detailed technical parameters and corresponding spatial
requirements will need to be specified in the future.

To conclude the work, an assessment of the envisaged PIEs
based on CEA/DMN/SEMI/LECI (Saclay hot cell
operation) expertise has been realized. It gives general
informations on existing techniques and equipments
potentially compatible with HCLL PIE needs. From a
general point of view, due to the lack of space and the
incompatibility between the various envisaged operations, it
appears difficult to integrate in a single hot cell all the
equipment necessary for the envisaged operations.
One first recommendation is to limit the operations in ITER
hot cell to the minimum and transfer other ones in already
existing facilities. Operations that could be realized in ITER
TBM hot cell are the following:
- Global visual inspection;
- Global structure metrology;
- US control at the structure level;
- Cutting into elements compatible with existing transport

cask;
- Intermediate elements (non transportable) metrology;
- Elements nuclear activity measurements;
- Transportable elements conditioning;
- Waste conditioning;

- Transport of elements to other hot cell facilities.
All types of hot cell envisaged operations have been
analysed, giving for each of them some recommendations
and references for existing tools already used in the CEA-
Saclay hot cell facilities.

CONCLUSIONS

The  final  report  of  this  task  is  a  preliminary  version  of  a
HCLL-TBM Integration Description Document. It aims at
defining guidelines and requirements in order to guarantee a
high safety level for the HCLL-TBM integration into ITER.
Integration of the TBM into ITER includes operations
describing the scheduled mounting and dismounting and
unscheduled neutralisation of the HCLL-TBM. It has
sought to identify in the first place the issues that are
specifically related to the liquid PbLi use. Many of the
issues related to the HCLL-TBM integration are not
determined yet although they have been identified in the
document. Progressively, these issues will be completed
and other new issues will certainly be identified. At one of
the later stages, different TBM’s Integration Description
Documents should be normalised and interfacing subjects
should be developed jointly. It also proposes first
discussions on the possible Post Irradiation Examinations
(PIEs) that can be envisaged for the HCLL-TBM after tests
in ITER. From an expertise realised by CEA operators of
Saclay hot cells laboratories, it appears that most of the
envisaged hot cell operations are already performed in
existing hot facilities. Nevertheless, operations are usually
done for element size smaller that the TBM scale, while
already necessitating substantial space. It is therefore
recommended to limit as much as possible in-situ
operations (essentially cutting TBM into small elements)
and dispatch these elements in existing or dedicated hot cell
facilities.
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TW5-TTBC-001-D05 

Task Title: TBM DESIGN, INTEGRATION AND ANALYSIS  
 FINALIZATION OF THE HCLL TBM PROTOTYPICAL MOCK-UP 

 
INTRODUCTION 

 
The objective of this task is the finalization of the design 
of a Prototypical Mock-Up (PMU), a relevant medium-
scale (1/4) representative of the HCLL-TBM module for 
ITER and to be tested out-of-pile in the European 
Breeding Blanket Testing Facility (EBBTF)/Brasimone 
facility. This mock-up should allow prepare the 
manufacturing of the TBM, the monitoring of the TBM-
systems and guarantee, as well as possible, that they will 
not affect the ITER safety.  
After a conceptual step in the design process (TW5-TTBC-
001-D02) [1], this deliverable will aim at finalizing the 
design of this under task with detailed drawings ready for 
manufacturing and consistent with operating parameters 
and specifications. 
 
 
2006 ACTIVITIES 

 
Main 2006 activities are related to the conceptual study of 
the external heater, including technical solution and 
thermo-mechanical dimensioning simulating the plasma 
heating of the first wall of the TBM (0.5 MW/m²). 
 
Experimental device design 
 
A relevant medium-scale (¼) prototypical mock-up is 
foreseen and will be tested out of beam in ENEA loops, in 
the European Breeding Blanket Testing Facility 
(EBBTF)/Brasimone for the PbLi loop and HEFUS3 for 
the He loop. The mock-up dimension will be obtained by 
divided the TBM height by 4: 2 cells in the poloidal axis 
and 3 cells in the toroidal axis, the radial dimension stays 
the same. A design proposal is made (figure 1). 

Figure 1: Design of the prototypical mock-up 
 

The experimental device is based on a cylindrical vacuum 
vessel in which the TBM mock-up with the heaters would 
be located. This vacuum vessel is supported by a support 
frame (figure 2) which is designed to withstand 2000 kg. 
 
 

Figure 2: View of the prototypical mock-up in its vacuum 
vessel and support frame 

 
Due to the high thermal flux, the first wall has to receive 
(0.5 MW/m²) and the induced temperature of the heater 
(about 1500°C), heater material has been chosen as carbide 
composite which keeps interesting physical and 
mechanical characteristics at high temperature. In order to 
optimise the radiative heat transfer, the heater is located in 
front of the first wall in a vacuum environment with an 
area similar to the one of the first wall (figure 3). 

 

Figure 3: Electrical heater (620 x 500 mm²) 
 
 
It is actively cooled by external water circulation.  
Electrical paths have been designed to supply the electrical 
power to the heater (figure 4). These paths are also actively 
cooled. 
Finite elements computations were performed to verify the 
mechanical design of the heater, the vacuum vessel, the 
electrical path and the support frame. 
 
 

2m2m
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Figure 4: Electrical path  
 
 
CONCLUSIONS 

 
Heaters and electric paths have been designed in detail and 
the conceptual design of what could be the general test 
section has been proposed. 
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TW5-TTBC-001-D06 
 
Task Title: TBM DESIGN, INTEGRATION AND ANALYSIS: FURTHER 

THERMAL-HYDRAULICS AND DESIGN STUDY RELATED TO 
THE CHOICE OF A REFERENCE He COOLING SCHEME 

 
 

INTRODUCTION 

 
In the current HCLL DEMO Blanket design, helium 
scheme is such as the First Wall (FW) and the Stiffening 
Plates (SPs) are cooled in parallel at first, then the He 
passes in the Cooling Plates (CPs). This schema allows 
cooling with "cold He" components having structural 
functions, while guaranteeing an He outlet temperature of 
500 °C, as suitable to obtain interesting thermodynamic 
efficiency. Thanks to the fact that only one portion of the 
He mass flow circulating in the stiffening plates allows, 
furthermore, to reduce the SPs channels cross section and 
then the SPs thickness so increasing the breeder material 
(LiPb) content in the breeder zone. 
The He mass flow distribution, i.e. the balance of the 
pressure drops between the FW and in the SPs, on the 
other hand, relies on the use of appropriate flow limiters in 
the SPs. In the 2003 HCLL DEMO blanket module design 
[1] 80% of the He mass flow circulates in the FW and the 
20% in the SPs (figure 1). 
 
The scope of this task is to assess series alternative He 
flow schemes avoiding any external control of the He mass 
flow and to define a reference He scheme for the HCLL 
DEMO blanket to be applied on the HCLL TBM for ITER. 
 

2006 ACTIVITIES 

 
2006 activities are dedicated to DEMO thermal analysis 
and estimations of the consequences on the TBM. 
 
DEMO ANALYSIS 
 
Three different configurations have been analysed and 
compared with the following criteria: 
 
- Tmax < 550°C; 

- Power ratio =  Pumping power   < 10%. 
  Deposited thermal power  
 
One, referred as the parallel configuration corresponds to 
the former helium flow path. The other two, referred as 
series 1 and series 2 correspond to a series scheme. 
Differences between series 1 and series 2 correspond to 
geometrical variations of the SPs. The main geometrical 
characteristics of the studied module components, FW, SP 
and CP are presented in table 1. 
 
To calculate the pitch of the stiffening grid, 2 x 13 mm  
(13 mm each side) have to be spared in order to weld the 
stiffening plates. The obtained results show that cooling the 
FW, SPs and CPs in series is a viable solution. The lowest 
pressure drops configuration seems to be the series 1 
configuration. Main results are presented hereafter. 
 

 

Table 1: Studied configurations presentation 

 
 configuration Thickness decomposition channels pitch decomposition inlets 

Parallel 25 mm 4 + 14 + 7 14 x 15.6 21.6 15.6 + 6 82 
Series 1 25 mm 3 + 15 + 7 15 x 16 21.9 16 + 5.9 82 First Wall 
Series 2 25 mm 3 + 15 + 7 15 x 16 21.9 16 + 5.9 82 
Parallel 8 mm 2.5 + 3 + 2.5 3 x 10 11.46 10 + 1.46 4 
Series 1 11 mm 2.5 + 6 + 2.5 6 x 12 15.45 12 + 3.45 3 Stiffening Plates 
Series 2 11 mm 2.5 + 6 + 2.5 6 x 9 11.53 9 + 2.53 4 
Parallel 6.5 mm 1 + 4.5 + 1 4.5 x 4.5 6.4 4.5 + 1.9 8 
Series 1 6.5 mm 1 + 4.5 + 1 4.5 x 4.5 6.4 4 + 1.9 8 Cooling plates 
Series 2 6.5 mm 1 + 4.5 + 1 4.5 x 4.5 6.4 4 + 1.9 8 

 
 

Table 2: Main hydraulic characteristics 
 

Configuration 
Dimensions (r x t x p) 

in m 
Deposited 
power MW 

Total mass flow kg s-1 
Pressure drop 

(MPa) 
Power ratio 

Series 1 0.8 x 2.02 x 1.811 10.50 10.125 0.347 6.1 % 
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The configuration flow is schematically represented in 
figure 1, where the He mass flows and temperatures in the 
various circuits are reported. 

 

Figure 1: DEMO 2003 Helium flow scheme 
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Figure 2: DEMO 2006 series He flow scheme 
 
The hydraulic analysis has been completed by a thermal 
finite element analysis in order to verify that temperature 
limits are not exceeded. In this purpose, two different FE 
models are developed. The first model aims at computing 
the temperature in the FW using both counter-current and 
parallel flow whereas the second model is used to compute 
the temperature in SPs and CPs and to estimate the fraction 
of the heat deposited in the BZ that is recovered by the 
FW. 
 
Numerical calculations have been performed using 
Cast3M. This is a multiphysics CEA finite elements code 
well adapted to solve thermal problems. The numerical 
algorithm which was developed for this study is an 
adaptation of the numerical algorithm developed in [2]. It 
basically follows the followings steps: 
1. temperature initialisation 
2. repeat 

a. calculation of the heat transfer coefficient using   
 equation 7 

b. calculation of the temperature field in the structure 
c. calculation of the heat flux using equation 17 
d. calculation of physical properties of the He 
e. calculation of the fluid velocity 
f. calculation of the temperature in He 

3. until 410Euro

Euro

T

T
−∆ ≤    and 210

tot

Q

Q
−∆ ≤  

Figure 3 shows the temperature distribution in the FW and 
the SW as illustration. 

 
 

Figure 3: Temperature (°C) distribution in the first wall 
and the side walls 

 
The main thermal characteristics of the serie1 
configuration are presented in table 3. 
A careful re-engineering of the geometry of the He 
channels in the cooling plates is needed to avoid hot spots 
in the steel and achieve a more uniform He outlet 
temperature. This result can mainly be explained by the 
heat recuperation effect taken place in side walls. In the 
first leg of the cooling plate near the side walls, He is 
firstly cooled so that in order to verify the global heat 
balance the highest He bulk temperature is higher than the 
average outlet temperature (figure 4), close to 540°C. 
Therefore, at this point a hot spot appears. 
 

 

 

Figure 4: He bulk temperature distribution (°C) versus 
curvilinear (m) abscise in the central CP 

 

 
Table 3: Main thermal components characteristics 

 

Component 
Recovered 

power (MW) 

Pressure 
drops 
(MPa) 

Tin (°C) Tout (°C) Tmax (°C) 
He average heat transfer coefficient  

(W m-2 K-1) 

FW 3.89 0.163 300 370 532 5931.4 
SP 3.56 0.114 370 434 517 4798.2 
CP 3.13 0.069 434 500 590 3664.8 
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TBM CONSEQUENCES 
 
To be DEMO relevant, the HCLL TBM should feature the 
in-series cooling path. Main consequences on the TBM 
design are: 

- SPs and CPs should be feed in-series, 
- SPs in the In-TBM should be 11 mm thick, 
- A fifth back-plate need to be added. 

These modifications will be introduced in the TBM design 
together with the modification of its overall dimensions 
due to the recent changes in the frame dimensions asked by 
the ITER team. Moreover, due to fabrication issues, it is 
foreseen to have the same thickness for FW and SW. 
 
Due to these design modifications, thermal-hydraulics 
scheme of the in-TBM needs to be deeply reassessed. 
Nevertheless, with the same assumptions that the ones used 
in the previous thermal analyses, and in particular the same 
dimensions and a heat flux of 0.5 MW/m² on the whole 
surface, the heat to be recovered is (table 4): 

Table 4: Thermal power distribution in the In-TBM 

 
Component FW SP CP 

Thermal Power (kW) 772.8 221 194.6 
 
With the further assumption to preserve the same increase 
of helium temperature in the TBM FW as in DEMO, the 
mass flow rate of helium for the TBM should be around 
2.12 kg s-1. To also keep a similarly behaviour in the SPs 
and the CPS, a bypass should be foreseen and around 71 % 
of the mass flow rate should be bypassed after the FW. A 
possible hydraulic scheme for the new In-TBM is 
presented in figure 5. 
 

Figure 1: Example of possible Hydraulic scheme for the in “series” In-TBM 

FW SP CP2.12 kg s-1

300°C

370°C 439°C 500°C
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407.7°C

FW SP CP2.12 kg s-1

300°C

370°C 439°C 500°C

1.505 kg s-1
407.7°C

 
 

Figure 5: Example of possible Hydraulic scheme 
 for the in “series” In-TBM 

 

CONCLUSIONS 

 
Final assessment of the HCLL TBM cooling scheme taking 
into account all the recent modifications will be performed 
in the framework of the task TW6-TTBC-001-D03. The 
scope of the present task was to assess series He flow 
schemes avoiding any external control of the He mass flow 
and to define a reference He scheme for the HCLL DEMO 
blanket to be applied on the HCLL TBM for ITER. Three 
different configurations have been analysed and compared 
using the following criteria. 

 
- Tmax < 550°C; 
- Power ratio < 10%. 

 

The obtained results show that cooling the FW, SPs and 
CPs in series is a viable solution. However, a careful re-
engineering of the geometry of the He channels in the 

cooling plates is needed to avoid hot spots in the steel and 
to achieve a more uniform He outlet temperature. 

Regarding these results, the In-TBM should undergo some 
design modifications. First of all, stiffening plates should 
have the same thickness as those of DEMO series and in 
order to keep the temperature increase of the helium in the 
FW, the mass flow rate has to be 2.12 kg s-1. Therefore, 
acting like DEMO in the SPs and the CPs, leads to bypass 
around 71 % of the mass flow after the FW. 
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TW5-TTBC-001-D07

Task Title: TBM DESIGN, INTEGRATION AND ANALYSIS
DETAILED TBM DEVELOPMENT WORKPLAN UP TO EM-TBM
INSTALLATION IN ITER

INTRODUCTION

In order to be able to install a HCLL Test Blanket Module
(TBM) in day 1 of ITER operation (~2015), as envisaged
up to now in the testing strategy for EU concepts of
breeding blankets, it is necessary to establish both a detailed
HCLL TBM development workplan up to EM-TBM
fabrication and installation in ITER and a Project technical
specification document. These documents will be a basis to
identify the activities (on R&D, analyses, needs of out-of-
pile test, supplies and fabrication,…) to be launched, and
will help to follow the project taking care of the critical
path.

The objectives of the deliverable are:

i) to produce a detailed HCLL TBM development workplan
(MS-Project) and,

ii) to produce a first version of a Project technical
specification document.

2006 ACTIVITIES

The major part of activity performed in 2006 has been
devoted to the technical follow-up of the main progresses
realised in each field of the project, integrating the
modifications of the overall project specifications coming
from the ITER Organisation. In particular, these changes
have concerned the available space in port cell for TBM
installation (impact on TBM design and integration
features) and the safety strategy (impact on safety analysis).
In such a context, it has been difficult to freeze the overall
technical specifications for the TBM project Nevertheless,
the outline of the technical specification document [1] has
been established, but still needs to be completed and
finalized.

EUROPEAN TBM PROJECT

Based on the work produced in the framework of this
subtask (and in parallel done by FZK for the HCPB
concept), the EU technical plan over next ten years for
TBMs has been detailed. table 1 shows the main milestones
of the project and table 2 gives the evaluated cost scenario.

This study has been presented at the SOFT conference of
Varsaw [2].

Table 1: Main milestones of the TBMs project up to
installation of first TBMs in ITER

Project Milestones Target
achievement

date
Qualification of fabrication
technologies (as to be used in
first TBMs)
Qualification of thermal-
hydraulic design

End 2008

1/4-1/3 TBM mock-ups
fabrication

Mid 2010

1/4-1/3 TBM mock-ups tests
(thermo-mechanics, thermal-
hydraulics, H permeation &
extraction, etc.)

End 2011

Prototypes fabrication (HCLL
and HCPB)

Mid 2013

Prototypes tests (FW heat
extraction, validation of
fabrication procedures, He flow,
permeation tests, etc.)

Beg.2014

Procurement package of first
HCLL/HCPB TBMs

Mid 2014

HCLL and HCPB TBMs
fabrication

End 2015

Ancillary systems fabrication End 2015
TBM Systems installation and
commissioning in ITER

End 2016

First TBM operation in ITER 2017

Table 2: Baseline cost scenario of the European TBMs
Project (both HCLL and HCPB costs are included)

Period Evaluated cost (*)
2007-2025
(4 TBMs for each HCPB and
HCLL concepts)

212 M€

2007-2016
(HCPB and HCLL first TBMs
installed in ITER)

127 M€

2007-2011
(TBM development within EU
Framework Program VII)

49 M€

(*) € ref. year 2006

From a technical point of view, the synthesis of the last
progresses for the TBMs project has been detailed and
exposed in an oral presentation at the same conference
(SOFT-24) [3]. A more dedicated presentation on the R&D
status concerning the use of liquid metal in the HCLL TBM
has been realised for the IEA Workshop meeting of St
Petersburg, June 2006 [4].
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TW5-TTBC-001-D08

Task Title: TBM DESIGN, INTEGRATION AND ANALYSIS
HCLL STUDIES ANALYSES: ADDITIONAL ACCIDENTAL
STUDIES TO TAKE INTO ACCOUNT ITER SAFETY
REQUIREMENTS (FROM ITER TBWG)

INTRODUCTION

In parallel with the plasma behaviour study, ITER
(International Thermonuclear Experimental Reactor) will
be also used to test some components which will be
necessary to the operation of the reactor system. Among
them, there is the Blanket Module, which will be installed
on the industrial prototype of electric-power reactor called
DEMO. The Blanket Module facing the plasma will
constitute the power conversion system and will produce in
situ tritium. The partners envisage several concepts of
Blanket Modules, therefore a TBM (Test Blanket Module)
programme in ITER has been setup. The objective of the
TBM programme is to test under representative conditions
the different Blanket Module.

In this framework the CEA-Euratom Association develops
the HCLL concept (Helium Cooled Lithium Lead), which
is designed by the DM2S/SERMA at CEA/SACLAY [1] [2]
(see figure 1).

Figure 1: HCLL-TBM 3D view

The HCLL-TBM will be placed into ITER in 2016 when
first  plasma  will  be  produced.  But  before,  we  have  to
determine its thermo-mechanical behaviour under normal,
incidental and accidental operating conditions.

In the scope of the EFDA TW5-TTBC-001-D08 task, the
DER/SESI at CEA-Cadarache has to provide thermal and
thermo-mechanical analysis of the HCLL-TBM under
accidental conditions. This task is focused on one of the
most severe accidental conditions expected, which is an in-
TBM LOCA (internal Loss Of Coolant Accident with
pressurization of the blanket module box at the helium
pressure of 8.0 MPa).

It is obvious that HCLL-TBM can not withstand such a
loading for a long time if any plasma shutdown does not
happen; the purpose of the calculation is to determine the
time interval t0 available during which the HCLL-TBM can
withstand such thermal loading (due to loss of helium
cooling capacity) combined with the internal pressure
loading (due to in-TBM LOCA).

To complete this study, a plasma shutdown is modelled in
order to check the HCLL-TBM capability to remove the
decay heat by natural radiation.

2006 ACTIVITIES

The main characteristics of the computations are recalled
hereafter. One model was carried out with the finite element
code (CAST3M): the thermal and the stress fields are
computed within the HCLL-TBM during the transient. The
model is representative of one and a half BU (Breeder Unit)
in width (see figure 2).

Figure 2: Positioning of the model into a TBM

The model is innovative as it describes beryllium layer and
the exact geometry of the junction between the FW (First
Wall) and the SW (Side Wall). Out of concern for
simplicity, the model doesn’t account for horizontal
stiffening plates and the BP (Back Plates), which are
replaced at this step by mechanical boundary conditions.
The comprehensive meshing is presented in figure 3.
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626 mm
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boundary

tor

pol
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Figure 3: Exploded view of the 3D model

The thermal-hydraulic features taken into account are
summarized in figure 4 [1]. That is the scheme with by-
pass. The helium inlet temperature is 300°C whereas the
outlet temperature is 454°C.

Figure 4: Helium flow scheme

The thermal loads considered in this study are [1]:

- Heat Flux (HF) on the FW of 0.5 MWm-2,
- Power density distribution related to a Neutron Wall

Loading (NWL) of 0.78 MWm-2.

The mechanical loading consists in an internal pressure of
8.0 MPa. This pressure is applied to the helium channels
and to the surfaces in contact with Lithium-Lead to
simulate an in-TBM helium leak pressurization (see figure
5).

Figure 5: Mechanical loads

The time interval t0 during which the HCLL-TBM can
withstand without damaging the TBM box after an in-TBM
LOCA without plasma shutdown, is determined by using
the following methodology:

- A thermal transient computation simulating the LOCA
assuming plasma heating and no cooling from helium,

- A pure mechanical computation, simulating the 8.0 MPa
pressurisation of the HCLL-TBM box.

The maximal mechanical stress is related to a maximal
allowed temperature (from the table of maximal allowable
stress as a function of temperature). It is then looked for in
the results from the thermal transient when, at the same
location, this maximal temperature is reached, this gives the
time t1.

The analysis is also performed for the mechanical stress
obtained at the maximal temperature location, this stress is
related to a maximal allowable temperature and from the
thermal transient to a time t2 when this temperature is
reached.

- The minimum of t1 and t2 gives the time t0 = Min. (t1, t2)
when the HCLL-TBM box will start to not fulfil the SDC-
IC criteria (primary stress upper than the maximal
allowable stress).

The simulation establishes, first, the permanent thermal
field before the accidental transient is calculated (see
figures 6, 7 and 8).

Figure 6: Temperature field - Beryllium layer

Figure 7: Temperature field - EUROFER structures

Figure 8: Temperature field - Lithium-Lead

The temperature is between 310°C and 563°C. The
maximum of 563°C is reached in FW-SW structure at the
junction level. The beryllium layer insulates slightly the
FW.

LOCA transient is now arbitrarily simulated for 100
seconds. The thermal field is calculated as a function of
time. Figure 9 shows the thermal field evolution. As soon
as the helium flow is stopped, the FW temperature tends
toward an homogeneous thermal field The temperature
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exceeds 700°C, 15 seconds after the transient beginning
then reaches some 1000°C at 50 seconds At the end
simulation (100 seconds) the FW temperature is about
1300°C.

Figure 9: FW maximal temperature evolution during a
LOCA transient up to 100 seconds

Then, thermal assessment of plasma shutdown with
disruption effect is performed. The objective is to determine
the magnitude of FW temperature during the plasma
shutdown phase and to verify the capability to remove the
decay heat by thermal radiation. In this study, the plasma
shutdown creates a disruption (Heat Flux = 5.5 MW.m-2 for
100 ms) adding an additional heat loading that must be
taken into account in the analysis.

The thermal computation shows that the increment of
temperature caused by the disruption is weak (only + 8°C).
After the plasma shutdown, the thermal radiation allows the
temperature to be decreased rapidly (figure 10).

Figure 10: FW maximal temperature evolution after a
plasma shutdown with disruption

At this stage the mechanical analysis is carried out. The
analysis is performed at central part of the model where the
stress concentration is observed with a maximum value of
298 MPa (see area of analysis in figure 11).

Figure 11: Equivalent primary stress field due to an
 in-TBM pressurisation (8.0 MPa)

The strength capability has been determined according to
the Structural Design Criteria for ITER (I-SDC) [3] design
rules level D criteria. The objective is to determine, during
the LOCA transient, when the stresses become equal to the
allowable stress intensity Sm

D [4]. Two different areas are
analyzed:
- The over-stress place where the stress intensity is

maximum (figure 12a),
- The hot-spot place where the temperature is maximum

(figure 12b).

(a) Mechanical stress intensity field

(b) Thermal field

Figure 12: Analysed area positioning (cross section
through a cooling channel)

Over-stress place analysis

The over-stress place is located at the junction between
First Wall and Side Wall (on the corner). The calculations
lead to a maximal stress intensity of 298 MPa. Several
slices are analysed in order to determine accurately the
supporting line segment corresponding to the lower
resistance area. The lower resistance area is situated at the
helium channel level. The stress analysis is performed
along the supporting line segment indicated in figure 13
hereafter.

Figure 13: Supporting line segment at the over-stress place
– Calculation index

t = 0 sec.
Transient beginning

t = 100 sec.
End of simulation

t = 0 sec.
Plasma shutdown initiation

Area of analysis

Over-stress
place

Hot-spot place

Supporting line segment
x

y
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The stress profiles along the supporting line segment are
given in figure 14. The main results are:

- mP = 120.4 MPa

- bL PP = 239 MPa

Figure 14: Primary stress intensity supporting line segment

Thus, the allowable stress intensity must be upper than:

Sm
D ( m) > mP

and

effK  x  Sm
D ( m)  > bL PP

with Keff = 1.5

Sm
D ( m) > 120 MPa

and

Sm
D ( m) > 159 MPa

This condition is fulfilled when m is lower than 642°C
(figure 15). Then, as long as the average temperature along
the supporting line segment is lower than 634°C1, the
criteria are fulfilled even in case of shutdown with
disruption. The time interval available, t1, before criteria
are not any longer fulfilled, is obtained by using the support
line segment average temperature evolution during the
transient (figure 16). For the over-stress place, we find t1
equal to 70 seconds from the beginning of LOCA accident.

Figure 15: Sm D allowable stress intensity

1
Corresponding to 642°C minus 8°C due to the additional heating created
by the disruption phenomena

Figure 16: Supporting line segment – Average temperature
during LOCA

Regarding the thermal creep a simplified assessment of the
creep rupture usage fraction WD has been computed for 70
seconds showing that WD does not exceed 1.

Hot spot place analysis

This place is located on the First Wall and corresponds to
the helium channel wall plasma side (supporting line
segment indicated in figure 17).

Figure 17: Supporting line segment at the hot-spot place

The stress profiles on the supporting line segment are given
in figure 18. The main results are:

- mP = 105 MPa

- bL PP = 110 MPa

Figure 18: Primary stress intensity.
Supporting line segment

m= 634°C

T1= 70 sec.

E2 MPa

Sm
D (642°C)= 159 MPa

642°C

Supporting
line segment

x
y

E2 MPa

E2 MPa
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Thus, the allowable stress intensity must be upper than:

Sm
D ( m) > mP

and

effK  x  Sm
D ( m)  > bL PP

with Keff = 1.5

Sm
D ( m) > 105 MPa

and

Sm
D ( m) > 73 MPa

This condition is fulfilled when m is lower than 692°C
(figure 19). Then, as long as the average temperature along
the supporting line segment is lower than 684°C2, the
criteria are fulfilled even in case of shutdown with
disruption. The time interval available, t2, before the
criteria are not any longer fulfilled, is obtained by using the
support line segment average temperature evolution during
the transient (figure 20). For the hot-spot place we find t2
equal to 15 seconds from the beginning of LOCA accident.

Figure 19: Sm D allowable stress intensity

Figure 20: Supporting line segment – Average temperature
during LOCA

Regarding the thermal creep if the plasma shutdown occurs
15 seconds after the beginning of the accidental transient,
the creep rupture usage fractions WD do not exceed 1.

t2 (15 sec.) is lower than t1 (70 sec.), therefore the hot-spot
place can be considered as the weak point of the

2
Corresponding to 692°C minus 8°C due to the additional heating created

by the disruption phenomena

HCLL-TBM for a total loss of heat exchange with helium
combined with an in-TBM pressurization (8.0 MPa).

CONCLUSIONS

The thermo-mechanical study performed at the
CEA/DEN/DER/SESI is related to the HCLL-TBM
behaviour under a severe in-TBM LOCA event leading to:

- A total loss of helium cooling,
- HCLL-TBM box pressurization (8.0 MPa).

During the accidental transient, the time interval while the
level D SDC-IC criteria are fulfilled have been determined.
The analysis indicates:

- First, that the hot-spot place is the sizing point of
HCLL-TBM. This point is located at the outer wall
helium channel of the First Wall.

- Second, within the framework approach followed, that the
time interval available before the level D criteria are
reached is equal to 15 seconds after the beginning of the
transient.

With that in mind, this result does not demonstrate that,
under very conservative assumptions there is a risk of
HCLL-TBM rupture as soon as this time interval is
exceeded. It only indicates that the conventional margin to
the possible rupture will be not fulfilled at any point of the
structure if the plasma is not shutdown. That does not mean
an immediate Lithium-Lead leakage into the vacuum
vessel. Indeed, if a rupture should occur, it will first involve
the outer wall helium channel of the First Wall. The
consequential helium leakage would shutdown the plasma
and probably prevents the failure propagation up to the
Lithium-Lead. To determine such sequence a
complementary study should have to be performed.
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TW5-TTBC-001-D09

Task Title: TBM DESIGN, INTEGRATION AND ANALYSIS
DETERMINATION OF RANGES OF TRITIUM INVENTORIES IN
PbLi AND He CIRCUITS

INTRODUCTION

In the framework of the fusion technology development,
management of tritium still constitutes an open issue.
Indeed the question of fuel feeding in particular with
tritium and its supplying routes must be studied in detail
for the first future fusion demonstration reactor (DEMO),
but before some tritium breeding systems must be tested in
ITER.  It  is  foreseen  by  the  use  of  Test  Blanket  Module
(TBM). This document presents the order of magnitude of
tritium in the different circuits used in the TBM systems
(PbLi loop and helium loop). The assessment is based on
the geometric features of the circuits and the behaviour of
tritium in term of diffusion in the operating conditions.

The calculations are using mass balances on each circuit
taking into account the diffusible species and traducing
their diffusion by fick’s law and permeation using
Sievert’s constant in each metallic media.
The first part recalls the main data: geometry of HCLL
(Helium cooled Lithium Lead) TBM.

2006 ACTIVITIES

DESCRIPTION OF HCLL TBM

The tritium-breeding blanket comprises a liquid metal
(PbLi) and a helium circuit that acts as coolant in order to
recover the heat produced. Channels in which the helium
circulates therefore run through the entire blanket. The
helium then releases its heat into a third circuit, the water
circuit.
The power deposited in ITER is almost 0.5 MW.m-2, the
total flow rate of the coolant (He) in the internal channels
of the TBM is 1.5 kg.s-1. Figure 1 illustrates the division of
the flow rates and temperature levels on the inlet and outlet
of a module which are used for the calculations. The
significant pressure drop of the gas due to the complex
geometry of the parts may also be noted.

Figure 1: Flow rates and temperatures of secondary
helium circulation in a module

Detail of the HCLL concept

The HCLL concept is characterised by a two-circuit
architecture:

- Primary circuit contains the tritium-breeding material:
lithium-lead eutectic.

- Secondary circuit in which pressurized helium (80 bar)
flows, acting as coolant. It is this fluid that takes the
power into a steam generator (GV) and is capable of
creating a current-production cycle for example.

Figure 2: Block diagram of HCLL

In a TBM we can distinguish three zones:
- 1, the fluid distribution zone,
- 2, the zone where the exchanges take place (matter and

heat),
- 3, a Breeder Unit, the zone where the PbLi produces the

Tritium flows.

The 3 main components making up the blanket and acting
as interface for tritium transfer from PbLi circuit to helium
circuit are:
- The First Wall
- The Stiffening Plates
- The Cooling Plates

DATA REQUIRED FOR CALCULATIONS

This paragraph gives an overview of several important
themes necessary for implementing the model.

Inventory of materials

The structural materials used in a fusion reactor must meet
mechanical strength characteristics and give good
containment of the matter. The solutions envisaged for
metallic materials in DEMO are being re-used in ITER
TBMs. These are structural materials described as having
low activation. For TBMs, this is mainly Eurofer which is
an RAFMS (Raw Activation Ferritic and Martensitic
Steel).

The other materials present are eutectic PbLi and He, both
of which are in circulation in the structure.

Primary circuit Secondary circuit

Blanket

Lithium lead
 1 bar

Helium
80 bar

GV

Cooling water



- 182 - EFDA Technology / Tritium Breeding and Materials /
Breeding Blanket / HCLL Blanket

Choice of data

The physical magnitudes that play a major role in the
diffusion of tritium in a reactor are Sievert constants and
the diffusivity of tritium in lithium-lead and Eurofer for
the HCLL concept. The different authors give varying
values for these magnitudes in the literature.
We will take the Sievert’s constant of tritium in PbLi as an
example.
The type of equation giving this magnitude is as follows:

But in the absorption or desorption experiments
performed, the values for the constants differ.
- According to the experiments carried out on the

SOLE installation:

RTPbLi
T eKs

12844

.237.0 (mol.m-3.Pa-1/2)
- According to the REITER experiments:

RTPbLi
T eKs

1350
3.10.17.1 (mol.m-3.Pa-1/2)

Figure 3 shows changes in Sievert’s constants versus
temperature and experimental module.

Sievert's constant of PbLi versus Temperature
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Figure 3: Changes in Sievert’s constant of tritium in PbLi
versus temperature and the module used

As these values are very different and as it is difficult to
determine what the better one is, the calculations have
therefore been performed using two sets of data:
- SOLE
- REITER
The changes relating to the permeability of Tritium in steel
and the exchangers versus temperature are relatively
important. Figure 4 shows an example of the behaviour of
Sievert’s constant for Tritium in Eurofer steel versus
temperature and the experimental module.

Sievert's constant of steel versus Temperature
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Figure 4: Changes in Sievert’s constant of tritium in
Eurofer versus temperature

Given the paucity of literature on Sievert’s constants in
Eurofer (one reference), these values may be compared
with other experimental data (obtained on OPTIFER IVb,
which has a very similar composition to that of
EUROFER). The data is very similar.

- Justification of durations and test periods on ITER

The experimental phases on ITER will consist of pulses of
varying duration. Two choices have been established:

- Pulses lasting 400 s (SP: short pulse)
- Pulses lasting 3 000 s (LP: long pulse)

Four distinct configurations can thus be studied:
- SP_SOLE
- SP_REITER
- LP_SOLE
- LP_REITER

MODELLING TRITIUM TRANSFERS

Block diagram

The diagram in figure 5 shows the succession of
components that can be encountered in the various loops.
The blanket is divided into units in order to differentiate
the specific geometries as discussed above. Incoming and
outgoing flows are represented by red arrows.
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FW

DPbLi

20 %

DHe

 1

 2

 3
CP

 3
SP

 3
FW

PbLiMean
TC

e
Tx

TRSExchanger

 5

 4

s
Tx

Circuit Hélium

blanket

PbLi Circuit

Figure 5: Block diagram of HCLL concept

Hypotheses

- The PbLi current is considered to be a uniform
concentration and the effect of a limit layer at the
transfer surface is not taken into account.
Concentrations are therefore taken as uniform on both
sides of the exchanger plate. In fact the concentrations
operating in the flows transferred are uniform
throughout a circuit because the outgoing flows from
each component (by diffusive transfer or extraction) are
slight compared with partial flow-rates. The same can be
said for the He current.

- The extraction yield of Tritium from the PbLi circuit by
TES is taken as equal to that considered for DEMO.

TR
EaKsKsT .

exp.
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- Transfer is limited by diffusion.

- The concentration of Tritium in the exchanger water is

considered to be nil: 0eau
Tc .

- The transfer of Tritium from the reactor core to the PbLi
circuit is negligible compared with the other terms.

- The Tritium is only in its T2 form in the Helium loop if
the quantity of H is negligible compared to that of T:

HT nn and hence: HeT nn
.

N.B.: We thus have:

He

T
He
total

He
THe

T n
n

n
nx

The Tritium may be in the form of T2 or  HT  if  H2 is
present in sufficient quantities or HTO if there are
oxidising species or H2O. The tritium fraction that can

diffuse is thus defined as: HTT
He
T xxx

diffusible 2
2

Estimation of flows

Inventory of incoming and outgoing flows:
- : Production of Tritium by neutron bombardment
- 2: Extraction of Tritium from the PbLi circuit (TES)
- 3: Transfer of Tritium to the Helium by permeation:

- 3
FW: transfer through the First Wall

- 3
SP: transfer through the Stiffening Plates

- 3
CP: transfer through the Cooling Plates

- 4  Extraction of Tritium from the helium circuit (TRS)
-  5 Transfer of Tritium to the exchanger (water circuit)

by permeation

NB: We should also add:

- Release into the volumes surrounding the circuits through
leakage

- Transfer of Tritium from the plasma to the PbLi circuit
(= unconsumed Tritium)

The flow from the production of Tritium by neutron
bombardment is a fundamental data item. This flow
generated by the nuclear reaction is a constant fixed in the
DDD on the tritium-breeding blankets of ITER at 76
mg/day, i.e.:

17
1 .10.93.2 smol

It is assumed for the time being that this stationary inlet
flow of 76 mg in one day before taking account of the
actual results of future tests by modelling an inlet by
pulses during the day, i.e. peaks at given intervals.

The other fluxes are expressed according diffusion laws
and efficiency of extraction or purification systems. The
complete equations are given in document [1].

Each exchange areas are evaluated according to the
geometry of the different plates.

The mass balances on the different circuits are leading to
the establishment of a system of non linear differential
equations. The equation concerning the PbLi circuit is
given hereafter as an example.

t
cxKUQ

KUQKUQ
V

cQQQ
D

VV
PbLi
TnHe

T
PbLi

CPTCP

PbLi
SPTSP

PbLi
FWTFW

PbLi
TCPSPFW

TES

PbLiTES

))(

(1)(
)2(

21

_

__

1

Solving this system of differential equations requires the
use of a powerful mathematical resolution engine based on
suitable numerical methods. The engine used is the
COMSOL Multiphysics software.

Comparison with steady state results is also done.

RESULTS

In this chapter is given one example of results obtained in
the case of SP_SOLE with the following value for the
different parameters:

- 90% as tritium extraction efficiency from LiPb circuit,
- 95% of purification efficiency in helium loop,
- 0,5% of the helium treated by the purification system,
- No permeation reduction factor.

The results obtained for tritium concentration in PbLi
(mol/m3) and in He (fraction) is given with the following
graph.
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CONCLUSIONS

As part of studies on ITER test tritium-breeding blankets
(TBM), it was necessary to evaluate tritium inventories in
the circuits associated with the blankets. An estimate of the
potential release induced by permeation was necessary.
These evaluations were carried out on one of the TBM
concepts for which our Association is responsible: the
HCLL (Helium Cooled Lithium Lead) concept.
In order to achieve this objective a model based on the
laws of diffusion and permeation of tritium through a
variety of materials was written. The search for the data
necessary for simulation of the behaviour of tritium in the
system (TBM + associated circuits) highlighted disparities
in the physical data necessary according to the
bibliographical sources. Extreme values were used for the
calculations.
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Solving the system of equations under transitory operating
conditions showed that in all the situations studied (SP and
LP), the tritium inventories both with the circuits and
capable of flowing out of the system were very low. This
enables us to guarantee that the HCLL TBM will have
virtually no impact on either the tritium inventory or the
release given off by ITER.

But this analysis is based on data such as extraction rates
that need to be confirmed experimentally, as does the
modeling used. Clearly given the margins obtained
(several orders of magnitude), changes in the results
following such confirmation should not undermine the
conclusions of the present study.
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TW5-TTBC-001-D10 

Task Title: TBM DESIGN, INTEGRATION, AND ANALYSIS 
SUPPORT STUDIES FOR THE COOLING PLATE MOCK-UP 
TESTING IN DIADEMO 

 

INTRODUCTION 

 
The experimental program for the qualification of the 
cooling plate fabrication process is made on DIADEMO 
facility. To support this experimental study, thermo-
mechanical calculations by FE tools have been performed in 
order to determine the most relevant test conditions and to 
precise the location of the maximum temperature on the 
mock-up structure, the temperature gradients and the 
associated stresses.  
These results have been used to support:  
- The choice of the best experimental parameters to be 

monitored and their location, 
- The choice of most relevant temperature to drive transient 

cycles. 
 
 

2006 ACTIVITIES 

 
The goal of these calculations is to simulate theoretical 
transient to be produced in DIADEMO facility. 
 
INPUT DATA – THERMO MECHANICAL LOADS 
 

Table 1: Cooling Plate design and operating conditions in 
HCLL TBM and DEMO 

 

 
 
The main functioning data can be found in the table 1, 
depending if the CP is in TBM or in a DEMO module. 
Concerning the heat deposition in the TBM, the power 
profile can be expressed as: 
 

xdxb eceaq ⋅−⋅− ⋅+⋅=&  

 
Where q&  is the power density in W/m3 and χ is the distance 

from the plasma in meters. 
Table 2 summarizes the coefficients of the equation for each 
TBM region. 
 
 

To simulate the power deposition, electrical heaters are 
located around the two sides of the CP mock-up. The 
theoretical profile, calculated with table 2, is the blue curve 
in figure 1, and the experimental power deposition is 
represented by the 3 coloured areas. 
 

Table 2: Coefficients of the equation describing the power 
density profile in the various TBM regions 

 

 
 
 

 
Figure 1: Power deposition profile 

 
THERMOHYDRAULICAL ANALYTICAL 
CALCULATIONS 
 
These calculations allow to feed the forced convection 
conditions in helium side at the F.E. model. To perform 
them, the model described in the figure 2 was used, 
assuming only thermal conduction in PbLi side. 
 

 

q 

Helium 

Cooling plate 

PbLi 

Z3 Z2 Z1 

THe 
T i 

Te 
Tch 

λλλλl    

λλλλe    

hi Re 
Ri 

 
 

Figure 2: Thermal exchange model 
 
On helium side, the forced convection is modelized using 
Gnielinski correlation. The main results obtained could be 
illustrated by the figure 3. 
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Figure 3: Helium temperature with exchange coefficient 

profiles along the CP mock up length for an helium inlet at 
410°C 

 

These results show that the working temperature for heaters 
is a few over limit for ITER conditions. So DEMO 
conditions, which need 30 g/s of He flow rate instead of 7 
g/s, induce an increase of thermal flux and so an increase of 
heaters temperature. Calculations performed with DEMO 
conditions showed a maximum heater temperature around 
900°C, which is not possible with current heaters. 
 

F.E. THERMO MECHANICAL CALCULATIONS 
 

The results show the thermal distribution and von Mises 
stresses in the CP mock-up (figure 4). 
For an inlet helium temperature of 410°C (figure 4), the 
temperature of the CP mock-up goes up to 610°C on the 
massive parts of the “U turn cap”, due to the lack of He 
cooling. On the plate, the results are quite equivalent of 
those obtained with the analytical methodology, with a 
maximum temperature of about 550°C. 
The stresses are equally maximum in the cap where the 
temperature is maximum. On the plate the maximum 
stresses are in the border in the higher flux heaters with a 
level of 130 MPa. The maximum deformation due to 
thermal dilatation is lower than 3 mm. 
 

 
 

Figure 4: Results of 3 D simulation for ITER conditions 
and inlet He temperature of 410°C 

 

For an increase of the inlet He temperature from 410°C to 
450°C, the mean temperature level normally increases with 
a maximum temperature of 660°C located in the “U turn 
cap”, which induces a maximum stress of 150 MPa. 
 

As for previous calculations, there is a good accordance 
with the analytical calculations concerning the structure 
temperature. 

INSTRUMENTATION LOCATION 
 
After previous simulations, all critical areas have been 
identified in order to locate instrumentation, composed by 
thermocouples. 25 tight paths are available and 8 
thermocouples are needed for the DIADEMO control 
command: so 17 thermocouples are devoted for 
experimental test. 
 

 

Figure 14: Thermocouples implantation 
 
The maximum of thermocouples takes place in the area 
where the temperature is the highest. 
 
 

CONCLUSIONS 

 
This thermo-mechanical study has been performed in 
support to DIADEMO experimental program on the CP 
mock-up. The objective was to simulate the different test 
parameters schedule in order to estimate CP mock up 
behavior. The results allow to:  
- Optimize the thermocouples location on the CP mock up, 
- See that the thermal flux required to simulate DEMO 

conditions could not be simulate with the current heaters.  

After the experimental program, made on DIADEMO 
device, these theoretical results will be compared to 
experimental data. 
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TW5-TTBC-001-D11 

Task Title: PRELIMINARY LAYOUT OF THE HCLL TBM PIPING IN THE 
ITER PORT CELL 

 
INTRODUCTION 

 
This task consisted in a preliminary definition of the piping 
between the Helium Cooled Lithium Lead Test Blanket 
Module (HCLL TBM) and the loops it is connected to in 
the ITER reactor, through the bioshield and the Port Cell up 
to the Vertical Shaft. The Helium and PbLi loops were 
concerned. This definition had to include the pipes 
organisation, geometries and positions, the type and 
locations of the connections between pipes sections, and the 
ways to handle the thermal expansions. The TBM shielding 
system, provided by ITER, has been represented in the 
piping paths design. The Port Cell equipments were taken 
into account, by using symbolic representations: the PbLi 
loop has been represented to figure out the piping 
connections; the constraints due to the space sharing with 
another system in the Port Cell was also taken into account; 
the Piping Integration Cask has also been taken into 
account as it involves strong limitations on space 
constraints. 
As the auxiliary systems to be integrated are defined only at 
a preliminary level, the 2006 preliminary integration step 
mainly aimed at identifying some issues and some fields 
needing further investigation, and allowed choosing a 
design with maximum advantages. The presented design is 
not the result of mechanical calculations for the auxiliary 
systems part. 

2006 ACTIVITIES 

 
ENVIRONMENT OVERVIEW 
 
The HCLL TBM and the auxiliary systems are mounted in 
the equatorial Port #18. 
 
TBM systems include: 
- Circuit and components of the primary heat transfer 

system (PHTS or helium loop) 
- Secondary coolant circuits and components 
- Tritium management components 
- Liquid breeder PbLi loop 
- Instrumentation packaging and control system, safety-

relevant detection systems and valves 
- Possibly, remote tools 
 
Come of these systems (PbLi Loop and some Helium 
system components) are included in the Piping Integration 
Cask (PIC) that is a mobile assembly.  
Figure 1 shows the auxiliary systems at their current state 
of definition. The TBM is linked with the shield. The 
interface 1 was defined as the attachment zone between the 
backside shield of the Frame and the TBM. The ensemble 
TBM + shield is placed into the Frame. The Frame is 
removable and is placed into a hole in the VV named the 
Port Plug. The feeding pipes of the TBM go through the 
Frame shield and reach the Port Cell. 
 

 
Figure 1: View of the whole systems with the interfaces
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The vacuum is limited by the shield. After passing through 
the shield, the feeding pipes reach the interface 2 zone, 
were they will be connected to the pipes coming from the 
auxiliary systems. Then, the piping lines continue towards 
the Piping Integration Cask (PIC); some bends are 
foreseen to allow thermal dilatation. The PIC is situated in 
the rear part of the Port Cell. It is removed before doing 
operations on the TBM to allow access for the Transfer 
Cask (all these operations are largely described in. [1] 
Helium pipes go out of the PIC and are directed to the 
Vertical Shaft. Here is the interface 3 zone, where the 
connection between the pipes present in the Vertical Shaft 
and the pipes linked to the PIC is realised. 
 
REQUIREMENTS 
 
Various requirements apply to the TBM systems. The 
major challenge is to do all the changing operations of all 
the TBM in a limited time (now foreseen to be one month). 
This requirement implies to have enough space in hot cell 
to deal with all the operations of all the TBM. This leads to 
some standardization necessary around the assembly plug 
shield + TBM inserted in the Frame. The current option is 
to have a dismountable plug shield and to extract in hot 
cell the assembly plug shield + TBM. Then it has to be 
decided if shields are provisioned. In this case, the next 
assembly can be prepared previously to reactor shutdown, 
and to be replaced without waiting for the separation of the 
shield and the TBM. The available space, the feasibility of 
PIE operations and the schedule are the major constraints 
relative to the Hot Cell issue 
Another strong constraint is the available space in the Port 
Cell. One Port Cell is occupied by the systems of two 
different TBM. In this study, it was assumed to limit the 
occupation for the HCLL system to only a half of the Port 
Cell, and, in addition, that no component could be shared 
between the two TBM. 
The Frame must be removed and transported by a 
standardized device, the Transfert Cask [2]. 
The requirement for quality control during design and 
production of TBMs and especially for the out-of-vessel 
part of the TBM loop, will be similar to the SIC (Safety 
Important Class) components. 
Due to radiological requirements, remote handling 
operations have to be studied. The exact list of operations 
to be done without human access has to be defined. This 
could be an important issue, because the cutting/welding 
operations could be difficult due to the space constraint 
 
DESCRIPTION OF THE CURRENT INTEGRATION 
SOLUTION 
 
The PIC has been designed with the help of the known 
dimensions of the current PbLi loop design, and by adding 
additional space for some He system components and data 
acquisition systems, in the limit of the allowable space and 
displacement constraints. A metallic frame is appended to 
the PIC for the supporting of the pipes between the PIC 
and the interface 2. The pipes are bended to compensate 
the thermal dilatations.  
It has been checked that the maximal dimensions of the 
PIC would allow its displacement in the building, on the 
basis of the assumptions made for the Transfer Cask. An 
arbitrary thickness of 100mm has been taken for the 
thermal insulation on the pipes. 

 
About the operations at interface 1, the main option is to 
connect / disconnect the TBM from the shield in hot cell 
after removing the assembly TBM + shield of the Frame. 
Then, the access to the interface 1 is possible either from 
the sides (space between TBM and shield) or from the rear 
of the shield. This option must be further studied along 
with the design of the shield. The devices to connect are 
pipes, mechanical attachments, and electrical connections 
 

 
 

Figure 2: General overview of the whole TBM’s systems 
mounted 

 
At interface 2, it is still in debate if the operations are fully 
executed by remote tools. The operations consist in 
cutting/welding the feeding pipes. A preliminary design of 
a system that can be connected / disconnected remotely 
has been proposed. Positioning devices helps the remote 
tools and avoid developing efforts for aligning the pipes 
(figure 3 and 4). 
In this first design, the welding tools are placed on a 
carriage that permits reaching the interface 2 without 
making the PIC structure too long. 
 

 
 

Figure 3: View of the cutting / welding systems 
 
This allows an easier displacement of the PIC in the 
building. On this carriage, is placed an «elevator», on 
which a robot arm (in yellow figure 4) can be placed at the 
appropriate height. The robot arm can reach the pipes and 
place around them a cutting tool or a welding tool. 
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For the robot arm and the tools on it, dimensions from 
industrial applications have been taken. A space is left in 
the thermal insulator to allow the access of the tools. After 
finishing the operations, a piece of insulator placed on a 
moving system is moved by a pneumatic jack to surround 
the pipes. 
 

 
 

Figure 4: View of the interface 2 zone with cutting/welding 
tool, positioning plate 

 
 
CONCLUSIONS 

 
The main issue is the design of the shield and the 
connection operations at interface 2. Indeed, the design of 
the shield has an influence on many steps of the TBM 
changing operation. The operations at interface 2 have to 
be further detailed and studied in regard to the remote 
control operations. The PIC will also have to be more 
detailed while the systems inside will be defined. 
 
A draft version of the final report has been issued [4]. 
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TW5-TTBC-005-D05

Task Title: PROCESS AND AUXILIARY COMPONENTS
SENSITIVITY EFFECT OF Pb-Li VELOCITY PROFILE
IN VARIOUS LOCATIONS OF THE BREEDER BLANKET
STRUCTURE ON T PERMEATION

INTRODUCTION

The objective of this deliverable is to study the sensitivity
of Pb-Li velocity profile on the estimation of the Tritium
mass flow rate towards the He-coolant under DEMO and
ITER TBM conditions for a Breeder Unit.

2006 ACTIVITIES

Main activities during 2006 have concerned the modelling
of the permeation of T towards the He circuits for the
DEMO 2003 mid-equatorial inboard and outboard HCLL
blanket module. The HCLL blanket uses the eutectic metal
liquid Pb-15.7Li as both breeder and neutron multiplier
with 90% 6Li enrichment. Main performances of the
blankets can be found in [1]. The HCLL blanket is
composed of modules whose dimensions are around
210 cm (toroidal) x 180 cm (poloidal) and consists of 72
breeder units (9 BU in poloidal direction and 8 in toroidal
direction). The reference module has a radial thickness of
almost 100 cm. Modules include a first wall (FW) facing
the plasma, side walls, covers, stiffening plates to ensure
module resistance in case of accidental internal
pressurisation, breeding units in which Pb-15.7Li circulates
along cooling plates (CP) and at the rear, back plates. There
is around 2.1 m3 of Pb-15.7Li in a module. The structures,
made of EUROFER, low activation ferritic martensitic
steel, are cooled by pressurized helium at 8 MPa and inlet
outlet temperature 300/500°C. In this concept, the
Pb-15.7Li is fed from the top of the blanket and distributed
in parallel vertical channels among pairs of breeder unit,
one BU for the radial movement towards the plasma, the
other for the return (figure 1). Each breeder unit is a
package of 5 CPs placed horizontally. The BU dimensions
are 20.8 cm in both toroidal and poloidal directions and
80 cm in the radial. The liquid metal fills the in-box volume
and is slowly re-circulated (few mm per second) to remove
the produced T.
The T system components in a reactor can be divided in
three main parts, the blanket itself within the vacuum
vessel, the Pb-15.7Li circuits and components and the
helium coolant circuits and components. The main T-flows
are: 1: production rate, 2: extraction rate from Pb-15.7Li
in the Tritium Extraction System (TES), 3: permeation
rate towards He coolant, 4: extraction rate from the He
coolant in the Cooling Purification System (CPS), 5:
release rate to the environment from the He loop. A scheme
is presented in figure 1.
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Figure 1: Main tritium flows in a fusion reactor

Ideally, the T produced by the reaction of the Li is
transported outside the vacuum vessel to the TES. In
practice, due to its fugacity, T is expected in the helium
coolant circuits and a coolant purification system must be
design in order to achieve the maximum authorized T
releases (1 g/year). Many factors contribute to a very high
expected T permeation rate such as:

- High T concentration due to the Pb-15.7Li limited flow
rate, because of the MHD-induced pressure drops that
prevents high liquid metal velocities,

- High T partial pressure due to its low solubility in Pb-
15.7Li,

- Very large permeation surfaces between Pb-15.7Li and He
with small walls thickness, necessary to ensure an
efficient cooling of the Pb-15.7Li and a sufficient tritium
breeding ratio,

- Quite high T diffusivity in the Eurofer structural material,
especially at high temperature.

It was shown in [2] that taking into account forced
convection and diffusion for the transport of T in the Pb-
15.7Li can be compared to the benefit of a permeation
barrier with a PRF equal to 50 (using an analytic velocity
profile in an isothermal forced convection diffusion model).
Indeed, the T is transported across the Pb-15.7Li by
diffusion, by forced convection to ensure a given recycling
rate and by buoyancy convection due to thermal gradient.
So, in order to assess the effect of the velocity profile, a
local finite element modeling of the T permeation rate
through the HCLL breeder unit CPs has been developed.
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MAIN PARAMETER VALUES

Tritium solubility in Pb-15.7Li is one of the more arguable
characteristics. In order to compare our results from the
already published results [2], we keep the Reiter’s value for
the solubility [3]. There are two kinds of parameters used
for the description of the HCLL T cycle, those linked to the
process and those linked to the design choices. In this
study, we assume that the parameters associated to the
helium circuits are such that the total partial pressure of the
T gas is much smaller than 1.  We also assume, in order to
compare our results to [3] that the TES efficiency is 0.8 and
that there are 10 recirculations per day. The main reactor
parameters are given for the mid-equatorial inboard and
outboard module. The heat production and the T production
in the HCLL module have been predicted by three
dimensional radiation transport calculations employing the
MCNP Monte-Carlo code [4]. The distance from the FW to
the beginning of the CP is 3.5 cm. For the inboard
distribution, a correction factor should be applied, however
in order to evaluate the influence of the magnetic field, the
inboard permeation rate estimation have been performed
with the same heat source and T source. We also implicitly
assume that the two modules have the same geometrical
characteristics. Magnetic toroidal field induction is set at 10
T for the inboard module and at 5 T for the outboard
module.

PERMEATION MODELLING

The T concentration in the helium circuit and remaining in
the lithium lead circuit are evaluated by solving partial
differential equations governing the T concentration
balance, the thermal field and the lithium lead velocity
field. In the HCLL concept, the Pb-15.7Li is fed from the
top of the blanket and distributed in parallel vertical
channels among pairs of breeder units (one BU for the
radial movement towards the plasma, the other for the
return). So, as a first approach one can assume a
radial/poloidal representation of breeder unit (figure 2).

Figure 2: Geometrical model for the simulation

Moreover, results from [2] showed that more than 80% of T
permeation occurs through the CP. Therefore, assuming
that each CP in a breeder unit plays the same role, it is only
necessary to simulate the permeation across two channels
(figure 2). However, the upper channel and the lower
channel are not independent, balances have to be verified
between the outlet of upper channel (channel a) and the
inlet of the lower channel (channel b). Moreover, the fluid
velocity profile at the outlet could be modified regarding
the outlet of the other channels.
The main assumptions used to establish the governing
equations are the following:

- Laminar flow,
- Boussinesq approximation for the buoyancy force,
- Inductionless approximation (no induced magnetic field),

- Perfectly conductor side walls (internal walls act like
perfectly conducting side walls in MHD flows [5]),

- The T concentration in He circuit is negligible (low partial
pressure),

- Limited diffusion regime for the T,
- Steady state.

The main related dimensionless numbers for 10 T taken at
the mean wall temperature (476°C) and mean Pb-15.7Li
temperature (497°C) for:

- Reynolds number = 2.28,
- Magnetic Reynolds number = 1.5·10-6,
- Hartmann number = 5069,
- Grashof number = 5.86·107,
- Thermal Peclet number = 0.029,
- Mass Peclet number = 259.3.

The dimensionless numbers are computed using 0.02 m as

characteristic length and 2

Gr
L Ha

 as characteristic velocity.

The temperature difference used to compute the Grashof is
2

fQ L
. One can see from Reynolds, Grashof and

Harmann numbers that the laminar flow and inductionless
assumptions are justified. According to Peclet numbers,
heat is essentially transferred by diffusion and
concentration is transferred by advection.

Because of the geometrical simplification, two kinds of
boundary conditions could be applied at the outlet of the
channels for the velocity field. The effect of the choice of
the boundary is therefore analysed in this study in order to
check the usefulness of the geometrical simplifications.
Details boundary conditions are presented in [7]. We only
highlight here boundary conditions related to tritium
transfer. Indeed, a special care is given to the T
concentration boundary conditions because they are related
to the T cycle functioning parameters. For instance, the
bulk inlet concentration in the module is related to the bulk
outlet concentration due to the efficiency of the TES.

Boundary conditions for the concentration

For the Pb-15.7Li

- Prescribed concentration at inlet a) set to (1 – ) times the
bulk outlet concentration of the outlet b),

- Concentration at the inlet b) set to the bulk concentration
at the outlet a),

For the Eurofer

- Concentration set to 0. at the boundary in contact with
helium,

- Insulated conditions for the other wall,

At the interface between Pb-15.7Li and Eurofer

- Equality of the mass flow,

- Equality of the partial pressure ( f w
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ANALYSIS AND DISCUSSION

The presented equations are solved using the CEA finite
elements code CAST3M. The two channels were meshed
using 19200 four nodes elements with a fine meshing near
the side walls so that at least 5 elements are in the boundary
layer.
The interesting outputs allowing specifying the processing
elements of the circuits are:

3

wall

w
w

C
D dy

y
, (1)

outlet b)

outlet b)

f

f

u C dy

C
u dy

(2)

3/ 1 where
max

min

1
max min

1 ( )
r

f

r

Q r dr
r r

(3)

In this paper, we focussed our interest in the sensitivity of
the velocity profile on these three outputs. Therefore, two
(one for 5 T and one for 10 T) two levels factorial designs
analysis are carried out considering the two factors, XCL the
outlet velocity boundary conditions and XNC the natural
convection. Setting XCL to +1 if considering the prescribed
constant velocity and -1 for the fully developed boundary
and setting XNC to +1 if considering the buoyancy force in
the momentum equation and -1 if not, leads to the 4
numerical experiments presented in table 1.

Table 1: Numerical experiments for a 2 levels factorial
design

NE 1 NE 2 NE 3 NE 4
XCL +1 -1 +1 -1
XCV +1 +1 -1 -1

Figure 3 and 4 report the temperature and concentration
fields for the numerical experiment 1 at 10 T. The
temperature is higher near the FW and looks like a pure
diffusion field. Near the outlet b), the temperature field is
almost constant and follows the prescribed wall
temperature. Tritium concentration gets enriched as it flows
toward the FW. One can see the development of
concentration boundary layer near the wall where the
tritium concentration is lower than in the bulk. This layer
should be regarded as a mass transfer coefficient around
1.12 x 10-6 m·s-1 for the tritium permeation and should be
taken into account in the 1D model as

53.2610w w

f

K D
K t

 m·s-1 for the HCLL CP.

The permeation rate towards the helium should be written
as:

3 1 f

w w

C A
PRF K t

k K D

(4)
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experiment 1 – B = 10 T

FW

A

A’

B’

B

FW

A

A’

B’

B

FWFW

A

A’

B’

B

Figure 4: Tritium concentration field for numerical
experiment 1 – B = 10 T

This mass transfer coefficient is equivalent to a PRF of 30
which is the order of magnitude found in [2].
The 4 performed numerical experiments of each two levels
factorial design allow estimating the parameters of the
following response surface:

31 2
0

0 0 0

( , ) (1 )CL CN CL CN CL CN
aa a

y X X a X X X X
a a a

     (5)

where y is any of the three considered outputs ( 3, fC  and
 3  1). It must be note that a0 is the mean value of the 4th

numerical results, a1 expresses the effect of the velocity
boundary conditions, a2 expresses the effect of the natural
convection and a3 expresses the effect of the interaction
between the boundary conditions and the natural
convection. Table 2 gives the estimated values of these
parameters.

Table 2: Parameters of the response surfaces

a0 a1/a0 a2/a0 a3/a0
3 (g/m²d) – 5 T 2.93 10-3 -0.08 % -0.66 % -0.10 %

fC  (mol m-3) - 5 T 0.0454 -0.10 % 0.26 % -0.08 %

3/ 1 (%)– 5 T 21.16 -0.08 % -0.66 % -0.10 %

3 (g/m²d) – 10 T 2.94 10-3 0.015 % -0.21 % -0.005 %

fC  (mol m-3) - 10 T 0.0453 - 0.023 % 0.066 % -0.013 %

3/ 1 (%)– 10 T 21.25 0.014 % -0.21 % -0.005 %

The 3 quantity is divided by the wetted Pb-15.7Li surface
(110 m²) in order to be useful for other studies. It appears
that the outlet velocity boundary limit and the natural
convection have no effect on the observed outputs. Indeed,
the highest value is around 0.66 % and is to be compared to
1. This may be not the case for modules where gravity is
parallel to the prescribed flow (top and bottom of the
reactor). Moreover, mean values show that the observed
outputs are not sensitive to the value of the magnetic field.
This is valuable information as permeation experiments
have to be performed.



- 205 - EFDA Technology / Tritium Breeding and Materials /
Breeding Blanket / HCLL Blanket

CONCLUSIONS

The permeation rate through the helium circuit and
remaining in the lithium lead circuit are evaluated by
solving partial differential equations governing the tritium
concentration balance, the thermal field and the lithium lead
velocity field for a simplified 2D geometrical representation
of the breeder units. It is shown, for the mid equatorial
HCLL modules with the retained assumptions, that the
permeation through the helium circuit, the mean outlet
tritium concentration in Pb-15.7Li and the ratio between the
permeation through the helium circuit and the production
rate are insensitive to the magnetic field and the buoyancy
effects. However, due to the flow, a concentration boundary
layer exists and is to be regarded as an equivalent
permeation reduction factor (PRF) of 30. Considering the
difficulty encountered in the past years to obtain stable and
reproducible high PRF with Al-based coating on Eurofer
[6], an equivalent PRF of 30 is of great importance for the
T inventory in the HCLL blanket and should relaxed the CP
requirements.
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TW6-TTBC-001-D03 

Task Title: HCLL TBM DESIGN AND INTEGRATION ANALYSES 

 
INTRODUCTION 

 
In the Work Program 2006, the detailed engineering 
design of the HCLL Test Blanket Modules (in particular 
the IN-TBM and EM-TBM) and associated systems has to 
be further developed in particular with focus on integration 
of diagnostic and monitoring instrumentation, integration 
of fabrication R&D issues, ITER environmental and 
schedule constraints and performances optimization. 
 
Thus, the objectives of this task are: 
- The further development of the TBM design, and in   

particular the update of the TBM dimensions according 
the constraints of the last frame design update, the 
improvement and optimization of the He flow scheme 
according to the last DEMO studies, and the 
instrumentation integration; 

- The evaluation of design margins regarding the design 
criteria, as they impact the manufacturing choices; 

- The definition of the maintenance sequence of the TBM 
(installation, replacement, dismounting); 

- The analysis and improvement of the Helium Cooling 
System of the TBM. 

 
 
2006 ACTIVITIES 

 
This work started in late 2006, and only preliminary results 
can be reported. 
 
TBM design 
 
The modifications of the Frame design for test blankets 
ports have led to the reduction of the dimensions of the 
internal space available for the TBM. The necessary 
reduction of the TBM poloidal and toroidal lengths has a 
strong impact on the HCLL TBM design, and its update, 
based on the previous existing design [1] requires: 
 
- To re-define the number of breeding cells, taking into 

account the new TBM overall dimensions, without 
loosing the DEMO relevancy; 

- To re-define consequently the First Wall design 
(channels section and pitch, thickness, number of 
passes,) with the following steps: analytical thermal-
hydraulics optimisation, mechanical behaviour 
validation, thermal-hydraulics computation for final 
validation; 

- To reconsider the back plates stiffening and the 
attachments system. 

In addition, further improvements of the design can be 
made: 
- According to the TW5-TTBC-001-D06 work on the 

reference Helium flow scheme for DEMO, the Helium 
flow scheme for the TBM has to be updated; the new 

scheme being serial, a forth stage has to be added in the 
back collector, and the cooling channels of the Stiffening 
Plates, Covers, and Cooling Plates has to be adapted, and 
the corresponding pressure drops assessed; 

- The positions of the Covers feeding and by-pass pipe has 
to be consequently re-defined; 

- The Covers cooling has to be assessed and optimised 
(circulation path, front channel in the First Wall). 

 
These updates have been preliminarily performed on the 
In-TBM, which is the basis of design for the other TBM. 
They have led in particular to: 
- The reduction to 2 vertical columns of breeding cells to 

keep dimensions similar to DEMO; 
- The revision of the whole dimensioning of the TBM; 
- An in-series Helium flow scheme, which allows a better 

flow control but requires an additional stage in the back 
manifold (5th back plate); 

- The reduction of the channels sweeps in the FW (3 
passes); 

- The increase of the SP channels cross-section; 
- The reduction to 3 CP per BU; 
- A new positioning of the inlets/outlets in the back 

manifold; 
- Attempt to solve back plates welding issues. 
 
The new proposed He flow scheme and its main 
characteristics are presented in figure 1. 
 
Some preliminary geometric data related to the sub-
components dimensions are given in table 1. 
 

Table 1: HCLL In-TBM preliminary updated dimension 

 

External max. dimensions (t x p) 484 x 1660 mm2 

External dimensions (r x t x p) 573 x 484 x 1655 mm3 

Covers thickness 30 mm 

FW/SW 

Thickness 
Channels section (w x h) 
Number of channels passes 
Channels pitch 
Channel legs per BU 

30 mm 
11 x 12.5 mm2 
3 
22.3 mm 
9 

BU 

Breeding Cells dimensions 
(r x t x p) 
Number of Cooling Plates 
Cooling Plates pitch 

372 x 206.5 x 189.7 mm3 
3 
44.6 mm 

CP 
Thickness 
Number of channels 
Channels cross-section 

6.5 mm 
8 
4.5 x 4.5 mm2 

SP 

Thickness 
hSP channels cross-section 
hSP channels number / pitch 
vSP channels cross-section 
vSP channels number / pitch 

11 mm 
6 x 10 mm2 
3 / 15.5 mm 
6 x 10 mm2 
3 / 14.5 mm 
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Figure 1: New He flow scheme for the HCLL In-TBM 

 
 
A preview of the geometry based on dimensions presented 
in table 1 is given in figure 2. 
 

 

 

 
 

Figure 2: Details of the CAD model of the HCLL In-TBM 
 
 
Definition of a design specification package for 
fabrication R&D 
 
The methodology to follow has been defined: 
- The studies will rely on the fabrication on the First Wall 
- Variations of the nominal dimensions of the cross section 

will be assumed: 
• An ensemble of thermal 2D calculations of the  cross 

section will be performed, 
• The variations of thermal performances of the  FW 

will be assessed, 
• Those variations will be considered as acceptable 

according to 2 criteria: maximal temperature of the 
FW, and maximal height of the FW (e.g. TBM), 

• A range of acceptable tolerances will be deduced. 
Design and integration analyses of the TBM HCS 
 
Those analyses started by the evaluation of the space 
necessary for the implantation of the components in the 
TCWS. The possibility to put in common He circuits 
components for several TBM (in TCWS and Port Cell) has 
been assessed: If it leads to the diminution of the space 
constraints in the TCWS, it reports them in the Port Cell 
by adding new components (recuperator, heater, mixer, 
valves…) where space is already limited, in particular in 
the case of the HCLL system by the PbLi loop. In addition, 
and as main issue, a gas mixing is not possible for test 
objectives on tritium balance: measurements have to be 
done at the inlet/outlet of each TBM, but also integrated 
along the whole loop. 
 
In conclusion, the circuits for TBM have to be kept 
independent (but standardization of technological choices 
for components should be required). 
 
 
CONCLUSIONS 

 
The update of the HCLL TBM design on the basis of its 
new Port Frame dimensions and on several optimisations 
has started. This new design will have to be confirmed in 
2007, with the help of: 
 
- Thermal computations  

• Determination of the parameters of the He flow 
scheme (pressure drop, channels sections,…), 

• Use of a coupled fluid/structure model, based on one 
breeding cell model (including SW), such as the one 
used in TW5-TTBC-001-D06, to determine the 
temperature field under several operating scenarios. 

 
- Thermo-mechanical calculations 

• Use of the thermal results on the structure model, 
• Validation of geometrical choices (thicknesses,…). 

 
- Covers cooling optimization 
 
This work will be completed with solutions for the 
installation of measurement sensors inside the TBM, with 
the analysis of the maintenance sequence of the TBM 
(installation, replacement, dismounting), and with the 
further detailed analysis of the Helium Cooling System. 
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TW5-TTMS-006-D01

Task Title: HIGH PERFORMANCE STEELS
IMPROVEMENT OF FABRICATION PROCESS FOR
ODS-EUROFER: REFINEMENT OF CHEMICAL COMPOSITION
AND THERMOMECHANICAL TREATMENTS WITH EMPHASIS
ON THE FABRICATION ISSUES OF LARGER BATCHES

INTRODUCTION

Compared to HIP, hot-extrusion process presents the
advantage to induce a more homogeneous and finer
microstructure without porosity, favourable features to
optimise the material’s performance and in particular to
decrease DBTT values.
The main objectives of this task are to assess the process of
hot-extrusion to obtain ODS-EUROFER with improved
DBTT and to compare the effect of the yttria content (0.3
and 0.5%) on the tensile and impact properties of hot-
extruded ODS-EUROFER alloys.

2006 ACTIVITIES

MATERIALS AND TESTS

The compaction by hot-extrusion was applied to
mechanically alloyed powders of EUROFER with yttrium
oxide contents of 0.3 and 0.5 wt % (supplied by FZK),
which have been extruded at 1100°C as rod bars of 13mm
in diameter and rectangular bars of 5mm thickness and
24mm width.
An homogenisation treatment at 1050°C for 15 min
followed by a slow cooling has been applied to the rod bars.
Rectangular bars have been cold rolled to 30% reduction in
thickness then heat treated with the same conditions of time
and temperature than the rod bars.
Tensile cylindrical specimens of 2mm in diameter and
12mm of gauge length and Charpy V-notch subsize
specimens were machined in the longitudinal direction of
the bars.
Tensile tests were conducted in the temperature range 20-
750°C with a 7·10-4s-1 strain rate.
Impact properties were obtained by Charpy tests performed
over the range temperature –100 to +325°C to produce the
full energy transition curve and the Ductile-Brittle
Transition Temperature (DBTT) was evaluated by means of
the hyperbolic tangent method.

IMPACT PROPERTIES OF MATERIALS
CONSOLIDATED BY EXTRUSION AND HIP

To compare the impact properties of the ODS-Eurofer 0.3%
Y2O3 consolidated by both methods, extrusion and HIP, the
same homogenisation treatment (1050°C-15min) has been
applied to a rod bar with 67mm in diameter consolidated by
HIP at Plansee to obtain the same metallurgical condition.

Transition curves are presented in figure 1.
Extruded ODS-Eurofer 0.3% Y2O3 has a lower DBTT value
(-40°C) and a higher USE (9J) than the hipped material
(+70°C and 6J).
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Figure 1: Effect of consolidation process (HIP and
extrusion) on impact properties

EFFECT OF THE YTTRIA CONTENT

Transition curves of ODS-Eurofer 0.3% and 0.5%Y2O3 are
compared in figure 2.
The yttria content does not affect the DBTT which remains
about -40°C but the USE decreases slightly to reach the
value of 6.5J.
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Figure 2: Effect of yttria content on impact properties

Tensile properties i.e the 0.2% Proof Stress, the UTS
(Ultimate Tensile Strength), the total and uniform
elongation were determined for each test temperature in the
range 20-750°C.
The comparative evolution of the UTS as a function of the
test temperature is reported on figure 3. For the two alloys,
the evolution of the 0.2%P.S and the U.T.S with the test
temperature is globally the same but values are a little bit
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higher (about 50MPa for 0.2%P.S at room temperature) for
ODS with 0.5% Y2O3.
The gap decreases slightly with the increase of the test
temperature. About ductility, the total elongation is around
20% for the two materials but a maximum of
approximatively 30% is observed at 550°C for ODS-
Eurofer 0.5% Y2O3.
Less specimens were available on ODS-Eurofer 0.3% Y2O3
and no tests were performed in the temperature range
325°C-650°C. The maximum of ductility around 550°C is
perhaps present but has not been displayed.
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Figure 3: Effect of yttria content on the U.T.S

EFFECT OF THE PROCESS ON THE
MECHANICAL PROPERTIES

After consolidation by hot-extrusion, the textures between
the rod and the rectangular section materials are probably
different. In addition, hot-extruded rectangular products are
cold-rolled 30% in thickness before heat-treatment.
To evaluate the effect of the difference of process, impact
and tensile tests in the longitudinal direction of the rod and
the cold-worked plate were determined.
Transition curves for alloys with 0.3% Y2O3 are reported on
figure 4.
The Ductile-Brittle Temperature (DBTT) of the as-extruded
or as-extruded + 30% cold working are approximatively the
same  (-40°C)  but  a  small  decrease  of  the  USE  (6J)  is
observed for the cold rolled one.

ODS-Eurofer 0.3% Y2O3
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Figure 4: Effect of process (geometry and cold working) on
impact properties

About tensile properties, the yield stress and the Ultimate
Stress (figure 5) of the alloy are roughly the same for the
two processes (hot extruded and hot extruded + 30% CW),
we note only on the rectangular bar a little decrease of
ductility except at 650°C (figure 6) where the maximum
value of the total elongation is observed.
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Figure 5: Effect of process (geometry and cold working) on
the U.T.S
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Figure 6: Effect of process (geometry and cold working) on
the ductility

CONCLUSIONS

The mechanical properties of ODS-Eurofer alloys
containing 0.3% Y2O3 and 0.5% Y2O3 have been
characterised.
Results of impact tests performed on the ODS-Eurofer
0.3% Y2O3 consolidated by HIP at Plansee and hot-
extruded at CEA confirm the interest of hot-extrusion to
improve the strength and the DBTT of the material. The
DBTT decreases from +70°C to -40°C and the USE
increases from 6J to 9J.
The increase of yttria content from 0.3% at 0.5% has not a
great effect on the mechanical properties. The DBTT is not
modified and the USE decreases from 9J to 6.5J.Tensile
strength  is  slightly  higher  (about  50MPa  at  RT)  for  ODS
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with 0.5% Y2O3 and the ductility is around 20% for the two
alloys.
Modifications on the process i.e the use of a die with
rectangular section and a cold-working after hot-extrusion
have no effect on the DBTT, it only decreases the USE
from 9J to 6J.
Tensile properties are similar, only a slight decrease of
ductility is detected.

REPORTS AND PUBLICATIONS

Final report: Mechanical characterisation of ODS-Eurofer
bars produced by hot-extrusion, CEA report
DMN/SRMA/LA2M/NT/2006-2786/A
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TW5-TTMS-007-D04

Task Title: MODELLING OF IRRADIATION EFFECTS ON
MICROSTRUCTURE EVOLUTION

INTRODUCTION

The experiments performed in the eighties by Takaki
consisted in introducing point defects in the metallic matrix
of pure iron by an electron irradiation at low temperature
and in following the defect population kinetics by the
technique of isochronal annealing of the electrical
resistivity. In the absence of any experimental proof at the
atomic level, the interpretation of these experimentally
observed annealing stages have remained controversial for
decades.

The long term evolution of the material is modelled with an
event-based Monte-Carlo code (Jerk). The code rests
primarily on the knowledge of the binding and migration
energies of all the complexes which may form during the
defect production itself and then during the annealing
stages. A previous study conducted on pure alpha-iron [1]
showed that the whole evolution could be quantitatively
accounted for by a small number of basic parameters, which
were computed through ab-initio techniques.

The aim of the present task was to extend to C-doped alpha-
iron the work performed previously on pure iron. The
present report shows that the approach used formerly can be
successfully extended.

DETERMINATION OF BASIC INPUT
PARAMETERS

The study relies heavily on a companion work of the EFDA
programme which was in charge of calculating with the
ab-initio code Siesta the binding and migration energies of
complexes CnVm and  CnIm where  ‘V’  and  ‘I’  stand  for
‘vacancy’ and ‘interstitial’ respectively.

The complexes Vn and  Im had been determined in
previously published studies [1]; their migration and
binding energies are collected in tables 1 and 2. The
capillary approximation consists in replacing the binding
energy Eb(n)  of  a  n-cluster,  when  the  latter  is  difficult  to
determine, by the value of the phenomenological law
quoted below, which is known to hold well for large values
of n  and which is tuned to reproduce successfully the
binding energy of a dimer:

2/3 2/3

F Fb b 2/3
n - (n -1)E (n) = E + (E (2) - E )

2 -1
where EF is the formation energy of the single defect and
Eb(2) the binding energy of a dimer.

If the most stable configurations for I-C and V-C
complexes can be determined without ambiguity, a
thorough scan of all the possibilities for higher order
clusters (I2C, I3C, V2C, VC2, V2C2) was not made. The most

stable configurations were proposed on the basis of a trial
and error procedure and reasonable binding energies can be
proposed. It was found that the clusters could not migrate
without dissociating partially or totally: as a consequence
no migration energy for these clusters considered as a
whole were proposed and only barriers for dissociation
were evaluated.

Table 1: Migration energies (in eV) obtained with the
ab-initio Siesta code for defect and defect-clusters and

carbon interstitial atom

Em(n) n=1 n=2 n=3 n=4
Interstitial 0.34 0.42 0.43
Vacancies 0.67 0.63 0.35 0.48
C atoms 0.87

Table 2: Total binding energies (in eV) obtained with the
ab-initio Siesta code for defect and defect-clusters and
carbon interstitial atoms in 3rd neighbour position. EF

stands for the defect formation energy of self-interstitial
dumbbell and vacancy and for the energy of dissolution of

one carbon atom into the lattice of iron.

n=2 n=3 n=4 n=5 EF

EB(In) 0.80 capillary
approximation

capillary
approximation

capillary
approximation 3.77

EB(Vn) 0.30 0.67 1.29 2.02 2.07
EB(Cn) 0.09 capillary capillary capillary 0.41

MONTE-CARLO SIMULATIONS

For the simulations, an Event-based Kinetic Monte Carlo
(EKMC) method is used, as implemented in JERK [2], [3],
[4]. In this model, defects are considered as objects
characterized by their space coordinates, nature (CnVm,
CnIm,  Vn and  Im in this work), shape (spherical here),
mobility and dissociation rate. When mobile, these objects
migrate and annihilate on their anti-defect (for I and V), or
aggregate to form clusters. These diffusion processes are
treated in a specific and efficient way: the details of the
atomic transport are ignored and the jumps of the mobile
species are bunched into trajectories complying with the
laws of continuous diffusion. The probability that two
defects meet can be extracted through a sampling of this
probability distribution: the occurrence time (or delay) for a
given event is thus determined by choosing random
numbers. Only the events having a delay smaller than a
prescribed time interval t are considered. The events are
then processed in the order of increasing delays, and the list
of events is continuously updated and reshuffled, by taking
into account the defects which are created or which are
annihilated. The time interval t which is a tuning
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parameter of the model discussed elsewhere [4]; in our
simulations, it is chosen in such a way that the fastest defect
is able to travel over distances of the order of the
simulation-cell size within t. It is thus a temperature
dependent quantity.
Simulations were conducted on cubic cells, the edge of
which is 200 a where ‘a’ stands for the lattice parameter.
The Frenkel pairs I-V are introduced at random positions
with a mutual distance equal to 4 a. Following the
experimental set up, the isochronal annealings consist in
raising the temperature by T (= 0.03 T) and maintaining
the sample at that temperature during 300 s [5].
To obtain resistivity plots from the defect population, we
assume that resistivity is proportional to the remaining
number of I and V, without discriminating between isolated
defects and clustered ones. The resistivity difference
between an isolated defect and the same defect embedded
in a cluster is indeed expected to be significant only for
large clusters. Moreover, experiments do not show any
resistance change associated with the trapping of self-
interstitials by carbon impurities. On the contrary,
experimental evidences suggest that the resistivity of V-C
complex is definitely lower than that of independent V and
C defect. We therefore used the value reported in [5]
i.e. V-C = 0.78x10-11 m. Finally, since ab-initio
calculations show that C atoms do not cluster as compact
structures, we assume that no resistivity change results from
the formation of carbon clusters. Our model will therefore
not reproduce the “pure carbon” effect (clustering of C
atoms) evidenced by Takaki et al. [5].

RESULTS AND DISCUSSION

Low temperature range (T < 250K)

We will first focus on the low temperature range (before
stage III), where we expect to see mainly the influence of
interactions between carbon and interstitials, since the
related activation energies are weaker than the migration
energy of vacancies, driving stage III.
We present our results together with the experimental
observations:

-  Stage ID2 is not affected by carbon doping: confirmed by
the simulations;

- The recovery related to stage IE is  reduced,  and a  nearly
complete suppression for the highest carbon content is
observed. This effect was interpreted in [5] by the
trapping of self-interstitial on carbon atoms, which
prevents their recombination with immobile vacancies;
this assumption is substantiated by the results of the
simulations where the drop of the ‘I’ population around
130K is indeed accompanied by an increase of I-C
and I2-C + I3-C populations.

- A new peak is detected around 160K, the position of
which depends neither on the irradiation dose not on the
carbon content: it was interpreted as the emission of self-
interstitials from I-C complexes [5]. The effective
activation energy is found equal to 0.43 eV. In the
simulations, the I-C population starts to decrease around

150K giving rise to a new peak with an activation energy
calculated ab-initio and equal to

I I-C
M bE + E = 0.43 + 0.12 = 0.45eV

 in good agreement with the experimental value
of 0.43 eV.

- Stage II observed around 165K in pure iron and
interpreted as the elimination of mobile interstitial
clusters (I2,  I3) is no longer detected [5]. In the
simulations, the disappearance of stage II is explained by
the trapping of I2 and  I3 on carbon atoms through the
formation of I2-C and I3-C;

- At higher carbon content and irradiation doses, a new
small stage is detected around 185K, interpreted as the
break of small (multiple) carbon-interstitial complexes
ICn; in the simulations the  I2-C and I3-C populations
decrease above 185K by detrapping of I2 and I3 from
these complexes, thus giving rise to a newly observed
peak. Here, JERK’s interpretation is slightly different
from that invoked by Takaki [5]: the new peak is not due
to the emission of I from complexes ICn, but rather to the
emission of I2 and  I3 from complexes InC followed by
their elimination.

We note that all the qualitative features observed in
experiments are successfully reproduced. The positions of
the peaks are in reasonable quantitative agreement with the
experimental stages (black arrows for pure iron; red-dotted
arrows for C-doped iron) as depicted in figure 1.

Figure 1: Resistivity recovery and defect population
evolution during isochronal annealings (range of lower

temperatures).
a)* dashed curve: Simulation for pure iron
* continuous curve with dots: simulation

 for carbon dopped iron
Downwards unlabelled arrows indicate the experimental

positions of peaks in carbon doped sample.
Downward dashed arrows from a) to b) indicate that the

peak position is independent of carbon content.
b)  Associated population evolution for 67 ppm C
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High temperature range (T > 250K)

In the high temperature range, we expect to observe the
influence of vacancy-carbon interactions and carbon
migration.

- Carbon doping influences the stage III recovery process:
at a given irradiation dose, the peak position is shifted
toward lower temperatures, and the measured reaction
order is lowered from ~2 to ~1. The shift in temperature
decreases with increasing dose, and becomes very small
( T~5:K) at the highest one (200x10-6 dpa). This effect
was attributed to the trapping of mobile vacancies by
immobile carbon atoms and to the formation of V-C
complexes. In this case, the drop in resistivity is not
associated with a defect annihilation: it implies that the
specific resistivity of the V-C complex formed during this
stage is necessarily lower than the sum of the resistivities
of the isolated defects. A value of VC = 0.78x10-11 m is
reported and is used in our simulations.

 This interpretation is verified by the simulations and
explains both the shift in temperature of the peak and the
change in the order of reaction, since for all
configurations to be considered, carbon atoms are in large
excess compared to the remaining self-defects at these
stages of the annealing.

- An additional characteristic recovery stage appears at
340 K for Fe+C 67 appm and at 360 K for
Fe+C 15 appm. The position of this stage depends only
on carbon concentration, and not on the irradiation-
induced defect concentration. In simulations the new
stage near 350 K is then clearly related to carbon
migration, leading to the formation of V-C2 complexes
through the trapping of mobile carbon atoms by immobile
V-C complexes. Here again it is necessary to assume a
specific resistivity for VC2 complexes, in order to reveal
the peak related to C migration. Moreover, we note that
V-C complexes are turned into VC2 before they can
dissociate: this seems to indicate that such experiments
will never give access to the V-C binding energy.

- Above 400 K, carbon doping introduces a more
pronounced stage near 560 K, attributed to the
decomposition of VCm complexes  formed  as  a  result  of
carbon migration; the measured activation energy is
Q =1.65 eV. In the simulations, the stage after 400 K
appears to be related to the dissociation of VC2
complexes, and the consequent elimination of the emitted
vacancies on available sinks (the large interstitial clusters
in our simulations). The significant difference between
numerical and experimental peak positions seems to point
toward an under-estimation of the VC-C binding energy
by the ab-initio calculations.

CONCLUSIONS

The association of ab-initio calculations and EKMC
simulation technique appears very promising: ab-initio
yields the microscopic parameters for characteristic
energies (formation, binding, migration) of defect and
defect clusters and the EKMC technique is able to

incorporate all these results into an efficient package in
order to propose a consistent scenario of defect elimination
at macroscopic scale. As a consequence many old
experimental results which have remained unexplained or
insufficiently explained during the last decades can today
be numerically simulated to check the robustness of the
atomistic mechanisms at work.
Many of the explanations proposed previously by
experimentalists are confirmed, namely the qualitative
effect of carbon impurity on the trapping of self-defects
(vacancy or interstitial types); if the lower temperatures
annealing stages are correctly reproduced (at the expense of
some minor changes: for instance, role of InC clusters
instead of ICn for stages below stage II), some discrepancies
still remain at the higher temperatures where the vacancy
defect becomes mobile. These discrepancies point toward
an intrinsic difficulty of ab-initio techniques for predicting
the properties of defects of vacancy type.
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TW6-TTMS-005-D01 

Task Title: RULES FOR DESIGN, FABRICATION, INSPECTION 
UPDATE DATA BASE AND APPENDIX A OF DEMO-SDC 

INTRODUCTION 

 
Eurofer is a reduced activation ferritic / martensitic steel 
that has been selected as the European reference structural 
material for ITER Test Blanket Modules and DEMO 
reactor.  Several industrial heats of this steel have been 
produced and tested under EFDA’s Tritium breeding and 
materials field / materials development tasks.  The ultimate 
goal of these tasks is to propose materials properties 
allowable for design and licensing of components 
fabricated with the Eurofer steel. 
 
This report presents a summary of the work done during the 
year 2006 at our Association on this task. The work done is 
also part of an international collaboration, coordinated 
under the fusion materials implementing agreement of the 
International Energy Agency (IEA). The main objective of 
the task is to collect, validate and harmonize the results of 
Eurofer steel, in continuation of the earlier work done on 
the conventional 9Cr-1Mo steel and the RAFM steel grade 
produced in Japan (F82H), and propose materials properties 
allowable through an Eurofer steel dedicated Appendix A.  
 
 
2006 ACTIVITIES 

 
All actions and deliverables foreseen under the terms of the 
task have been fulfilled. The database of Eurofer steel has 
been updated, particularly with higher dose irradiation 
results and results obtained from tests on bar products of 
Eurofer97-2.  
With the addition of the new Eurofer steel data in 2006, the 
collection of relational databases for RAFM steels contains:  
 
- Products database: 579 records 
- Compositions database: 478 records 
- Tensile database: 1257 records 
- Impact database: 1787 records 
- Impact plots: 161 records 
- Creep database: 233 records 
- Fatigue database: 262 records 
- Fracture toughness database: 352 records, mostly for 

Eurofer steel, including 8 Master Curves. 
- A few fatigue crack propagation test results 
- Summary records for all databases 
 
A CD-Rom containing the Runtime solution version 5, 
linking all above databases, as well as, the updated 
Appendix A reports has been issued. 
The content of the Appendix A report is now well enriched 
with data on EB, TIG and diffusion bonded joints allowing 
a comprehensive evaluation of these joints along with the 
base metal. Also with the availability of high dose 
irradiation results, precision of extrapolation of mechanical 

properties to higher doses is increased. Further 
improvements in the high neutron irradiation dose effects 
are expected when the results from second set of specimens 
irradiated in Bor 60 become available (70 dpa). 
 
However, there are two areas of concern. 
One is the surprising weakness of Eurofer97-2 bar products. 
As shown in figures 1 and 2, tensile test results of 
Eurofer97-2 heats are situated below the average curve of 
the Eurofer 97 heats, with yield stress values even below 
the minimum curve. 
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Figure 1: Yield stress of Eurofer97-2 (bar, L) in the as 
received state (960°C/90 min + 750°C/240 min), in 2 
additional solution heat treatments (980 and 1040 °C) 
(FZK data), compared with the average and minimum 

curves established for Eurofer 97 
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Figure 2: Ultimate tensile strength of Eurofer97-2 (bar, L) 
in the as received state (960°C/90 min + 750°C/240 min) 

and in 2 additional solution heat treatments (980 and 
 1040 °C) (FZK data), compared with the average and 

minimum curves established for Eurofer 97 
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Table 1 shows small deviations from the specified chemical 
composition ranges for 2 or 3 elements, but this is unlikely 
to have such an important effect.  Besides, early results 
from the plate products of Eurofer97-2 show higher 
strengths. 
 

Table 1: Specified compositions for F82H and Eurofer 97 
steels and measured compositions for 2 heats of Eurofer97-

2 (IMF/FZK). All compositions are in wt.%, unless 
otherwise stated. Target values in [ ] 

 

Elements F82H 
Steel 

Eurofer 97 
Steel 

Eurofer97-2 
(IMF/FZK) 

Heat 993378 – Heat 
993394 

Cr 7.7 8.5 – 9.5 [ 9.0 ] 9.01 8.95 

C 0.09 0.09 – 0.12 
[ 0.11 ] 0.106 0.106 

Mn 0.16 0.20 – 0.60  
[ 0.40 ] 0.512 0.544 

P 0.002 < 0.005 
< 

0.00015 
< 

0.00015 

S 0.002 < 0.005 < 0.001 < 0.001 

V 0.16 0.15 – 0.25 0.247 0.350 

B 0.0002 < 0,001 0.0007 0.00024 

N2 0.006 0.015 – 0.045 
[0.030] 0.011 0.036 

O2 (0.01) < 0,01 0.0009 0.0012 

W 1.94 1.0 - 1.2 [1.1] 1.125 1.109 

Ta 0.02 0.06 - 0.09 0.134 0.197 

Ti 100 
ppm 

< 0.01 (100 
ppm)   

Nb 1 ppm [<10 ppm] < 
0.000049 

< 
0.000042 

Mo 30 
ppm 

[< 50 ppm] < 0.001 
< 

0.00017 

Ni 200 
ppm 

[< 50 ppm] 0.0113 0.0157 

Cu 100 
ppm 

[< 50 ppm] 0.0021 0.0030 

Al 30 
ppm 

[<100 ppm] 0.0194 0.0285 

Si 1100 
ppm 

< 500 ppm   

Co 50 
ppm 

[< 50 ppm] 0.0054 0.0075 

Sn (< 20 
ppm) 

As+Sn+Sb+Zr 
< 100 ppm 

0.00033 < 
0.00028 

As (< 50 
ppm) 

As+Sn+Sb+Zr 
< 100 ppm 

<0.001 <0.001 

A full assessment of the Eurofer97-2 products will be 
carried out when more results become available. In case the 
cause of dispersion is heat-to-heat variation or differences 
in thermo-mechanical treatments, then recommended stress 
intensity allowable would be revised to cover such 
variations. 
The second area of concern is the ODS steels.  The results 
form tests performed on ODS steel products are still 
inadequate for Appendix A type analysis. 
Those few results available have many variables (different 
products, different compositions, different thermo-
mechanical treatments, different testing procedures …) to 
allow a minimum reliable analysis.  Definition of one or 
two agreed referenced products and subsequent 
characterization without additional modification in each 
laboratory is needed.  
 
 
CONCLUSIONS 

 
Interim Structural Design Criteria / Appendix A for Eurofer 
steel and its related databases have been updated.  The 
results from tension tests performed on new Eurofer heat 
(Eurofer97-2) bar products are situated well below the 
Eurofer 97 heats.  Evaluation of other Eurofer97-2 products 
is recommended before a definitive conclusion is drawn. 
 
 
REPORTS AND PUBLICATIONS 

 
 F. Tavassoli, “Interim Structural Design Criteria 

(ISDC), Appendix A Material Design Limit Data: 
A3.S18E Eurofer Steel”, CEA/DMN/Dir/2006-05/A, 
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TW6-TTMS-007-D02

Task Title: MODELLING OF IRRADIATION EFFECTS
AB-INITIO STUDY OF He IN GRAIN BOUNDARIES IN -IRON

INTRODUCTION

Ferritic steels play a central technological role as structural
materials for future fusion nuclear reactors. One of the
principal sources of their mechanical property degradation
is the intergranular embrittlement, which can be caused by
segregation of solutes at grain boundaries (GBs). In
particular, fusion reactors produce high energy neutrons
(~ 14 MeV) that interact with the structural material,
which cause nuclear transmutations and create significant
amount of helium.  The formation of helium bubbles at
GBs is known to lead to high temperature embrittlement.
A quantitative description of the interaction of He atoms
with grain boundaries is therefore essential. First principles
calculations provide such information at atomic scale [1],
[2], which is not directly accessible through experiments.
The present calculations are based on the DFT-SIESTA
code, (Spanish Initiative for Electronic Simulations with
Thousands of Atoms: http://www.uam.es/siesta) [3], [4].
This methodology has been applied in 2004 to predict the
migration of interstitial and substitutional He atoms in pure

-Fe, and their interaction with other He atoms and with
vacancies [5]. In 2005, the same approach has been
extended to the interaction between self-interstitials and
He, and to the effect of carbon on the energetic of helium-
vacancy clusters.

In 2006, ab-initio and empirical potential (E.P.)
simulations have been performed to study the properties of
representative symmetric tilt grain boundaries in -iron.
DFT-SIESTA code within the Generalised Gradient
Approximation (GGA) is used to study the structural,
energetic and magnetic properties of certain GBs in
bicrystals which contain a few hundred atoms.  The lowest
energy binding sites for He at these GBs are also
investigated. These ab-initio data are compared to MD
results using similar and much larger systems.  Such a
comparison is required for the validation of the existing
empirical potential and to fit new, improved ones. The
necessity of MD simulations lay in their ability to study
the finite temperature effects on these properties as well as
providing an understanding of the size effects of
simulation cells. The present study is the first step towards
a predictive description of the segregation of He at GBs
and their embrittling effects in the steels.

2006 ACTIVITIES

Method of calculation

In the present study we have considered two symmetric tilt
grain boundaries with tilt axis (110): 3 {112} and 3
{111}. Supercells containing two identical GBs are used,
and periodic boundary conditions are applied in all the

three directions, either parallel or perpendicular to the GB
plane. Various simulation cell sizes have been tested in
order to achieve a compromise between the convergence
of relevant properties and the required computational time.
All the following ab-initio results correspond to 192 atom
cell simulations with 24 atomic layers parallel to the GB
plane and 8 atoms per layer.

Properties of symmetric tilt grain boundaries

3 {112} is a coherent twin boundary in -iron with low
formation energy, whereas 3 {111} has a higher
formation energy and a larger volume expansion normal to
the GB plane after full relaxation, which implies a larger
excess volume according to Kurtz et al. [6].  A schematic
representation of these GBs is shown in figure. 1 where
spheres of different colors indicate atoms in alternating
planes perpendicular to the tilt axis.

Formation energies of both 3 GBs and of the
corresponding free surface, as well as the cohesive
energies of these GBs are shown in table 1. Results from
various
ab-initio calculation conditions are shown: (1) the atoms
are in their original positions (unrelaxed), (2) the forces of
all the atoms are minimized keeping the original cell
volume unchanged (V=cte.), and (3) the atomic positions
and the shape and the volume of the supercell are
optimized (P=cte). Please note that in the case (3) the only
relevant variation of the cell volume consists in a volume
expansion perpendicular to the GB plane.
The unrelaxed interatomic distances at these GBs are the
same as in the bulk, but the deviation of bond angles at the
interface from the bulk values is larger in 3 {111} than in

3 {112}, which is coherent with the result that 3 {112}
has a smaller formation energy, and the difference between
its unrelaxed and relaxed (V=cte) energies are much
smaller than that of 3 {111}. The stress relaxation
perpendicular to the GB plane (P=cte) is relevant for
ab-initio calculations, when the cell size is relatively small.
The differences of GB formation energies between V=cte
and P=cte calculations are about 8% for both 3 {112} and

3 {111} GBs.

Figure 1: Schematic representations of the atomic
structures of 3 {112} (110) (left), and 3 {111} (110)

(right) symmetric tilt grain boundaries in -iron. Spheres
of different colors represent atoms in alternating planes

perpendicular to the (110) tilt axis
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The present ab-intio results are compared with those using
empirical potentials. We have chosen two widely used
interatomic potentials: the Finis Sinclair (FS) from
Ackland et al. [7], and the EAM type from Mendelev et al.
[8]. Supercells containing 24 atomic layers and either 12 or
16 atoms per layer are used to simulate respectively 3
{112} and 3 {111} GBs. 3-dimensional periodic
boundary conditions are applied, and only atomic positions
are allowed for relaxation (V=cte). The agreement in GB
reasonably good, the discrepancies in all cases are smaller
than 20%.
This almost quantitative agreement is surprising since
neither FS nor EAM potentials are central force potentials,
and do not explicitly include angular terms. These
potentials, however, significantly underestimate the
formation energies of the free surfaces. As a consequence
of this underestimation, the energetical stabilities of these
GBs against brittle fracture determined by the GB cohesive
energy are also underestimated as shown in table 1.
Figure 2 shows the deviations of interlayer distances after
full relaxation (P=cte) from the unrelaxed ones

dij = dij – d0).These deviations give indications about the
range of the stress field around the GBs, and the minimum
cell size required for the simulation. They are rather small
in magnitude near a 3 {112} GB, and hva non negligible
values in only 3 layers from the GB planes, which
indicates that the present simulation cell is large enough to
keep the two identical GBs in the same cell well separated.
On the other side, the stress field is more long-ranged
around 3 {111}, and the deviations ( dij) oscillate
between positive and negative values. Although they are
only 3% of the original value (d0) for the middle layers
between the two identical GBs in the same cell, it may be
important to check the convergence of relevant GB
properties using a larger simulation size. We want to point
out that similar interlayer distance deviations are found
using both the FS and EAM potentials. In addition, the
present results are consistent with the estimation of Kurtz
et al.[6] showing that the excess volumes vanish starting at
3rd and 8th layers from the 3 {112} and the 3 {111} GBs
respectively.

We have also examined the local magnetic moments of
atoms at different layers parallel to the GBs according to
the Mulliken population analysis. Changes of local
magnetic moments ( i) with respect to the bulk value
(2.31 B) near the free (112) surface and the 3 {112} and

3 {111} GBs are shown in figure 3.

Figure 2: Changes of interlayer distances ( dij = dij – d0)
after full relaxation (P=cte.) with respect to the respective
original unrelaxed distances for 3 {112} and 3 {111}
GBs. The atomic layers 1 and13 are the closest layers to

the GBs

Figure 3: Change of local magnetic moment ( i in B)
with respect to that of a Fe atom in the bulk. Positive

values indicate increase of magnetic moments

We note that the magnetic moments of atoms located at
either a surface or an interface layer are increased due to
the decrease of coordination [2], and in general, the values
of i closely follow the variation of interlayer distances
in all cases (figure 2), i.e. an increase of the interatomic
distance induces an enhancement of magnetic moment and
vice versa. The modification of local magnetic properties
near surfaces and interfaces may also contribute to induce
changes of energetic and kinetic properties of point defects
(e.g. vacancies and self-interstitial atoms) near these
extended defects.

Table 1: Calculated formation energies of two symmetric tilt GBs (Ef
GB), formation energies of the corresponding free surfaces

(Ef
surf), and the cohesive energies of the GBs (Ecoh

GB), where Ecoh
GB = 2Ef

surf - Ef
GB. The DFT-SIESTA values are compared with

those resulting from a Finis Sinclair (F.S.) and Embedded Atom Model (EAM) potentials

3 {112} 3 {111}
(j/m2) SIESTA FS [7] EAM [8] SIESTA FS [7] EAM [8]

Ef
GB(unrelaxed) 0.49 0.48 0.38 4.15 6.86 5.81

Ef
GB(V = cte.) 0.37 0.33 0.33 1.66 1.54 1.39

Ef
GB(P = cte.) 0.34 - - 1.52 - -

Ef
surf 2.99 1.82 1.88 3.07 2.02 2.02

Ecoh
GB 5.64 3.31 3.43 4.62 2.50 2.65
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He in grain boundaries

In order to understand the behavior of He near the GBs, we
have started investigating the energetic interaction between
one atom of He and the 3 ground boundaries.
The binding energies of a substitutional He at the
interfacial and the 2nd layers, as well as the most favorable
interstitial site found near the GBs are listed in table 2. The
binding energy is defined as the energy difference between
the situation when the He atom is substitutional in the bulk
and far from a GB and when it is near the GB plane.
Several features are interesting to point out:
- All the interactions are attractive according to the present

ab-initio results, whereas interstitial sites are not
energetically favorable near a 3 {112} GB according to
existing EP calculations [6].

- Both SIESTA and E.P. studies predict that He prefers to
be close to the 3 {111} GB with higher formation
energy and larger excess volume than close to the 3
{112} GB. Therefore, the relative stabilities of GBs may
change in presence of He.

- Substitutional sites at the second layer are more favorable
than those at the interfacial layer according to both
ab-initio and E.P. calculations. This relative stability
seems therefore too uncorrelated of the local magnetic
environment.

- Interstitial sites are more favorable than substitutional
ones at the GB plane, which suggest that He atoms may
migrate easily via interstitial mechanisms parallel to the
interface.

In order to understand the effect of He on the GB
cohesion, we compared the binding energy of He with a
given GB and that of He with the corresponding free
surface following the thermodynamic theory of
embrittlement by Rice and Wang [9]. According to this
theory the potency of an impurity to increase (decrease)
intergranular cohesion is a linear function of the difference
in binding energies for that impurity at the GB and at the
corresponding surface.
Since the He atoms tend to desorb from any free iron
surface, and assuming that the binding energy between He
and a free surface is the energy difference between the
situation when He is substitutional in the bulk far from the
surface and when it is at the surface, the resulting binding
energy is about 4.22 eV i.e. the solution energy of He in
bcc iron [5]. According to the values listed in table 2, this
He-surface binding energy is much larger than any He-GB
binding energy. He is therefore expected to decrease the
GB cohesion in all cases.

Table 2: Fully relaxed (P=cte) binding energies between a
helium atom and 3 {112} or 3 {111} GB. Values from
the present SIESTA calculations are compared with those

from E.P. simulations reported in [6]. Positive values
indicate attractive interactions

Eb (eV/He) Hesubs 1st layer Hesubs 2nd layer Heint

SIESTA
3 {112} 0.02 0.44 0.13
3 {111} 0.33 1.35 1.24

E. P. (Kurtz et al. [6])
3 {112} - 0.2 -1.45
3 {111} 0.3 0.8 0.66

CONCLUSIONS

The following conclusions can be drawn from the present
ab-initio calculations on the energetic, structural and
magnetic properties of symmetric tilt grain boundaries in

-Fe and on the effect of He on these GBs:
- Good agreements are found between ab-initio and two

existing E.P. results on the formation energies of 3
GBs, but the both empirical potentials underestimate the
free surface energies and consequently the GB cohesive
energies.

- An enhancement of local magnetic moments in Fe atoms
at the interfaces is noted consistent with the increase of
their interatomic distances.

- The interactions between He and these symmetric tilt
GBs are attractive. Qualitative and quantitative
discrepancies are found between ab-initio and empirical
potential results on He-GB binding energies.

- He atoms prefer to be in GBs with large excess volume in
agreement with existing E.P. studies.

- He atoms tend to occupy interstitial rather than
substitutional sites close to the GB planes, which suggest
that He may migrate easily via interstitial mechanisms
along the interfaces.
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TW6-TTMS-007-D08 

Task Title: MODELLING OF IRRADIATION EFFECTS 
AB-INITIO INVESTIGATION OF SCREW DISLOCATIONS IN 
IRON 

 
INTRODUCTION 

 
Ferritic steels are proposed as structural material in fusion 
reactors. The specificity of the plastic behavior of body-
centered cubic (bcc) metals at low temperature is attributed 
to the non-planar core structure of ½ <111> screw 
dislocations which induce a high lattice-friction Peierls 
stress. The goal of this subtask is to obtain a quantitative 
description of the structure and properties of these 
dislocation cores in bcc iron by performing first principles 
electronic structure calculations. These calculations are 
carried out within the DFT framework using localized 
basis functions as implemented in the SIESTA code. This 
methodology was set up and validated in 2003-2005 for 
the study of point defect, defect clusters, and defect 
complexes, such as helium-vacancy clusters. In 2006, this 
approach has been extended to the study of dislocations. 
 
 
2006 ACTIVITIES 

 
METHODOLOGY 
This work is based mainly on first principles DFT-GGA 
electronic structure calculations performed with the 
SIESTA code [1]. In the first part, the generalized stacking 
faults are studied, their properties being closely related to 
that of the dislocation cores. We have investigated the 
effect of basis set and exchange-correlation functional. The 
properties of dislocation cores are then investigated using 
two geometries: (i) the cluster approach with a single 
dislocation in a cylinder with fixed atoms at the free 
surfaces; and (ii) a periodic array of dislocation dipoles. 
For the latter the cell geometry has been optimized for two 
dipole arrangements. Some insight into the mobility of the 
dislocation is gained by calculating the Peierls barrier, i.e. 
the energy barrier between two consecutive local minima 
of the energy landscape seen by a straight dislocation. The 
performances of empirical potentials for iron, recently 
proposed by Mendelev et al. and by Dudarev et al., are 
investigated against the present results. 

 
GENERALIZED STACKING FAULT ENERGIES IN 
IRON 
The gamma surfaces are obtained by cutting a perfect 
crystal and displacing the two parts relative to each other 
in a direction parallel to the cut plane (figure 1(a)). For 
each displacement vector the atomic positions are relaxed 
only in the direction perpendicular to the cut plane. As we 
vary the fault vector, the excess energy generates a surface, 
which represents the energies of “generalized” stacking 
faults. We have performed a comparison between LDA 
and GGA functionals and the validation of SIESTA with a 
plane wave code (PWSCF). The {110} γ-lines obtained 

within DFT and with the Mendelev potential [2] suggest a 
non-degenerate core structure according to the Duesbery-
Vitek criterion [3] while a degenerate core structure is 
expected for the Dudarev potential [4] (see figure 1(b)).  

(a) 

 
 

(b) 

 
 
Figure 1: (a): Schematic representation of the procedure 
for the calculation of generalized stacking fault energy. 

(b): <111> {110} gamma lines in iron ; comparison 
between the SIESTA results obtained using either LDA 
 or GGA for the exchange correlation energy, and two 

empirical potentials proposed respectively by Mendelev 
 et al. and by Dudarev and Derlet 

 
CELL ARRANGEMENTS AND BOUNDARY 
CONDITIONS FOR DISLOCATION CORE 
CALCULATIONS 
For the calculations on dislocation cores, we compared the 
two cell geometries proposed in the literature: the cluster 
approach [5] and the periodic array of dislocation dipoles 
[6]. Within the cluster model, a single dislocation is placed 
at the centre of a “cylinder”; the surface atoms are fixed to 
the positions predicted by the elasticity theory, while the 
inner ones are relaxed. In the dipole approach, we 
compared two arrangements: a triangular and a square 
periodic array of dislocations (figure 2). In the triangular 
geometry, the dislocations are positioned on a honeycomb 
lattice, that preserves the three-fold symmetry of the bcc 
lattice in the <111> direction. The square lattice 
corresponds to a quadrupolar distribution. We have 
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optimized the cell geometry by adding tilt components to 
the cell vectors in order to accommodate the plastic strain 
introduced by the dislocation dipole. These tilt components 
are deduced from elasticity calculations; the atomistic 
calculations confirm that they indeed yield vanishing shear 
stress component. 

 

Figure 2: Schematic representation of the two types of 
periodic arrays of screw dislocation  

dipoles investigated in the present study: 
 (a) the triangular and 

 (b) the quadrupolar arrangements 
 
CORE STRUCTURE OF <111> SCREW 
DISLOCATION 
DFT results show that the relaxed structure of the easy 
configuration of <111> screw dislocation does not lead to 
any broken symmetry about the <110> axes or any 
spreading along the <211> directions, so that the easy core 
structure exhibits a non-degenerate core configuration in 
agreement with previous calculations [7] and as expected 
from the γ-line calculations. The degenerate easy core 
structure is found to be unstable, while the hard core is 
found to be metastable with an energy increase with 
respect to the easy configuration of about 50 meV/b. These 
relaxed core structures are found to be close to the 
elasticity theory, the small deviation from the prediction of 
elasticity can be illustrated by subtracting the elastic 
displacement field (see figure 3). This deviation can also 
be seen on the edge component maps, i.e., the 
displacement field in the {111} plane. The magnetic 
moment of the three core atoms is reduced by 0.2 µB from 
its bulk value (2.3 µB) for both the easy and hard cores. 
The cluster and dipole approaches are in very good 
quantitative agreement with each other.  
The Mendelev potential exhibits a non-degenerate core 
structure - as expected from the Duesbery-Vitek criterion - 
in relatively good qualitative agreement with DFT results 
with somewhat significantly smaller edge components. As 
expected from the γ-line calculations, the Dudarev-Derlet 
potential reveals a degenerate core structure at variance 
with DFT results. 

(a) 

 

(b) 

 

(c) 

 

Figure 3: Core structure of <111> screw dislocation in 
iron obtained with DFT after relaxation. (a): differential 
displacement map ; (b): same as (a) after subtraction of 
the elastic field and magnification by a factor of 20 ; and 
(c): displacement in the (111) plane – or edge component 

– shown with a magnification factor of 50 

CELL SIZE DEPENDENCE 
The cell-size dependence within both the dipole and 
cluster approaches have been investigated. Within the 
dipole approach, the energy increase as the cell size 
increases is essentially given by the elastic energy, as 
obtained from a Madelung summation based solely on the 
values of the elastic constants. We analysed in detail the 
origin of the small deviation from the elasticity behaviour. 
We showed that it can be attributed to long range core-core 
interactions due to the edge components. Within the 
cluster approach we showed using empirical potentials that 
an excellent agreement is obtained between a cell 
containing 161 atoms / b and an infinitely large cell for the 
energy increase at the halfway position for the Peierls 
barrier calculation. 
 
PEIERLS BARRIER 
We successfully calculated the Peierls barrier using the 
drag method, both in the cluster and the dipole approaches. 
The dislocation is initially set on an easy core position and 
it is moved to the next easy core configuration along the 
<211> direction. DFT results yield a single hump barrier, 
with a height of ~30 meV/b. The barrier displayed by the 
Mendelev potential is quite different, with a camel hump 
shape; at the halfway position, the core spreads between 
two easy core positions while within DFT it exhibits a 
nearly hard core structure. These results suggest that the 
Mendelev potential may not be very appropriate for 
quantitative studies on the dislocation mobility in iron. We 
performed the same calculations within the dipole 
approach using Mendelev potential. The results obtained 
using the square-arrangement are in excellent agreement 
with the cluster-approach results. 
 
 
CONCLUSIONS 

 
The following conclusions can be drawn from the present 
DFT-GGA calculations performed on generalized stacking 
faults and dislocation cores in iron: 
 
- We successfully set up two procedures for the study of 
dislocation properties, within the cluster and the dipole 
approaches. An excellent agreement is obtained between 
these two methods, both for the core structure and the 
Peierls barrier. 
- The core structure, within DFT calculations, is found to 
be non degenerate, as expected from the shape of the 
generalized stacking fault energy surface, and at variance 
with predictions from most empirical potentials (except the 
Mendelev potential).  
- The cell-size dependence of the excess energy in dipole 
calculations is dominated by elastic effect, but significant 
long range, anisotropic core-core interactions have been 
evidenced. 
- The Peierls barrier has been calculated. It has a single 
hump, 30 meV high. 
- The best available potential for iron, the Mendelev 
potential, shows qualitative discrepancies with the DFT 
results as regard to the deviation from linear elasticity of 
the core structure and the shape of the Peierls barrier. 
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TW6-TTMS-007-D11

Task Title: MODELLING OF IRRADIATION EFFECTS
RECOVERY FOLLOW-UP BY ELECTRICAL RESISTIVITY
OF VERY THIN SAMPLES IRRADIATED WITH THE JANNUS
MULTI-ION-BEAM FACILITY

INTRODUCTION

The main objective of this task is to assess the feasibility of
damage recovery follow-up by electrical resistivity on
irradiated thin iron samples. Indeed, electrical resistivity
measurement carried out on metallic samples during and
after irradiation at low temperature is an efficient method to
obtain information about the elementary defects induced by
irradiation. In addition, it is very valuable to validate
calculation performed at the atomic scale by ab-initio
methods or by using empirical potentials. However,
intensively used in the seventies in the case of irradiations
with electrons that induce isolated Frenkel pairs (FP), this
method is difficult to implement for heavy ion irradiations
that, as neutron irradiations, result in the production of
point defects in displacement cascades. This is due to their
low penetration in iron and steels (only some microns).
Consequently only very thin samples can be used. This
induces two problems:

- Possible surface effects on resistivity measurement.
- Difficulty to prepare and handle such thin samples.

In spite of these difficulties, this type of experiment is very
important to asses important issues as the mobility of small
interstitial clusters created in the core of the displacement
cascades. To carry out this task, we first performed a
bibliographic study of damage production and damage
recovery follow-up by electrical resistivity on irradiated
thin iron samples. Then a bibliographic study of the effect
of surfaces in the case of very thin sample has been carried
out. Finally, this effect has been quantitatively evaluated in
the experimental conditions that will prevail in the ion
irradiation JANNUS facility that will be operative in Saclay
by the end of 2007.

2006 ACTIVITIES

ELECTRICAL RESISTIVITY STUDY OF THE
PRODUCTION AND PROPERTIES OF POINT
DEFECTS

The electrical resistivity was used very early in the field of
irradiation of metallic solids. A great amount of work was
carried out using these techniques during the sixties and the
seventies. Performed at low temperature, electrical
resistivity gave a lot of information on the formation and
properties of point defects at a time when numerical
calculations were practically impossible. Nowadays, most
of the experimental equipments unfortunately do not exist
any more or are out of age. It  is  a pity if  we consider that

the resistivity, thanks to its extreme sensitivity, is one of the
very useful methods for validation of multi-scale numerical
calculations at a very elementary level.

Electrical resistivity for assessing the formation of point
defect under irradiation

In these studies, the resistivity measurement is carried out
during continuous irradiation at low damage rate and very
low temperature, not only to minimise the phonon
contribution to resistivity, but also in order to prevent as far
as possible the mobility of defects. The great majority of
irradiations were carried out with 1 to 3 MeV electrons. The
reason is that electrons produce a very simple damage as it
is only made of isolated Frenkel pairs (no cascades) and
that the penetration of electrons of these energies is high,
allowing to use samples up to some hundreds thick with a
relatively good homogeneity in term of damage rate.
From the electrical resistivity curve versus time, several
important quantities can be obtained:
- The cross section of point defect creation if the resistivity

per defect is known,
- The threshold energy for FP production,
- The FP recombination volume.

Electrical resistivity recovery after electron irradiation
for assessing point defect mobility

Isochronal resistivity recovery allows studying reactions
between defects and consequently their mobilities.
Irradiations are usually carried out at liquid hydrogen or
helium temperature in order to produce immobile FPs at
concentrations within the range 1-100 ppm. Isochronal
annealings of typically 10 minutes are carried out; the
temperature is increased after each annealing period. The
resistivity measurements are performed at 4K between each
isochronal annealing.
Every  rapid  drop  of  the  resistivity  curve  as  a  function  of
temperature corresponds to a reaction between defects due
to the activation of the mobility of at least one defect. The
derived curve is usually preferred for obvious reasons. Each
peak corresponding to a rapid decrease in resistivity is
usually called a stage.
The resistivity, being a global method, is unable to
determine the physical phenomena associated to each peak.
Based on other experimental methods or atomistic
calculations and intuition, some reaction were attributed to
a given peak. The properties of the peak, as the position
change with the initial FP concentration, give precious
insights on the involved reactions.
Thanks to the huge increase of the capability of computer, it
is now possible to calculate the recovery from first principle
in simple case. Such a multi-scale calculation was carried
out recently for the first in the case of electron irradiated
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ultra pure iron [2], [5]. It is based on ab-initio methods for
the defect properties and on a Monte-Carlo method for the
kinetic. The initial interpretation [4] is only partially
confirmed. For instance, the so called stage II must not only
be attributed to the di-interstial mobility but also to cluster
of three interstitials. Furthermore, the migration of
interstitial cluster for n>3 is not required to reproduce the
experiments.

IRRADIATION WITH PARTICLES INDUCING
DISPLACEMENT CASCADES

Particles inducing cascades are neutrons or ions. The
structure of the primary damage under cascade conditions is
very different from the one obtained under electron
irradiation. Homogeneous in space and time under electron
irradiation, it is extremely heterogeneous under cascade
conditions. In addition, in the latter case, not only isolated
point defects are generated, but also small point defect
clusters. Molecular dynamics simulations predict a very
large mobility of these clusters. However, if such a large
mobility is considered in kinetics modelling of the
microstructure evolution under continuous irradiation at one
third of the melting temperature, the simulated results are in
total disagreement with experimental observations. The
electrical recovery after irradiation at 4K is certainly a very
good method to address this important issue.
The range of neutrons in materials being very large, there is
no problem related to the effect of sample size on the
resistivity. The major difficulties are to have access to an
experimental device allowing carrying out irradiation at 4K
in the core of a nuclear reactor.  As far as we know there is
no more such a device available. In addition, impurities
produced in nuclear reactions can affect the behaviour.
Irradiations with ions that create also displacement
cascades, as these that will be available in the JANNUS
facility, are in principal considerably easier to perform.
Unfortunately the ion ranges in material of interest are
limited to some microns. Table 1 gives typical ranges in
iron of ions that will be available in JANNUS.

Table 1: Typical characteristics of ion available in the
JANNUS facilit.

Ion H He C N Fe Au

Energy (MeV) 3 6 12 15 25 48

Range ( m) 35 12 4.7 4.9 3.4 4.2

But for H ions (protons), particles creating mainly isolated
Frenkel pairs as electrons or He ions that create very small
cascades,  the  ranges  of  ions  are  of  the  order  of  4 m or
smaller. It is interesting to notice that, but for iron ions in
steel, ions are implanted and consequently must be seen as
implanted impurities. This problem can be avoided if the
thickness of the sample is significantly smaller than the
range. At such a low thickness, the possible effect of the
surfaces on the resistivity measurements is an important
issue. Indeed, if the probability for a conduction electron to
be scattered by the surfaces is of the same order of
magnitude as the one to be scattered on a defect, the
resistivity must be corrected.

SURFACE EFFECT CORRECTION OF THE
ELECTRICAL RESISTIVITY MEASUREMENT IN
IRRADIATED THIN METALLIC SAMPLES

The surface effect correction is based on the Fuchs-
Sondheimer theory [3]. It is developed within the
framework of the Boltzmann transport theory and the
relaxation time approximation. For a thin foil, the electron
distribution function is now dependant on the distance at
the surfaces.
This theory shows that the ratio of the resistivity change of
the thin foils per unit concentration of defects to the
resistivity change of the thin bulk per unit concentration of
defects is given by:

( )
f

b
d Q x
d

With: ( ) ( )dQ x x
dx

, bax
k

, a  the sample

thickness, bk  and   the mean free path.

The ( )x  function is given by:

2 3 5
1

1 exp1 1 3 1 1(1 )
( ) 2 1 exp

xu
p du

x x x u u p xu
Where 1 p  is the probability for an electron to be
scattered diffusely at the surface.
This theory has been applied to iron of various purities to
assess the surface effect on the damage rate determination
and on the isochronal recovery curves under JANNUS
conditions. As it is known that 1 p  is  close  to  zero  for
metal, this value has been used.

Size effect on the damage rate determination

Following the Fuchs-Sondheimer theory, we can write:

0 0

( , 0) ( , 0)
f b

F D
t t

d dQ x t Q x t
dt dt

Where F is the FP resistivity, D the cross section of

point defect creation and  the ion flux.
This expression shows that an apparent cross section of
Frenkel pairs creations in the thin foil be defined by

( , 0)f
D DQ x t .

The ( , 0)Q x t  correction factors for iron samples 1 and
3 m thick and of various carbon contents prior irradiation
are plotted in table 2. In this table, 0  is the initial bulk
resistivity of the iron (prior irradiation): The lower the
value, the purer the iron. The value of 2·10-11 m is the
bulk resistivity of an ultra pure iron containing less than 1
ppm of carbon. As waited, the smaller the point defect
concentration, the larger the correction. But for the ultra
pure iron, the correction remains relatively small.
In addition, the correction has been calculated for a thin foil
of 0.1 m, typically the thickness that can be obtained by
vapour deposition of metal on rock salt [1]. In this last case
the correction is very important.



- 247 - EFDA Technology / Tritium Breeding and Materials /
Materials Development / RAFM Steels

Obviously, under irradiation the number density of point
defect increases with fluence. The Q coefficient tends
rapidly toward one.

Table 2: Q(x) function for irons of various purities

C atppm >1 15 66
Thickness

0
 (10-11 m) 2.0 9.3 34

1 m Q(x) 2.1 1.3 1.1
3 m Q(x) 1.4 1.1 1

0.1 m Q(x) 9

Effect of the size correction on the recovery peak position

Assuming that the temperature is not increased step by step
as in actual experiments but rather continuously (T t ),

the temperature at peak pT is given by:
2

2 0
p

f

T

d
dT

Let us now consider for sake of simplification the
hypothetical recovery peak associated with the elimination
of one particular type of point defect on fix sink such as
dislocations.  It can be shown that pT is solution of:

0 2exp 1 ( ) 0
P

m m

T P

E EK D xR x
kT kT

,

Where K is a constant proportional to the dislocation
density, mE  the migration energy of the considered defects,

0D  the frequency factor for diffusion, k  the Boltzmann
constant and:

( )ln
( )

d xd
dxR x

dx

If ( )xR x  is small compared to 1, the equation is the same
as when there are no surface effects. In the opposite case,
the temperature at peak must be corrected.
To know if such a correction must be done in typical
JANNUS conditions, ( )xR x has been calculated and
plotted as a function of x  (figure 1).
The correction factor ( )xR x  for various sample thickness
and various electrical resistivity at temperature just below
the peak has been calculated (table 3).
We observe that the correction on the peak position can be
significant if the number density of Frenkel pairs or carbon
atoms remaining at peak is low, typically smaller than
10 appm. This is achieved only at the end of the recovery
process for ultra pure iron. Indeed, at the begin of the
recovery prossess i.e. at the level of the low temperature
peaks, the number density of point defect introduced by
irradiation is large enough permitting to avoid any size
effect correction.

Figure 1: xR(x) as a function of x

Table 3: Factor ( )xR x  for various sample thickness and
various bulk electrical resistivity

b  (10
-11

m) 2.0 9.3 34

1 m x R(x) -0.47 -0.28 -0.05

3 m x R(x) -0.36 -0.10 0

0.1 m x R(x) -0.68

CONCLUSIONS

After a short review on the use of electrical resistivity
measurements to obtain information about the damage rate
under irradiation and the properties of induced point
defects, we have considered the effect of the very small
sample thickness compatible with the small range of ions in
steels. We have shown that for typical ultra pure iron
samples 1 and 3 mm thick, the correction induced by the
scattering of conduction electrons on surfaces can be
significant although moderate compared to 0.1 mm thick
iron samples.
The remaining issue to carry out recovery electrical
resistivity measurement in JANNUS is the preparation and
the handling of such a small samples that is not a priori
impossible but certainly tricky.
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TW3-TTMA-001-D04
TW3-TTMA-002-D04

Task Title: SiC/SiC CERAMIC COMPOSITES AND DIVERTOR AND
PLASMA FACING MATERIALS: FURIOSO IRRADIATION
EXPERIMENT

INTRODUCTION

The main objective of these tasks is to determine the
effects of high temperature neutron irradiation on physical
and mechanical properties of SiC/SiC ceramic composites
and tungsten alloys.
SiCf/SiC ceramic composites are low activation materials
and have good mechanical properties up to about 1000 °C.
R&D work on these materials for advanced fusion devices
has been going on over the past 2 decades.  Recently,
industrial scale productions have been achieved: in 2004
(2D material) and 2005 (3D material).

Tungsten alloys are candidate materials for structural
applications in the high temperature region of the plasma
facing components such as “high heat flux high
temperature heat removal units” of helium cooled divertor
concepts, which has recently gained more attention in the
EU.   The  key  issues  for  these  materials  include  low
fracture toughness, sensitivity to production history, but
above all limited knowledge on the effects of irradiation
on their mechanical properties.

Previous Activities
Samples of SiCf/SiC composites and tungsten alloys have
been prepared for irradiation in a common rig in the
OSIRIS reactor (Furioso experiment, in position 64 SO).
Irradiation will be perfomed at two temperatures of 600
and 1000°C to a dose of about 4.1·1021 n/cm2 (equivalent
of 4 dpa Fe), as shown in figure 1.

Figure 1: Schematic presentation of the Furioso
Irradiation capsule

Specimens to be irradiated come from several European
associations, as well as, the Japanese and the American
partners.  They include:

a)  different  nuances  of  SiCf/SiC ceramic composites (2D
and 3D), supplied by EFDA and manufactured in Europe
by MAN Technology (Germany), plus a 2D-NITE material
from Japan and four types of composites (TySA-CVI-Ti /
HNLS-CVI-Ti / Hybrid-CVI / Reference) supplied by
ORNL (U.S.).  They are cut for mechanical testing (tensile
and bend) and for thermal diffusivity measurements.

b) two types of tungsten alloys, one containing lanthanum
oxide (W-1%La2O3) and other potassium addition (W-K).
These materials will be irradiated as plate tensile
specimens and Charpy-V sub-size (KLST) specimens (for
bending tests).

In all:
154 specimens will be irradiated:
- 120 SiCf/SiC composites
- 34 W alloys
16 thermocouples will monitor the temperatures.
14 dosimeters will record the irradiation doses.

2006 ACTIVITIES

During this period, fabrication of a rig mock-up, thermal
calculations of specimens loading and the loading plan
were finalized (figure 2). The plan was presented to all
partners at the 7th IEA workshop held in Petten (Holland).
Notice that in comparison with the earlier plan, there is a
small modification in position of specimens in levels 6 and
7, for better temperature distribution.  Also done in this
period is preparation and submission of relevant
documents to the safety authorities. Their permission to
start the irradiation experiment is expected.

Figure 2: Specimen loading after thermal calculations
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A  few  SiCf/SiC diffusivity discs had traces of felt pen
marking (see figure 3). Despite repeated cleaning
according to the recommended procedures some of the
markings were still visible. Most of these specimens were
replaced with new ones except 2. All specimens have laser
marking (see figure 3).

Figure 3: Specimen markings, on left traces of felt pen
marking on diffusivity specimens, on right laser marking

A powerful furnace has been designed and manufactured,
to guarantee the regulation and control of specimen’s
temperature during irradiation.  A control box has been
procured and installed next to the reactor (figure 4).  The
temperature inside the rig will be regulated with this box,
using a flowing mixture of inert gas (helium-neon), inside
and outside the sample holder.

Figure 4: Schematic presentation of the control box
procured and installed in 2006 next to the reactor.  This
box regulates the irradiation temperature inside the rig

through flow of heated gases
Future Work
Pending approval of the safety authorities, start of the
irradiation is scheduled in May 2007. Irradiation
experiment will last for one year (May 2008) and final
report issued in December 2008. Currently, negotiations
are in progress with partners about dispatching of their
specimens after irradiation.

CONCLUSIONS

All preliminary preparations for this very difficult high
temperature irradiation experiment have been made.
Irradiation experiment is expected to start in May 2007
and finish one year after.
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TW6-TTMA-001-D02

Task Title: MODELLING OF THE MECHANICAL BEHAVIOUR OF
ADVANCED 3D SiCf/SiC COMPOSITES

INTRODUCTION

The non linear elastic mechanical behaviour of SiCf/SiC is
governed by damage phenomena that take place at the
scale of the components of the composite (fibre, matrix,
interface). As a consequence, the most promising way to
obtain a reliable behavioural model that can evolve with
our knowledge of the material is to use multi-scale
modelling. Such methods necessitate the knowledge of the
thermodynamic and dissipation potentials for each
component and a change scale method. The work
performed in 2005 consisted in the implementation in the
finite element software CAST3M of two new constitutive
laws adapted to SiCf/SiC composites. In 2006, the
implementation of the GTFA (General Transformation
Field Analysis) change scale method has started.

2006 ACTIVITIES

New  Cast3M  GIBIANE procedures were developed and
tested in order to calculate the concentration and influence
tensors necessary for the general transformation field
analysis change scale method.

General transformation field analysis

The transformation field analysis proposed by Dvorak [1]
and [2] links the local quantities (stress and strain in a sub-
volume r,

r
,

r
) to the macroscopic ones ( , ) as

follows:
N

1s

an

s~rs~rr~
:F:B (2.1)

and
N

1s

an

s~rs~rr~
:DE:A (2.2)

where N is the number of sub-volumes.
an

s
and

an

s
are

the microscopic eigenstresses and eigenstrains (stress-free
strains) supposed to be uniform in each sub-volume
s.

r
A and

r
B  are respectively the mechanical strain and

stress concentration tensors.
ss

D ,
rs

D ,
ss

F and
rs

F
are respectively the self-induced (subscripts ss) and the
transmitted (rs) eigenstrains and eigenstresses
concentration tensors. If the elastic properties -of the sub-
volume change (damage or temperature dependence), the
tensors

r
A ,

r
B ,

ss
D ,

rs
D ,

ss
F and

rs
F  are

modified and should be revaluated.

In order to avoid these expensive calculations, T. Pottier
[3)] and J.L. Chaboche et al. [4] have generalised the
aboveequations and introduced a generalised eigenstrain

gE . In addition to the plastic and thermal strain, this

eigenstrain can take into account the variations of the
elastic properties of the sub-phases with damage and/or
temperature.

The two necessary scale change in SiCf/SiC

The SiCf/SiC structure implies that two scale changes are
at least necessary to obtain the macroscopic material
behaviour from the knowledge of the fibre and matrix
ones. Figure 1 represents the chosen representative volume
elements (RVE) at the mesoscopic scale (each sub-phase is
an unidirectional plane) and at the microscopic scale (2
sub-phases: fibre and matrix). The concentration and
influence tensor calculation procedures were developed by
choosing estimates appropriated to the RVE for each scale
change. The Mori-Tanaka estimate [2] was chosen for the
micro-to-meso scale change and the Ross et al. estimate
[5] was chosen for the meso-to-macro scale change.

Figure 1: Different scales and associated estimates to
model SiCf /SiC from fibres and matrix behaviour

Macroscopic scale:
superposition of

several unidirectional
plies

Concentration and influence tensors from Ross
et al. estimate [5]

matrix
fibre

Microscopic scale:
2 sub-volumes: fibre

and matrix

Mesoscopic scale:
unidirectional ply

Concentration and influence tensors from
Mori Tanaka estimate [2]
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Tests of the new procedures

For example, some results issued from the tests of the
procedures for the Mori-Tanaka estimate are illustrated in
figure 2. The variation of the inverse (1/M11) of the
homogenised compliance tensor (M11) of a fibrous
composite is displayed as a function of temperature.
The variation of this component evaluated by a direct
tensor calculation method is displayed in blue whereas the
variation obtained from the GTFA method is displayed in
red.
One may see that the GTFA method provides very good
results in a wide temperature range around the reference
temperature (400°C) at which the influence and
concentration tensors are calculated only once. The graph
of figure 2-a was obtained by a program provided by
ONERA. It is identical to figure 2-b obtained using the
GIBIANE procedures. This insures the good implementation
of tensors calculations in Cast3M.

Figure 2: Inverse of the first term of the homogenised
compliance tensor of a fibrous composite as a function of

temperature using the Mori-Tanaka estimate
2-a graphic from Cast3m Gibiane procedures and

 2-b graphic from Onera program. Blue curves correspond
to direct calculations and red curves to GTFA method

CONCLUSIONS

GIBIANE procedures were developed in order to calculate
the concentration and influence tensors for the GTFA
method in the case of the Mori-Tanaka estimate, suitable
for the micro-to-meso scale change, and Ross et al.
estimate, suitable for the meso-to-macro scale change. It
was verified that the calculations of the homogenised
stiffness and thermal expansion for properties varying with
temperature and damage were correctly performed using
the GTFA method by comparing the results obtained from
the newly implemented procedures and the ONERA results.
These procedures were developed for the case of a two
sub-phase material. It should be extended to more sub-
phases in the future. The concentration and influence
tensors will be introduced as material properties in the
future. This is one of the necessary implementations in the
scope to perform finite elements GFTA calculations for
SiCf/SiC modelling.
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CEFDA05-1359

Task Title: TW5-TTMI-004a: PRELIMINARY REMOTE HANDLING
HANDBOOK FOR IFMIF

INTRODUCTION

The International Fusion Material Irradiating Facility
(IFMIF) will be built to test, define and select the materials
for the next generation of fusion reactor (DEMO). The main
requirement for this facility is to produce a neutron flux
similar to fusion reactions that will take place in DEMO in
a reasonable timescale.

The  facility  (see  figure  1)  will  be  composed  of  an
irradiation source made of two linear accelerators focusing
toward a liquid lithium target. Neutrons produced by the
accelerated deuterons hitting the lithium target will damage
target samples held in test assembly inside a test cell.

Figure 1: Facility layout

After disassembly of the test modules, examination of
samples will take place in a post-irradiation examination
laboratory.

High level radiations are expected in some areas of the
facility. In some of these areas maintenance will not be
possible with hand-workers and will require the use of
Remote Handling equipment.

After a state of the art of the capabilities of standard
Remote Handling equipment, the Preliminary Remote
Handling Handbook for IFMIF compares the needs of the
IFMIF facilities to similar existing facilities in Europe and
in the USA. Through analyses of each large area of the
facility (accelerator hall, conventional facilities, test cell, Li
loop,... ) according to preliminary studies available, this
report identify where RH equipment will be necessary,
proposes guidelines rules to designers and identify potential
areas where R&D work would be necessary.

2006 ACTIVITIES

RH vs Hands-on operations

ICPR60 recommendations for any individual radiation
worker are:
- The annual dose rate should not exceed 20mSv per year,

averaged over 5 consecutive years.
- The dose rate in a single year should not exceed 50mSv.
- The dose rate for non-radiation workers should be kept

below 1mSv/year.
For the IFMIF facility RH will be a necessity in all areas
where the dose rate exceeds the 1mSv/hr dose rate.
Between 10 Sv/hr and 1 mSv/h, it will be the result of
ALARA considerations. Between these two values, past
experience in nuclear facilities shows that using RH
equipment has always been simply based on a balance
between expected personnel dose and cost of the RH
equipment.

Maintenance classification scheme

It is propose to follow the general maintenance
classification scheme propose for ITER:
- RH class 1 = components requiring regular planned

replacement.
- RH class 2 = components that are likely to require repair

or replacement.
- RH class 3 = components that are not expected to require

maintenance or replacement during the lifetime of the
facility but would need to be replaced remotely should
they fail.

- RH class 4 = components that do not require remote
handling.

Examination of each piece of equipment in all areas of the
facility will be made according to these criteria.

State of the art of telerobotic systems

Telerobotic systems are belonging to three large classes of
systems:
- Mechanical master slave systems.
- Power manipulators.
- Servomanipulators.
They are either:
- Fixed: in that case the manipulator goes through a wall or

a ceiling (generally the shield) and are operating in a
space depending on the manipulator type. This
configuration is generally limited to window workstation.

or
- Mobile: the manipulator is mounted on a carrier such as a

gantry or jib crane, a telescopic mast... It’s operating
space is equivalent to that of the carrier and the
manipulator itself.

Performance and capabilities, advantages and drawback for
each family are discussed in the document.
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RH in existing accelerator facilities

Although dose rate to personnel has always been considered
for all existing accelerator facilities, it seems generally that
the radiation level was low enough to allow radiation
workers to perform all maintenance work hands-on a few
days after the shutdown.  During the last years the increase
of power of the installation has changed the rule and the
number of facilities operating or developing RH equipment
is increasing.
Strategies and needs are different from one facility to
another see (figure 2):
- Active handling with heavy shielding and semi automated

transfer cask equipment for the Paul Scherrer Institute
(PSI, Switzerland) and some beam line elements of the
SNS facility (Oak ridge laboratory, Tennessee, USA).

- Advanced servomaniplators RH systems in the target cell
of the SNS facility.

- Fully automatic procedures for a limited number of
operations in the ISOLDE facility (CERN, Switzerland).

Staubli robots used for target exchange
and storage in ISOLDE

Transfer cask system of PSI

Servomanipulators of SNS’ target cell

Figure 2: RH in existing accelerator facilities

Design guidelines to the IFMIF equipment

Analyses of all situations help to draw general
recommendations to designers of the facility:

- Sectionalize large apparatus.
- Design to be readily replaceable and preferably arranged

so that it can be lifted vertically.
- Modularize all auxiliary equipment.
- Use of quick disconnect fasteners instead of bolted joint.
- Connections to the unit from main headers (water, air

vacuum...) should be designed to provide minimum
connections.

- The section of the equipment should include guides to fit
on supports that require a minimum of alignment.

- If alignment is necessary, it is better to include them in the
support base and not onto the movable equipment.

- Every effort should be made to make all sections look
identical and define standards.

- Standardization helps to define a spare part policy and
allows the use of spare units while the repair work can be
done in external facility without prolonging the downtime
of the facility.

And more dedicated to the accelerator design we can quote:

- Design magnets and diagnostics to give simple cooling
and power connections.

- Limit the length of straight sections to improve stability of
mechanisms due to the shorter mechanical moment.

- Modularize diagnostics, detectors, positioners. It means:
provide all these kind of devices within the same
packaging containing all driving and servoing systems.

- Assembly of this package to the machine has to be made
with simple clamping system after self alignment of the
system.

- The module can be handle with help of an overhead crane
with very few manipulation.

- Services connections must be grouped to provide a simple
plug-in operation.

IFMIF Accelerator facility

Activation of structures in the beam line of accelerators is
driven by the beam loss in each piece of equipment and the
energy level where the beam loss occurs. As a matter of fact
elements such as beam collimators, scrappers, or beam
dumps will certainly reach activation levels that prevent any
hands on maintenance in a timescale compatible with the
70% availability target of the facility for beam-on
operations.

On the other hand, the choice is still open for big elements
such as Radio Frequency Quadrupoles and it seems like the
real activation of these components will be known at the
end of the Engineering Validation and Engineering Design
Activity (EVEDA) phase. According to the proposed
classification, a fist attempt to write a list for element
needing maintenance was issued:
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According to this list and the design guidelines defined in the upper sections concepts are proposed to handle some piece of
equipment within the accelerator facility (see figure 3).

Zone Element Maintenance type Maintenance
classification

RFQ Diagnostics

Cavity III
coupling loops III maybe II due

to number
vacuum pumps

Maybe activated. Issue
at  the  end  of  EVEDA
phase

II or I (due to
number)

MS Buncher, quadrupoles, coupling loop Maybe activated. Issue
at  the  end  of  EVEDA
phase

DTL Steerers, diagnostics,
Cavity III
Coupling loops? III maybe II due

to number
Vacuum ion pumps

Maybe activated. Issue
at  the  end  of  EVEDA
phase

II or I (due to
number)

Diagnostics, steerers
Drift Tube in DTL cavity III

Drift tubes
& quadru-
poles Quadrupole magnet in DTL cavity

Maybe activated. Issue
at  the  end  of  EVEDA
phase III

Quadrupole chain (cooling, power supply,coil) III
Dipole chain (cooling, power supply,coil) III
Octupole chain (cooling, power supply,coil) III
Ion pump chain for beam tube vacuum systems
9 degree achromatic lens
Neutron shield

HEBT

Drift tube
Beam
Monitoring
Station

Dump, diagnostics

RH or limited hands-
on access

Figure 3: Example of sequences for scraper removal

Conventional facilities

Post-irradiation examination of irradiated samples is one
of the main areas needing remote handling in conventional
facilities.

According to data of the CDR, activity of samples seems
to be in the range of what is currently handled in labs such
as LCMI in CEA saclay and that no special  R&D will  be
needed.

Figure 4: Tensile test machine in LCMI hot cell in Saclay
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CONCLUSIONS

Redaction of the Preliminary Remote Handling Handbook
for IFMIF is in progress. It aims at providing rules and
elements to help designers to integrate Remote Handling
since the beginning of the design of the machine to
simplify maintenance operations and minimize downtime
of the facility.
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CEFDA05-1368 
TW5-TSS-SEA3.5 

Task Title: IN VESSEL SAFETY: DEVELOPMENT OF A DUST EXPLOSION 
COMPUTER MODEL 

 
INTRODUCTION 

 
Besides the H2 risk issue studied previously, another threat 
that could endanger the ITER containment is the (Be, W 
and C) dust issue [1]. Three aspects of the issue are:  
(1) the mobilization of deposited dust in the case of air or 
steam ingress, (2) dust explosion (air – dust), or (3) 
combined hydrogen-dust explosion in the event of steam 
ingress, where hydrogen is produced by the reaction 
between the Be dust and the steam. 
 
On the first issue, the task aimed at establishing the 
modeling basis for the simulation of dust mobilization in a 
representative accident, reviewing the analytical and 
experimental data-base to identify verification and 
validation test cases, and finally, to evaluate the selected 
models for the chosen test case was completed in January 
2007.  
Part of this work was performed in collaboration with 
FZK. 
 
 
2006 ACTIVITIES 

 
Three steps were defined for this task. The first two steps 
were jointly performed by CEA and FZK, with the 
description of dust mobilization models both in CAST3M 
(CEA) and GASFLOW (FZK) codes and a review of 
analytical and experimental test cases for the validation of 
the models. Two joint deliverables were produced. The 
third step of this activity was the application of the codes 
(CAST3M in the case of CEA) to numerical benchmarks 
proposed in the matrix of benchmark test cases defined in 
the second deliverable, and with the numerical models 
described in the first deliverable. The third deliverable is 
the last of this year (completed in January 2007). 
 
REVIEW AND DEFINITION OF 3D DUST 
MOBILIZATION EQUATIONS: GASFLOW AND 
CAST3M MODELS 
 
In this first step, the description of the two different codes 
for modeling gas and particle mixtures are presented. They 
use two different approaches, the Lagrangian (Gasflow 
code) and the Eulerian (CAST3M code) approaches. The 
CEA CAST3M model includes, apart from gravitational 
forces, interfacial friction (by means of a drag force) and 
heat transfer between the phases. When particle interaction 
is important and has to be taken into account, more 
complex models are needed, and the concept of the solid 
stress modulus or intergranular pressure (depending on the 
author) is introduced. Therefore two-approaches have been 
developed, one for high dilute flows and other for heavy-

laden mixtures, considering in all cases the solid as 
incompressible. The first one is the most interesting for the 
study of mobilization problem in ITER as those are the 
kind of mixtures expected to be present inside the vacuum 
vessel. In this first deliverable for CEA part, the numerical 
schemes and the physical models implemented in the CEA 
code CAST3M for the analysis of high dilute dust and gas 
mixtures are presented. 
 
 
REVIEW OF ANALYTICAL AND EXPERIMENTAL 
TEST CASES FOR DUST MOBILIZATION 
MODELING 
 
In terms of the numerical models about particle 
mobilization described in the first step (Deliverable D1 
report), a matrix of benchmark test cases including 
analytical solutions and numerical simulations are 
reviewed and proposed. 
Some fundamental benchmark test cases for particle 
mobilization are reviewed: 
 
- #1. Particle trajectory in a uniformed flow 
 
- #2. Particle trajectory in a uniformed flow with gravity 
 
- #3. Particle diffusion from a point source 
 
- #4. Particle diffusion in a uniformed flow 
 
- #5. Particle transport in a curved duct 
 
These 5 test cases are a key step to verify whether a 
computer code can be further used for more realistic 
applications. These benchmark test cases include: 
reproducing an analytical particle trajectory in a uniformed 
flow field; simulating the particle trajectory with the effect 
of gravitational terms to demonstrate particle settling; 
comparisons of numerical particle distributions with 
enhanced diffusion coefficients to analytical solutions 
when particles diffuses from a point source in 1D, 2D 
and/or 3D configurations; further studies of particle 
diffusion in a straight duct containing uniformed flow by 
using different particle properties; benchmark of particle 
mobilization in a 180º curved duct. 
 
The other part of these numerical benchmarks involving 
gas and particle mixtures is reviewed in test cases 6 to 14 
definition. They essentially involve dust mobilization 
processes induced by shock or rarefaction waves and 
correspond to several numerical and experimental 
problems proposed in the existing literature. Some 
experimental results obtained in the FZK dust dispersion 
tube experiment, the STARDUST facility and the 
TAKASE experiment are proposed in order to validate in 
the near future the numerical codes GASFLOW.  
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- #6. 1D shock tube test in high dilute mixtures 
 
- #7. Stardust problem 
 
- #8. 1D Dust mobilization problem provoked by 
rarefaction waves 

 
- #9. Shock-induced fluidization particle bed 
 
- #10. Shock tube problems with dense mixtures 
 
- #10.1. First problem: Shock tube with zero velocities 
 
- #10.2. Shock tube with opposite velocities 
 
- #11. 2D planar section and/or 3D dust dispersion tube 
with air injection (FZK) 

 
- #12. TAKASE experiment 
 
- #13. Gas-solid particle flows in a 90º bend 
 
- #14. Other tests found in the existing literature like a 
study on the interaction of a shock of Mach 1.7 in a 2D 
geometry reservoir in which there is a layer of particles 
(14.1) or a dusty gas mixture flowing through a 2D nozzle 
(14.2 &14.3). 

 
All these 14 test cases constitute a pool of benchmark 
studies. The case matrix based on the physical phenomena 
involved in the test cases is shown in Table 1. 
 

Table 1: Matrix of benchmark test cases 
 

 
 
 
VALIDATION OF SOLVERS FOR DUST 
MOBILISATION MODELLING WITH CAST3M 
 
The last work combines the test case matrix previously 
defined and calculations with the CAST3M code 
considering the actual implemented models. As mentioned 
below, two different models have been studied, one for 
dense flows and another for high dilute mixtures. A finite 
volume approach for multidimensional problems on 
unstructured grids has been used, and several numerical 

schemes have been extended to analyse this type of 
mixtures. The AUSM+up scheme has been extended to 
dense mixtures and in the case of high dilute mixtures it 
has only been applied to the gas phase. The Rusanov 
scheme and a modified version of the AUSM+ have been 
proposed for the solid phase for high dilute mixtures. 
Different numerical benchmarks have shown that the 
schemes behave quite well in the the presence of flows 
containing discontinuities. 
 
 
 

 

Figure 1: Dust dispersion tube geometry with air 
 injection (FZK) 

 
As illustration, figure 1 shows the numerical results 
obtained for the FZK dust dispersion tube with air 
injection (case #11) (figure 1), 2D planar section and/or 
3D dust dispersion tube with air injection (FZK) (figures 2 
and 3) This experiment addressed the dust mobilization 
provoked by air injected through the holes of a cylindrical 
tube situated at the bottom of a larger tube, where a dust 
layer was deposited. Figure 4 shows the 3D calculations 
results of particles concentration evolution. 
 

 
Figure 2: Dust dispersion tube geometry with air injection 
 
 

 
 

Figure 3: Dust dispersion problem meshes (2D and 3D) 
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Figure 4: Particle concentration distribution inside 
 the test section at different times, 

 t = (0, 2.5, 5, 7.5, 10, 12.5, 15)·10-3 s 
 
Another illustration is the TAKASE test case. In this study 
the air ingress through breaches in a reservoir (#12) is 
simulated. 
 
The problem specifications are quite similar to those one 
may expect inside the vacuum vessel of the ITER in case 
of a loss-of-vacuum accident. The experimental facility 
was built for this purpose. Meshes are presented in  
figure 5. 
 

 
 

Figure 5: Meshes modelled with CAST3M. Top: outer 
reservoir, bottom: inner reservoir 

 

 
Figure 6: TAKASE test, evolution of the average pressure 

inside the vacuum vessel 
 
Figure 6 gives comparison between the calculated 
pressures with the experimental one, average values have 
been considered in both cases. Regarding the particle 
mobilisation, all the particles are mobilised when the 
atmospheric pressure is reached inside the reservoir. 
 
The last example shows an application to ITER-like 
geometry, with a 2D cross section (figures 7 and 8). The 
air ingress induces a rise of pressure from 5Pa to outside 
pressure of 105 Pa, the diameter of the breach is 0.1m. The 
carbon dust is mobilized from a dust layer of 1cm in the 
bottom of the vessel. 
 

 
 

Figure 7: Evolution of the pressure in the vacuum vessel 
 
 

 
 

Figure 8: Sequences of � air ingress, here gas velocity 
and � graphite particles mobilisation inside 

 the vacuum vessel 
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CONCLUSIONS 

 
Despite the fact that most of the tests are numerical tests 
which originally lack of some specification parameters, 
they have provided a good assessment of the capabilities 
of the numerical schemes proposed and qualitatively 
demonstrate their good behaviour in the characterisation of 
discontinuities and their easy adaptability to different flow 
models. The foregoing work has been carried out in the 
context of the ITER project. In order to validate it suitably, 
new experiments are being performed and new 
experimental data will be available in the near future. The 
addition of more realistic closure laws will also complete 
the model (i.e. turbulence, lift forces, adhesion-
entrainment models and so on).  
 
The next steps are:  
(1) Improvement of the closure laws for the transport of 
dust particles, 
(2) Validation on new experimental data,  
(3) Development of a reactive source terms to describe the 
dust explosion or the combined H2-dust explosion, 
(4) Validation of the combustion model on experiments.  
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TW5-TSS-SEA5.6

Task Title: ENHANCEMENT OF THE PACTITER COMPUTER CODE
AND RELATED FUSION SPECIFIC EXPERIMENTS

INTRODUCTION

In fusion devices such as the International Thermonuclear
Experimental Reactor, ITER, neutron activation would
also produce Activated Corrosion Products in the divertor,
blanket and vacuum-vessel cooling loops, as well as in any
other auxiliary cooling system. In operating nuclear
(fission) power plants, ACP could be responsible for about
90 % of the Occupational Radiation Exposure (ORE) of
personnel during the reactor operation, inspection and
maintenance [1]. By consequences, the precise
determination of ACP inventories and the estimation of the
resulting doses to personnel is thus an important safety
task. The computer code PACTITER has been used for the
calculation of generation and transport of ACP in the
various Primary Heat Transfer System (PHTS) or
Tokamak Water Cooling System (TCWS). Presently,
PACTITER code, is an adaptation of the PACTOLE code
developed for Pressure Water Reactor. CORELE Tests
facility devoted to the measurement of the release of
industrial tube section belongs to the PACTITER
validation tools. A first test campaign was performed into
CORELE Test facility to determine the SS316L(N)IG
stainless steel (industrial tubes used in the first wall/shield
blanket) mass release rates under similar operating
conditions of the TCWS [2]. Of course, the release of Cu
alloy (as CuCrZr) is equally a key point and for that
reason, a feasibility study has been launched in 2005 in
order to assess the capability of the CORELE loop to
provide relevant experimental data as input or validation of
PACTITER [4].

2006 ACTIVITIES

2006 activities were dedicated to the PACTITER code
development and to the experimental characterization of
the copper release from CuCrZr alloy under ITER
representative conditions. The PACTITER code
development consisted in the implementation of the Cu
thermodynamic data base. Experimental measurements for
CuFeZr and a PhreeqCEA calculation for Cu solubility
were successfully compared [5] [6].

CuCrZr Release rate Evaluation in the CORELE Test
Facility

Some previous studies on CuCrZr alloy have shown the
formation of a layer of black copper oxides (CuO) on the
exposed surface of pipes under high heat flux in the
temperature range around 100°C and with a nominal flow
velocity of 10 m/s with high hydrogen peroxide content
[3]. This surface layer is described as loosely adhesive and
detachable by fluid flow effects by the authors. Then the
phenomenology of copper release from CuCrZr can be

expected to be the consequence of a erosion-corrosion
process. Erosion corrosion is a combination of chemical
and mechanical wear leading to the destruction of a metal.
Normally, a thin film of oxides forms on exposed alloys
surfaces. This film provides protection from oxidation of
the metal surface. However the formation of this protective
layer can be hindered by high flow velocities and, thus, the
removal of the material can be accelerated by:
- The chemical dissolution of the metallic oxides and then

the occurrence of cationic species in the fluid;
- The mechanical erosion of the oxide layer producing

some particles in suspension in the flowing fluid.

The initial principle of the measurement of elementary
release rate in the CORELE loop consisted in continuously
trapping the cationic copper released from two test
sections on mixed bed ion exchange resins (see figure 1).
Full rods of copper alloy are inserted in zircalloy test
sections. The diameter is adapted in order to adjust the
water velocity section for a given flow rate.
In order to satisfy the specified water velocity of 10 m/s
with a pressure in the range of 40 to 50 bar in the test
section, we had to adapt the configuration of the CORELE
loop. The flowrate is regulated at 40 l/h. As shown in
figure 1, only one test section has been used because the
capacities of the experimental loop did not enable us to
reach the specified conditions with two sections. Other
adaptation consisted in adding 0.45µ Millipore filters in
order to trap eroded oxide particles by the water flow.

Figure 1: Schematic view of CORELE loop

The net release rate R (mg/dm²/month) is then given by:

tA
WR

.
Where:
W : Mass of copper in measurement resin or in filters
 (mg),
A : Exchange surface area between test specimen and
 water (dm²),
T : Time during which the resins and the filters are
 trapping the released products in the loop (month,
 assuming 1 month = 30 days).



- 263 - EFDA Technology / Safety and Environment

The first step achieved in 2006 consisted in the validation
of the functioning of the adapted CORELE loop in the
ITER representative water chemistry (i.e. with an ultra
pure water whose conductivity at 25°C is less than
0.1 µS/cm). In these conditions the pH is neutral (between
6.8 and 7.4). The water chemistry is continuously
monitored through pH, Eh, O2 and conductivity
measurements.
The copper trapped in the filters is dissolved by a 2.5 L,
0.5 M HNO3 solution after a 48h contact time. Acidic
elution (HNO3 1.43 N) of the mixed ion exchange resins
bed enables the release of the total copper fixed. Solutions
are analysed by ICP-AES spectroscopy.

RESULTS

The exposed copper surface of the test specimen is
covered with a layer of black oxides which is loosely
adhesive and even detachable. This description is fully
consistent with the observations of Zheng et al. (2006) [3].
The test specimen after 525 hours experiment is shown in
figure 2. The black colour of oxides is probably due to the
predominance of CuOs.

Figure 2: Test specimen, CuCrZr rod after 525 hours
exposure on 10 m/s water flow during the ITERCU-1

experiment (120°C and 44 to 49 bars)

In details, figure 2 shows that the black copper oxide
deposit is rather homogeneous except on the upstream side
were the alloy could be apparent. The figure 3 shows the
time evolution of the total amount of copper measured in
the resin beds (mg). After 525 hours duration of the
ITERCU-1 experiment, a mass of 106 mg of ionic copper
was trapped.
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Figure 3: Total amount of cationic copper trapped in the
resin beds (mg) during the 525 hours ITERCU-1

experiment with pure water

The corresponding release rate R (mg/dm²/month) of
cationic copper is displayed in figure 4.
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Figure 4: Cationic copper release rate trapped in the resin
beds during the 525 hours ITERCU-1 experiment with

pure water

The total amount of cationic copper trapped in the resin
beds (MCuc) is equal to 106 mg. The first value shown by
figure 4 corresponds to the amount of cationic copper
released during the period needed to increase the
temperature in the CORELE loop. So, the operating
temperature for this first R value was ranging between 25
and 120°C. Then release rates obtained at 120°C operating
temperature show a maximum initial value, followed by a
continuous decrease until a minimum value around 100 h
and then, a regular increase until a rather constant value
around 100 mg/dm²/month. The mean R value over the
525 hours duration of the experiment is equal to
89.6 mg/dm²/month. This value is in a very good
agreement with those considered by Schindler and Blet
(2006) [2]. The total amount of Copper obtained from the
analysis of the 0.45 µ Millipore filters (MCup) is equal to
85.0 mg.

CONCLUSIONS

After several adaptations on the experimental device, this
first ITERCU-1 experiment allowed us to validate the
capacity of the CORELE loop to perform some release rate
measurements on CuCrZr rods under specific conditions of
ultrapure water (i.e. with a conductivity < 0.1 µS/cm) with
a  water  velocity  of  10  m/s  a  120  °C  temperature  and  a
pressure ranging between 45 to 49 bars. The quantitative
analysis of copper trapped on the resins and on the filters
provided an evaluation of the total quantity released during
the 525 hours experiment, MCu = 191 mg. The total
average release rate is the following:
R = 86 mg/dm²/month. This value is consistent with the
results of former studies.

The results give clear evidence that two processes are
involved in the copper release, by dissolution of copper
oxide film on the surface of the CuCrZr alloy and by
mechanical erosion of oxide particles due to the water flow.
This conclusion differs from the results obtained on
stainless steel by former experiments on the CORELE loop
[7], [8]. This key point lead us to adapt the loop in order to
allow the regular sampling of particles trapped on
0.45µ Millipore filters during the next experiments
involving H2O2 in order to investigate the water radiolysis
effect on the alloy copper erosion-corrosion.

Upstream Downstream
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TW6-TSL-004

Task Title: COLLECTION OF DATA RELATED TO TORE SUPRA
OPERATION EXPERIENCE ON COMPONENT FAILURE

INTRODUCTION

The overall objective of this task is to include data coming
from Tore Supra operating experience (e.g. component
failure rate database or more generally function failure) in
the “Fusion Component Failure Rate Database”.
This task refers exclusively to the systems of Tore Supra
that are relevant to ITER and not present in other tokamaks:
- Cryo-plant, including Toroidal Magnet and its safety

system (quench detection, energy dumping,…).
- PFC cooling system (including auxiliaries, e.g. power

supply, compressed air, leak detection/localization,…).

A functional analysis, categorisation and compilation of
maintenance/failure rate statistics has to be performed.

2006 ACTIVITIES

A kick-off meeting has been held at Cadarache on
December the 4th, 2006. During this meeting it has been
asked, by the EFDA contact person, to analyse also the
causes of  in-vessel water leaks that occurred  in Tore Supra
during its whole life. This point had been previously
excluded from the contract. It was agreed to add it to the
task. The various analyses are being completed by the
responsible officers in charge of the operation of the
systems of interest.

During the end of 2006 a qualitative analysis has been
performed, aiming, first, to checked the availability of the
data needed to fulfil the task. A description of the operation
conditions and maintenance strategy of each system of
interest associated with a breakdown to main functions and
components has been started.

It has been checked that the available electronic data stored
in the command-control database allows to reconstruct very
accurately the working time and the number of solicitations
of  the main components, at least  for the three and half last
years. For older periods these data  will be inferred from
statistics related to log books and  to the plasma shot
database that are both available since the beginning of the
Tore Supra operation (1988).

The Tore Supra failure database available, since 1997, has
been analyzed to extract failures related to the specific
components that are under the scope of the task. Despite the
very large number of components assembled in these
systems, a low number of failures or malfunctions have
been recorded. This shows a good availability of these
systems. It is thus important to link the failure rate to the
preventive maintenance strategy used at Tore Supra and
which leads to this result.

The impact of these failures on the global availability of
Tore Supra, are also being analyzed.
With the availability of above mentioned data, it appears
that statistics regarding the different types of failure rates
can be produced.

A second meeting has been scheduled by the mid of March,
with the EFDA contact person and with the manager of the
“Fusion Component Failure Rate Database” to check the
availability of the first quantitative results and their
compatibility with the format of this database.

CONCLUSIONS

It has been found that the various electronic Tore Supra
Databases and log books contain the data needed to
complete this task.
Analyses and statistics are currently being produced.
It is important to associate the failure rates to the preventive
maintenance strategy and to the cost associated to reach a
given availability rate.
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TW6-TSS-SEA5.1

Task Title: IN VACUUM VESSEL DUST MEASUREMENT AND REMOVAL
TECHNIQUES

INTRODUCTION

During ITER lifetime, dusts will be produced due to the
interaction of all types of plasmas (including conditioning
procedures) with the Plasma Facing Components (PFCs).
These dusts will be activated, tritiated and potentially
chemically toxic (presence of beryllium). ITER has fixed a
set of safety limits to manage the potential hazards which
might be caused by these dusts. The aim of the EFDA task
TW6-TSS-SEA5.1 is to assess techniques that could be
used during ITER lifetime to control dust inventories
within the vacuum vessel and to be able to recover the
dusts when the safety limits are reached.
An interim report [1] has been issued in December 2006
to:
- Summarise the work already performed by G. Counsell et
al. within the EU Task DV7A-T438 and by the Japanese
home team,

- List some other potential techniques,
- Propose future work to be performed within the task to

explore selected approaches more in details.

2006ACTIVITIES

DUST PRODUCTION PROCESSES

Different dust formation processes occur in a Tokamak.
They can take place in steady state phase (normal
operation), off-normal operation modes or during
maintenance.

During the steady state phase, the dust formation is closely
linked to erosion of PFC materials. The eroded materials
tend to re-deposit in layers in cold areas. These layers are
made of stratified mixed materials (Be, W, C and metallic
impurities) coming from the plasma facing components
during the different operating modes. Due to weak
adherence of these layers and important mechanical and
thermal stresses inside the layers, they can flake once they
have reached a certain thickness. Then they can produce
dusts of different sizes depending on the stress levels and
local deposit structure (typically from some ten µm to few
mm).
The growth of small particles in the edge of fusion plasmas
(with low Te (<5 eV), low ne (~ 1017m-3) and high neutral
density) from atomic or molecular precursors which are
released by physical or chemical erosion can also lead to
dust creation. The particles have a so-called cauliflower
shape. This mechanism starts with particle size of about
10-50 nm and may nucleate and grow up to quasi spherical
species with diameters exceeding 1 µm.

Off-normal plasma events such as Edge Localised Modes
(ELMs), Vertical Displacement Events (VDEs) or
disruptions produce high heat load and since the thermal
conduction into the layer of the PFC is insufficient, the
surface temperature can reach the boiling or sublimation
point of the material. Dust particles are then created by
either condensation and growth of the vaporized material,
or pressure-driven ejection of melt layer material or
explosive brittle destruction by heating of gas bubbles. In
this case, significant amounts of small dust particles
(< 1 µm) are produced and can agglomerate into larger
structures.

Unipolar arcs can also produce large particles and droplets
of molten metals. In this case, a large amount of energy is
deposited at the metal surface leading to melting and
vaporization of the material. The dust particles are
comparatively large, spherical and composed of a single
material.

The wall conditioning procedures involving dc-glow
discharge in He or in reactive gases (carbonization,
boronization, siliconization) purposefully generates
surface films, which are subject to the same degradation as
the a-C:H films and are thus potential source of dust
particles.

At last, during maintenance activities, large particles can
arise from mechanical abrasion during component
replacement.

The whole dusts are mainly foreseen on or under the
divertor, at the bottom of the vacuum vessel, behind the
PFCs, in tile gaps/castellations or between tiles and at the
horizontal ports.

ITER CONSTRAINTS

For ITER safety, inventory guidelines have been set:
- To limit the mobile activation product inventory inside
the vacuum vessel: the mobilisable dust limit inside the
vacuum vessel has been set to 100 kg of W, 100 kg of Be
and 200 kg of C,
- To ensure that chemical reactivity is adequately
controlled: dusts on the “hot” surfaces of the divertor must
be limited to 6 kg of Be, 6 kg of W and 6 kg of C in order
to produce less than 2.5 kg of H2,
- To avoid the hazard of dust explosions (not yet explicitly
considered).

Calculations have been made in order to determine when
these limits could be reached. The administrative guideline
of 100 kg for tungsten dust could be reached in about 500
plasma pulses. This reveals that the administrative
guideline is reached before the assumed replacement of the
divertor. Dust diagnostics and removal methods are thus
highly required.
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Based on the data currently available, the techniques to be
developed for dust monitoring and removal should be able
to deal with the following conditions:
- Dust size between 10 nm and 100 µm with various
shapes,
- Composition: Be, C, W and metallic impurities,
- Localisation: bottom of the machine but also in

shadowed areas (behind tiles or in gaps/castellations),
- Tokamak conditions: vacuum environment with magnetic

and radiation fields and at temperatures up to 240°C,
- In order to limit the impact on operation, preference will

be given to non-intrusive techniques.

ASSESSMENT OF DIAGNOSTICS FOR DUST
MONITORING

Introduction

For the general limits inside the vacuum vessel, one can
set the total amount of eroded material as an envelop value
for dust creation assuming 100% conversion of the eroded
material to dust. This value could be used for the safety
approach to demonstrate that the general limits inside the
vacuum vessel are fulfilled. However, this value could be
too conservative and could constrain too much the
operation time requiring dust removal more frequently
than necessary.

In order to reduce the margins, the quantity of deposited
materials could also be assessed. In this case margins are
reduced compared to erosion quantity and are maybe not
so much conservative since some authors have noticed that
even if these layers are still adhering when they are under
vacuum, they may peel off due to external shocks applied
by changes of environments and/or ambience (tokamak
venting or water leaks).

Finally and ideally, we should be able to monitor dust
which could be mobilisable in case of an accident. But in
this case, mobilization can be different depending on the
conditions which are considered, from mobilization by loss
of vacuum up to mobilization by explosion. Even in the
case of the “loss of vacuum” event, pressurization rates
and positions of leaks may be very different. It would be
thus quite difficult to assess the quantity of dust that can be
mobilisable from a local measurement in given conditions.

Review of techniques that could be used

Three categories of diagnostics have been considered:
- Optical systems: spectroscopic, laser or imaging
techniques
- Sampling systems: sample extraction for external
analysis
- Gravimetric systems: measure the weight of
accumulating materials

The following diagnostics have been assessed:

Optical systems:
- Detection of the dust motion (movement and oscillations)
with high speed, high resolution CCD cameras or speckle
interferometry at the interface of the plasma and the
surrounding walls (plasma sheath).

- Implantation of trace impurity species (figure 1) with a
clear spectroscopic signature at different depths throughout
sample plasma facing components for monitoring local
erosion phenomena.

Figure 1: PFC dopant principle

- LADAR (Laser Distance and Ranging): distances are
measured via time-of-flight measurements for the
reflection of ultra-short laser pulses from a surface.
- Laser Induced Breakdown Spectroscopy (LIBS): the
plasma generated by the material ablation is analysed.

Sampling:
- Use of the general pumping system in the divertor region
to collect airborne dust and analyse them out-vessel.
- Dust sampling using a highly flexible, remote
manipulation and sampling system, similar to a medical
endoscope. For collection, a local blast of inert gas is used
to dislodge the dust, which is then collected by means of a
suction tube.

Gravimetric systems:
- Capacitance Diaphragm Microbalance (Figure 2): the
cumulative weight of dust, flakes or film growth on the
surface of a diaphragm is measured by determining the
change in capacitance caused by its deflection relative to a
fixed plate.

Figure 2: Capacitance Diaphragm Microbalance

-Electrostatic detector: when conductive particles land on
the energized grid, a transient short circuit occurs and this
current pulse can be easily measured.

Figure 3: Electrostatic detector
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Other techniques to be assessed in 2007

In order to avoid damage by overheating (> 1000°C) of the
Tore Supra neutralisers, a security system has been tested
triggered by the thermal radiation measured with optical
fibres. The analysis showed that the surface conditions as
dust and flakes play an important role.
Based on these observations, one could imagine that near-
infrared spectroscopy might allow in-situ global
characterisation of layers, dust and flakes. Other
techniques dedicated to tile survey, such as pulsed or
modulated laser photothermal thermography will be
assessed to identify their potential ability as
diagnostic/monitoring tools for deposit/dust.
The Speckle technique will be also assessed as a mean to
monitor erosion/deposition.
At last, methods to estimate dust in suspension by laser
extinction or using the laser from the Thomson scattering
system to follow the diffusion of the light by the dusts in
suspension will be also assessed.

ASSESSMENT OF REMOVAL TECHNIQUES

Introduction

Dust removal may need to be done on a regular basis,
perhaps monthly or quarterly, in particular if the diagnostic
tools have been proven to be not enough accurate to ensure
that the safety limits are respected.
Removal of dust, flakes and deposited films from the
vessel is a three stage process:
- Material mobilization: material must be detached from
the surface on which it is attached, via inert gas puffing or
more abrasive forces,
- Collection of the mobilised material and transport within
the vessel,
- Transport outside the vessel.

Possible methods

Vibrating conveyor
This technique, proposed by G. Counsell et al. within the
EU Task DV7A-T438, relies on vibration to assist the
movement of the material, under gravity, down a slight
incline (figure 4). The vibrating conveyor can operate
under high magnetic field and under vacuum.

Figure 4: vibrating conveyor

The installation of such a conveyor has been proposed in
the divertor region for continuous operation.

The preliminary design (figure 5) foresees a toroidal
conveyor with a poloidal shape similar to the vacuum
vessel, and that could extend up the inner and outer vessel
walls to locations at which the local vessel wall slope is
greater than the friction angle of the particulate to be
collected and transported.

Figure 5: Poloidal cross section showing location of
toroidal vibratory conveyor

Electrostatic conveyor

This technique, proposed by the Japanese home team, is
based on the fact that a particle, which is initially grounded
to the floor of the vacuum vessel, can be inductively
negatively charged by the application of an electric field
by a collection electrode. As a matter of fact, when an
electric field is applied, the particle is dielectrically
polarized. Since the particle is grounded to the floor the
positive charge of the ground surface is neutralised so the
particle get negatively charged. This particle is then
floated by the Coulomb force due to the electric field
between the charge and the electric field.
When a non spatially uniform electric field is applied, a
gradient force is produced and the particle can travel
according to the non-uniform travelling wave, so called
“electric curtain” (figure 6).
Tests have been performed on particules from 10 to
100 µm.

Figure 6: Principle of electric dust conveyer
transportation

Based on these properties, two types of devices have been
proposed:
- A so-called "dust floatation and transport device", which
is developed to act like a vacuum cleaner but able to work
in a vacuum ambience. Put on a remote handling arm, it
can locally remove dusts from the surfaces of the divertor
or from horizontal ports (figure 7).
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Figure 7: Example of 2-stage linear-type electrode with a
guide electrode for the dust transportation test

- A continual dust removal device that could be installed
under the divertor to allow a continuous operation
(figure 8).

Figure 8: Concept of continual dust removal system

"Dishwasher"

This integrated technique (allowing material mobilization,
collection and transport) is based on the injection of liquid
through high pressure jets (strategically placed and
allowing to be reciprocated into the vessel during cleaning
periods), to remove the dusts from the rear of the PFCs.
This proposal seems very surprising but is supported by
the fact that this technique is able to reach the rear of the
PFCs.
Nevertheless, the application of the technique leads to
loose the conditioning so the selection of the “ideal”
solution is essential.
Many solutions have been assessed and fluids developed
for the replacement of chlorofluorocarbons (CFCs) and
chlorinated solvents could be suitable candidates.

Other techniques

-Gas blasting: localised puff of inert gas to mobilise loose
materials from the surface.

- Pellet blasting: frozen pellets of CO2 are  fired  at  the
surface, the ice sublimes and the resulting rapid gas
expansion carrying away material.
- Water hammer: regular oscillations of pressure in the
coolant circuit supplying each PFC will detach by
vibration loose dust and flakes.
- Excimer laser, Xenon light or flash lamp: detachment of
the films by selective heating. Molecular bonds in
hydrocarbon film deposits are broken by the strong source
of UV light.
- Suction.
- Pumping with filter: use of the general pumping system
to collect airborne dusts.
- Pumping with electrostatic precipitator: same principle as
above except that an electrode is used to stick the dust.
- Wiping out with cloth or swabbing.
- Adhesive tape.

Other techniques to be assessed in 2007

This survey has shown that collection and transport
techniques for the dusts have been developed (electrostatic
or vibrating conveyor). The main issue on which we will
focus our work will concern the material mobilization and
in particular from the gaps and castellations. Techniques
using laser and radiation forces will be studied.
Moreover, the constraints linked to the use of the remote
handling tools will be considered during the selection
process.

CONCLUSIONS

Work will continue within this task in order to assess more
in details techniques that could be complementary to the
already studied ones.
For diagnostics, two approaches will be studied:

- Mapping of the deposited areas based on the thermal
behaviour of the dust/layers. This will use techniques
developed for security system to follow heating loads on
the surfaces: pyrometer, near infrared thermography, lock-
in, others.
These techniques don't give a quantitative measurement of
the layer thickness and can be disturbed by the reflectivity
of metallic surfaces so they will be coupled to:

- Non invasive and local measurements:
 -Laser techniques: ablation followed by LIBS, radar,
others that could be used as "calibration" for mapping
techniques,
 - Measure of dust in suspension: extinction, Thomson
diffusion, others.

Concerning removal, since collection and transport means
have been developed, effort will be focussed on material
mobilization and in particular inside gaps/castellations.

Moreover, the constraints linked to the use of the remote
handling tools will be considered during the selection
process.
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Task Title: TW5-TRP-005: HCLL BLANKET DESIGN 
FROM PPCS-MODEL AB  

INTRODUCTION 

 
Within the framework of the European Power Plant 
Conceptual Study (PPCS), the relatively near-term reactor 
model AB based on the use of Helium-Cooled Lithium-
Lead blanket (HCLL) has been developed and assessed. 
The HCLL blanket is based on the use of EUROFER as 
structural material, of Pb-Li (Li at 90% in 6Li) as breeder, 
neutron multiplier and tritium carrier, and of helium as 
coolant with inlet/outlet temperature of 300/500°C and 8 
MPa pressure. The initial study has been focused on the 
“large module” maintenance scheme. The conclusion of 
such a study indicated that the use of multi-module 
maintenance could allow improvement in the blanket design 
by reducing the manifold complexity, in decreasing the He 
pressure drop and in locating pipes rewelding in a low 
neutron flux region. 
 
 

2006 ACTIVITIES 

 
The year 2006 was devoted to the conceptual design of the 
model AB HCLL blanket based on the Multi-Module 
Segment (MMS) maintenance scheme. 
The basic principle (figure 2) is to have relatively small 
modules, welded on a strong poloidal back structure, in 
order to form a blanket segment which can be removed 
from the top in a similar manner as a banana-shaped 
segment. The MMS are removed as a single component 
and, during segment replacement, the feeding pipes to be 
cut and rewelded are only those close to the top port for 
helium and bottom port for PbLi in order to allow most of 
LiPb to drain by gravity, that are regions submitted to very 
low neutron flux. This back structure is a common collector 
which will allow the feed and collection of the fluids (He 
and PbLi) in parallel for each module. 
It is assumed that the reactor features (tables 1 & 2) a major 
radius of 8.4 m and 16 toroidal coils defining a vacuum 
vessel with 16 sectors (figure 1); the maintenance will be 
performed vertically through the 16 upper ports. Each 
sector is formed by 2 inboard and 3 outboard MMS. 
Therefore, each upper port will allow the extraction of 5 
MMS. Each MMS has 6 modules, and the general size of 
these modules is about 2x1m² with the higher edge along 
the poloidal direction. 

 

Table 1: Main reactor parameters 

 

Table 2: Main characteristics of radial built 

 

 

 

 

Figure 1: General view of the reactor 
 
 

 
 

Figure 2: Illustration of « segment + modules » shape 
 
The selected manifold concept minimizes the number of 
back plates, and has to withstand a thermal gradient of 
200°C on its thickness. So the hot part 500°C (He outlet and 
PbLi chambers) is on the module side, and the cold part 
300°C (He inlet) on the back side. 
The segments are supported on the Hot Ring Shield which 
is also at 300°C. However, taking into account the different 
thermal inertia of the different components, the segments 
are top hung by bolts in a local area, aligned on the gravity 
center of the segment with its modules.  

HRS 

Upper port 

Segment 

Vacuum 
Vessel Modules 

Coil 
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On the inboard side, the 2 segments are top hung 
independently on the hot ring shield. On the outboard side, 
only the 2 lateral segments of a sector are top hung on the 
hot ring shield and the middle segment is fixed on the 2 
lateral one. So it is the set of 3 segments which is top hung 
on 2 fixation area of the hot ring shield. 
 

 
Figure 3: Manifold cross section 

 
F.E. calculations showed that the thermal loads in manifold 
are allowable, but had a high level and induced a 
deformation of the segment C-shape. In order to minimize 
this effect, several evaluations were performed (figure 4). 
 

 
 

Figure 4: Numerous cross sections proposed to reduce 
thermal stresses 

 
Pressure drop assessment has been also made. The total 
pressure drop of a segment with its modules, taking into 
account with the different simplification assumptions is 
about 0.3 MPa, and it is parted as follow: 
- Segment manifold: 0.0289 MPa, 
- Modules manifold: 0.0466 MPa (the new design decreases 

this pressure drop of 0.03 MPa), 
- First wall / Stiffening plates: 0.1180MPa / 0.092 MPa, 
- Cooling plates: 0.105 MPa. 
 
These calculations show that the higher resistance in this 
loop takes place in the First Wall and Cooling Plates which 
represents 75% of the total pressure drop. So the effort on 
the design to decrease the pressure drop of the circuit has to 
focus on these elements. This result seems to be intrinsic to 
the present concept : cooling a structure which has a very 
high thermal flux, with helium, needs a very high velocity to 
have a high thermal exchange, and so a high pressure drops. 
One way would be to design an enhancement exchange 
devices, i.e. fins, in order to keep a high level of thermal 
exchange with a lower velocity of helium. 
 

Assuming an inlet temperature of 300°C, an inlet pressure 
of 80 bar, and a pumping efficiency of 0.8, the required 
pumping power, for a helium flow rate of 2700 kg/s (table 
1), is 148 MW so 15 % of the 1 GWe produced by the 
reactor. 
 
This result takes into account only the pressure drop of the 
set “segment+module”. On the He loop, others components, 
like valves, heat exchangers, … will induce pressure drop, 
increasing the pumping power which could represent 20-
25% of the electric power supplied by the reactor. 
 
 

CONCLUSIONS 

 
A MMS concept was studied in 2006 with its main technical 
options: 
 
- Maintenance independency of each sector, which induce 

16 x 5 segments (3 on outboard side and 2 on inboard 
side),  

- Procedure for the segments removal, 
- Conceptual design of segments (optimization of fluid 

distribution), composed of 6-7 modules, 
- Proposal ways to the segment fixations, 
- Conceptual design of the equatorial module, 
- Pressure drop assessment, which seems to be to key issue 

of the concept. The pressure drops of the He side, 
estimated for a MMS only, require a pumping power of 
about 15 % of the electric power produced by the reactor 
and from which 75% are due to HCLL modules. 

 

This preliminary design study highlights several key points, 
on the MMS concept proposed, to be checked in more 
details: 
- Attachment of the segments on the hot ring shield, 
- Modules design on the extremity of the segment, 
- Maintenance of segments, 
- Thermo mechanical assessment of the segment for its 

optimization with taking into account EM loads. 
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CEFDA05-1285 

Task Title: TW5-TRP-003: DEMO – BLANKET SEGMENTATION AND 
MAINTENANCE REMOTE HANDLING ISSUES 

 
INTRODUCTION 

 
The development of technologies required for the DEMO 
demonstrator planned in the roadmap of fusion energy has 
already started in the aim of testing some DEMO-relevant 
components inside ITER. The breeding and high-grade 
energy extraction blanket modules are some of these 
elements. Indeed, these components facing the plasma are 
exposed to very high thermal loads, so it’s necessary to 
replace them at given periods. 
Due to the radiation level, it is necessary to make the 
operations fully by Remote Handling. This critical 
maintenance needs to be done in acceptable times in 
regard to the reactor availability. This task focuses on the 
aspects concerning the Remote Handling of the blanket 
elements during maintenance phases. 
 
 
2006 ACTIVITIES 

 
The objectives of this task are to review the different 
possible segmentations to allow the selection of a 
reference concept for the forthcoming DEMO conceptual 
design for three candidate designs (see figure 1): 
• Large Modules (LM) 
  This kind of modules results from a poloidal and toroidal 

segmentation to allow an acceptable size to handle the 
modules by the equatorial ports. The size of the port is 
itself limited by the TF and PF magnets arrangement. 
This is the retained solution for ITER tokamak. 

• Vertical Segments (VS or “bananas”) 
  The vertical segments are mainly obtained by a toroidal 

segmentation and sections are divided poloidaly in two 
major parts, the inner and outer boards. 

The maintenance of these elements should be carried out 
by upper vertical ports. For these ducts, the main 
geometrical constraint is the TF magnet arrangement. 

 
REVIEW OF MAIN EXPERIENCE IN HANDLING 
EQUIPMENT FOR FUSION 

 
The base of this task is to analyze how the maintenance 
can be done in the context of DEMO. This implies to 
consider how it is planned in the case of ITER, even if the 
objectives of these two plants are not the same. In ITER, 
the Remote Handling Equipment is composed of the 
following items: (from ITER DDD – 2.3): 
• In-Vessel Transporters system, effectors & tools (see 

figure 2) 
 
• Divertor Cassette Handling system (see figure 3) 
 
• Port/Plug handling system  
 
• Maintenance Cask  
 
• Repair/ Maintenance in hot cell  
 
• Cryopump handling system  
 
• In Vessel Viewing system  
 
• In Vessel metrology system  
 
• NBI Maintenance system  
 
Today, the main relevant concepts applicable for DEMO 
concern the In-Vessel Transporter system currently in 
charge of the in-vessel remote maintenance of ITER 
blanket modules and the Divertor Remote Handling 
equipment in charge of the cassette exchange. 
 

 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 Large modules Vertical segment Vertical segment 
   multi-modules 
  

Figure 1: The three candidate designs
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Figure 2 ITER In-Vessel Transporter  
 
 

 
 Figure 3: Divertor Remote Handling 
 
The JET experience shows the benefit of use of a boom 
type system. Main idea of this kind of systems is to handle 
in-vessel components by mean of an articulated boom 
through a tokamak’s equatorial port. Generally, the 
boom’s end effector is made of universal force feedback 
manipulators able to carry limited payload with high 
dexterity. In the case of DEMO this concept is relevant as 
support for services tasks (cutting welded joints, 
unfastening bolted flanges and couplings, disconnecting 
water and gas pipes …) as shown in figure 4. 
 
 

 
Figure 4: JET boom type RHE 

In the Next European Torus (NET) framework, a vertical 
handling concept has been designed to perform the 
handling of vertical segments in the perspective of 
handling Bananas-like blanket modules (see figure 5). 
 

 
Figure 5: NET handling Bananas-like blanket modules 

 

 

Table 1: Synthesis of main RH families for fusion plants  

 
 
Method of assessment  
 
The scope of this part is to explain the different drivers 
used for the assessment and to detail what kind of data is 
expected from the partners of the task. These criteria will 
be used to assess the relevance of the concepts in regard to 
maintenance purpose. The five items used for the analysis 
are these ones:  
• Number of in-vessel components to replace  
• Work in parallel  
• Logistics  
• Simplicity of handling equipment  
• Time estimation  
 
For each driver, an explanation is given with examples 
when possible. All the different parameters required for 
each concept are not already known at this state of the 
study, but this method has been built to be also applied on 
further advanced design activities.  
As an example, the table 2 gives the result of the use of the 
parameters of evaluation on the state of the art RH 
concepts when considering RHE assessment for the 
simplicity criteria consideration.  
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Table 2: Handling parameters application on the state of the art  
 

 
 

 
The time estimation will be mainly a conclusion of the 
union of the 4 main parameters given above. It will 
concern all the tasks and subtasks we will define, for 
example:  
 
• Opening the needed ports 
  
• Installation of maintenance systems  
 
• Cutting cooling pipes  
 
• Disconnection of the modules  
 
• Replacing Manipulation (estimation on robotic 
 knowledge) 
 
• Transport to Hot Cell Building (go and back)  
 
• Re-connection of the modules  
 
• Re-Welding the Pipes and control of the tightness  
 
• Withdrawal of maintenance systems  
 
• Closing ports  
 
Each of these steps (or more) will be considered and 
weighted following the parameters of the segmentation.  
 
 
CONCLUSIONS 

 
A time effective replacement of the first wall modules of 
the Vacuum Vessel is necessary to make profitable a 
fusion machine. Time effective maintenance scheme of 
internal toroidal Vacuum Vessel components remains 
always a severe issue highly related with first wall design. 
This task gives an overview of the different kinds of main 
maintenance equipments that have been used or designed 
until today for the replacement of the blanket. The state of 
the art was used as base for building comparison criteria to 
assess the maintenance scheme propositions associated 

with their segmentations. The main criteria families were 
the following: number of components to replace, logistics, 
work in parallel, simplicity of handling equipment, and the 
maintenance time estimation. Issues and recommendations 
are given here to highlight the different problems that have 
no definitive answer yet. These considerations could also 
be used and developed as guidelines for further design 
activities. 
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TW5-TRP-002-D03a 

TW6-TRP-002-D02 

Task Title: ANALYSIS OF CURRENT PROFILE CONTROL IN TOKAMAK 
REACTOR SCENARIOS USING REALISTIC TREATMENT OF 
CURRENT DRIVE EFFICIENCIES 

 
INTRODUCTION 

 
On the path to the development of the first commercial 
fusion reactor, DEMO will be the next step after ITER, with 
the aim of testing the main technology options at a 
somewhat reduced electrical power with respect to the 
commercial reactor (1 GW vs 1.5 GW).  The DEMO 
reactor should work in steady-state, therefore, one of the 
main physics challenges will be the establishment and the 
control of a non-inductively driven current density profile. 
This task will consist in the analysis of this problem by 
means of the integrated modelling code CRONOS. 
CRONOS [1] is a suite of numerical codes for the 
predictive/interpretative simulation of a full tokamak 
discharge. It integrates, in a modular structure, a 1-D 
transport solver with general 2-D magnetic equilibria, 
several heat, particle and impurities transport models, as 
well as heat, particle, current and momentum sources.  This 
task will provide a set of CRONOS simulations of a DEMO 
steady-state discharge, in which the various current sources 
combine to yield an MHD-stable current density profile.  It 
should be stressed that the existence of such a scenario is 
not a priori guaranteed.  Therefore, the 1-D modelling is an 
essential step for the first design phase of DEMO and of 
course also of the following commercial reactor. 
 
To this end, a substantial improvement of the CRONOS 
code was necessary, i.e., the upgrade of the NBCD (Neutral 
Beam Current Drive) package. In order to allow for more 
realistic calculations of the NBCD for a beam energy of 2 
MeV, the evolution of the fast ion distribution which results 
from the NB injection has to be computed by an orbit 
following Monte-Carlo code. This was done by coupling 
the particle source computation of the module SINBAD 
with the Monte-Carlo code SPOT [2].  
 
CRONOS can in principle solve coupled evolution 
equations for electron and ion temperatures, plasma current, 
density, rotation and impurities.  Nevertheless, even for 
ITER, this type of fully integrated simulations are still a 
very difficult task and will also be of limited practical 
interest in the absence of a well developed pedestal model 
and reliable edge-core coupling.  Therefore, for this task we 
concentrate on simulations of coupled heat and current 
transport equations, at prescribed plasma density and 
impurity content, with no evolution of the rotation velocity 
profile. 
 
This work is expected to deliver a set of CRONOS 
simulations (time evolutions and profiles of the most 
relevant plasma quantities) for at least one reference 
scenario, to be adjusted in connection with the evolution of 
the PROCESS and HELIOS 0-D simulations. 

2006 ACTIVITIES 

 
CRONOS simulation results 
 
With the aim of analyzing the performance of DEMO for 
different plasma regimes, two configurations have been 
chosen as representative, respectively, of the full inductive 
scenario with low bootstrap fraction, and of one more 
advanced which could be close to the steady state regime 
with lower inductive current. The global characteristics of 
the operation scenarios considered for DEMO as well as 
some of the main global parameters obtained in the 
simulations are shown in table 1. In fact, the full inductive 
scenario is just an extrapolation of the expected ITER 
inductive regime, with a high amount of external current, 
large major and minor radii and small elongation and 
triangularity. Unlike the inductive case, the advanced 
scenario tends to decrease the inductive current, the toroidal 
vacuum magnetic field and major and minor radius, 
whereas the bootstrap fraction increases. In this 
configuration longer or even steady-state discharges are 
expected, however, the large amounts of non-inductive 
current necessary can be a drawback.  For comparison, the 
equilibria computed by the HELENA code self-consistently 
with the stationary phase of the CRONOS runs are shown 
in figure 1, for the inductive and the advanced DEMO, 
respectively. 
 

Table I: Global characteristics of the DEMO operation 
scenarios 

 
Parameter Inductive Advanced 

Major radius R (m) 9.55 7.5 
Minor radius a (m) 3.15 3.0 

Elongation/Triangularity 1.7/0.25 1.9/0.47 
Bt (T) 7.0 6.0 
I (MA) 30.5 19 

ne,0/ <ne> (1019 m-3) 12/10.3 13/10 
ne/nG 1 1.25 

Te,0 (keV) 42 35 
Ti,0 (keV) 60 40 

Pfus/ Padd (MW) 4300/246 2500/135 
PES/ Pbremms (MW) 120/156 30/100 

fBS (%)/ Q 28/17.5 48/18.5 

q0/q95 0.81/3.4 1.4/4.5 
 
The density and the electron and ion temperature profiles as 
well as the heating power profiles obtained for the 
advanced DEMO when t=2500s (very close to a steady 
state) are shown in figure 2(a) and 2(b) respectively. 
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The central ion temperature, Ti,0 ≈ 40 keV, is slightly 
higher than the central electron temperature Te,0 ≈ 35 keV, 
although the pedestal is similar Tped ≈ 6 keV. Heating by 
off-axis NBI (95 MW) and by LH waves (40 MW) is 
applied. Ad hoc, but reasonable, values for the power 
deposition profiles and for the CD efficiencies have been 
used in these preliminary simulations (the new NBI module 
and a full ray-tracing/Fokker-Planck module ofr LHCD, 
which require long CPU times, will be used in a later phase 
of the project). The current density profiles in steady state 
and the q profiles at three different times are shown in 
figure 3. These plots display good properties: an inverted 
and marginally higher than unity q profile. The fusion 
power obtained is 2.5 GW, in reasonable agreement with 
the 0-D analysis. In this scenario, long pulse operation is 
made possible by a large amount of injected power (= 195 
MW), which implies a rather low Q = 18.5. Still, as shown 
in figure 5, the non-inductive current fraction is of the order 
of 75%, the pressure limit (βN = 4li) is attained, as well as 
the Greenwald limit. Improvements could come from the 
use of a transport model allowing for the formation of an 
ITB (which is not the case for the GLF23 model used in 
these simulations). 
 

 
Figure 1: Computed equilibria for the inductive (left) and 

the advanced (right) DEMO, respectively 
 
 

 
 

Figure 2: Computed temperature and density profiles (left) 
and heating power profiles (right) for the advanced  

DEMO parameters 
 
 
CONCLUSIONS 

 
The results obtained in these first series of CRONOS 
simulations are encouraging since they show that a regime 
close to the hybrid one can be possibly attained in DEMO 

with a reasonable amount of CD power.  Nevertheless, the 
main aim of obtaining a fully non-inductive regime (at a 
value of Q ~ 20) has not been attained.  Since the total 
current drive power cannot be further increased without 
lowering the Q, the basic ingredient that has to be exploited 
is the development of a transport barrier. If a pronounced 
reversal of the q profile can be obtained on a large part of 
the plasma cross section by a suitable combination of off-
axis current drive sources, the bootstrap current will 
increase at the barrier location, enhancing the effect in a 
positive non-linear loop. The next problem will of course be 
the control of such a process.  Finally, the use of full NBCD 
and LHCD computations by advanced modules (Monte-
Carlo and ray-tracing/Fokker-Planck respectively) will be 
necessary in order to validate the scenario. 
 

 
Figure 3: Computed current density profiles at steady state 

(left) and safety factor profiles at three different times 
(right) for the advanced DEMO parameters 

 

 
Figure 4: Computed time evolutions of several plasma 

quantities for the advanced DEMO parameters 
 

 
Figure 5: Computed bootstrap, non-inductive, Greenwald 

fractions (top) and βN, 4li, H-factor time evolutions 
(bottom) for the advanced DEMO parameters 
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TW6-TRP-006

Task Title: DELIVERY OF THE MAGNET SYSTEM OUTLINE FOR
A DEMO REACTOR

INTRODUCTION

In the framework of DEMO conceptual studies, the TF
magnet system has to be integrated at an early stage in the
overall design development.

As  a  matter  of  fact,  located  at  the  very  heart  of  the
tokamak, the TF system interact with many aspects of the
machine.

It is therefore important to rapidly identify and simply
parameterise the mains aspects of this interaction in order
to optimally adapt the machine design.

2006 ACTIVITIES

MAIN ASPECTS OF THE MAGNET
INTERACTION WITH THE TOKAMAK DESIGN
AND COMPONENTS

The different aspects of this interaction have been
presented in three meetings which took place:

- One at Garching corresponding to the kick-off meeting,
- Two at CEA-Cadarache dedicated to the presentation of

the ESCORT code and to the modules maintenance.

These aspects were presented on the basis of the work
performed in a previous TW5-TMSC-HTSMAG EFDA
task [1], [2], [3], dedicated to scooping studies for HTS
fusion magnets.

The DEMO magnet system will probably represent about
30 % of DEMO investment cost, a substantial part of the
cost is the TF system and it is therefore crucial to select
the appropriate technologies.
Several technologies are presently envisaged for the
DEMO TF system. 5 K temperature operation and A15
materials such as Nb3Sn constitute the main option, which
should be confirmed in relation with the recent
developments on the ITER conductor program. HTS
material associated with higher operation temperature:
20 K for Bi2212 material and 50 K for YBCO.  The
selection has to be made, not only as a function of the cost
and of the industrial availability of the materials, but also
as a function of the impact on the overall efficiency of the
machine.

The stainless steel structures represent 90 % of the
magnet section for a tokamak like DEMO, at given
toroidal magnetic field. The size of the Tokamak,
characterized by the major radius must be sufficiently
large to accommodate the so-called radial built of the

magnet system in the central region of the TF magnet
inner legs. The couple (toroidal magnetic field – major
radius) has to be adequately selected such as to satisfy this
requirement which gives a very important impact on the
machine design.

The major radius should be also sufficiently large, taking
into account the TF inner leg radial built, to leave some
place in the center of the machine for the central solenoid.
The required flux and the associated radius of the central
solenoid must therefore be defined in DEMO according to
the objectives and according to the most probable
scenario. This is not the case at the present time.

Regarding the maintenance of the machine and the
extraction through the upper port of the blanket modules,
it has to be checked that the available space between the
two outer legs of the neighboring magnets is sufficient.
This also can impact the overall design.

ESCORT: A TOOL TO HELP FOR THE MAGNET
SYSTEM DESIGN AND FOR ITS INTEGRATION
INSIDE THE MACHINE

The ESCORT code is written in FORTRAN 77 (3500
lines), which allows to take into account subroutines
developed in the framework of ITER and other projects
such as for:
- Conductor dimensioning;
- Field calculations.

ESCORT  can  be  considered  as  a  tool  for  a  first
dimensioning of magnetic systems for Tokamaks. This
can be illustrated through ITER:
ITER GOAL: 400 MW fusion power, Q=10, 500 s of
plasma discharge in inductive mode.
The selection of the triplet (R, a, Bt) (major radius, minor
radius, magnetic toroidal field) is made using ESCORT. It
provides:
- The TF magnetic system preliminary design including

the space for the blankets and a realistic section of
structural material;

- The central solenoid design able to deliver the required
flux to achieve a 500s inductive plasma discharge.

As it was seen during ITER design, for a given aspect
ratio, several couples (R, Bt) are possible:
The investment cost or access through ports can
contribute to the final selection.
For a first design approach the factor of merit  =R2Bt3
is very representative of the machine performances
(fusion power and amplification factor).

Several output graphics are available with ESCORT.
Figure 1 shows a cross section of a DEMO version in the
equatorial plane, illustrating the space available between
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two outer TF legs for blanket modules extraction during
maintenance of the machine.

Figure 1: Output graphic of ESCORT showing a cross
section of the TF magnet system in the equatorial plane

for a version of DEMO

CONCLUSIONS

In the realisation of the task objectives, the ESCORT code
appears as a very useful tool able to deliver preliminary
designs of the TF system, during the DEMO conceptual
studies.
It is now foreseen to deliver the main characteristics of
three DEMO TF versions at three different temperatures
of operation: 5 K, 20 K and 50 K.
In relation with the CEA team of Cadarache, a criterion is
being established to ensure that there is sufficient place in
DEMO preliminary design to extract the blanket modules
through the upper port between two TF outer legs.
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CEFDA05-1275 

Task Title: TW5-TES-CRYO-1: DESIGN AND LAYOUT OF CRYOPLANT 
AND CRYODISTRIBUTION SYSTEM 

 
INTRODUCTION 

 
The main objective of this task was to provide cryogenic 
information to the ITER project for further progress in the 
design of the machine. 
 
The task was subdivided into the following subtasks: 
 
Subtask 1: Design and layout of the ACB (Auxiliary 
  Cold Boxes) for magnet structures; 
Subtask 2: Design of a test loop to assess the 
  mitigation of pulsed heat loads and 
  validate the design of ACB for magnet 
  structures (in collaboration with FZK); 
Subtask 3: Analysis of cryoplant operational modes 
  for all ITER operation scenarios including 
  standard operations; 
Subtask 4: Thermo-hydraulic modelling of the torus 
  cryopump. 
 
During the signature of the contract it was planned to work 
on the neutral beam cryopump. Due to the lack of input 
concerning the design of this component, it was not 
possible to perform the work foreseen. Therfore it was 
decided, in agreement with EFDA, to work on the prototype 
of the torus cryopump.  
 
 
2006 ACTIVITIES 

 
ACB FOR MAGNET STRUCTURE 
 
The goal of this cold box is to provide supercritical helium 
at 4.2 K to cool the structures of the toroidal magnets (TF 
magnets) for the identified modes (normal and abnormal). 
The main characteristics of this box are: 
- The cryoplant provides supercritical helium. This gas is 

expanded in the bath of the cold box to produce liquid. 
This liquid is used for the cool down of the TF structure 
and inside the bath a heat exchanger connects thermally 
the bath and the primary supercritical helium loop of the 
structure. 

- It includes different types of components like: a boiling 
liquid bath, a heat exchanger, a circulating pump, a cold 
compressor, a set of cryogenic valves,… 

- It is located inside the tokamak building with important 
constraints of compacity. 

- It is 4 m in diameter, 6.3 m in height for a weight of 35 t. 
- The compensation system for thermal contraction (300 – 

4K) is adapted to avoid the use of bellows. The  
thermo-mechanical calculations validate the mechanical 
design and satisfy the cryogenic valve requirements (low 
displacement). 

 

Figure 1 (CATIA model) presents the result of this study. 
 

 
Figure 1: ACB “Structure” 

 
TEST LOOP DESIGN 
 
Due to the pulsed operation of the ITER tokamak, the 
refrigerators have to face strongly varying heat loads, which 
is very demanding for such systems. A load smoothing 
device has been proposed by the ITER team which needs to 
be validated. To do this, a scaled-down experiment 
(similitude) is proposed and studied in this subtask. 
 
The work carried out can be broken down into several steps 
- first of all data concerning the cryogenic circuit were 
collected. Then calculations of the thermo-hydraulic 
behaviour of the fluid in all sectors were performed in order 
to be able to choose the similitude conditions and the scale 
of the test loop. 
 
Once these steps were validated and the scaling chosen, the 
different components of this test facility were defined. The 
resulting scaling ratio was chosen to 60.  
It is a compromise between the cost reduction of the 
experiment and the possibility to validate some components 
like heat exchangers with an acceptable scale effect. 
Figure 2 shows a pre-design of this loop. 
 

 
 

Figure 2: Preliminary design of the test loop  
(2.1 m in diameter) 
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ANALYSIS OF CRYOPLANT OPERATIONAL 
MODES 
 
This study presents an analysis of the ITER cryoplant and 
cryodistribution operational modes: 
 
- Based on the last published cryogenic Process Flow 

Diagram (PFD) and taking into account the heat loads 
related to the magnet system and the cryopump system, 
the first part of this study was dedicated to the verification 
of the relevant normal operating scenarios for the typical 
ITER operating states. 

- The second part of this report concerns the inventory of 
the abnormal operating modes which distinguish the 
abnormal modes coming from the magnet system from 
those generated by the cryoplant itself. 

 
During this analysis, some improvements and modifications 
of the overall ITER PFD have been proposed and an 
updated PFD is now available. The Process and 
Instrumentation Diagrams (PIDs) of all the cryostat parts of 
the cryodistribution system were modified and updated 
accordingly in the frame of this task. 
 
TORUS CRYOPUMP 
 
This study has been divided into two parts:  
 
A VINCENTA model for the calculation of the pressure 
drops in the prototype torus cryopump (PTC) (see figure 3) 
was performed. It was then compared in normal operating 
conditions with data provided by the laboratory in charge of 
the design and the test of this component: FZK and a good 
agreement between measurements and calculations was 
obtained. This step was necessary to verify that the pressure 
drop will be acceptable for the operation of the cryoplant 
and cryodistribution, and especially for the cool-down and 
the warm-up phases. It will also be possible to investigate 
the behaviour of the PTC in accidental situation. This 
model is now ready for these types of calculation. 
 

 
Figure 3: View of the torus cryopump 

 
The second part of the study was dedicated to the analysis 
of the repartition of the helium flow in the pipes used for 
the PTC cryopanels. This study was performed by 
numerical simulation with the ANSYS/FLOTRAN code. 

These panels are ITER-relevant in terms of geometrical 
design. Figure 4 shows the location of the helium 
inlet/outlet pipes. A calculation of the mass flow in the 4 
parallel channels of the cryopanels in this configuration was 
done: it shows that unbalanced flow among the channels. 
Therefore some proposals were made to modify the 
geometry of the inlet/outlet pipes in order to restore 
comparable flows in the four channels. 
 

 
Figure 4: View of a cryopanel 

 
 
CONCLUSIONS 

 
ACB STRUCTURE 
 
The conceptual design of the ACB structures has been 
successfully performed. Due to the geometric constraints 
and the number of devices to install, the result is very 
compact. As for others ACBs, the compensation system for 
thermal contraction (300 – 4K) is adapted to avoid the use 
of bellows which permit to increase the reliability of the 
system. 
 
TEST LOOP 
 
A load-smoothing device was proposed by ITER team by 
using a by-pass valve on the TF structure. A validation 
method was studied by using a reduced scale experiment. 
The choices done for the design of this loop will permit to 
simulate exactly the ITER scenarios and the result will be 
directly representative of the ITER behaviour. A 
compromise between the reduction cost and the scale effect 
has been done and a similitude ratio of 60 was decided. A 
preliminary design was performed in order to estimate the 
exact size of the experiment. 
 
The same experimental tool will also be useful to test other 
methods or strategies to smooth the impact of pulsed loads 
on the refrigerator in order to optimize the global efficiency 
of the system. 
 
CRYOPLANT OPERATIONAL MODES 
 
The major conclusion about this analysis of cryoplant 
operation modes is the proposal for a dedicated 4.5 K 
refrigerator module for the cryopump system, which can be 
operated at every moment and more particularly in order to 
pump the cryostat vacuum vessel before the cool down of 
magnets or to warm up magnets keeping the insulation 
vacuum in these devices. 
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An upgrade of the overall ITER PFD was done to take into 
account the result of this analysis. A new version of that 
document is now available. 
 
TORUS CRYOPUMP 
 
A Vincenta model has been developed for the pressure drop 
calculation inside the torus cryopump, it has been validated 
by data from FZK and it is now ready for other calculation 
type (cool down or warm up for example). 
For the inputs/outputs pipes supplying the cryopanels, an 
ANSYS/FLOTRAN model was performed during the 
study. It showed that improvements in the design of these 
pipes were mandatory, to obtain an appropriate distribution 
of the helium flows among the channels. Some proposals 
were made. 
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Task Title: TW5-TES-EISS5: EUROPEAN ITER SITE STUDIES 5
CADARACHE

INTRODUCTION

The most important fact in 2006 was the signature of the
agreement on the establishment of the ITER international
fusion energy organization for the joint implementation of
the ITER project, on the 21st of November in Paris.

The Agence ITER France (AIF) was created in October
2006, as a CEA service with an independent budget. AIF is
the interlocutor of International and European legal entities,
in charge in particular of site preparation and fund
collection. Moreover, it manages EISS-5 tasks, under
EFDA responsibility.

EISS activities have their own steering process with regular
meetings and exchange of information with EFDA and the
European Commission. The EISS-5 contract covers the
period from 21st December 2005 to 21st June 2007. An
intermediate deliverable (reference GA51-DEL-2006-0001)
refers to 30 specific deliverables covering the main topics
of the EISS-5 contract. The reader who would wish
extensive information is requested to ask for these
documents.

The following pages are given for reminder and are
covering only the main aspects of the contracts. The EISS
project (and its corresponding tasks) is, as for previous
years, structured to progress on all items on the critical
path, with an emphasis on the licensing schedule.

2006 ACTIVITIES

SAFETY & LICENSING

The required documentation is being prepared for submittal
to the French Safety and Licensing Authorities. The writing
of these documents (Preliminary Safety Report, files for the
INB public enquiry…) is progressing, in strong partnership
with the ITER Organization, and is supported by studies
performed at European level in parallel.

The Preliminary Safety Report is being reviewed, following
a wider ITER project review. The R&D launched within the
framework of EISS-5 also allows to complete and detail the
writing of several chapters.

Within the framework of EISS-5, several studies were
performed to support this Safety and Licensing area, for
example the aspects concerning an ITER waste
management strategy.

All Safety and Licensing tasks are also covered by the
ITER Task Agreement n° 81-15 between EFDA and the
ITER Organization.

IN-FENCE STUDIES

On the 13th of July 2006, the ITER Preparatory Committee
agreed to establish a working group comprising the Host
State, the Host Party and the ITER Organization to validate
decisions on site preparations (so called Site Preparation
Coordination Group).

Simulations of drainage of the ITER site are being carried
out, taking into account the results of local measurements.

Following preliminary seismic studies, a programme for
qualification of the seismic isolation pads is being
performed.

Different possibilities were studied to decouple PF coil
manufacturing from the cryoplant, releasing a possible
critical point in the ITER schedule. The results of these
studies were used by EFDA to suggest to the ITER
Organization an alternative to the generic design.

OUT-FENCE STUDIES

For transportation interfaces, a packaging study for PF Coil
n°1 was performed in order to fit within the ITER Site
Requirements that are already taken into account by the
Regional Direction for Equipment to adapt the itinerary
from the harbour to the site.

Several studies allowed to suggest design criteria and
applicable standard documents for electrical networks on
the ITER site. Moreover, an inventory of reference and
regulations to comply with for electrical equipment to be
delivered to France is being compiled.

Specifications of external networking needs for the ITER
site were also prepared for both internet and
telecommunication aspects.

SOCIOECONOMIC ASPECTS

The last step of the public debate consisted in the official
publication on the 10th of October of the modalities of
continuation of the ITER project.

Socio-economic activities are carried out in public
information and communication, as well as in developing
strategies to grant support from industries, universities,
research establishments.

A “Welcome Office” is already operational to welcome the
new ITER staff and ease their relocation, including housing,
administrative support and French language courses.
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EISS-2 final report delivered in March 2004
n° GA1-DEL-2002-0018 rev2

EISS-3 final report delivered in June 2004
n° GA31-DEL-2003-0004

EISS-4 intermediate report delivered in March 2005
n° GA41-DEL-2004-0006

EISS-4 final report delivered in March 2006
n° GA41-DEL-2004-0008
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JW5-FT-5.25

Task Title: HUMAN FACTORS EXPERIENCE FEEDBACK ON JET

INTRODUCTION

The objective of the “Human Factors approach” in the
ITER design is to define provisions as regard human factor
means, technical means and organizational means to
optimize performance of experiments conducted in the
context of the fusion research program while respecting
safety and security requirements.
One of the methodological principles to take into account
Human Factors in a future facility is to collect and to
analyze data relative to human factors experience feedback
in existing facilities.
Feedback from human factors experience, have been
gathered for two tritium laboratories: one at CEA/Valduc
centre in France, the other at the Karlsruhe research centre
in Germany. The analysis based on experience feedback has
allowed questions to be raised that will be examined in the
more general context of ITER project.
Questions raised concern on the one hand, generic human
factor provisions likely to contribute to ITER safety in an
overall manner (management of skills, organization) and on
the other hand, specific human factor provisions to be
implemented to ensure the safety of sensitive activities.

The same methodology can be applied to the JET facility in
particular on the three following topics : the operation of
the tritium handling facility (Active Gas Handling System)
for completing the Tritium related analysis ; the Tokamak
operation in order to set the basis for ITER tokamak
operation and its overall management ; finally, the remote
handling operations, involved in particular for the JET
maintenance, and which will be applied in ITER prospect.

2006 ACTIVITIES

The part of the task achieved in 2006 concerned the AGHS
operation and the plasma operations.
Another period of stay is foreseen, whose objective would
be to study the human machine interaction in the remote
handling operations, and more generally the conditions of
field operations during the preparation of the shutdown of
the facility (first quarter in 2007).

Quantitative features of the JET Human Factors study
carried out in 2006

The analysis of the HF experience feedback, has been
carried out by two Human Factor specialists and a plant
operation expert. It required three periods of stay at the JET
site:

- The first one (February. 2006) has consisted in
establishing the first contact with the facility and its
organisation and in setting the practical organisation of
the study [1].

- The second one (March 2006) lasted 4 days and was
dedicated to the operation of the tritium handling facility
(AGHS) and of several other “ancillary” systems
involved in the ITER operation (ex: waste management
facility).

- The third one (June 2006), also lasting 4 days, concerned
essentially the torus operation.

About fifteen interviews have been carried out with a panel
of personnel representing relevant activities on the various
parts of the facility, either directly involved in the operation
or at a more managerial position. In the case of the tritium
handling facility, a day-long observation of routine
activities in the AGHS control room has also been
performed. Concerning the torus operation, the systematic
and direct observation of plasma operation activities has not
been possible but several opportunities of “indirect”
observation of pulse operation phases were offered during
the interviews times.
The main results on the HF experience feedback data
collected at the JET facility are presented according to the
four “conventional” fields of the human factors approach :
the work organization, the work force and competencies
management,  the technical systems design including
workplaces design and the working environment
characteristics. Thus, the report is structured in 4 chapters
related to:

- The organisation of the operation activities, with the
objective to identify what are the characteristics of this
organisation that may impact the safety and efficiency of
the operation, positively or negatively. In this domain, the
aspects concerning the clarity of roles, the modes of
coordination of the activities at the local and global level,
and the management of experience feedback are studied.

- The jobs and competencies of the personnel involved in
the operation, with a particular emphasis on the mode of
acquisition and of maintenance of these competencies and
their adequacy with the job exigencies.

- The technical systems in interaction with the human
activities: this concerns of course the characteristics of
the human system interface (HSI) and of the workplace
layout, but also the various tools helping the workers in
the performing of their tasks, like for example operation
guidance documents (procedures, alarm sheets, etc.) or
various software tools supporting diagnostics or
calculations. In some cases it may also include some
particular characteristics of the machine itself, which may
be the source of excessive operational burden on the
operation teams.

 Finally, this domain concerns also the study of the
interaction of humans with the automatic functions
performed by I&C systems, with the objective to keeping
the humans in the control loop.
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- The working environment characteristics: this concerns
the identification of the physical characteristics and
hazards (noise, heat, irradiation /contamination,
accessibility, etc.) of the operation layout that may impact
the work conditions and subsequently the risk for safety
but also for personnel security.

CONCLUSIONS

This HF experience feedback survey at JET has permitted
to collect valuable elements about the conditions for the
efficient and sure operation of a TOKAMAK facility, at the
organisational level as well as at the facility design one.
Some preliminary recommendations have bene presented in
case of findings with obvious generic implications.
However, these elements alone are not sufficient to direct
the design of the future ITER facility, while they need to be
collated with feedback elements from other facilities. The
study will also integrate complementary information about
maintenance and remote handling activities working
conditions that will be collected during another period of
stay at JET at the beginning of 2007.
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JW6-FT-1.1-D01 

Task Title: IMPROVEMENT OF PRESENT PARTICLE BALANCE AND GAS 
EXHAUST AT JET: DEFINITION AND DESCRIPTION OF THE 
MEASUREMENTS REQUIRED TO ASSESS THE GAS BALANCE 
IN JET 

 
INTRODUCTION 

 
The aim of this proposal is to deliver an assessment on the 
possible installation of a neutral pressure measurement as 
close as possible from the cryopump (in the vicinity of the 
location the “old” PG85 gauge which is not used any 
more) of JET. Indeed, with the actual sets of diagnostics 
installed on JET, the accuracy of the gas balance is not 
reliable enough to estimate the retention during one single 
pulse. The gas balance and fuel retention analysis are 
based on post-mortem analysis and dedicated session with 
repetition of similar pulses (including divertor cryopump 
regeneration before and after the session) over a full 
session. This extra neutral pressure measurement could 
significantly improve the accuracy of the particle balance 
and associated fuel retention during the plasma 
experiments (Contributions of ELMs, plasma scenario, 
fuelling...) without being necessary to have full dedicated 
session of repetitive pulses and full cryopump 
regeneration. 
This report is divided into two parts. The first section 
reports on the technical specifications of the hardware to 
be installed for improving the particle balance including 
general drawings for the implantation. The upgrade of the 
actual sets of neutral pressure gauge has been investigated 
and is reported in this section. The second part is dedicated 
to the assessment of the time needed, the potential period 
for the installation and the impact on operation/shutdown 
and on the evaluation of manpower and hardware costs. 
 
 
2006 ACTIVITIES 

 
TECHNICAL SPECIFICATIONS OF THE 
HARDWARE TO BE INSTALLED TO  
IMPROVE THE PARTICLE BALANCE 
 
The CATIA drawings of the details are not available for all 
the relevant regions at the bottom of the vessel. However, 
with the existing sets of drawings and a recent visit in-situ 
in the vicinity of the bottom of octant 8, it has been 
possible to investigate the different possibilities for 
implementing a neutral pressure measurement as close as 
possible from the divertor cryopump. The bottom of 
octants 6 and 8 has been identified as two potential 
locations for the installation of neutral pressure 
measurements. 
 
Modification of the existing system 
 
In octant 8, a baratron gauge is already used for the 
calibration of the two penning gauges located at the 

extremity of a 2.3m (from the bottom of the flange) long 
tube (PT5P diagnostic). The very long time constant  
(~ 3 sec.) observed for the signal delivered by this gauge 
results from a tube which is about 1.3 m long and with a 
diameter of ~ 2.5cm. No immediate improvement of the 
time constant can be foreseen due to the location of the 
gauge. If a time constant of the order of ~ 0.2 sec. would 
be requested for the signal, the gauge would have to be 
moved on the pipe in the vicinity of the PT5P gauges. For 
the gas balance, this was first envisaged as an 
improvement but the two penning gauges located at the 
extremity of the pipe already provide this neutral pressure. 
The benefit would be the total pressure measurement 
independently of the gas composition. This could be very 
useful particularly when using gas mixture during 
experiments. Indeed, the signal delivered by the Penning 
gauge depends on the species and therefore it becomes 
nearly impossible to measure the total pressure as soon as 
significant gas injection (For some experiments N2 
injection can be as strong as D2 and consequently the same 
proportion are also found in the pumped gas by the 
divertor cryopump: see # 68748). Such a gauge would also 
provide a reference for calibration of the Penning gauges 
during the dry run performed with gas injection at the 
beginning of some early sessions.  
The perturbations observed on the signal delivered by the 
actual baratron gauge are clearly related to the poloidal 
field (from P2, P3 coils and also from the D2 and D3 
divertor coils). This could be very likely fixed either by 
rotating the gauge by ~90° with respect to a vertical axis 
(to avoid/attenuate the resulting poloidal field generated by 
the divertor coils) and/or by equipping this gauge with a 
magnetic shield (see Appendix). 
 
Measurement close to the divertor cryopump 
 
An extension of the pipe of PT5P diagnostic inside the 
vertical port to measure the pressure is not the retained 
solution. Indeed, the axis of the tube is located at a major 
radius of R~2.9m, just below the D3 divertor coil (R~2.8 
to 3.0m). In addition, the access under the machine is not 
very easy and the technical solution to implement a tube 
would certainly interfere and/or modify the actual neutral 
pressure measurement. Moreover, this would also impede 
the comparison with previous experiments. 
 
Therefore, the proposal concentrates on the possibility to 
implement the pressure gauge connexion (“T” and a tube) 
on the existing Torus Venting System. On figure 1 is 
displayed the actual system of octant 8; in “green” the 
KT5P diagnostic (Neutral pressure measurements with 2 
Penning gauges) and in magenta the Torus Venting 
system. 
 



 - 289 - EFDA Technology / JET Technology / Fusion Technology 

 
 

Figure 1: Actual configuration below Octant 8. In green 
the tube used by the KT5P and PT5P diagnostics 

(Responsible Officer: Dr Ph Morgan) and in magenta the 
“Torus Vent System”, TTV1 

 
The proposed solution is described on figures 2 and 3 and 
relies on inserting a “T” between the “Torus Vent 
System”, TTV1 and the bottom of the port. The TTV 
systems are only used when the machine is under venting 
close to the atmospheric pressure (which means no plasma 
operation) and therefore there is no conflict in terms of 
availability of the two systems. The valve of the venting 
system is closed during plasma operations and 
consequently there is no neutral flow through this part 
which could influence the pressure measurement. Also, the 
role of this pumping system is not affected by the insertion 
of a “T” and a flange with a tube equipped with lateral 
reinforcement (figure 3). 
The proposal also includes a bellows to absorb/attenuate 
the mechanical vibrations, an electrical insulation 
(Electrical potential of the vessel not compatible with the 
pressure gauge) and a platform to support the gauge and 
the associated magnetic shielding (see Appendix). 
The electronic system used to monitor the pressure gauge 
(conditioning of the gauge, pressure range selection, 
filtering...) is not described in details in this report. This 
electronic system (200x100x300mm3) is connected to the 
gauge sensor via a main cable which can be between 3 to 
12 m long and which can be located without any difficulty 
in the vicinity of the gauge. Finally, an additional 
connection using a “T” for possible further equipments 
(Analysis of the gas...) can be installed between the valve 
(blue on the figure 2) and the electrical insulation located 
before the bellows.  

 

Figure 2: General view of the bottom of the port in octant 
8 with the “T” and the gauge 

 
Figure 3: Schematic view of the proposal. The insertion of 
a “T” would permit to equip the system with a tube for the 
neutral pressure measurement as close as possible from 

the cryopump 

This solution can be implemented in octant 8 and also in 
octant 6 which is equipped with the same “Torus Venting 
System”. The insertion of the tube in the port would allow 
measuring the neutral pressure at about 30 cm from the 
cryopump (figure 4). 

 
Figure 4: General view of the bottom of the port and of the 
divertor. The tube is shown to be long enough to reach the 

bottom of the divertor, about 30 cm from the cryopump 
and to deliver the pressure in the sub divertor region 

 
A “Baratron gauge” type is proposed for the measurement 
of the total pressure. The Tore Supra tokamak has been 
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equipped with similar pressure gauges since 1990 and they 
have demonstrated to be reliable since then. This pressure 
manometer has the following characteristics: type MKS 
baratron 690, 5 decades, 1 Torr (1.33 mbar) Full scale. A 
tube length of 1.5 m and a diameter of 3.5 cm would give a 
time response less than 150 ms. This gauge would be 
located at R=3.25 m from magnetic axis and Z=-3.5 m 
from the equatorial plan in octant 6 and/or octant 8. A 
magnetic shielding of 18 mm is necessary to avoid any 
perturbation by the local magnetic field (see Appendix). 
 
Tritium compatibility 
 
The tritium compatibility can be maintained by the 
installation of a valve (“yellow” on the drawing of  
figure 3). This valve allows to isolate the gauge and to 
exchange it if any maintenance and/or failure occur. All 
the components proposed in this assessment follow the 
rules imposed by the “Remote Handling manual” ref. 7.2 
for the vacuum for the Standard bolted flanges. 
 

 

Figure 5: View of the bottom of Octant 6. In magenta the 
Torus Venting System 2 (TV-V2). This is a similar system 
as for Octant 8 and a similar set of “T + tube + gauge + 

valve” could also be implemented in this octant 
 

 
 

Figure 6: Octant 8. Assembling the tube, the “T” and 
putting back the venting system 

 
Figure 7: Detail of the “T”, the tube and the lateral wings 

to enhance the rigidity of the tube 
 

 
 

Figure 8: Picture from Octant 8. The “TV-V1” valve is 
clearly seen as well as the exhaust pipe. The flange to be 

used for the “T” is also clearly seen. (Picture taken below 
the machine; June 2006) 

 
EVALUATION OF TIME NEEDED, POTENTIAL 
PERIOD, MANPOWER AND HARDWARE COSTS 
 
There is no particular need for the installation of this 
system. The machine should be in shut down at 
atmospheric pressure. A period of 2 weeks of access at the 
bottom of octants 6 and 8 is necessary to equip “T” and to 
perform the connections from the gauge and the valves to 
the data acquisition and to carry out the tests and controls. 
The distance between the bottom of the flange and the 
floor should be longer than 2100mm for the installation of 
the tube inside the port. A distance of 2l45 mm has been 
measured in-situ (26 January 2007) showing a little margin 
compared to the reference value. 
 
Time needed --> 2 weeks (for hardware installation + 
 connections + tests)  
Manpower  --> 2 persons during 2 weeks 
 
Hardware: Baratron 690 (head) + 670 (associated 
electronic) + cable 12 m MKS for connection between  
670 and 690 =11 k€ 
Shielding + T + tubes + mechanical support =10 k€ 
Insulator + bellows =  3 k€ 
Valves “Vat” =  1 k€ 
Pre-vacuum valve =  1 k€ 
Connections  =0.6€/m 
 
TOTAL per gauge            ~27 k€ 
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These values will be confirmed with estimations from 
companies. 
 
Potential period would be during the shutdown at the end 
of 2008. Early 2007 seems too close from now to propose 
a reasonable timeline for the installation of the “T”, tube, 
gauge, valves and associated remote control. 
 
 
APPENDIX 

 
MAGNETIC FIELD EFFECT ON PRESSURE 
GAUGE TYPE MKS BARATRON 690 
 
The magnetic field (mainly poloidal) close to the P3 and 
P2 coils could influence the signal delivered by the 
baratron gauge. According to the estimation a magnetic 
field of 250mT with filed lines perpendicular to the head 
membrane. MKS does not deliver data relative to the 
potential perturbation of the signal due to magnetic flied. 
However, measurements carried out on a test bed at  
CEA-Cadarache show that perturbations are clearly 
observed above fields larger than 5mT. As a consequence, 
a shielding is necessary in order to prevent any drift at 
high magnetic field. 
Based on a magnetic field of 250mT in the vicinity of the 
gauge (R=3.2 m from magnetic axis and Z=3.5 m from the 
equatorial plan), a protection of 1.8 mm of soft iron is 
required to reduce the magnetic field to 5 mT. 
 
CONFIGURATION IN PARALLEL PLATES 
 
The thickness of the shielding is given by the following 
relation: 
 

e= [B0/Ba-1](πLH)/[2(µ-1)(L2+H2)½] 
 
B0  : External magnetic field (T) 
Ba : Internal magnetic field (T) 
2L : Plate wide (m) 
2H : Plate high (m) 
2a : distance between plates (m) 
e : thickness of the plate (m) 
µ : permissivity 
The head of the gauge allow an implementation with the 
following geometry: 

L=22 cm, H=ll cm, µ=340 
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JW6-FT-1.1-D02 

Task Title: IMPROVEMENT OF PRESENT PARTICLE BALANCE AND GAS 
EXHAUST AT JET: SYNTHESIS ON GASEOUS SPECIES 
ANALYSIS NEEDS AND TOOLS 

 
INTRODUCTION 

 
The aim of this study is to deliver an assessment on the 
possible installation of neutral pressure measurement as 
close as possible from the cryopump (in the vicinity of the 
location of the “old” PG85 gauge which does not work) of 
JET. Indeed, with the actual sets of diagnostics installed on 
JET, the accuracy of the gas balance is nor reliable enough 
to estimate the retention during one single pulse. The gas 
balance and fuel retention analysis are based on post 
mortem analysis dedicated session with repetition of similar 
pulses (including divertor cryopump regeneration before 
and after the session) over full session. This extra neutral 
pressure measurement could significantly improve the 
accuracy of the particle balance and associated fuel 
retention during the plasma experiments (Contributions of 
ELMs, plasma scenario, fuelling…) without being 
necessary to have full dedicated session of repetitive pulses 
and full cryopump regeneration. 
 
The work has been divided in three parts. The first section 
reports the technical specifications of the hardware to be 
installed for improving the particle balance including 
general drawings for the implantation. The upgrade of the 
actual sets of neutral pressure gauge has been investigated. 
This part is not detailed in this few pages, because they are 
focused on the second part presentation which reports the 
possibility to analyse the gas. The last part is dedicated on 
the assessment of the time needed, the potential period for 
the installation and the impact on operation/shutdown and 
on the evaluation of manpower and hardware costs.  
 
 
2006 ACTIVITIES  

 
GAS ANALYSIS 
 
This part of the study corresponds to the feasibility study 
concerning the measurement of the hydrogen isotope 
inventory in fusion machines. 
 
Mainly based on the use of mass spectrometry, this study 
aims at assessing various analysis techniques (magnetic 
sectors, time-of-flight mass analysers, quadrupole mass 
filters, etc.) and various analysis configurations taking into 
account the environment. The representativeness of 
measurements and the selectivity of analysis are the two 
main criteria taken into account. 
 

RECALL OF MAIN FUNCTIONS AND 
CONSTRAINTS 
 
The object of this study is to inventory the hydrogen 
isotopes (H, D, T, CxQy and He) during the fusion reaction. 
The duration of the fusion reaction is quite short: few 
seconds. 
 
Sampling conditions 
 
The vacuum vessel is at an initial pressure of 10-7 mbar. 
During the experiment, the gases are injected continuously 
at a rate between 1021 and 1023 at/s, and a cryogenic 
pumping device pumps at 150-200 m3/s so that the system 
is operating around 10-3 mbar. 
 
PRELIMINARY CHOICES 
 
Rapidly, taking into account what are the main functions 
and constraints it appears that mass spectrometry could be a 
good way to achieve the specified goal (mainly due to time 
response and isotopic measurement constraints). 
 
The technologies and systems described after are based on 
the analysis a mass spectrometer used to identify the nature 
of various different species. 
 
A mass spectrometer measures the abundance of species in 
relation to their atomic mars unit:  
 

amu = 
 chargeion 

ion of massmolar 
 

 
These techniques are still based on the ionisation of 
molecules (in a ionisation chamber), followed by the 
injection of the resulting ions into a mass analyser that 
subjects them to an electromagnetic field and introduces 
them into an abundance counting system as a function of 
the mass-to-charge ratio: 
 

chargeion 

ion of massmolar 
. 

 
These systems operate in a more or less strong vacuum    
(10-4 to 10-9 mbar). 
Such devices are composed of a vacuum vessel in which the 
following elements are installed: 
 
- Analyser head and accessories (depending on the 

technique employed), 
 
- Turbo-molecular pump unit (possibly hybrid), 
 
- Full-range pressure measurements, 
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- Molecular leak at the inlet for the gas to be measured in 
the ionisation chamber, 

- Fast sampling loop upstream of the molecular leak 
generally composed of a primary pump and a capillary. 

Interpreting spectrums is a simple matter but requires 
determining any species of similar atomic mass units, such 
as D and H2. The resolution of a mass spectrometer takes 
into account the smallest mass difference ∆M that can exist 
between two amu so that the system emits two distinct 
signals (peaks). The resolution is generally expressed by the 
ratio M/∆M. 
 
In the present case, the ionized species to be analysed have 
the following atomic mass units, given in table 1. 

 

Table 1: Exact atomic mass units of hydrogen isotopes 
 

Species Amu Required resolution 

D+ 2.0140 

H2+ 2.01565 

3He+ 3.01603 

T+ 3.01605 

HD+ 3.021825 

H3+ 3.023475 

4He+ 4.00260 

HT+ 4.023875 

D2+ 4.028 

DT+ 5.03005 

T2+ 6.032 

D3+ 6.0420 

 
1220 

2.5 

155000 

520 

1830 

3.5 

160 

980 

4.5 

5.5 

610 

 
 
COMPARISON OF DIFFERENT MASS 
SPECTROMETERS 
 
Quadrupole mass spectrometry  
 
Generally speaking, ionisation is achieved by electronic 
impact in this technique. The analyser is a mass filter that 
only lets through one atomic mass unit at a time in relation 
to the voltage used. The spectrum is obtained by varying 
this voltage. 
 
This technique is sensitive enough to detect the lowest ppm 
but does not have a very good resolution (160 for the best 
devices). 
 
Utilisation for isotopic analysis 
The resolution of certain quadrupole mass spectrometers is 
sufficient enough to distinguish between 4He and D but it 
cannot directly measure all compounds in the mixture. 
More specifically: 
 
- For 3 amu, 3He+ can be found cohabiting with H3

+ 

resulting from the ionisation and fragmentation of H2 

(generally 0.1% of H2
+ with 2 amu). To separate two 

peaks with 3 amu, it is necessary to pre-calibrate the 
system based on pure d'1H2. 

- D2 fragments during ionisation and produces D+ ions with 
2 amu. To determine how pure D2 affects the 2 amu peak, 
the system must again be pre-calibrated with pure D2. 

 
Therefore, depending on the relative abundance of the 
various species, certain measurements would prove 
impossible. 
 
Equipment 
The analyser is composed of a measuring head, a RF box 
and processing electronics, which are all rather compact. 

 

Figure 1: High-resolution (160) quadrupole measuring 
head 

 
The operating pressure is about 10-6 mbar and can be 
achieved by a hybrid turbo-molecular pump (TMP). These 
systems are relatively compact, with the price of the most 
high-performance analyser being about 60 k€. 
 
Adapting the technique to our case  
Advantages: 
- Compact modular system, 
- Relatively cheap, 
- Large dynamic range (6 decades), 
- Continuous measurement. 
 
Disadvantages: 
- Low resolution: interpreting spectrums is tricky or even 

impossible depending on the context, 
- Atomic mass units are measured one after the other, which 

can result in slow large scans. 
 

Magnetic sector mass spectrometry 
 
As for the previous spectrometer, this technology also uses 
a mass filter that only lets through one amu at a time. In this 
case, deflection is obtained through a magnetic field 
containing charged ions exiting the ionisation chamber, 
with application of the corresponding Lorentz force. To 
improve the resolution of these spectrometers, an 
electrostatic sector is generally added to filter the ions and 
only let through those with a given energy before entering 
the magnetic field. 
Therefore, the mass dispersion of ions reaching the 
collector remains very low. 
 
This technique provides high resolution and is very 
sensitive. However, it is very bulky and costly. 
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For years now, certain laboratories and industrialists have 
been developing miniature magnetic sector mass 
spectrometers (especially Savannah River Site – centre for 
hydrogen research in the United States). It appears that 
these compact, low-cost systems cannot exceed a resolution 
of 110 (NDLA: pending additional information on the 
possibility of future developments). 
 
References: http://www.ceramitron.com/Diaz-MMS.pdf 
 
Utilisation for isotopic analysis 
Depending on the actual machine, resolutions range 
between 5,000 and 60,000 (MStation™ and GCmate™ II 
by Jeol). These devices specifically focus on analysing 
organic and/or large molecules, and the companies 
concerned are currently checking the validity of being able 
to transpose such equipment for isotopic inventory 
purposes. The Delta V model by Thermo-VG provides a 
low resolution despite its high cost and bulkiness. 
 
Equipment 
The mass spectrometer with a magnetic sector more or less 
requires the same installations and connections as those 
necessary for the quadrupole mass spectrometer. 
Here are two illustrated examples of a general set-up: 

 

Figure 2: JEOL GCmate II - resolution of 5,000 

 

 

Figure 3: Jeol MStation - resolution of 60,000. 
 
Such equipment costs about 300 k€ (to be confirmed in 
relation to the equipment that is installed). 
 
Adapting the technique to our case  
Advantages: 
- High resolution, 
- Continuous measurement, 
- Good dynamic range. 
 
Disadvantages: 
- Very bulky system, 
- More expensive system. 
 
 

Fourier Transform Ion Cyclotron Resonance Mass 
Spectrometry1 (FTICR- MS) 
 
This well-developed technique is the subject of much 
research and development. This technique is based on the 
cyclotron resonance frequencies of species (depending on 
their mass and charge) for which deconvolution by Fourier 
transform makes it possible to detect the atomic mass units 
at a very high resolution and in just one go for the entire 
spectrum. Ionisation can be achieved either chemically 
(PTR), by electronic impact, or by various other means. 
 
The FTICR mass spectrometer provides the best resolution, 
i.e. 70,000 at 130 amu. This resolution tends to be higher, 
the lower the atomic mass unit. However, the FTICR-MS 
has the disadvantage of having a dynamic range that does 
not exceed 4 decades, which results in a sensitivity of 100 
ppm. This technique is capable of higher sensitivity levels 
depending on how it is used, but this aspect is currently 
under development and very likely concerns hydrocarbon 
analysis.  
 
Utilisation for isotopic analysis 
The resolution of the FTICR-MS can easily measure all 
species mentioned in table 1 without any doubt. The 
device’s dynamic range is limited to 4 decades, which 
means that concentrations below 100 ppm are difficult to 
detect. The major problem of this technology is usually its 
bulkiness and price, mainly because it requires a 
superconductor. At the Paris XI University LCP laboratory, 
Mr Joel LEMAIRE and his team developed a mobile 
FTICE-MS, which resulted in a flexible industrialised 
product that is constantly being improved. This team may 
be able to make a number of changes to this device to adapt 
it to our requirements. 
This system can carry out measurements on a continuous 
basis at the rate of one full scan of all the amu every 2 
seconds. 
 
Equipment 
The figure 4 shows the mobile system developed by the 
LCP: 

 
 

 
Figure 4: FTICR-MS developed by the LCP 

                                                 
1 Also known as the Fourier Transform Mass Spectrometer 



 - 295 - EFDA Technology / JET Technology/ Fusion Technology 

Apart from the elements common to all mass spectrometers, 
this device is equipped with two turbo-molecular pumps 
(the device must operate at a pressure below 10-8 mbar), a 
permanent 1.2 T magnet, and a gas injection system 
functioning on an intermittent basis. The device dimensions 
are about: 120x80x60 cm3. The functional vacuum-
equipped analyser costs about 150 k€. 
 
Adapting the technique to our case  
Most of the elements can be separated from the rest, 
thereby resulting in an analyser unit that is smaller than 
300 l installed at the measuring point, whereas the rest of 
the elements can be remotely-sited. 
 
Advantages: 
- Compact, transportable system, 
- Very high resolution, 
- All amu are measured simultaneously, 
- Continuous measurement. 
 
Disadvantages: 
- Limited dynamic range (4 decades) 
 
 
CONCLUSIONS 

 
Among the investigated techniques, we have added two 
optical techniques, but at the end, it seems that the better 
choices could be Magnetic sector mass spectrometry and 
Fourier Transform Ion Cyclotron Resonance Mass 
Spectrometry (FTICR- MS). Now it is needed to study the 
free space in order to confirm the feasibility of 
implementation at JET. On this point the magnetic sector 
mass spectrometer is more difficult to install than the 
FTICR-MS. The second point to define concerns the 
magnetic and HF protections. 
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JW6-FT-2.28 

Task Title: ASSESSMENT OF INDUSTRIAL PROCESS OF WASTE 
TREATMENT 

 
INTRODUCTION 

 
For different reasons, tritiated waste management of fusion 
facility could need some detritiation techniques. In the 
case of ITER for example, specifications on tritiated waste 
concern, on one hand specific activity and on the other 
hand package degassing. Then it is a major issue to be able 
to prove that tritium content could be reduced if needed 
and potential partially correlated degassing limited. For 
JET, same approach is needed: optimisation of the 
decontamination factor and reduction of induced 
secondary waste. 
Laboratory studies have been done on detritiation of 
different waste (stainless steel, plastics, oil, scintillation 
cocktails, molecular sieve beds, concrete, etc.) and on 
tritium desorption kinetics. Most of the treatments tested 
are producing tritiated water.  
The objective of the 2006 activity was to determine among 
all techniques tested the most appropriate one for each 
type of waste and then to study the process feasibility at an 
industrial scale. This work is a joint collaboration between 
CEA, which is in charge of detritiation of soft 
housekeeping and SCK-CEN (Belgium) in charge of 
detritiation of oils and scintillating cocktails. Work on 
detritiation of metals will be done in 2007. 
 
 
2006 ACTIVITIES 

 
REVIEW OF SOFT HOUSEKEEPING  
DETRITIATION METHODS  
 
During the last years, several detritiation techniques for 
soft housekeeping waste were studied at laboratory scale in 
order to determine promising processes. The difficulty is 
to find a compromise between several criteria: 
- High detritiation factor 
- Decategorisation of the final waste 
- Acceptable volume of produced effluents 
 
Processes below were tested by CEA, SCK-CEN or 
UKAEA and are described in the following section: 
- Leaching with hot water 
- Leaching with acidic solution  
- Leaching with basic solution 
- Full mineralization in a digester or combustion 
- Thermal treatment under vacuum conditions 
 
Leaching with hot water 
Leaching consists in a waste immersion in a solution. 
Labile tritium is transferred to the solution till an 
equilibrium is reached. In this case, hot water (100°C) was 
used for the extraction of tritium. 

The time duration of leaching was defined experimentally 
by analyses of sampling of the leaching water. It was 
estimated that an equilibrium is reached after 6.5 hours for 
a sample of 3.4g of soft housekeeping. No testing were 
performed to check if the time duration depends on the 
mass of the sample and on the volume of the water used. 
For this process, the extraction rate measured is about 
75%. Note that due to the high temperature of the test, part 
of the activity is contained in the gaseous phase (nearly 7% 
of the extracted activity). 
 
Leaching with acidic solution 
In this case, the solution used to extract activity was 
composed of hot nitric acid solution (2M, 100°C). The 
extraction rate measured is about 72% and is in the same 
order of magnitude than the one obtained with hot water 
leaching. 
Due to the high temperature of the experiments, nearly 8% 
of the extracted activity is recovered in the gaseous phase. 
 
Leaching with hot sodium hydroxide (1M, 100°C) 
The solvent used to extract tritium is sodium hydroxide 
1M at 100°C. The extraction rate measured is about 70%. 
Evaporation due to the hot temperature of the experiment 
leads to nearly 8% of the tritium activity that is recovered 
in the gaseous phase. 
 
Full mineralisation in a digester or complete 
combustion 
Two types of experimental conditions were tested for the 
combustion of soft housekeeping: 
- Batch combustion under pure oxygen at around 20 bars, 
- Batch and continuous combustion under pure oxygen at 

atmospheric pressure. 
Both methods lead to complete destruction of the waste 
and recovering of 95% of tritium under HTO form (mostly 
in the gas phase).  
The main drawbacks of the first method is the high 
pressure of pure oxygen and the two pressure peaks up to 
100 bars which can be observed. 
 
Thermal treatment under vacuum conditions 
One last batch treatment tested consists in placing small 
pieces of waste (a preliminary cutting operation is needed) 
in an oven at 60°C under vacuum conditions (primary 
vacuum). The duration of the treatment is about one night 
(optimisation of this parameter was not done but seems 
possible). After the thermal treatment, one last step 
consists in compacting the waste and then placing them in 
non degassing canisters. 
It seems that mainly HTO is produced (90% of the tritium 
activity is under HTO form), which is recovered through a 
cryogenic trap and then a molecular sieve bed. 
This process is used industrially but leads to solid and 
liquid secondary waste.  
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CONCLUSION 
 
Among all the processes tested, it appears that the most 
promising one in term of efficiency and industrial 
feasibility is continuous combustion under pure oxygen at 
atmospheric pressure. Preliminary design and safety 
analysis are detailed in the next section. 
 
PRELIMINARY DESIGN OF THE MOST 
PROMISING METHOD 
 
Input data 
The general objectives of the process is to: 
- Fully oxidise the soft housekeeping 
- Recover the produced HTO 
- Treat the incondensable gases before release to the stack 
 
The average composition of soft housekeeping was fixed 
according to literature and is listed below: 
- PVC: 30% (weight) 
- Polyethylene: 30% (weight) 
- Polyurethane: 30% (weight) 
- Cellulose: 10% (weight) 
- Neglected amount of stainless steel, copper and 

aluminium 
The initial activity of tritium in the waste is about  
7 GBq/kg and 39 tons of soft housekeeping need to be 
treated over a 2 year period (for the design, it was 
supposed that the whole amount of the waste was disposed 
in 780 drums). 
The activity released to the stack is limited to 2 GBq/day. 
 
Concerning the operating conditions of the process, the 
flow rate of waste treated is 100 kg/day, considering that: 
- 12 weeks per year are dedicated to maintenance 
- Operating phase lasts 5 days/week with 2 day-shifts 
 
Description of the industrial process 
The complete process consists in several steps listed 
below: 
- Drum discharging and control of the waste 

- Cutting 
- Combustion 
- Gas treatment 
 
All these operations are performed in glove boxes, some of 
which operating under inert atmosphere to prevent from 
fire. 
The drum entering the first glove box is emptied and a first 
control of the waste is done. Eventually, metallic waste 
can be separated. Then, the soft housekeeping are sent to a 
cutting mill to obtain small pieces of waste (about 1 cm3) 
before their introduction in a rotating oven. This oven 
operates with pure oxygen under 1 bar. Temperature 
reached is about 750°C in the combustion chamber and 
about 700°C in the post-combustion chamber. The 
combustion produces only few solid residues which are 
collected after their separation from the gas in a cyclone. 
The major secondary waste of the process is composed of 
CO2, O2, H2O, N2, NOx, HCl and is under gaseous form. 
The gases leaving the oven is cooled and sent to a scrub 
column, which objectives are: 
- Condensation of HTO (operating temperature : 4°C) 
- Neutralization 
- Purification (especially for CO2, as this species is present 

in large amount and could lead to prematurely saturation 
of the molecular sieve column)  

The aqueous solution used contains KOH (50% weight). 
HCl, CO2 and a great part of HTO are then recovered 
under liquid form. 
Finally, the residual HTO, CO2 and NOx are adsorbed on 
molecular sieve column. 
 
SAFETY ANALYSIS 
 
The major risks identified for this process are: nuclear risk 
due to presence of tritium (transport of radioactive 
pollutants, exposure to radiation, interaction with 
materials), non nuclear risk (fire, explosion, chemical, 
anoxia, thermal, loss of utilities, material handling). 
Seismic risk were not taken into account for this study. 

The general view of the process is given below: 

Figure 1: Process design 
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Classical dispositions were proposed: 
- Confinement (process equipments, glove boxes with -

filtration of exhaust, control of tritium activity in the 
process) 

- Separation of the main parts of the process ( to avoid fire 
spreading) 

- Container and retention tank for chemical product 
- Protection of hot surface 
- … 
 
Considering soft housekeeping ability to burn, specific 
dispositions were also taken for some parts of the process: 
- The amount of waste introduced in the process is limited 
- Inert atmosphere is used in the glove boxes where heat 

can be produced or hot temperature reached (cutting 
phase and combustion step) 

- Oxygen pressure and pressure in the oven are strictly 
controlled 
 
 
CONCLUSIONS 

 
A global process was proposed to treat the whole amount 
of soft housekeeping waste of JET. All this process is 
confined in glove boxes (static or dynamic) and is 
relatively simple for an industrial scale. It permits also to 
treat the whole amount of soft housekeeping in the 
duration time proposed by JET (39 tons in 2 years). 
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JW6-FT-3.30 

Task Title: LASER DETRITIATION SYSTEM TESTS IN THE BERYLLIUM 
HANDLING FACILITY AND JET ENVIRONMENT 

 
INTRODUCTION 

 
ITER safety studies demonstrated that a few tens of plasma 
shots are required to reach the maximum acceptable 
inventory of tritium in the vacuum chamber, thus resulting 
in tritium trapping in plasma facing components (PFC). 
Nevertheless, the studies on tritium trapping in PFC 
revealed that a large amount of tritium is still retained in the 
deposited layers. Thus, vacuum chamber surface detritiation 
and tritium removal are regarded of essential importance for 
the future ITER. 
 
Since 2002, co-deposited layer detritiation by laser ablation 
(LA) and H/D desorption by laser heating have been under 
study in DPC/LILM laboratory (CEA-Saclay) [1], [2], [3], 
[4], [5]. The experimental laser devices with nanosecond 
pulses and high repetition rate (20 kHz) were developed 
and investigated in 2005. It was found that LA might be 
regarded suitable for in-situ detritiation. The studies were 
aimed to optimise LA performances for future in-situ PFC 
detritiation. For 2006, the main goal of the task program 
was to perform detritiation tests with the developed laser 
device in BeHF (JET) environment and to assess the 
deposited layer detritiation performances with the available 
JET samples. The development of a theoretical model of 
LA rate for deposited layers to interpret the experimental 
results was stated as a sub-task of the program.  
 
 

2006 ACTIVITIES 

 
Detritiation tests in BeHF 
 
For CEA-Saclay (France) and JET Culham (UK) joint 
investigations, the developed laser detritiation system based 
on a fiber laser and galvano-plate X-Y laser beam scanning 
head [1], [2], [3] was transported from CEA-Saclay to JET 
assembled, adjusted, and tested (figure 1). The system 
performance demonstration and tests were performed with 
Al and CFC samples (figures. 2 and 3). After the laboratory 
tests, the system was installed inside BeHF (figure 4). 
 

 
See figure 1 

 
 

Figure 1: Laser system assembling and adjustment after its 
transportation from CEA-Saclay (France) to JET 

 (Culham, UK) 

 

 

 
 
 

 

 
 

Figure 2: Laser system test with CFC samples with 
assistance of JET security personnel before laser system 

installation inside BeHF 
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Figure 3: Surface cleaning quality was tested with  
Al-samples (a) and controlled visually in real time 

 by TV-camera (b) 
 

 
 

 
 

Figure 4: Laser system inside BeHF. Laser control panel 
and control devices were installed near BeHF in the free 

excess zone (a). Fiber laser system with galvano-plate X-Y 
scanning head, protected by stainless steel cover, was 

placed inside BeHF near the glove box with JET tile (b) 

JET tile detritiation was performed with the following laser 
parameters: pulse energy E ≅ 1 mJ, focused beam diameter 
d ≅ 100 µm (at e-1 intensity level), repetition rate ν = 20 
kHz, pulse length τ ≅ 120 ns (FWHM), mean power W ≅ 20 
W, peak power P ≅ 8.3 kW (per pulse), energy density at 
focus F ≅ 8.8 J/cm2. Based on our previous laboratory tests 
with TEXTOR deposited layers cleaning, four scanning 
regimes were applied for JET tile detritiation. In all the 
regimes, the treated zones were processed with the scanning 
scheme (figure 5). The selected zones were treated 
(hatched) by the laser beam with different scanning speeds 
and vertical displacements.  
REGIME 1 comprised HATCH 1 and HATCH 2 with 
horizontal scanning speed v = 200 mm/s (spot separation 
∆X = 10 µm). The laser beam was displaced vertically on 
100 µm after a total horizontal scan. HATCH 2 (repeating 
HATCH 1) was displaced on 100 µm vertically to ensure a 
more homogeneous tile cleaning. 10 sec were required for 
scanning 1 cm2 of tile surface. 
REGIME 2 comprised only HATCH 1 of REGIME 1.  
5 sec were required for scanning 1 cm2 of tile surface. 
REGIME 3 comprised HATCH 1 and HATCH 2 with 
horizontal scanning speed v = 1000 mm/s (spot separation 
∆X = 50 µm). The laser beam was displaced vertically on 
100 µm after a total horizontal scan. HATCH 2 (repeating 
HATCH 1) was displaced on 100 µm vertically. 2 sec were 
required for scanning 1 cm2 of tile surface. 
REGIME 4 comprised only HATCH 1 of REGIME 3.  
1 sec was required for scanning 1 cm2 of tile 
surface.

 
Figure 5: Laser beam scanning during JET tile detritiation. 

HATCH 1 - black, HATCH 2- red 
 
The first detritiation tests on BeHF were performed with 
JET tile 4 (figure 6) of up to 300 µm film thickness. JET 
tile was placed inside the glove box equipped with the 
aspiration system to remove the ablated matter. Different 
small zones on the tile surface were treated to determine the 
optimal detritiation regime and perform tritium release 
measurement. The tritium release measurements were 
essentially important to respect the JET security authorised 
limits of the removed tritium volume. Table 1 presents the 
applied regimes and detected tritium quantity (MBq). The 
first visual evaluations of the cleaning efficiency were made 
by JET personnel and stated a good cleaning performance 
of the laser system (figure 4b). Three consecutive scans of 
the laser beam were sufficient to remove the film from the 
tile 4 (zone I, REGIME 1, ~ 300 µm film thickness). A very 
high detritiation performance of the laser system was 
confirmed by the optical (figure 7) and NRA (figure 8) 
analyses of the cleaned zones. These analyses were realised 

(a) 

(b) 

(b) 

(a) 
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within the frames of EURATOM-Tekes Association 
program. The results were presented by J. Likonen (VTT 
Technical Research Centre of Finland) on the European 
Task Force meeting on Plasma Wall Interaction, 13-15 
November, 2006, Ljubljana (Slovenia). IBA and SIMS 
analyses confirmed the film removal as well. 
 

 
 

 

 

Slowest scan 
speed 

(40 seconds) 

53 passes  
of laser Fastest Scan Speed 

(4 seconds) 

 

3 passes of laser 

 
 

Figure 6: Zones on JET tile 4 that were treated by laser 
beam with different regimes (refer to table 1).  

All the scanning zones were 20 mm x 20 mm size, except 
zone H of 40 mm x 60 mm size. Visual observations: the 
deposit on zone E with REGIME 4 was not completely 

removed after 6 laser passes 
 

 

Figure 7: Optical microscope images (in panels) of the 
cross-section of some treated zones of the tile 4. Further 

treatment of the area (zone K with 53 passes) indicates that 
the laser also removes CFC substrate 

 
 

Figure 8: NRA analyses of laser detritiation of JET CFC-
tile. Tritium content (before and after laser treatment) is 

presented on the panels for the corresponding zones 
 
The next series of detritiation tests on BeHF was performed 
with the JET tile 3 (figure 9) with a low (≈ 10 µm) film 
thickness, but with a very hard deposited film with the 
important Be concentration in it. Table 2 presents the 
applied cleaning regimes with the corresponding tritium 
release. The best visually determined detritiation regime 
(REGIME 2) was applied for a half-surface cleaning of the 
JET tile 3. Table 3 presents the cleaning parameters. Only 
20 minutes were required for the complete cleaning of  
165 mm ×150 mm surface tile. Most of the film removal 
was collected as micro-particulates (still with tritium) by 
the slit box filter. The obtained cleaning rate corresponds to 
0.3 m2/h removal rate for a 10 µm hard deposit. 
 

 
 

Figure 9: Zones (170 x 300 mm2) on JET tile 3 that were 
treated by the laser beam with different regimes  

(refer to table 2) 

 

 
 

Figure 10: CEA-Saclay and JET Culham joint team on 
BeHF after successful JET tile laser detritiation 

experiments. From left to right: P. Coad, A. Widdowson,  
A. Semerok, D. Farcage 
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Table 1: Zone treatment regime and 

tritium release in MBq. JET tile 4 

Zone Scan 
regime 

Scan 
number 

Dose 
(MBq) 

A 1 1st 75 
  2nd 5 
  3d 5 

B 1 1st×3 ? 
C 2 1st 70 
  2nd 35 
  3d < 1 

D 3 1st 15 
  2nd 15 
  3d 1 
  4th 1 

E 4 1st 30 
  2nd 3 
  3d 3 
  4th×2 9 
  5th 1 ? 

F 1 1st 70 
  2nd 1 
  3d < 1 

G 1 1st 65 
  2nd 1 
  3d×10 1 
  4th×20 <1 
  5th×20 < 1 

H 1 1st 25 
  2nd 2 
  3d 1 
I 1 1st 150 
  2nd 2 
  3d < 1 

J 1 1st 140 
  2nd 3 
  3d 1 
  4th×50 - 

K 1 1st×50 - 
 

Table 2: Zone treatment regime and tritium release in MBq. 
JET tile 3. K* and L* zones were scanned with 50 mm/s 

(for video recoding) 

Zone Scan 
regime 

Scan  
zone 

(mm×mm) 

Dose  
(MBq) 

B 1 175×20 7 
C 1 10×20 1 
D 1 10×20 1 
E 1 20×20 5 
F 1 10×20 1 
G 1 10×20 1 
H 1 10×20 1 
H 1 10×20 1 
I 1 20×20 2 
J 1 20×20 2 

K* 1 175×5 2 
L* 1 175×5 2 
M 2 170×40 35 
N 3 170×40 60 
O 4 170×40 - 

Table 3: Regime of film removing from the half surface of 
JET tile 3 

 
Regime  2 
Zone upper surface 
Surface 
sizes 

165 mm ×150 mm 

Scanning speed 200 mm/s 
Scan number one 
Scanning time 20 min 
Film thickness 10 µm 

(estimation) 
Film hardness very hard, with 

beryllium 
Dose (MBq) not measured 

 
Model for LA of carbon deposited layer 
 
The development of LA model for the rate of deposited 
layer removal and its comparison with the experimental 
results was stated as the sub-task of the program. The 
experimental LA rates (figure 11) were obtained with 
TEXTOR tokamak graphite tile on the zones with a rather 
thick (10-50 µm) carbon deposited layer. LA with 5 ns laser 
pulses of a low repetition rate and the one with 100 ns laser 
pulses of a high repetition rate demonstrated almost similar 
LA thresholds and rates. For both cases, LA thresholds 
were about 0.45 ± 0.1 J/cm2. They were lower than LA 
thresholds of tokamak graphite (1 J/cm2 for 5 ns laser 
pulses and 2.5 J/cm2 for 100 ns pulses). The significant 
difference in LA thresholds was found for longer (100 ns) 
laser pulses applied for tile detritiation in our studies. LA 
threshold for a thick deposited layer of ≈ 50 µm thickness 
(TexTor, Garching, Germany) was much lower than the one 
for the backside graphite surface. The contaminated surface 
cleaning without graphite substrate damage might be 
ensured with the appropriately chosen laser fluence. The 
experimental crater depth h (per laser pulse) can be 
described by a linear function of the laser fluence up to  
5 J/cm2. Thus, in this range, h ≈ β(F − Fth), with the 
coefficient β being estimated approximately as  
3 × 10−11 m3/J. This value is considerably higher than the 
one for the backside graphite from Tore Supra. Thus, LA 
efficiency is much higher for a deposited layer than for the 
backside graphite. 
 

 
 
Figure 11: Experimental crater depth versus laser fluence 
for a thick deposited carbon layer from TEXTOR tokamak 
graphite sample with a thick co-deposited carbon layer.  
� - Low repetition rate laser with νL =20Hz, τp = 5 ns. 

� - High repetition rate laser with τL =10 kHz, τp = 100 ns. 
In both cases, λL = 532 nm. Homogenized laser beam. The 
red thick line corresponds to the utmost possible rate of LA 
due to sublimation. Layer porosity pL =55% was assumed 
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The Stefan-like LA model for sublimating materials was 
developed for layer LA. A 1-D approximation is applicable 
for LA on nanosecond time scale. With a good 
approximation, the surface pre-heating by the previous laser 
pulses of a high repetition rate can be taken into account in 
the initial condition to the heat equations. For n-th laser 
pulse, it can be written as T(t = 0, z) = T0 + Tn*( z), where T0 
is the ambient temperature, and Tn*(z) is the medium pre-
heating temperature at the beginning of nth laser pulse. The 
calculations of the temperature profile Tn*( z) can be made 
with the developed 3-D laser heating model [2], [3], [4], 
[5]. If F < Fth, the heating temperature field T(t, z) can be 
described by 1-D version of the standard heat equations [6], 
[7] with the corresponding boundary conditions. If F > Fth, 
three intervals may be distinguished in the whole time 
interval (including laser pulse of duration τp and some time 
after the pulse). With t < t1, the surface temperature 
increases in time up to sublimation temperature TS. With  
t1 < t < t2 , when LA takes place, the surface temperature 
should be set equal to sublimation temperature TS. For 
sublimating materials, a fast removal of the surface matter 
may be assumed during LA. The external surface boundary 
position is given by equation z = zA(t). The Stefan boundary 
condition on the moving surface should be written as: 

( )

( ) ( )
A

L S L A
z z t

T
k T L v t

z
ρ

=

∂ =
∂ , in accordance with the energy 

conservation law [8], [9]. Here, L is the mass specific heat 
of sublimation, ρL is the density, and vA(t) = dzA(t)/dt is the 
speed of LA front. The boundary condition implies that the 
heating temperature is increasing inside the medium. Thus, 
there is no overheating of the subsurface medium over TS 
during LA (figure 12). 
 

 
 

 
Figure 12: Heating temperature in depth distribution for 

different given times τi if F > Fth. Rectangular laser pulses 
with durationτpulse 

 
It was convenient to solve the standard heat equations with 
the Stefan boundary condition in the moving frame with 

coordinate z%  = z - zA(t), where zA(t) = 
0

( )
t

Av t dt∫ . LA 

depth H for a single n-th laser pulse can be obtained by 

integral: 
2

1

2( ) ( ).
t

A A

t

H v t dt z t= ≡∫  Figure 13 presents the 

simulation results as the black curves for 5 ns (a) and  
100 ns (b) laser pulses. 
 

 
 

 
Figure 13: The simulation results of the deposited layer 

ablation obtained with the Stefan-like sublimation model. 
Layer thickness d is supposed as 30 µm. The layer 

parameters and layer/substrate heat transfer coefficient h 
were taken from the pyrometer measurements 

 
The experimental LA depth was approximately 20 times 
higher than the calculated one due to sublimation on the 
external layer boundary. It is also higher than the possible 
maximal LA depth that can be reached within the 
framework of the pure sublimation mechanism of LA. 
Figure 11 presents the maximal possible LA depth as a 
thick red line. It may be described by the equation  
H = (F – Fth)/LρL, where H is the crater depth (per laser 
pulse), L is the mass sublimation specific heat of graphite, 
and ρL = (1 – pL)ρG is the layer density. The comparative 
analysis demonstrated that the experimental LA rate is 
above the possible maximal theoretical one due to the layer 
sublimation/evaporation. Thus, pure sublimation on the 
external surface boundary should not be regarded 
responsible for the experimentally observed LA rates. 
 
A high rate of the layer removal might be attributed to the 
surface layer explosion by a thermal stress induced by 
pulsed repetition rate heating. The maximal depth (where 
the layer is overheated above the sublimation temperature 
TS) should be analysed. The maximal overheating depth as 
a function of laser fluence is shown in figure 13. The two 
corresponding curves (panels (a) and (b)) for two pulse 
durations are almost the same. The maximal overheating 
depth is only twice higher than the experimentally obtained 
LA depth. Thus, the overheating depth is in qualitative (and 
even semi-quantitative) agreement with the experimental 
LA depth. The following conclusions on the layer LA can 
be made. If the actual LA depth is of the order of the 
overheating depth, LA of a thick co-deposited layer can be 
qualitatively close to the “explosive mechanism” of  
LA [10]. It may be associated with a high porosity of a 
thick deposited layer and, as a result, with a lower 
mechanical breaking strength of the layer. When the layer is 
overheated above the sublimation temperature, the intensive 
sublimation can take place inside the layer pores and 
cavities during overheating time that is much longer than 
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the laser pulse duration. Due to the induced inner pressure 
and low breaking strength of the layer substance, the layer 
will be removed from the depth which is of the order of the 
overheating depth. Thus, the resulting ablating substance 
should not be regarded solely as a gas (atomized) phase, but 
rather as a mixture of a gas phase with solid particles and 
even liquid droplets. The intensive micro particle ejection 
during the layer removal was observed in the experiments. 
Thus, the “explosive mechanism” should be more relevant 
for a thick friable deposited layer removal. 
 
 
CONCLUSIONS 

 
A compact optimized laser cleaning system (1.06 µm,  
20 W, 20 kHz, 100 ns) was developed and tested in BeHF 
(JET) environment. Laser detritiation tests on BeHF were 
successfully performed with the JET tiles 3 and 4. A good 
cleaning performance of the laser system was determined. 
Three consecutive scans of the laser beam were sufficient to 
remove the film from the JET tile 4 (~ 100-300 µm film 
thickness). High detritiation performance of the laser 
system was confirmed by the optical and NRA analyses of 
the cleaned zones. The detritiation tests were successfully 
performed with the JET tile 3 of a low (≈10 µm) film 
thickness, but with a very hard deposited film with 
important Be concentration in it. Only 20 minutes were 
required for the complete cleaning of 165 mm ×150 mm 
surface tile. Most of the film removal may be collected as 
micro-particles (still with tritium) by the slit box filter.  
0.3 m2/h removal rate for a 10 µm hard deposit was 
obtained.  
 
The Stefan-like numerical LA model for sublimating 
materials was developed to describe graphite layer removal. 
The experimental LA rate was above the possible maximal 
theoretical one due to graphite layer 
sublimation/evaporation. Thus, the sublimation on the 
external surface boundary should not be regarded 
responsible for the experimentally observed high LA rates. 
The “explosive mechanism” of the matter removal was 
suggested to interpret a high performance of laser cleaning 
of a thick friable deposited layer on CFC tiles. 
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JW6-FT-3.30RHpart 

Task Title: LASER DETRITIATION SYSTEM TESTS IN THE BeHF AND JET 
ENVIRONMENTAL: REMOTE HANDLING ASPECTS 

 
INTRODUCTION 

 
The goals of the substask are:  
 
- To assist Euratom-CEA Association ( Saclay) by means of 

assessments on the feasibility to use the laser tool head 
with remote handling means. 

- To analyse the feasibility of the design of a new scanning 
device which can be operated in ITER relevant conditions 
of temperature, toroidal field and activated environment. 

 

 
 

Figure1: ITER overview 
 

Working in the ITER environment makes the designer deal 
with very harsh constraints. 
 
Ultrahigh vacuum: pressure of 10-7 Pa 
It takes nearly three weeks to get such a high level of 
vacuum. It is thus desired to be able to perform remote 
inspection or handling without breaking the tightness. The 
equipment should stand this value of pressure and 
especially be free of outgasing in order not to pollute the 
vessel. 
 
Working temperature of 120°C 
The lowest temperature that can be achieved when the 
tokomak is switched off is 120°C. Material and equipment 
should stand this condition. 
 
Toroidal magnetic field from 4 to 8 Tesla 
While in operation, the torus is submitted to a very high 
Toroidal magnetic field from 4 T at the outside diameter to 
8 T at the inside diameter. 

 This field is ignited by mean of an intense electrical 
discharge in superconducting coils. It is then self sustained. 
To switch it off, the energy contained in the coils should be 
cancelled which is considered as a great loss. As a 
consequence, the system should be able to work within this 
magnetic field. 
 

 
 

Figure 2: Tokamak schematic view 
 
 
Some problems arise. It is compulsory to use as amagnetic 
material as possible, otherwise they will be submitted to 
undesired forces. For instance ferrous material should be 
avoided. Plastic materials, will be preferred as much as 
possible. 
No permanent magnet will stand such a high induction 
field. They cannot be used to build efficient electrical 
actuator.  
 
 
2006 ACTIVITIES     

 
Year 2006 has been dedicated to the design of a new 
electric motor that could be used within the toroidal field 
and the design of a two axis scanning head that makes use 
of such motors. 
 
DESIGN OF A NEW ELECTRIC MOTOR 
 
In order to move parts inside the vessel, three solutions can 
be considered:  
- Locate the motors outside the torus and make extended 

use of lengthy and complicated mechanical transmissions. 
This is not satisfactory because it will lead to high 
complexity and poor positioning precision due to all the 
non linearities of the transmission. This solution is 
rejected. 

- The use of non electric actuators such as pneumatic or 
hydraulic cylinders. It would be a good alternate solution 
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had not been the ultrahigh vacuum and ultra clean 
environment that must absolutely be protected. There 
always would remain the threat of a leakage which will 
seriously pollute the torus. This solution is rejected too. 

- Build an innovative ironless and magnetless electric 
actuator that uses the toroidal field as a source of 
potential energy. It is our preferred solution. 

 
The detritiation process of the inner wall of the torus is 
performed with a pulsed Ytterbium laser through a two 
degree of freedom scanning head and finally and plan 
focussing lens. 
 

 

 
 

Figure 3: Laser system 
 
It needs at least two actuators in order to perform the X – Y 
motions. 
Next chapter will be dedicated to the design of an actuator 
compatible with the high magnetic field. 
The third chapter will describe the design of the two degree 
of freedom laser scanning head and its integration on a 
remote handling device suited for working inside the torus. 
 
DESIGN OF AN ELECTRIC ACTUATOR 
COMPATIBLE WITH THE HIGH MAGNETIC 
FIELD 
 
The magnetic field in the torus varies from 4T at the outside 
diameter to 8T at the inside diameter. It is a great challenge 
to overcome such a high magnetic field to make a moving 
device. 
Instead of trying to cancel the effects of this field, it sounds 
more sensible to use it as the inductor created by permanent 
magnet, and located precisely in the air gap, to the wide 
spread toroidal field 
 
Theoretical design 
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Figure 4: Electromagnetic 

Force 

The electrical wires are 
submitted to the Laplace 
force given by 

BldiFd
rrr

∧= .  

The vector F is perpendicular 
to the vectors B and i. 

)sin(... αBliF =  

In particular if B and L are 
aligned the force vanishes. 

 

Unless an electrical conductor crosses all the volume 
submitted to the magnetic Field B, which will not be easy, 
it is impossible to create a pure force. 
A wire will most likely make a curl, and the direction of the 
current will be the opposite in the two sides of the wire, 
thus creating a torque. 
This torque will be used to design a DC like permanent 
magnet motor as shown in figure 5. 
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Figure 5: DC motor principle 
 
The Laplace force F on the wires creates a torque T given 
by: 

FRT
rrr

∧=2  Équation 3 
 

( )BliRT
rrrr

∧∧= .2  Équation 4 

 

( ) ( )θα sinsin....2 BliRT =   Équation 5 

 
Equation 5 shows clearly that in order to get a torque it is 
necessary that: 
- The rotation axis of the rotor and vector B are not aligned 

(θ≠0) 
- The plane of the wire is not aligned with F (α≠0) 
 
First point means that the motor cannot be oriented 
anywhere with respect to the direction of the magnetic field. 
One way to overcome this could to have a special 
arrangement of several motors mechanically linked together 
and working accordingly to their respective orientation with 
the magnetic field. 
 
Second point shows that it is necessary to have several coils 
(let say three at 120° each) with electronic commutation in 
order to assure that θ will always be nonzero for at least one 
conductor. 
 



 - 307 - EFDA Technology / JET Technology / Fusion Technology 

Shape of the rotor 
 

 
 

Figure 6: Possible design of a 3 phases rotor 
 
Figure 6 shows a possible design of a three phases rotor 
which looks like the one of a universal motor. The position 
of the rotor must be known, so the position sensor which is 
usually used to control the axis is also necessary to control 
the distribution of the current in the phases. The current will 
have the shape of three sinusoids, with an offset of 120 
degree. 
 
It should be remembered that unlike conventional device, it 
should be made out of amagnetic material, which should 
not outgas in ultra high vacuum at the working temperature 
 
Specifications 
 

 
 

Figure 7: Existing scanning head 
 
The step response time gives us the required acceleration. 
We assume that:  
- The full scale angle is 0.7 rad( twice typical angle scan) 
- The step response time is given for a bang – bang 

trajectory (full constant acceleration, full constant 
deceleration) 

 
Then the acceleration is given by:  

2

4

t

x
acc =

  and t

x
v

4
max=

 with t=0.4ms for x=7 mrad 
and t=1.2ms for x=70mrad. 
 
x (rad) t (s) acc (rad/s²) v max (rad/s) (tr/mn) 
0,007 0,0004 175000 70 668 
0,07 0,0012 194444 233 2228 

 

It gives an acceleration comprised between 175krad/s² and 
195krad/s² 
The scanning patch of the laser is a 100x100mm square 
located at distance of 500mm of the lens. Thus the scanning 
angle is nearly ±6°, and we will consider ±7.5° in the 
following calculus. 
 
Parametric design of the actuator 
 
The angular acceleration is given by the ratio between T the 
torque of the motor and J the inertia of all the rotating parts. 

J

T
acc =
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Figure 8: Calculation of the torque of a coil 
 
The torque exerted on a coil within a magnetic induction B 
is given by: 

BMT
rrr

∧=  

)sin(.. αBMT =  

Where B is the magnetic of the coil 
AiNM ..=  

 
N: number of turns 
i: current (A) 
A: area of the coil (m²) 
 
j: current density (A/m²) 
S: cross section of the coil (m²) 
 
N.i = j.S 
 
Calculation of the inertia 
 
In reality the coil will not be a cylinder but a parallelepiped 
as shown in figure 9. 
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Figure 9: Coil shape 
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It is clear that the dimension of the coils and their location 
are influential on both torque and inertia. 
 
Since they are other pieces with odd shape and inertia, 
which are directly given by the CAD design it is not 
possible to find the best dimensions simply by solving an 
equation. 
 
Hand made optimisation has to be used. 
 
We have come to a solution which at first looks, fulfil the 
requirements. 
 

 
 

Figure 10: The motor 
 
This motor is 18x18x35 mm3. 
It can achieve the prescribed acceleration of 2.105 rad/s2. 
Its electric power is 1W. 
It should be equipped with a position sensor to control the 
rotation. 
 
It should be made out of amagnetic material, such as Vespel 
(high strength and temperature thermoplastic). The ball 
bearings will be of the full ceramic type. 
 
The scanning device 
 
We will now investigate the design of the two DOF 
scanning device. 
The major constraint we are facing is the impossibility for 
an electric motor to deliver torque when its rotating axis is 
tangent to B. 

B

xy
z

Laser beamOrthogonal
gears

Quick scan

Slow scan

 
Figure 11: Draft of the scanning head 

 
Figure 12: Magnetic Induction in the torus 

 
The cross section of the torus lies in the YZ plan while X is 
tangent to B. 
We assume that it is possible to carry the laser, and thus the 
beam comes down along the z axis of the drawing and goes 
out nearly along the Y axis. 
 
In order to reach all the orientations, a rotation around Z 
should be possible. That’s why we have chosen to align the 
two motor axis along Z. This prevents to get one motor 
aligned with B (X). Another motor, simply linked to 
plateform with a Z rotating axis will work. It is not depicted 
on the sketch. 
 
To create a rotation around Y it is necessary to use 
orthogonal gears to modify the direction of the motion.  
This will increase the friction and the inertia of that motion 
and will be devoted to the slow scanning motion while the 
other axis, with a simple direct kinematics, will be used for 
the high frequency scanning. 
 
In order to reach all the points of the torus cross section, a 
rotation around X should be performed, since the scanning 
angle is limited to 15°. Like the rotation around Y, it should 
use an orthogonal gearing pair and motor aligned with Z. 
Like the other it does not need to be quick. 
 
INTEGRATION OF THE LASER TOOL IN JET 
 

 
 

Figure 13: Overview of the complete RH system 
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Preliminary geometric simulations have been performed to 
investigate the global behaviour of the complete remote 
handling system. 
They have shown that a two arm handling is a good 
solution. It allows for reaching nearly all points of the inner 
wall of the torus.  
 
But a lot of remain, to be done to translate the principle of 
the motors of the scanning head to the arms. 
 
 
CONCLUSIONS 

 
In-vessel remote handling tasks are of great importance to 
allow a multi year running of ITER. For time and energy 
consideration, it has been decided that the toroidal field will 
not be switched off. This leads to tough constraints on the 
design of the remote handling systems. 
 
Classical solutions using hydraulic or pneumatic motor are 
prone to leak and thus are rejected. Keeping all the 
motorization outside the vessel will lead to very complex 
mechanical transmission which are likely to create 
difficulties for both control and design. They are rejected 
either. 
 
At first look, it seemed impossible to use electric motor 
within such a high magnetic field, because it would 
overcome any local magnetic field and furthermore all 
conventional electromagnetic metal would be saturate and 
permanent magnet would be demagnetised. 
 
Instead of trying to fight against the toroidal field, we 
proposed to use it as the inductor and a special electric 
actuator has been designed.  
Our first calculations have shown that it is possible to reach 
the acceleration needed to operate the high frequency 
scanning motion for the laser beam. 
 
However, such an electric motor will not deliver any torque 
if its rotation axis is tangent to the field. We have found 
several designs that deal with this problem and we have 
devised a two degree of freedom scanning head. 
 
Lastly we began to investigate the design of a complete 
remote handling system. A two arm tool seems to be a good 
solution but a lot of work has yet to be done to implement 
the electric motor solution in the whole system. 
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JW6-FT-4.8-D1 

Task Title: INFRARED ACTIVE THERMOGRAPHY FOR SURFACE LAYER 
CHARACTERIZATION:  
LASER HEATING AND LASER ABLATION METHODS  

 
INTRODUCTION 

 
Plasma fusion technology faces the crucial importance of 
in-situ analysis and rapid deposited layer characterization 
(without protective tiles disassembling). The deposited 
layers result from the inner surfaces erosion and sputtering 
from tokamak walls and protective tile surfaces. Laser 
heating (LH) and laser ablation (LA) for deposited layer 
detritiation was applied in our studies (CEA-Saclay, 
DPC/SCP/LILM) [1]. A 3-dimensional numerical model 
of graphite deposited layer heating by a pulsed high 
repetition rate laser beam has been developed to determine 
the temperature of the heated surface with a high temporal 
and spatial resolution [2], [3], [4], [5]. The active surface 
pyrometry can provide both qualitative and quantitative 
data on the first layer and the interface with the substrate. 
For the given optical and thermo-physical parameters of 
materials, it is possible to fit the theoretical model data 
with the experimental results to assess certain unknown 
parameters of the first layer (thermal contact resistance, 
diffusivity, thickness, porosity,…). The development of 
the experimental device for deposited layers 
characterization (depth, adhesion) by active laser 
pyrometry was stated as the goal of our studies. Deposited 
layer characterization was the main objective of our 
studies in 2006. 
 
 
2006 ACTIVITIES  

 
For deposited layers characterization, the pyrometer 
measurements were made in DPC/LILM laboratory  
(CEA-Saclay). The pyrometer system based on an Impac-
Kleiber C-LWL infra-red pyrometer was developed  
(figure 1). A Nd-YAG laser (2nd harmonic, 100 ns laser 
pulses) provided 10 kHz high repetition rate LH. The 
pyrometer parameters were as follows: 600−2600K 
temperature range, 1.8−2.2 µm spectral sensitivity range, 
15 µs response time (t99%). The laser fluence F of a 
homogenized laser beam on the surface was about 0.3 
J/cm2, with 6 mJ laser pulse energy Ep, and 1.5 mm laser 
spot diameter. The pyrometer measurements on plasma-
facing surface of graphite tiles with deposited carbon 
layers were performed for TEXTOR tile (figure 2) in a 
number of zones with the evident visual difference in the 
deposited layer properties (thickness, friability, thermal 
contact with the substrate). 
 

 
 

Figure 1: Experimental installation for deposited layers 
characterization by laser pyrometer method 

 
Panels (a)-(i) of figure 3 demonstrate that the visually 
estimated layer thickness is in agreement with the gradual 
modification of the temperature traces with the increase in 
the pre-heating (minimal heating) temperatures. The LH 
temperature traces on the zone without the deposited layer 
and the one that has been deeply ablated by 10 laser scans 
(figure 3, panels (a) and (b), respectively) are quite similar. 
Both the temperature traces demonstrate a slow implicit 
increase of the minimal heating temperature. This is in a 
good qualitative agreement with the bulk graphite 
properties. The case of figure 3 (c) with a very thin 
deposited layer is more informative, because the minimal 
heating temperatures are very close to the minimal 
pyrometer threshold temperature by the end of 100th-pulse 
LH. Thus, it is possible to compare the modelling and the 
experimental results and to estimate some layer 
parameters. 
 
 

 
 

Figure 2: The plasma-facing surface of the TEXTOR 
tokamak tile from ALT-II (Advanced Limiter Test II) tile 
from isotropic graphite (Toyo Tanso, IG-430U) with a 

deposited carbon layer of different thickness dependent on 
the tile zone: (a) - no deposited layer, (b) - laser ablated 
zone by 10 scans, (c) - a very thin deposited layer, (d) - 

laser ablated zone by 1 scan, (e) - a thin deposited layer, 
(f) - a moderate deposited layer, (g) - a medium deposited 

layer, (h) and (i) - a thick deposited layer 

Graphite 
target 

Nozzle 
and 

Objective 

Nd-YAG laser fiber 

Pyrometer objective 

Pyrometer fiber 

X-Y scanner 
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LH temperature traces with the pre-heating temperatures 
which are well above the minimal pyrometer temperature 
limit are presented on panels (d), (e), and (f) of figure 3. 
The pre-heating temperatures on panels (e) and (f) are very 
stable from 20th and 30th laser pulse, respectively. It might 
be associated with incorrectness of the pyrometer 
temperature measurements when the maximal heating 
temperature was about or higher than the pyrometer 
maximal temperature limit. Thus, only the initial part of 
the laser heating trace is applicable for the experimental 
and calculated data comparison.  
The experimental results of panels (g), (h) and (i) of  
figure 3 correspond to a rather thick deposited layer. The 
heating temperature increases very quickly, and it is very 
high already by thirty laser pulses. These results are 
reproducible (see figure 3 (g), where two measurements in 
the same tile zone may be well superimposed). After the 
laser is switched off, the temperature decrease depends on 
the tile zone. It might be attributed either to the layer 
thickness or the layer/substrate heat contact. 
High repetition rate LH temperature traces in our 
investigations were demonstrated to depend strongly on 
the deposited layer properties. Thus, the comparative study 
of experimental and calculation data allows to extract 
some deposited layer properties to characterize the layer. 
The experimental temperatures of figure 3 were compared 
with the theoretical ones obtained with the 3D-computer 
model of surface heating. To simulate LH of the deposited 
carbon layers, one should know the bulk graphite substrate 
thermal properties, the layer thermal and optical 
parameters, its thickness and adhesion with the substrate.  

Generally, these parameters for carbon deposited layers are 
unknown. Assuming that the layer substance is the same as 
tokamak graphite sputtered from the graphite wall eroded 
due to high temperature plasma heating and then re-
deposited, it is reasonable to estimate some layer 
parameters (volume specific heat capacity cL, laser 
absorption coefficient αL, reflectivity coefficient RL) 
through the corresponding reference graphite parameters 
c0, α0, R0 and layer porosity pL, assuming the linear 
dependence on density (porosity) for volume specific heat, 
laser absorption coefficient, and refractive index. The 
tokamak graphite properties are as follows: porosity pG = 
25%, the mean volume specific heat cG = 2.5MJ/(m3·K), 
the mean laser absorption coefficient αG = 2 µm-1, the 
mean reflectivity RG = 0.22, and the mean thermal 
conductivity coefficient kG = 60W/(m·K) [5]. The 
calculation results of LH of the tokamak graphite surface 
with these thermal and optical parameters are presented in 
figure 4. Here, the pre-heating temperatures are lower than 
the pyrometer low temperature limit. For the graphite 
surface without a deposit and the one where the deposited 
layer has been completely removed by LA (figure 3 panel 
(a) and (b), respectively), the experimental results are in a 
complete qualitative agreement with the calculations on 
LH for pure tokamak graphite surface. In both cases, the 
calculated peak heating temperature is higher than the 
experimental one. This is associated with a rather long 
response time of the pyrometer (∼ 100 times longer than 
100 ns laser pulse duration). 
 

 

 
 

Figure 3: The panels (a)-(i) present the results of the pyrometer measurements on LH of plasma-facing surface of graphite tile 
from TEXTOR tokamak on different zones on the tile (refer to figure 2).  

Laser parameters: λ = 532 nm, ν = 10 kHz, τ = 100 ns, Ep = 6mJ, F = 0.3 J/cm2 
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For the deposited carbon layer, layer porosity pL, layer 
thermal conductivity coefficient kL, thermal resistance of 
the layer/substrate interface h, and layer thickness d 
should be considered as adjusting parameters and be 
defined from the LH experimental and corresponding 
theoretical data fitting. However, for a rather thin layer, it 
is not possible to determine separately the layer thickness 
and porosity. The layer thermal properties are defined by 
its total heat capacity, that is, by the product (1−pL)d. 
Some assumptions on the layer porosity should be applied. 
For a thin layer, it is reasonable to assume that the porosity 
is low (at least, not exceeding the bulk graphite porosity of 
25%). Even a lower porosity should be considered, taking 
into account the graphite sputtering and atomization 
resulting from high-temperature plasma. Thus, for a thin 
deposited layer, our LH simulations were made with the 
assumed pL = 0. 
 

 
 

Figure 4: LH pyrometry data for the completely ablated 
carbon layer zone (by 10 scans) on the TEXTOR tokamak 

tile ((b) on figures 2 and 3) versus the theoretical 
calculations for LH of the graphite surface with the bulk 

tokamak graphite properties 
 
Figure 5 presents LH simulation results for a rather thin 
carbon layer deposited on TEXTOR tile. A good fit of the 
experimental result was made for the following layer 
parameters: pL = 0, d = 5 µm, kL = 0.7 W/(m·K),  
h = 250 kW/(m2·K). Here, the layer/substrate heat contact 
is rather good. The layer thermal conductivity is small 
(much smaller than the thermal conductivity of the bulk 
graphite). The simulation and experimental results are in a 
good agreement both for the whole temperature trace and 
cooling curves between two consequent pulses. 
 

 
Figure 5: Laser heating experimental pyrometry data for 
the zone on TEXTOR tokamak tile with a thin deposited 

carbon layer (panel (c) of figure 3) versus the theoretical 
calculations for the laser heating of the graphite surface 

with a deposited carbon layer with pL=0, d=5 µm, kL=0.7 
W/(m·K), h=250 kW/(m2 K) 

Figure 6 presents LH simulation results for the temperature 
trace from panel (d) of figure 3. This tile zone with a 
carbon deposit has suffered 1 LA scan. Thus, a residual 
layer might be on the surface. The experimental and 
calculation results are in a good agreement both for the 
whole profile and cooling curves between two consequent 
pulses for the following layer parameters: pL  = 0, d = 1.7 
µm, kL = 0.4W/(m·K), h = 60 kW/(m2·K). The initial layer 
thickness in this tile zone was much thicker (of the order a 
few tens of microns). The simulation results show that 1 
scan LA has almost removed the layer from the graphite 
surface, leaving only a few-micron residual layer. The 
residual layer thermal conductivity is of the same order as 
the one of zone (c), but the heat contact with a substrate is 
worse. The poor reproducibility of the pre-heating 
temperature can be attributed to the inhomogeneity of the 
ablated zone.  
 

 
 
Figure 6: Laser heating experimental pyrometry data for 

the partially ablated carbon layer (by 1 scan) on the 
TEXTOR tokamak tile (panel (d) of Fig. 2) versus the 
theoretical calculations for the laser heating of the 

graphite surface with a very thin deposited carbon layer 
with pL=0, d=1.7 µm, kL= 0.4 W/(m.K), h=60 kW/(m2 K). 

White dash curve shows the theoretical pre-heating 
temperatures 

 
Figure 7 presents LH simulations for the temperature trace 
from panel (e) of figure3. This tile zone with a carbon 
deposit corresponds to a rather thin deposited layer. The fit 
was made with the initial LH data. The extreme stability of 
the experimental pre-heating temperatures can be 
attributed as artefact to the pyrometer properties 
(pyrometer photocurrent saturation at the temperatures 
above the pyrometer top temperature limit). The 
experimental and calculation results are in a good 
agreement both for the whole profile and cooling curves 
between two consequent pulses for the following layer 
parameters: pL  = 0, d = 3.8 µm, kL = 0.2W/(m·K),  
h = 100 kW/(m2·K). Here, the layer thickness and the 
thermal conductivity are lower. The layer/substrate heat 
contact is also worse.  
LH simulation of figure 8 was made for the temperature 
trace from panel (f) of figure 3, where the heating 
temperature is twice higher than the one in figure 6 and 
figure 7. The fit was made with the initial LH 
temperatures. The experimental and calculation results are 
in a good agreement for the following layer parameters:  
pL = 0, d = 10 µm, kL = 0.4W/(m·K), h = 60 kW/(m2·K). 
In accordance with visual observations, the layer thickness 
is higher, but both the thermal conductivity and the 
layer/substrate heat contact are of the same order as in all 
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the previous cases. The uncertainty in the layer porosity 
results in the uncertainty in the layer thickness.  
If pL = 25%, the estimated layer thickness could be only ≈ 
13 µm (30% higher). Thus, for a rather thin layer (less than 
ten microns), when the expected layer porosity does not 
exceed the one of the bulk graphite (25%), the layer 
thickness and other layer parameters can be estimated with 
a sufficiently good accuracy. 
For a thick deposited layer (a few tens micron thickness), 
the layer porosity might be expected higher than the bulk 
graphite porosity of 25%. Figure 9 presents the LH 
simulation for different assumed layer thicknesses versus 
the experimental temperature trace from panel (h) of figure 
3. For the layer thicknesses (from 11.5 µm with pL = 0 up 
to 50 µm with pL = 69%), a good fit (both for the initial 
pre-heating and for relaxation temperature curves after the 
laser is off) can be obtained. The curvature of the pre-
heating temperature trace is defined by the layer porosity 
pL, while the slope of the relaxation curve tail (after the 
laser is off) is defined mainly by the heat transfer 
coefficient h. The heating temperature scale is defined by 
the layer thermo-conductivity kL. The dependence of three 
adjusting parameters from the assumed layer thickness is 
shown in panel (d) of figure 9. Depending on a thickness, 
the layer porosity pL  was the most changing variable 
(approximately 1−pL∼∼∼∼d−1). However, the adjusted layer 
porosity depends highly on the layer thickness. A good fit 
of the experimental results can be obtained in a wide range 
of assumed layer thickness. Thus, the layer density 
(porosity) should be known to estimate the layer thickness 
from pyrometer measurements. Or, vice versa, one should 
know the layer thickness to estimate the layer porosity. 
With optical microscope measurements, the thick layer 
thickness on TEXTOR tile was determined as 30−50 µm. 
For the case of figure 9, these measurements correspond to 
the layer porosity of 50−70%. If the reasonable thick layer 
porosity is assumed as 50%, the layer thickness in the zone 
corresponding to figure 9 might be deduced as being of 
about 30 µm.  
Thermal conductivity and heat contact are not highly 
affected by the assumed layer thickness. Thought the layer 
thermal conductivity is of the same order as it was for a 
thin layer (of the order of a few tenth of W/(m·K), the 
layer/substrate heat contact is much worse (h is 
approximately 10 times lower).  
 

 
 
Figure 7: Laser heating experimental pyrometry data for 
the zone on TEXTOR tokamak tile with deposited carbon 

layer (panel (e) of figure 3) versus the theoretical 
calculations for the laser heating of the graphite surface 

with a deposited carbon layer with pL=0, d=3.8 µm, 
kL=0.2 W/(m·K), h=100 kW/(m2·K). White dash curve 

shows the theoretical pre-heating temperatures 

 
 

Figure 8: Laser heating experimental pyrometry data for 
the zone on TEXTOR tokamak tile with a deposited carbon 

layer (panel (f) of figure 2) versus the theoretical 
calculations for the laser heating of the graphite surface 

with a deposited carbon layer with pL = 0, d = 10 µm, kL = 
0.4 W/(m K), h=60 kW/(m2 K). White dash curve shows the 

envelope of theoretical pre-heating temperatures 

 
The similar analysis can be made for the results of  
figure 10 corresponding to the TEXTOR tile zone close to 
the one of figure 9. However, the layer properties are 
different. The heat contact with a substrate is worse, as h is 
twice lower. The reasonable layer porosity of 50% 
corresponds to a higher layer thickness of ≈ 40 µm. The 
thermal conductivity is approximately the same  
(kL ≈ 0.3W/(m.K)). 
 

 
 

Figure 9: Panels (a), (b) and (c): LH calculation results 
versus LH experimental pyrometry data for the zone on 

TEXTOR tokamak tile with a thick deposited carbon layer 
(panel (h) of figure 3) for different assumed layer 

thicknesses d: 20, 30 and 50 µm, respectively. Panel (d): 
dependences of three adjusting parameters (pL, kL and h) 
on assumed layer thickness. White dash curve shows the 

theoretical pre-heating temperatures 
 
The results of our investigations demonstrated that the 
comparative characterization of different zones on the 
surface with deposited carbon layers is quite possible. 
However, the knowledge of the layer density is required to 
determine the layer thickness. 
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Figure 10: Panels (a), (b) and (c): LH calculation results 
versus LH experimental pyrometry data for the zone on 

TEXTOR tokamak tile with a thick deposited carbon layer 
(panel (i) of figure 3) for different assumed layer 

thicknesses d: 20, 30 and 50 µm, respectively. Panel (d): 
dependences of three adjusting parameters (pL, kL and h) 
on assumed layer thickness. White dash curve shows the 

pre-heating temperatures 
 
For zones (i) and (h) (figures 9 and 10), the carbon layer 
thermoconductivity is very low, if compared with the bulk 
graphite thermoconductivity. Thus, it is possible to 
perform fast 1D-calculations, which are quite relevant in 
this case due to a strongly suppressed radial heat diffusion. 
The results obtained with the time consuming 3D-
calculations were similar to those made with 1D-
simulations. 
 
 
CONCLUSIONS 

 
The active thermography method (laser pyrometer) was 
applied for carbon deposited layer characterization. A 
number of zones with different deposited layers were 
selected on the TEXTOR graphite tile for characterization 
with the developed 3D-numerical model of complex 
surface heating. The experimental and theoretical results of 
our investigations were compared and fitted to characterize 
the deposited layers. For a surface layer with completely 
unknown properties (thermal capacity and conductivity, 
layer adhesion, thickness and porosity), there is 
uncertainty in the layer thickness measurements. For layer 
thickness determination, at least one of the above 
mentioned layer properties should be known. For example, 
with the known layer porosity, one can obtain the other 
layer characteristics (thickness, thermal capacity and 
conductivity, thermal contact with a substrate) by the laser 
pyrometer method.  
 
The layer thickness in different zones of the deposited 
layers of TEXTOR graphite tiles was measured. The 
selection of the zones on the tile for our investigations was 
made to ensure the comparative analysis of the pyrometer 
measurements with the independent measurements by 
lock-in thermography made in CEA-Cadarache (DRFC). 
The comparative analysis of the results obtained with laser 

pyrometer and lock-in thermography method is stated as 
an objective of our investigations in 2007.  
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Task Title: INFRARED ACTIVE THERMOGRAPHY FOR SURFACE LAYER 
CHARACTERIZATION:  
LOCK-IN THERMOGRAPHY NDT APPLIED TO CO-DEPOSITED 
LAYERS 

 
INTRODUCTION 

 
This task is a collaborative work inside our Association 
between LILM laboratory (CEA/DPC/SCP, Saclay) and 
CEA/DRFC, Cadarache. Here is presented the work of 
DRFC only. 
LILM apply pyrometer measurements on components 
submitted to pulsed high repetition rate laser beam heating. 
The experimental results are compared with the theoretical 
data obtained with a 3D-computer model for surface 
heating, with the aim of co-deposited layers 
characterisation. 
DRFC/SIPP (CEA-Cadarache) presents in this paper the 
results of Non Destructive Examination (NDE) performed 
with the lock-in thermography technique on a selection of 
samples with co-deposited layers. Cartographies show the 
areas where heat transfer is weak, which gives in other 
words the deposit pattern. An attempt of quantitative 
deposit characterization is done. Qualitative and 
quantitative data are utilised by LILM lab for a crosscheck 
with the pyrometer method and 3D code. 
 
 
2006 ACTIVITIES 

 
LOCK-IN THERMOGRAPHY DESCRIPTION 
 
Lock-in principle 
The Lock-in thermography is a NDE based on propagation 
into the material of a thermal wave (figure 1). 
 

Thermal 
Contact 
Resistance

Modulated 
Heat Flux

Substrate

Thin surface layer

 
 

Figure 1: Thermal waves propagation 

 
This technique is based on an external sinusoidal thermal 
excitation generated by a set of modulated halogen lamps. 
The thermal response of the inspected component is 
recorded with the help of an infrared device. The phase-
shifting and magnitude of the response, which are 
calculated by means of synchronous demodulation with 
the excitation, depends on the thermal diffusivity along the 
heat path, thus on the presence of cracks failure into the 
component, or on the presence of surface layer (coating, 
deposit...). 
 

The shape of a typical thermal response signal is presented 
figure 2. 

 
Figure 2: Surface temperature under periodic flux,  

and Lock-in outcome 
 
The main advantages of the Lock-in method is that the 
phase-shift is independent of flux homogeneity and surface 
emissivity, and can be recorded in transient or stationary 
regime (steady-state temperature). 
 
Lock-in test bed 
 

 
Figure 3: CEA/DRFC Lock-in test-bed 

 
The figure 3 illustrates the experimental test bed which has 
been setup in CEA/DRFC. It is equipped with an infrared 
camera (CEDIP MW Jade III, 320*240 frame), a set of 8 
halogen lamps powered by a regulator, an electronic 
device synchronizing the IR frames with the reference 
signal supplied by a function generator. 
A computer loaded with the dedicated CEDIP ALTAI-LI 
software monitors the camera and the synchronization box, 
calculates the demodulation for each pixel of the IR 
frames, stores and displays the cartographies of phase-shift 
and magnitude. 
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MODELLING 
 
A 1D theoretical model has been developed to simulate the 
thermal behaviour of a component submitted to a 
periodically modulated heating, for an isotropic 
homogeneous material. The 1D model is suitable in this 
framework because the study is focused on thin deposited 
layers characterization. It is based on the thermal 
quadrupoles method, which uses the Laplace transform.  
Presented figure 4 is an example of calculation output for a 
graphite tile:  
- Thickness 10 mm, 
- Diffusivity 70·10-6 m2·s-1, 
- Conductivity 100 W m-1·K-1 
 

 
Figure 4: Thermal response simulation for a graphite tile 
+ co-deposited layers with thickness = [0; 5; 50 µm] 
 

 
Figure 5: Example of thermal response measured on a 

pixel with the IR camera on a graphite tile + co-deposited 
layers 

 
The comparison of the simulation outcome (phase-shift, 
magnitude and slope) to the experimented curves  
(figure 5) could be used for characterization of the layer 
parameters. Actually the slope is of no interest because it 
is almost identical on the whole surface whatsoever the 
deposit thickness. This is due to the cross diffusivity which 
renders the temperature homogeneous all over the tested 
sample in a few seconds. 
 
To the contrary, phase-shift and magnitude vary strongly 
with the deposit characteristics and the way it is attached 
to the surface, i.e. the Thermal Contact Resistance (TCR). 
Signification of TCR values (K.m2/W): 
 < 10-5 = good thermal contact 
 >10-5 & < 10-3 = poor thermal contact 
 10-3 = bad thermal contact (almost no contact) 
 
The figure 6 shows the influence of 2 kinds of surface 
layer: a dense deposit with no porosity (same thermal 
parameters as the bulk tile graphite), and a porous deposit 
with 90% porosity. In that case, the deposit conductivity is 
proportional to (1-porosity). 
 

 
 

 

Figure 6: Theoretical Phase-shift and Magnitude Vs 
Deposit thickness and TCR, for 2 deposit porosity ratios 

 
In the case of a thin deposited layer with a lower 
conductivity than the substrate, the layer mainly acts as a 
thermal resistance, the effect of its heat capacitance being 
almost negligible. Thus, the modification of the phase-shift 
and magnitude can be due either to the thickness of the 
deposit, or to its thermal resistivity, or to the thermal 
contact resistance between the layer and the substrate (if 
the contact is not good). 
 
EXPERIMENT 
 
Parameters 
Main parameters used for the tests: 
-Heating frequency = 0.7 or 1.8 Hz 
-Thermal flux density ≈ 5 kW/m2 

- Distance camera -> sample = 1m 
-Transient regime or stationary regimes 
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The 0.7 Hz frequency is usually used for NDE of 
components, and was first tested on the samples. However, 
to analyse thin layers on substrates, it is more convenient 
to use a higher frequency, to reduce the penetration depth1 
of the thermal wave, and to consequently increase the 
accuracy. 
 
Due to the low response time of the heating device 
(halogen lamps), a frequency higher than 4 Hz is not 
achievable. Furthermore, the magnitude of the thermal 
wave decreases with 1/f, which is detrimental for the 
signal/noise ratio. Finally, a frequency of 1.8 Hz is chosen. 
Transient and stationary regimes have been acquired. For 
the stationary regime, the steady-state temperature is about 
95°C, and is reached after approximately 15 minutes. 
 
Sample 
Some different samples have been tested: (Graphite + co-
deposited layer, Inconel + graphite layer, CFC + 10 µm W 
coating, CFC + 200 µm W coating). The choice of these 
samples aimed to validate the pyrometer method 
characterization on different kinds of materials and layers. 
 
The most interesting one is presented here. It is a graphite 
tile from TEXTOR tokamak (figure 7), which is  
non-uniformly covered by co-deposited layers of different 
kinds. Two areas have been cleaned using laser ablation. 
 

 

Figure 7: Front view of TEXTOR tile n°1 
 
Results 
The stationary regime gives the best-contrasted phase-shift 
cartographies whereas it doesn't change significantly the 
results compared to the transient regime. 
An offset is applied on the phase-shift to obtain the 
theoretical value of -45°2 on the most clean surface (A 
zone). 
 
The coloured scales are the same as figure 6 to enable 
visual comparison. 
 

                                                 
1 In a homogeneous medium, the skin thickness µ= Λ/2π, 
 faπ4=Λ  being the thermal wavelength. 

For a depth lower than 3µ, the thermal wave is insignificant. 
For graphite, the skin thickness is ≈ 3 mm at 1.8 Hz. 
 
2 for an infinite uniform wall, or a finite wall thicker than 3µ 

 

Figure 8: TEXTOR tile°1, Magnitude & Phase-shift under 
modulated stationary regimes 

 
The trend of phase-shift and magnitude on co-deposited 
layers is consistent with simulation: 
Magnitude cartography: The peaks in magnitude show the 
strongest deposit areas. The maximum reaches 3°C on 
certain zones (noted D) where flakes or delaminated 
deposit are observed. The difference between the 2 ablated 
zones can only be distinguished if the magnitude scale is 
saturated. 
Phase-shift cartography: The deposits give sky blue to 
orange areas. It is obvious that some deposit remains on 
the 1 scan ablation zone. On the contrary, the 10 scans 
zone seems to have recovered its original surface without 
deposit. 
 
THERMAL PARAMETERS IDENTIFICATION 
 
Preamble 
The Lock-in thermography used in this study is a 
qualitative test used in NDE applications. The attempt of a 
quantitative deposit characterization has been performed 
here with the aim of crosschecking data with the 
pyrometer method and its 3D model. It can not be reliable 
quantitative method for the following reasons: 
 
- At least four frequencies should be used (e.g. 1; 10; 

1000; 10000 Hz) to solve the number of parameters to be 
determined (thickness, diffusivity, conductivity, thermal 
contact resistance), that's out of the lamps range. 
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- For a given sample, phase-shift and Magnitude values 

strongly depend on: sample/lamps distance and 
orientation, sample temperature and cooling 
(convection), lamps temperature (parasitic IR radiation), 
acquisition parameters and demodulation algorithm. 

 
- Magnitude also depends on thermal flux level and 

homogeneity (lamps give a Gaussian flux), and sample 
surface emissivity 

 Note: with a very stringent and rigorous test procedure, 
we obtain a good repeatability, which is convenient for 
NDE applications, but not always match with the 
theoretical model.  

 
- The 1D model is convenient for large surfaces with the 

same features. On the contrary, for heterogeneous 
surfaces with small flakes for example, the cross 
conductivity modify significantly the thermal behaviour, 
and the 1D model is not convenient any more.  

 
Selection of calculated zones 
The graphs figure 8 are used to identify the zones with the 
same kind of deposit features, which will be identified 
with comparison to the 1D quadrupole model. Four 
different kinds of zones are visible: 
 
- Zone A: no deposit, original clean surface or surface 

cleaned after 10 laser scans  
- Zone B: deposit with small flakes, which seems to be 

well adherent to the surface 
- Zone C: almost no deposit, 1 laser scan surface or surface 

where deposit is removed (peeling) 
- Zone D: strong deposit, seems to be not adherent at all to 

the surface 
 
Comparison to model 
The quadrupole model is used to determine the deposit 
characteristics. This is done "manually", using the 3D 
graphs on figure 6. It is obvious that there are many 
solutions for each couple of values (phase-shift, 
magnitude) and that this method is not suitable for a 
reliable quantitative deposit characterisation. In particular, 
one can observe that the deposit has no influence on both 
phase-shift and magnitude if its thickness is lower than 
100 µm and if it is well adherent onto the bulk graphite 
(good thermal contact), even if it is porous. Consequently, 
the visual aspect of the surface (figure 7) helps to complete 
the following table: 
 
 
Zone 

Phase
-shift 
* 

Magnitude 
* 

Deposit 
Thickness 

Deposit 
Porosity 

Deposit 
Adherenc
e 

Comment 

no deposit no 
porosity 

A -45° low 

<10µm porous 

 
good 

 
Original surface 

B -10° medium 5 – 50 µm low 
porosity 

poor Thin dense 
deposit, well 
attached to the 
surface 

C -30° low 0 - 100 µm 
(undeter-
mined) 

low or 
high 
(undeter
-mined) 

poor Probably a 
covering thermal 
resistance due to 
surface 
roughness rather 
than a deposit 

≈ 200 µm high 
porosity 

poor D -55° high 

≈ 20 µm low 
porosity 

bad 

Thick deposit, 
almost not 
attached to the 
surface 

 

         *: mean value calculated from figure 8 

CONCLUSIONS 

 
The Lock-in cartographies performed on different samples 
highlight the contrast between raw surfaces and deposits. 
The contrasts displayed have helped the choice of the areas 
to be investigated with the pyrometer method. 
 
The qualitative characterization performed on TexTor tile 
is hazardous, and should not be taken has a reliable 
method, but is interesting for the cross checking with the 
pyrometer method characterization and its 3D model 
performed by CEA/DPC/LILM, Saclay. 
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JW6-FT-4.9

Task Title: GLOW DISCHARGE IMPROVEMENTS FOR JET

INTRODUCTION

In tokamaks, machine dedicated to the study of
thermonuclear fusion by magnetic confinement, the
conditioning of the vacuum chamber is a key factor.
Various types of plasma discharges are used to clean
in-situ contaminated surfaces in today’s equipments [1].
Among them, direct current glow discharges (low
temperature plasmas, neon type) in a through flow of
hydrogen (or isotope) or helium are routinely used. In
particular, glow discharges in Deuterium or in Oxygen
have been proved to be efficient for detritiation treatment
[2].

In DC glow discharge conditioning, one or more anodes
are located in portholes inside the vacuum vessel of the
tokamak. The wall surfaces and limiters are at ground
potential. Since the anode is biased positively with respect
to the vessel walls, the latter act as cathodes and are thus
exposed to a flux of energetic ions. Typical Deuterium and
Helium pressures range from 0.3 to 0.5 Pa, the voltage
between anode and cathode being of the order of 300–400
Volts. Typical ion flux densities achieved with present
systems in fusion devices are in the range 0.05-0.10 A.m 2.
In Jet, the He glow current density is a relatively uniform
and is about 0.06 A.m-2 [3].
However, some physical properties could reduce the
attractiveness of such technique like high working
pressure, the relatively high energy of the ions on the
plasma facing components and the difficulty to extend the
glow discharge plasma in remote areas, e.g. where the T
layer seems to exist.

These disadvantages could be overcome by establishing
the conditioning glow discharge between heated
cathode (-s) and anode (-s) both isolated from the wall
which is grounded. This leads to several possible
improvements:

-The discharge can be sustained at a pressure much lower
than that of the glow discharge which is of interest for
impurities pumping out and moreover for ITER where the
out-vessel flow has to be treated in an Active Gas
Handling System.

-The plasma potential is determined by the potentials of
the cathode and anode and usually does not exceed 300eV.
Varying the potentials of the anode and the cathode allows
changing the plasma potential with respect to the grounded
machine walls, and therefore the energy of the impinging
plasma ions.

-Cathodes and anodes can be placed in the ports which
need to be treated by the ions and could be used in normal
conditioning where the magnetic field is nil.

- Heated cathode made in Iridium for instance can be also
operated in oxygen atmosphere since it can survive to
oxidation at high temperature.

EXPERIMENTAL ARRANGEMENTS

An existing test tank was modified to reproduce the main
geometrical features of a small divertor, with a small port
including a set of Langmuir probes.
It is shown on figure 1.

Figure 1: Left: test tank with different components,
 right: duct with Langmuir probes and heated cathodes

The test tank has approximately a volume of ~ 1m³, for an
inner wall surface of about 5m². Its walls are temperature-
controlled at 150°C. The power supply has been upgraded
to supply a 3kV – 1.5A DC power to the anode, the aim
being to reach a similar level of current density onto the
surface with respect to glow discharges current densities.
The  discharge  is  operated  either  in  He  or  in  H2. The
electrical schematic is given in figure 2.

3kV, 1.5A

0-40 V

0-40 A
He, H2

3kV, 1.5A

0-40 V

0-40 A
He, H2

Figure 2: Electrical schematic

A new flange has been manufactured (see figure 1). A
narrow cylindrical duct (10 cm diameter, 32 cm long) is
fixed on in such a way that it reproduces the remote areas
which can not be reached by the usual glow discharge and
are to be conditioned with the help of the heated cathode.
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The duct is equipped with 7 cylindrical Langmuir probes
(3.0 mm diameter, 5 mm long tungsten wires) distributed
along its length. An eighth Langmuir probe is located at
the top of the test tank. Two heated filaments (heated
cathode emitting electrons) are placed inside and outside
the duct.  Only one filament was used (inside the tube).  A
view port allows the observation of the Langmuir probes.

The control-command system has been improved in order
to allow the pressure control. The pressure is measured by
means of a Baratron capacitance gauge and a base vacuum
of a few 10-5 Pa can be reached. The electrical signals from
the probes are recorded with an ADC acquisition board
(Texas Instruments SCB68, 16 channels of analogue input,
2 channels of analogue output).

EXPERIMENTAL RESULTS AND DISCUSSION

Characterization of the glow discharge in the tube
without heated cathode

Penetration of the glow discharge into the duct

In figure 3 are shown the voltages and currents measured
on each probe in the duct with a digital multimeter. The
discharge was operated either in hydrogen or in helium at
typical gas pressures for glow discharge conditioning. The
filaments were not used. The discharge current was set to
1.2A, and thus the applied anode voltage necessary to
maintain the current ranged around 900 V. As it can be
seen, there are more than 3 orders of magnitude between
the currents and the voltages measured with probe #1 and
those measured with the deepest probe in the cylinder (#7).
The glow discharge does not penetrate in the tube and
there is practically no coverage of the duct by the glow
discharge under “standard” conditions.

Figure 3: Current (left) and voltage (right) profiles in the
cylindrical duct during the glow discharge (1.2A - ~1kV)

Effect of the gas pressure on the penetration of the glow
discharge

In figure 4 are shown the voltages and currents on the
probes as a function of the helium pressure. At 1 Pa, the
currents and the voltages between probe #1 and 7 differ by
more than 3 orders of magnitude as found previously. As
the pressure increases, the glow discharge penetrates into
the tube above a pressure threshold which is found to be
22 Pa under the present conditions (discharge current 1A).

Around this value, close values of voltages and currents
are measured at both ends of the tube.

Figure 4: Currents (left) and voltages (right) measured on
the probes vs. gas pressure (He, 1A, ~ 300 V)

Above the threshold value, the mean free path of electrons:

ne
ne N

1 (1)

(where N is the gas particle density, and e-n is the total
ionisation cross section) becomes smaller than the
diameter of the cylindrical duct and the glow plasma can
penetrate into the tube. Indeed, at 22 Pa, taking

e-n 10-17 cm2 [4], one has e-n 10 cm.

However, operating the glow discharge conditioning at
such a pressure level (25 Pa instead of 0.3-0.5 Pa) may be
inappropriate, due to the higher gas consumption than in
the present conditioning systems. Another limitation may
be the increase of the arcing probability.

Use of an additional heated cathode

Penetration of the glow discharge into the duct

In this section, some results obtained when the heated
cathode is switched on are presented. The behaviour of the
glow discharge and its dependency on the cathode current
are illustrated. In figures 5 and 6 are respectively shown
the currents and voltages measured in a 1Pa and 0.6A
helium glow discharge (resp. 5Pa and 1A) as a function of
the applied power to the filament. In both cases, the
cathode is biased negatively at -40 Volts with respect to
the grounded walls. Clearly, the penetration of the glow
discharge into the cylindrical duct occurs for values of the
applied power to the heated cathode around ~160 Watts,
and is, under the present conditions, neither depending on
the discharge pressure nor on the discharge current. Above
this value, the current at the probes is increasing with the
applied power (i.e. the cathode current) and a maximum is
reached at ~200 W.

The current density to the wall in this case is much larger
than in the case where the heated cathode is not used. The
increase depends on different factors such as the probe
location, the pressure and the discharge current. On the
other hand, the current and voltage measured on the top of
test tank (top probe) decrease for values of the applied
power above ~180 W.
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the probes as a function of the applied power to the
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Figure 6: Current (left) and voltage (right) measured on
the probes as a function of the applied power to the

filament (He, 5Pa, 1A, ~ 65 345 V)

Thus, under the present conditions, there is a narrow
margin of operation of the heated cathode in which the ion
flux (current density) onto the tube surfaces increases
while remaining constant onto the main vessel surfaces.

Transition from glow to arc

On figure 6, it can be seen that above an applied power of
~160 W, both the current and voltages at the probes are
increasing. A maximum voltage is reached about ~180 W,
whereas the highest currents are measured at the probes at
~200 W: a situation which is similar to a transition from
glow-to-arc [5] occurs. In such a transition, shown in
figure 7, the cathode fall undergoes a transformation from
a cold-cathode discharge to a hot cathode one, where
thermoionic emission is enhanced by ion bombardment
[5]. In the present experiment, electron emission is ensured
by the heated cathode. The same kind of transition occurs
in the 1Pa and 0.6A helium glow discharge (figure 5),
where the measured voltages decrease as the currents
increase decrease for values of the applied power to the
filament above ~180 W.

Figure 7: Glow-to-arc transition

CONCLUSIONS

As mentioned above, conventional DC glow discharge
conditioning has drawbacks such as high working
pressure, relatively high ion energies on the plasma facing
components and the difficulty to extend the glow discharge
plasma in remote areas.

It was first shown that under standard conditions (low
pressure, no heated cathode), the glow discharge does not
penetrate in a long and relatively narrow thin cylindrical
duct.

The influence of the gas pressure on the penetration of the
discharge in the tube has been shown. It was found that, in
the present geometry, significant values of discharge
current and voltages in the tube could be obtained for
pressure above 22 Pa, which is about two orders of
magnitude higher than in present Tokamak conditioning
systems.

When the heated cathode located in the cylindrical duct is
used, the glow discharge penetrates into the cylindrical
duct for values of the applied power (i.e. the cathode
current) around ~160 W. The heated cathode can be
operated in such a way that the ion flux onto the tube
surfaces increases without affecting the glow discharge
efficiency in the main vessel.

A situation similar to a transition from glow-to-arc occurs
in the tube. The value of the applied power to the filament
(i.e. the cathode current) is neither depending on the
discharge pressure nor on the discharge current under the
experimental conditions used. The current density onto the
surfaces of the cylindrical duct increases, whereas the
voltage measured at the multimeter decreases in the same
time. Since the cathode fall in the tube is low in this case,
one can conclude that the energy of the ions which are
impinging onto the surfaces is reduced.

The  studies  done  in  the  frame  of  this  EFDA  task  has
allowed confirming the expected benefits of using a heated
cathode in a remote area, i.e.:
- A reduced ions energy on the surface treated due to a

lower operating voltage.
- An apparent increase of the ions coverage in remote
 areas.
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In a next step, the present work will be completed and the
plasma parameters will be determined using the Langmuir
characteristics. Special attention will be paid to find out in
which extent the voltage and the current measured on the
top of test tank (top probe) can be maintained during the
glow-to-arc transition.

A diaphragm will be used which should allow increasing
locally the gas pressure, and thus increase the glow
coverage without any additional gas consumption.  An
additional anode will be implemented in the duct which
should allow changing both the plasma potential and the
ion flux onto the wall.
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CEFDA04-1180

Task Title: JW4-EP-IRV: WIDE ANGLE IR ENDOSCOPE: FOLLOW-UP OF
THE PROCUREMENT ACTIVITIES AND PERFORMANCE OF
ACCEPTANCE TEST

INTRODUCTION

In the framework of the JET-EP project, proposal sent by
the Euratom-CEA Association to develop a new diagnostic
for thermography analysis was approved by EFDA in 2002.
This system allows the observation of a large section of the
internal components in the vessel such as divertor, main
chamber, ICRH antenna etc, aiming at the measurement of
the surface temperature during normal operation and
off-normal events such as ELMs and disruptions. This
diagnostic is ITER relevant both for the technology used
and for the physic outputs. This system will allow to
evaluate the power deposition in the main chamber during
transient events and could be used in the future, with
implementation of a feed back control, for real time
machine protection.

2006 ACTIVITIES

The diagnostic has been installed on JET during the 2005
Shutdown. Due to the delay in the restart and the plasma
operation, commissioning of the diagnostic has been
delayed to 2006. The scope of the work in 2006 was the
calibration and the commissioning of the infrared camera
and the endoscope. In November 2005, the relay group has
been removed from the endoscope due to a defective anti-
reflective coating on the lenses. Due to this modification,
end-to-end temperature calibration could not be performed.
Absolute calibration of the diagnostic, taking into account
parasitic signals, has to be computed from lab
measurement. Complete procedure calibration has been
provided and temperature of the plasma facing components
measured with the infrared diagnostic showed good
agreement with the thermocouple diagnostic.
Then, JETREMOTE, the software developed to control on
one hand the IR camera endoscope and to liaise with the
JET computer system on other hand, has been updated
several times to fix the bugs, as they  were noticed. In April
2006, a failure appeared on the filter wheel in the IR
camera. After a temporal repair, a new filter wheel has been
provided in October 2006 with an improved mechanism for
filter selection.
Although these minor problems, the diagnostic was
operational for the beginning of the C15 campaign on 24th
April 2006. The diagnostic was considered as essential for
most of the sessions and the real time display of the wide
angle infrared view in the control room at JET is a powerful
tool for all the Session Leaders.

During the year 2006, data have been recorded on more
than 2000 shots allowing observation, for the first time in
JET, of plasma wall interaction on the main chamber during
ELMs and disruptions. Figure 1 shows the temperature
increase on the plasma facing components during a type I
ELM in JET, where we can see that energy deposition
occurs not only on the divertor but also on the top and outer
limiters.

Even though, the diagnostic is not fully commissioned,
several presentations in conference and publications have
been done using these new data, which are very important
for ITER. There are still some problems occurring in high
power shots due to hash environment conditions. More
investigations are needed to determine the source of the
parasitic effects and to strength the diagnostic towards
radiation.

CONCLUSIONS

The JET-EP-IRV diagnostic has been calibrated and
commissioned. The diagnostic is operational and has been
used for most of the sessions starting with the C15
Campaign.

Figure 1: Infrared image of the in-vessel components
showing energy deposited on the divertor, on the top limiter

and on the outer limiters during ELM in JET
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CEFDA05-1261

Task Title: JW5-BEP-CEA-28: DEVELOPMENT OF W COATING ON CFC
SUBSTRATE

INTRODUCTION

In the framework of the JET-EP2 project, ITER-like wall
project is planned to be implemented on JET during a
shutdown in 2008. The project foresees the use of beryllium
on the first wall and Tungsten in the divertor. For the latter
R&D activities on W coating on CFC tiles has been
launched in the Associations. Based on the knowledge
obtained previously on Tungsten coating by Plasma Spray
[1], [2] and by CVD assisted by plasma [3], the Association
Euratom-CEA proposed to develop thin tungsten coating by
means of CVD techniques and thick tungsten coating by
means of Plasma Spray techniques.

2006 ACTIVITIES

Most of the work has been performed in 2005 including
delivery of the plasma spray and CVD Tungsten coated
samples. The scope of the work in 2006 was limited to the
surface analysis on both types of samples and production of
the final report.

ESCA analysis has been performed on CVD and PS
coatings for quantitative analysis of the Tungsten,
Rhenium, Carbon, Oxygen and Fluorine content and for
analysis of the chemical status of the detected elements. In
order to get rid of the oxygen contamination on the surface,
etching by means of Argon ions has been performed.
Although the pressure in the chamber analysis is in about
10-9 mbar, some oxidation of the clean area occurs after the
end of the etching process.

The figure 1 shows the ESCA spectrum of the 10µm W
CVD coating after etching. The depth of the analysis is
about 3 nm, only Tungsten is detected which means that
Carbon and Oxygen are below the detection limit of 0.5%.

Figure 1: ESCA Spectrum – 10µm CVD (after etching)

The figure 2 shows the ESCA spectrum of the 200µm Re-
W PS coating, after etching. Tungsten and Oxygen are
detected with concentration of 55 and 45%, respectively.

The analysis of the peak W (4f) reveals the presence of the
metallic phase at 31.9 eV and a Tungsten oxide WO2 at
32.8 eV.

Figure 2: ESCA Spectrum – 200µm PS (after etching)

CONCLUSIONS

Euratom-CEA Association has developed with industrial
support three different Tungsten coatings on CFC tiles by
means of Chemical Vapour Deposition and Plasma Spray
process and has delivered in time to EFDA-JET, sample
tiles of 4µm W CVD coating, 10µm W CVD coating and
200µm Re-W coating.
The industrial feasibility is established for both processes
and for the three coatings.
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TW6-THHN-ASD3

Task Title: SINGAP NEGATIVE ION ACCELERATOR:
STUDY OF THE BEAMLET HALO, DARK CURRENTS AND
VERIFICATION OF ELECTROSTATIC WITHSTAND
CAPABILITY AND TOLERABLE STORED ENERGY IN CASE
OF ELECTRICAL DISCHARGES

INTRODUCTION

In the previous contract TW2-TPHN-NBDES1
(CEFDA01-645): “Support to neutral beam physics and
testing 1”, we demonstrated that the SINGAP accelerator
concept is an attractive alternative to the ITER reference
design, the so-called MAMuG (Multi-Aperture, Multi-Grid)
accelerator. The best ITER-relevant shot displayed good
beam optics (3.9 mrad divergence horizontally, 5.5 mrad
vertically) and was performed at 727 keV, 120 A/m2 D- =
18.5 mA for one beamlet. The quoted current density is
derived from the calorimetrically measured power on the
graphite target with an infrared camera [1].
The experiments done in the previous contract confirmed
some  aspects  of  the  design  of  the  new  “ITER-like”
accelerator, but not all. In particular the experimental data
showed that the beamlets had a bi-Gaussian power density
distribution (70% of the power could be described by a
beamlet divergence of 4-5 mrad and 30% was in a halo) as
opposed to the single Gaussian with 2.5 mrad divergence of
the simulation. The fraction of the total power that was seen
as a halo varied between 15% while operating at low
current densities without Cs to 30% during caesiated high
current density operation. It has now been discovered that
an undocumented instrumental effect of the Infrared camera
had perturbed these measurements.
The new contract with EFDA was started in July 2006 in
order to focus on three different tasks. The first task is to
measure  the  beam  halo  and  to  find  a  method  of  how  to
mitigate it. The second task of the contract concerns the
dark current at the SINGAP testbed. The last task is to
study the electrical discharge and stored energy in a HV
breakdown.

2006 ACTIVITIES

Halo measurements

In previous studies we presented evidence that pointed to
the existence of large beam halos ( 30% of total beam
power) during caesiated operation. Since then we found that
the infrared camera we used to measure the power density
profile on the beam target, exhibits an instrumental flaw. If
a strong infrared light source shines into the camera (like a
beam footprint), the signal in the entire picture increases,
thus creating a spurious halo effect. The infrared camera
can be operated with or without a filter. The filter is
inserted between the objective lens and the infrared
sensitive CCD array. The type of filter we used reduces the

light intensity by a factor of 15. The instrumental halo
effect has been calibrated and we found that its magnitude
is linear with the amount of light entering the objective lens
of the camera. Because the filter is between the objective
lens and the camera, the instrumental halo effect is 15 times
worse if the filter is used. Operation without filter is
necessary and the calibration has allowed us to operate in
such a way that the effect of this "instrumental" halo effect
remains small and to quantify the real beam halos. We
found:
- Real halo < 4% of the total beam power in volume

operation
- Real halo up to ~10% of the total beam power in caesiated

operation
It is well known (and indeed observed by us during
cleaning) that caesium creeps out of the ion source into the
accelerator. It is also known for some time that hot neutral
H or D atoms (as produced inside the ion source) are
converted to negative ions on caesiated surfaces. This
means that production of negative ions must take place on
these caesium-contaminated accelerator surfaces.
Modelling clearly shows that we get wide beam halos if H-

or  D- trajectories are allowed to start from the accelerator
grids. It is hypothesized that most of the halo would
originate from the plasma grid, as this is the easiest to be
reached by hot atoms from the source (atoms would cool
down on their way to the downstream parts of the
accelerator).
Using the hypothesis described above, it is possible to
identify which parts of the plasma grid that transmit
trajectories into a halo. These parts are the inside of the
aperture (downstream of the meniscus). It is proposed to
reduce the halo by machining away the plasma grid
downstream of the knife-edge, where the meniscus resides,
(see figure 1). Simulations give a good beam for this
geometry and it is planned to carry out this experiment at
CEA-Cadarache in the beginning of 2007.

Figure 1: The beam (purple) is originating from the ion
source on the left. The negative ions originating from the

grid surfaces are shown as green, yellow and red from the
plasma grid and blue and white from the extraction grid
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Arc efficiency

In volume operation (before any caesium is introduced into
the source) we typically obtain an extracted D- current
density of up to 2 mA /cm2 using the plasma grid with the
Ø14 mm aperture. As a part of the experiments done to
minimise the beam halo we installed a plasma grid with a
reduced aperture of Ø8 mm. With this reduced diameter of
the aperture, we found that we could extract twice the
current density (4 mA /cm2 D-). (Note however that the
surface  area  of  the  Ø14  mm  grid  for  one  aperture  is
1.54 cm2 and 0.50 cm2 for the Ø8 mm aperture).
In caesium operation we managed to obtain a current
density of 27 mA /cm2 with the Ø8 mm aperture, which is
70 % higher than is obtained with the Ø14 mm aperture
plasma grid for the same arc power.

The reason for this increased current density while using
smaller apertures is not known. It has however been seen
previously.

Dark current

It is found that increasing the voltage in a recently pumped
system is opposed by both the appearance of leakage (dark)
currents and occasional high voltage (HV) breakdowns. We
have identified 3 likely reasons why the SINGAP testbed
has dark currents when applying high voltages. The present
system has not got a symmetric electric field around the
high voltage components, the surfaces have not been
vacuum baked and the materials used are not appropriate. In
order to address all these issues a new heated cathode
structure will be installed inside the vacuum vessel.

This structure is made up of 7 segments where the stainless
steel raw material has been polished and vacuum baked to
950 C  for  1  hour  in  order  to  obtain  a  surface  that  will
outgas as little as possible. The segments will thereafter be
assembled to one unit inside the vacuum tank. Heater
elements will be attached to the outside of the cathode
structure that will allow a moderate baking (<300 C) after
the structure has been assembled.

A new anode structure will also be installed. It is made of
pre-polished stainless steel and it is installed symmetrically
inside the cathode structure.

The electric field is in this way more uniform than with the
present installation.

The already installed corona screens inside the bushing will
be removed and vacuum baked in an external oven to
500 C for 5 hours.

A CAD drawing of the new components is seen in figure 2.

Figure 2: At the top the heated cathode is shown.
At the bottom it is shown installed inside the vacuum vessel

A study of the electrical discharge and stored energy in
a HV breakdown

The estimated energy that will be dissipated in a breakdown
in the ITER neutral beam accelerator is estimated to be
500 J. This might degrade the voltage holding of the
accelerator and cause damage to the acceleration grid
surfaces. A new test set-up has therefore been designed to
simulate the ITER SINGAP accelerator main accelerator
gap in a simplified geometry. In order to obtain 500 J at
1 MV new capacitors will be added at the output of the
1 MV power supply. The voltage withstand before and after
breakdowns at different stored energy levels will be
assessed.

This test set-up is under construction and experiments will
be done at the earliest December 2007.
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CONCLUSIONS

Measurements of the beam halo have been done and we
have established that the power fraction in the halo is <4 %
when no caesium is used in the ion source and it increases
to around 10 % when caesium is used to enhance the
negative ion production. This is within the specifications
for ITER.

During the beam halo experiments we discovered that by
reducing the diameter of the aperture in the plasma grid
from  Ø14  mm  to  Ø8  mm  we  managed  to  increase  the
current density by 70 %.

A new heated cathode structure has been designed and will
be installed during 2007. This structure will give a more
uniform electric field around the accelerator than at present.
It will be constructed of pre-polished stainless steel and
vacuum baked to reduce the residual gas in the walls. It will
also incorporate heating elements so that an in-situ baking
can be done without breaking the vacuum.

A new test set-up for studying the electrical discharge
between the acceleration grids in the ITER SINGAP has
been designed. This test set-up will demonstrate the voltage
withstand before and after a breakdown.
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UT-VIV/PFC-DAMAGE

Task Title: STUDY OF DAMAGE MECHANISMS IN PLASMA FACING
COMPONENTS

INTRODUCTION

Plasma facing components (PFC) for controlled fusion
machines have to withstand high heat fluxes. In the case of
TORE SUPRA, the developed components were made of a
high thermal conductivity CFC material (a composite made
with carbon matrix reinforced by carbon fibres)
mechanically and thermally bonded to a copper heat sink
and able to remove incident stationary heat flux of 10
MW/m2 [1]. In order to reach a value of 20 MW/m2 for the
divertor component of the ITER machine, the lifetime of
this assembly submitted to considerable thermal stresses
must be increased.

The objectives of this activity are (i)  to provide a study of
damage mechanisms of the CFC bond, (ii) to propose an
optimization of the bond and (iii) to develop a model for

predicting the lifetime of the bond under operating
conditions.

2006 ACTIVITIES

During this period, the actions foreseen were achieved:

- Identification of the constitutive law of the N11 material
 [2], [3].
A full set of mechanical tests have been performed to
identify the damageable behaviour of a carbon/carbon
composite which is similar to the N11 material (figure 1).
After rescaling, this constitutive law was used to estimate
the damage of a N11 tile within a PFC submitted to a 10
MW/m2 heat flux (figure 2).

0

50

100

150

200

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

11
 (M

Pa
)

11
 (%)

0

5

10

15

20

25

30

35

0 0.2 0.4 0.6 0.8 1 1.2

66
 (M

Pa
)

66
 (%)

Figure 1: Comparison between the experimental (blue line) and the simulated (black dotted line) response of a carbon/carbon
composite similar to N11

Figure 2: The simulated damage in a N11 tile submitted to a 10 MW/m2 heat flux
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- Influence of the edge geometry on the stress singularity
at the interface [4].
Different geometries of the CuOFHC/CFC interface (near
the free edge) were computed. The results show that
intersecting the free edge with a 90° angle provides the
most severe singularity. A 120° angle between the free
edge and the interface is proposed in order to lower the
singularity and to limit the crack initiation under thermal
loading.

- Thermal expansion tests [5].
The thermal expansion mismatch between the CFC and the
copper is of prime importance to evaluate the stress level
in a PFC submitted to a heat flux. N11 and CuCrZr
samples have been cut from a PFC to be tested under inert
atmosphere in a dilatometer. Consistent values of thermal
expansion coefficient were obtained for the copper alloy
but variability is observed as a consequence of the small
size of the composite samples.

- Modelling of the monoblock geometry [6].
In order to transpose the results obtained on the flat tile
concept, the modelling of the monoblock geometry
designed for ITER has started. Preliminary results show
that after the elaboration phase, the composite is submitted
to a complex stress state near the interfacial region
(figure 3).

Figure 3: Modelling of the monoblock geometry: isovalues
of xx (a) and yy (b) stresses the after

 the elaboration phase

CONCLUSIONS

The reports corresponding to these activities have been
delivered.
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UT-VIV/PFC-Pyro

Task Title: APPLICATION OF A TRICOLOUR PYROREFLECTOMETER
TO PLASMA FACING COMPONENTS IN-SITU INFRARED
MONITORING

INTRODUCTION

In the course of the development of a concept for a
spectrally resolving thermography diagnostic for the ITER
divertor using optical fibres [3] multicolour
pyroreflectometry is being developed towards tokamak
applicability in a collaboration between the
CNRS-PROMES (Odeillo) and the CEA/DSM/DRFC. The
CNRS-PROMES has developed two colour [1] and three
colour versions [2]. This method allows to measure
temperature under conditions of wavelength dependent
emissivities. and with the advent of more reflecting wall
surfaces in tokamaks it is of increasing interest to have this
possibility also in that environment. This collaboration has
reached its third year [4], [5], [6], [7].

2006 ACTIVITIES

In the previous years the pyroreflectometric method
developed at the CNRS/PROMES had been used to
measure true temperatures and optical properties of solid
tungsten samples over short working distances (cm-range)
at high temperatures. The aim for the year 2006 had been to
measure over distances of the order of 1m inside the high
power electron-beam facility FE200 of FRAMATOME in
Le Creusot. This work-program was accompanied by new
thermo optical measurements on tokamak exposed samples
and control-measurements in the laboratory with
thermocouples.
The principle of the method (explained in detail in [1] and
[2]) is the following: of two parallel optical fibres with
largely overlapping viewing areas one serves for the
illumination of the target and the other for detection of the
thermal and the reflected light from the target. The
illumination is provided by pulsed laser diodes working at
1.3 µm and 1.55 µm. It is so weak that it does not heat up
noticeably the target. This light is reflected off the target.
The reflected light and the intrinsic thermal emission of the
target at the 2 wavelengths are distinguished by
synchronous detection tuned into the pulse of the
illuminating diodes. From the reflected light the
emissivities  at both wavelengths are determined – as well
as the diffusivity factor  which corresponds to the ratio of
bidirectional to hemispherical reflection, which is assumed
to be constant for the two wavelengths of interest. In
installations with 3 colours this hypothesis can be tested
and an eventual error can be quantified [2]. These values
known, the absolute temperature of the target can be
deduced from the passive measurements. To follow the
temperature evolution of these values over a large
temperature range the solar furnace and the MEDIASE
facility of the CNRS-PROMES were used [4]. We had

investigated earlier solid tungsten samples with different
surface roughness [6]. The temperature range from 700°C –
1500°C was accessible in these experiments. Between
1000°C and 1200°C there was a noticeable change in the
emissivity and the diffusivity of the target but the ratio of
the reflectivities r/ b at the two wavelengths (1.55 µm and
1.3 µm) stayed rather unaffected. Depending on the
roughness, the useful cone for measurements had a width of
20-30 degrees. These results have been published [8].
Meanwhile the BRDF (Bidirectional Reflectivity
Distribution Function) for normal incidence was measured
on tungsten coated graphite samples obtained from ASDEX
UPGRADE (courtesy of A. Herrmann, IPP-Garching). The
absolute values of the reflectivity changed significantly
(figure 1) during a heating cycle whereas the relative
angular distribution did not change.
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Figure 1: B.R.D.F. for ASDEX UPGRADE sample before
and after heating

The quality of the pyro-reflectometric measurements was
demonstrated (figure 2) by inserting a thermocouple in a 3
mm thick tungsten sample and measuring at different
temperatures. The sample was heated from one side by the
solar furnace and the pyroreflectometer measured on the
other side. The temperature measured by the thermocouple
Tth is almost the same as the results T*(TRr,TRb, ”r, ”b)
from the pyroreflectometric measurements except for an
offset of a few degrees that is likely to be due to the thermal
gradient in the sample. Also shown in figure 2 are the
apparent temperatures at 1.3 µm and 1.55 µm (TRb and TRr)
the respective emissivities and the colour temperature TC
calculated with the assumption that the emissivities are
identical at both wavelengths. The latter illustrates well the
shortcoming of this often made assumption in comparison
with the pyroreflectometric approach.
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Figure 2: Comparison of thermocouple temperature Tth
with pyroreflectometer temperature T*

Lens constructions were manufactured (figure 3) to increase
the working distance from a few mm to about 1m. These
setups were successfully used in the FE200 facility of
FRAMATOME on tungsten samples under high heat load
from an intense electron beam. Typical measurements are
shown in figure 4. Tb,  Tr and  Tc are respectively the
apparent temperatures at 1.3 µm and 1.55 µm and the
associated colour temperature. Also shown are the
reflectivities  at these two wavelengths.

Figure 3: Lens constructions for measurements inside
FE 200 (a) and from outside (b)

On the strength of these positive results two new contracts
were started with the CNRS-PROMES, one for the
permanent implementation of this method at the FE 200
facility and the other for the investigation of the possibility
to install such a system at JET.
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Figure 4: Measurements taken with the pyroreflectometer
at the FE200 facility
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UT-VIV/AM-AIA 

Task title: TECHNOLOGIES FOR VACUUM AND TEMPERATURE 
CONDITIONS FOR REMOTE HANDLING SYSTEMS 
ARTICULATED INSPECTION ARM (AIA) 

 
INTRODUCTION 

 
This project takes place in the Underlying Technologies 
(UT) in Remote Handling (RH) activities. The aim of the 
R&D program is to demonstrate the feasibility of close 
inspection of the Divertor cassettes and the Vacuum Vessel 
first wall of ITER. We assumed that a long reach and 
limited payload carrier penetrates the first wall using the 6 
penetrations evenly distributed around the machine and 
foreseen for the In-Vessel Viewing System (IVVS). 
The need, to access closer than the IVVS to the Vacuum 
Vessel first wall and the Divertor cassettes, had been 
identified. This is required when considering inspection 
with other processes as camera or leak detection. 
 
The work performed under the EFDA-CSU 
Workprogramme includes the design, manufacture and 
testing of an articulated device demonstrator called 
Articulated Inspection Arm (AIA).  
The AIA has to fulfil the following specifications: 
 
- Elevation: + - 45° range, 
- Rotation: +- 90° range, 
- Robot total length: 7.4 meters, 
- Admissible payload: 10 Kg, 
- Temperature: 200°C during baking – 120°C under  
 working, 
- Pressure: 9.7· 10-6 Pa – Ultra high vacuum. 
 
The manufacture and procurement activities of the AIA 
robot are performed within the TW5-TVR-AIA Task. 
 
 
2006 ACTIVITIES 

 
PROTOTYPE MODULE ACTIVITIES SUMMARY  
 
The past year was dedicated to the segment cycling test 
campaign in real operating conditions in CEA-Cadarache 
facilities to validate all the robot components. The 
successful results enable to start the whole robot 
manufacture and procurement. 
Succeeding maintenance and expertise operations, a new 
test campaign in Tore Supra facility ME60 is currently 
carried on to fully qualify the robot under vacuum and 
temperature conditions. 
 
TEMPERATURE AND ULTRA HIGH VACUUM 
TESTS IN ME60 
 
Following the test campaign at air pressure and ambient 
temperature in CEA-Fontenay aux Roses facilities in 2005, 
and while the new elevation roller screw manufacture was 

under progress, the prototype module was submitted to a 
real functioning conditions test campaign with 80 kg load in 
ME60 CEA-Cadarache facilities in July 2006. 
 

 
 

Figure 1: Prototype module test campaign in ME60 facility 
July 2006 

 
Cycle is composed of rotation combinations: 
 

Table 1: A representative cycle during the test campaign 
 in CEA-Cadarache 

 

Points Elevation (°) Rotation (°) 
Waiting 
time (s) 

1 0 17 60 
2 0 -9 60 
3 0 10 60 
4 0 30 60 
5 0 -5 60 
6 0 0 60 

 
 
After about 200 cycles on the rotation axis, the test was 
interrupted. A maintenance phase was programmed to 
replace some components and integrate upgrades on the 
elevation jack. 
 
80°C TEMPERATURE AND AIR PRESSURE TEST 
CAMPAIGN 
 
Following the maintenance phase, the prototype was still 
operational and was mounted on its pillar with the heating 
device and 80 kg at its extremity. 
 
The tests campaign was carried on at 80°C temperature and 
ambient conditions. 
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Table 2: A representative test during the ambient 

temperature test campaign 
 

Points Elevation (°) Rotation (°) 
Waiting 
time (s) 

1 0 17 60 
2 8.5 -9 60 
3 6 12 60 
4 0 30 60 
5 -8.5 -6 60 
6 0 0 60 

 
500 cycles were performed on the elevation axis. The test 
campaign was stopped because it was noticed a slow 
augmentation of the elevation motor consumption (reaching 
2.2 Amps). 
An expertise phase was performed in CEA-Fontenay aux 
Roses in order to explain the reason of this augmentation. 
The conclusions pointed out a lack of grease in the roller 
screw functioning zone, due to the intrinsic helicoidal 
movement between the screw and the nut.  
This problem can be solved easily by an elevation motor 
consumption surveillance and a preventive lubrication when 
the robot reaches 500 cycles, which is half of the robot life 
time, estimated to 1000 cycles. Upgrades were integrated 
on the jack to make easier this maintenance phase. 
 

 
 

Figure 3: Lack of grease in the functioning zone of the 
roller screw 

 
 

 
 

Figure 4: Integration of a joint 
 in the elevation jack S4-S5 

 
 

MOTOR TESTS 
 
During the several test campaigns performed in real 
temperature conditions in CEA-Cadarache, we noticed 
several problems on the motors used in the AIA robot. 
Because the efficiency of these motors doesn’t cope with 
our requirements, the CEA-Fontenay aux Roses decided to 
pursue advanced tests on another motor brand. The 
manufacturer specifies a maximum temperature range up to 
125°C for the motor and up to 155°C for the rotor itself. 
The motors were submitted to several baking tests followed 
by 120°C functioning phases to verify the motor well 
behaviour. 
 

 

Figure 5: Motor observation after a 180°C baking test 
 
Considering the replacement of the existent bearings by 
high temperature lubricated bearings, the motors were 
tested in CEA-Fontenay aux Roses to validate on a test 
bench the efficiency of these upgraded motors. 

 

Figure 6: Motor bearings replacement 

The 200°C baking tests and 120°C functioning tests 
validate the upgraded gear motor efficiency for AIA 
application. Therefore, they are retained to be integrated in 
the AIA robot. This solution qualification is now under 
progress on the prototype module in the ME60  
CEA-Cadarache facilities. Two of these motors were 
integrated on the module to validate the solution in real 
Tokamak conditions. The first results seem to confirm the 
solution efficiency. 
 
INTERSEGMENT UMBILICALS 
 
The objective of this test is to demonstrate the feasibility of 
connecting 2 AIA segments with external umbilicals. The 
qualification test is performed on the segment 4-5 
articulation which is the most complex articulation of the 
robot. The difficulty of this design is that the umbilical 
must be stressed around only one degree of freedom at a 
time. 

Functioning 
zone 

Initial joint 
of the jack 

Extra joint for 
roller screw 
lubrication 
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Figure 7: The new design for 4-5 articulation 
 
This design validates the solution to connect 2 AIA 
segments by an exterior umbilical. The cycling tests cope 
with the AIA requirements because the umbilical support 
far more than the AIA service life. It reaches 9000 cycles 
(corresponding to a trajectory between -90° and 90°) which 
is much higher than the AIA robot operating duration for 
the 4-5 articulation. 
 
 
CONCLUSIONS 

 
Demonstration of the AIA intervention feasibility in real 
temperature and vacuum Tokamak environment is foreseen 
for 2007 on Tore Supra. 
The results on this multipurpose robotic device give new 
perspectives on maintenance and operating activities for a 
reactor like ITER and aim to enhance operator perception 
of in-vessel situation. 
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UT-VIV/AM-ECIr

Task Title: RADIATION EFFECTS ON ELECTRONIC TECHNOLOGIES AND
COMPONENTS

INTRODUCTION

The significant acceleration of the CMOS submicronic
technology roadmap now implies a very short time for the
design and manufacturing of components and complex
systems. Massive parallel computers as well as low power
embedded applications (wireless networks…) are designed
to realise services always in expansion while the number
of chips significantly decreases. The great complexity of
the die itself, but also the small space allocated to the chip
on the end-user board (most recent components are
connected with balls on the package back side) require to
modify the usual approach to understand the behaviour of
such technologies under severe environments.
Studies on STMicroelectronics HCMOS7 (250nm) were
driven on both logic components and functions (JTAG
state machine used to control the die). The  rays radiation
tolerance was evaluated to more than 1MGy which
confirms the intrinsically expected hardening.
Year 2006 was mainly focused on how to realise a test
bench representative of both recent STMicroelectronics
technology (HCMOS9 130nm) and ongoing concrete case
applications.

2006 ACTIVITIES

HCMOS9 technology
This technology is available on market since the end of
2001. The main useful characteristics were:

- Low power supply of 1.2V with possible extension to
2.5V and 3.3V

- Three transistor families (very low and low leakage, high
speed)

- Threshold voltage (570/500/380 mV) and Isat (high level
410/535/680µA/µm; low level 170/240/320µA/µm)

As for previous technologies, non basic components were
provided to realise test vectors. The only way was to
define functions to be integrated in an ASIC and realise it
through Multi-Project Chips developments tools.

Test vector
Regarding partial significant results already published [1],
[2] concerning the Total Integrated Dose tolerance
evaluation of HCMOS9 basic components initially
irradiated by CERN teams to 1MGy, it appears that the
threshold voltage becomes more stable while the leakage
current decreases by an order 2-3 of magnitude for the
oldest technologies.

Even if those results did not reach TID supported by future
in-vessel maintenance engines, we decided to focus our
work on more realistic embedded developments.

The choice we made was led by the work developed
around a PhD thesis concerning the control unit for
embedded multi processors architecture [3].

An ASIC was realised for the implementation of this
control unit using industrial methods and tools starting
from the model design up to the lay out. As seen on figure
1, each step of the design was completed by a model
description in order to be simulated. This simulation gave
us a significant verification of the main functions in term
of connexions, timing …

Figure 1: Method used to define and realise the ASIC

It was clear that the method developed here was not fully
necessary to know the behaviour under severe
environment; nevertheless, the description of some of the
functions, their implementation with very simple logic
circuits and finally the lay out (see figure 2) and the pins
configuration let us use them as appreciable test vectors.

The module was sent to fab at the end of 2005.

Unfortunately, the verification test done when the ASIC
was received in first trimester 2006 gave a great number of
non functional states. As explained by the designers, it
needed long term operations to recover some basic
functions that may not be available before a few months.

The characterization under severe environments,
temperature and radiation is planned for 2007.
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Figure 2: Lay out of the control module

JTAG investigations
As already reported on [1], evaluation of HCMOS7 was
done with a JTAG module associated with simpler
invertors.
The main interest of such modules was to create a shift
register able to push binary input values and pop binary
output to specific test points internally extended to part of
the full function of the chip. This mechanism allows the
individual test of functions or electronic systems and the
observation of internal data links. Then, it would be
possible to find failed functions or erroneous link states
(open or short circuits for example).
The two main aspects driven by the use of such tools
concern the packaging which always limit or suppress the
open eye control on test or functional pins, and secondly as
presented on figure 3 the assertion of test vectors to
validate the reliability or to find native or ageing erroneous
states.

Figure 3: High scale integration during 50 years

The picture on figure 4 shows the “virtual” nails to see the
present configuration of blue test boxes inputs, the red
continuous dash IN to OUT binary data link used to carry
or extract test data to or from the blue test boxes and grey
shapes used to replace functions.
The share of JTAG integrated circuits has significantly
increased since external control can now not be done using
usual nails pads. Complex industrial packaged
components, or IPs (such as FPGA, DSP, PLD but also
proprietary ASIC) are equipped with internal JTAG
modules.

Figure 4: Example of JTAG applications on
a multi core chip

On the other way, JTAG concept could be also applied to
industrial usual components already available on the
market by adding complementary JTAG registers to
replace the blue boxes of figure 4.
As illustrated on figure 5, the blue shape holding a specific
function could be encapsulated with input or output of
JTAG registers in order to apply nominal or test conditions
and catch nominal or test results through the JTAG red
continuous line. In the same context, memories which
never use JTAG control could be also inspected.

Figure 5: Cluster JTAG control

Based on these concepts, we decided to design dedicated
clusters associated with JTAG registers and build test
benches to create external dynamic state and drive JTAG
elements.
Research of useful and common digital components for
severe environments embedded applications led us to
choose non volatile memories, in particular high density
FRAM memory.

Concrete applications for civil nuclear purpose already use
these memories with good results for low total dose levels
[5] Smart complex applications, even in such
environments, increase the need for large size memories.

The usual way to characterise memories under radiation
was to consider them as peripheral of microcontrollers and
access addresses or data fields through their input/output
ports. In such cases, a specific test board was realised and
specific protections were applied to avoid any controller
failure under environmental effect.
Specific algorithms were developed to organise read and
write accesses to memories bytes as pertinent as possible
in order to detect failed states (blocked, non permanent
write, etc).
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The recent marketing of large size parallel FRAM
(manufactured by RAMTRON) but also samples of

already available MRAM memories (manufactured by
FREESCALE) seem an appreciable test vector.

Figure 6: Test bench of MRAM memories using JTAG components

Firstly, their availability under severe environments will
bring an immediate positive response for some
autonomous embedded applications developed by our
laboratory; secondly, they can be seen as large scale
evaluation vectors under severe environments
(temperature, total dose but also neutrons from different
sources).
We decided to rebuild our old-fashioned memory test bed
unable to manage new types of memories with JTAG test
principles.
Taking into account the test organization presented in
figure 5, we developed a test bench board for each of these
memories using JTAG registers and link.

As shown on figure 6, the IN/OUT memory pins are
accessible through JTAG registers (manufacturer Texas-
Instrument).
The algorithms previously implemented on a
microcontroller are executed through the JTAG link on an
external PC control (see figure 7) and transferred into
binary  test  vectors  to  be  sent  to  or  to  be  read  from  the
JTAG registers. The schedule of these operations is
performed conformably to the IEEE-1149 protocol.

By the end of the year 2006, the new experimental test
bench is ongoing. Test boards are defined and started to be
realised.
Instrumentation accessories like IEEE488 are mounted.
JTAG elements are to be soon provided.

Figure 7: Floating ground and carrier current association
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CONCLUSIONS

The volontaire approach to use recent ASIC technology as
vectors to evaluate severe environement tolerance was
very difficult to assume and to lead to a successful
operation.

This relative setback forced us to open our strategy on the
behaviour of “on the shelf” recent or emerging
components inserted into severe environement. The JTAG
standard, commonly used to test (but also to on-line
diagnose) large scale integration commercial or proprietary
ASICs has to be investigated for our developments.

Year 2006 was dedicated to design and build the test
bench.

Year 2007 will normally lead to use the set-up in real
conditions and to bring first results concerning on-line
testings of memories.
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UT-VIV/AM-HYDRO

Task Title: TECHNOLOGIES AND CONTROL FOR REMOTE HANDLING
SYSTEMS

INTRODUCTION

CEA in collaboration with CYBERNETIX and IFREMER
has developed the advanced hydraulic robot MAESTRO.
Thanks to control laws developed in the TAO 2000
controller, the MAESTRO can be used in a force reflective
master-slave configuration.
Development around the actuating technology of the
MAESTRO’s hydraulic arm successfully proved on servo-
valves prototypes the interest to use pressure control servo-
valve instead of flow control servo-valve. The control is
directly made on the pressure, i.e. the force which makes
real improvement during force control modes which are
extensively used in remote handling techniques.
In-LHC (French servo-valve manufacturer), developed a
pressure servo-valve prototype that fits the MAESTRO’s
space constraints.
Operating in a fusion reactor requires a cleanliness level
that oil hydraulics cannot ensure. Pure water hydraulics
therefore proposes a good alternative and developments are
today focusing in that direction. Feasibility of a pressure
control valve running with water was proven and two
prototypes were manufactured. Characterization of these
prototypes was made on closed apertures. Although
performances were not completely in agreement with the
requirements, preliminary tests were run on a water
hydraulic joint test rig.

2006 ACTIVITIES

Servovalve’s specifications

Two prototypes were manufactured during year 2005 with
the following requirements:
- Operating pressure 210bars
- Minimum flow rate 6 liters/min
- Bandwidth > 20Hz on half the volume of an “elbow axis”

Maestro vane actuator
- Driving current +/- 10mA
- Leak rate minimum (aiming at < 1liter/min)
- Integrated dose rate 10kGy

Figure 1: Servovalve prototype

Characterization of the servovalve

A servovalve device consists in 4 subsystems (see figure 2):

- A torque motor (torque motor plus armature flapper)
- An hydraulic amplifier (flapper nozzle interface)
- A spool
- Two control ports

Figure 2: Principle of the pressure servovalve

From a macroscopic point of view equilibrium equations of
the spool and the torque flapper-nozzle interface gives the
following equations:

iKiK
sS

sPP
sS

sPPP ..12

Were  K  is  the  magnetic  gain  of  the  torque  motor,  i  the
current input and P’ and P’’ the two pilot pressures on both
side of the spool (a bit lower than Pa, the supply pressure).
Identification of these parameters are made on a test bench
(see figure 3) to assess the performances of the prototype.
Dead volumes can be connected to the bench to simulate
the presence of an actuator.

Figure 3: Test rig for water tests
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Tests on closed apertures show some significant differences
with the requirements. Although the control scheme could
deal with the non linearity of the valve, full scale
performances are 25% under the requirements and directly
affect the available payload at the end of the arm (figure 4).

Figure 4: Measured and expected gain

Tests with presence of dead volumes show some significant
effects on the dynamics of the servovalve (see figure 5).
Both magnitude and phase of the servovalve are affected.
One can also notice that modelling the servovalve with a
classical second order equivalent model will not be accurate
for high volumes.

Figure 5: Effect of the presence of dead-volumes

Characterization of the assembly servovalve + vane
actuator

Although performances of the valve are below the expected
requirements, its behavior was tested on the water hydraulic
test bench (see figure 6).

Figure 6: Water hydraulic test bed with pressure
servovalve

Instabilities of the pressure servovalve were observed in
case of sudden drop of input current (figure 7).

Figure 7: Pressure instability

Pressure instabilities and the 3000Hz noise associated to
this phenomenon are generated by cavitation in the first
stage of the valve. It seems possible to reduce this effect if
the tank pressure is increased to 50bars and if a jitter signal
is applied to the input current of the servovalve. For the
present design, applying these solutions would mean
another reduction of the gain. Solutions are under
investigation to remove this effect.

Servovalve model

In order to understand the behaviour of the servovalve and
identify the effect of all parameters on the stability of the
model, it is important to build a complete model of the
valve.
First analysis concentrated on simplified block diagrams of
the valve:
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With:
Symbols Significations Units
i Input current mA
T Torque on the armature/flapper N.m
Q1 Hydraulic amplifier flow to the spool L/min
Q2 Servovalve flow L/min
Xs Spool displacement m

P1 Hydraulic amplifier differential pressure bar
PL Load differential pressure bar

KTM Torque motor gain N.m/mA
KQ1 Hydraulic amplifier flow gain L/(min.rad)
KQ2 Spool flow gain L/(min.m)
KPQ1 Hydraulic amplifier loading effect L/(min.bar)
KPQ2 Spool orifice loading L/(min.bar)
KB Spool Bernoulli force gradient N/m
KF Net stiffness of armature / flapper N.m/rad
A1 Spool driving area m2

A2 Spool feedback end area m2

AN Nozzle frontal area m2

QN Moment arm to nozzles m
Fluid bulk modulus bar

V Load fluid volume (each side) m3

KL Mechanical stiffness of load N/m
A Load drive piston area m2

C0 Bypass orifice flow L/(min.bar)
s Laplace operator s-1

Although such a model helps to understand interactions
between all elements of the servovalve evaluation or
measurements of all the parameters of this model are
difficult or impossible. To understand the behaviour of the
servovalve, an advanced model using the intrinsic
properties of the material is necessary.
Dynamic differential equations are written for each
subsystem: torque motor + armature flapper, hydraulic
amplifier, spool equilibrium, flow rate in the spool
chambers, leading to the following eight non-linear
equations.
These non linear equations are solved using physical block
diagrams in Matlab-Simulink (see figure 8):

Figure 8: Advanced model block diagram

Adjustment of all parameters of the model allows building
an accurate model and identifying the parameters having
most importance on the equipment.

CONCLUSIONS

Pressure control water servovalve prototypes were both
tested with closed apertures and on dead volumes for
qualification and characterization with water.

Performances of the existing prototypes do not reach the
expected requirements. The change of fluid induced new
physical phenomenon (cavitation) when the equipment is
used in configuration similar to robotic applications.
Modifications of the design of the valve are therefore
necessary and under investigation to minimize the internal
leaks and limit the cavitation effects.
Identifications of all parameters affecting the stability of
the valve are under study in an advanced model of the
servovalve.
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UT-TBM/BB-He 

Task Title: DEVELOPMENT OF HELIUM CIRCUIT COMPONENTS  

 

INTRODUCTION 

 
The CEA works on the generic helium technology for the 
development of the Gas Cooled Reactor (GCR).  
Several main objectives have been determined to verify the 
feasibility of the very high temperature technology of the 
GCR: 
 
- Tests and qualifications of the specific high temperature 

and pressure helium technology processes on small 
facilities: tribology, thermal insulation, leak tightness, 
instrumentation, gas purification, allow to improve the 
knowledge on the generic technology.  

 
- Technological qualifications of prototypic components 

(intermediate heat exchanger, valves, hot-duct,…) in 
representative conditions of temperature, pressure and 
flow rate of helium, on a technological loop called 
“HELITE” (1 MW).  

 
- Validation of the computer codes in the fields of 

thermomechanics, thermohydraulics and operations and 
systems. 

 
- Tests on large loop (10 MW and more) of an helium 

turbine mock-up, and system studies (direct cycle, normal 
operation, accidental transient, partial load and 
emergency shutdown system studies) or large scale 
components and code qualification (indirect cycle). 

 
In the HCLL (Helium Cooled Lithium Lead) concept of the 
fusion reactor blankets, some technological developments 
are of common interest with the fission Gas Cooled Reactor 
(GCR). The helium technology problems of the fusion 
HCLL reactor have been identified. 
Thus, some experiments have been proposed in the same 
fields as those undertaken for fusion reactors. The first 
fields explored are tribology (put in operation 2003), 
thermal insulation (HETHIMO bench), leak tightness 
(HETIQ bench) (put in operation 2006) and helium side 
channel compressor.  
 
 

2006 ACTIVITIES 

 
In 2006, the HETIQ and the HETHIMO benches have been 
put in operation. The “Y” concept thermal barrier 
developed by the CEA has been qualified in static 
conditions. This thermal barrier has been characterised in 
GFR (Gas Fast Reactor) operating conditions (850°C He, 
60 bar) and up to (850°C, 80bar). The thermal conductivity 
of the “Y” concept (figure 1) was evaluated; the estimated 
value is close to the expected one (0.7 W/m.K measured at 
80°C, 850°C). 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: View of the “Y” concept thermal barrier 
 
The tests performed on HETIQ bench give expected results 
on the HELICOFLEX seals at 500°C, up to 80 bar. The 
measured leak rate was 1.10-4 mbar.l.s-1 at these operating 
conditions. The expected value is 1.10-5 mbar.l.s-1. 
 

 
 

Figure 2: View of the HETIQ seals test device. 

The Helicoflex seal is set up between the two flanges 
 
The helium side channel compressor (figure 3) has been 
qualified from 5 bar to 80 bar of helium with different He 
flow rates.  
These tests have allowed to validate this four stage side 
channel compressor technology: under the helium 
atmosphere, the electrical performances of the machine are 
satisfying and conclusions are also good as concern the 
mechanical performances of this prototype and its support.  
 

flanges 

Load 
measurement 
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Figure 3: View of the side channel compressor prototype 
 
In 2006, HEDYT bench was designed (figure 4). This 
dynamic helium loop is expected to be put in operation 
during the first six months of 2007. The first tests to be 
performed on this bench will allow to achieve the side 
channel program of qualification. This bench will allow to 
heat helium gas at 850°C, 80 bar with a flowrate of 15 g/s in 
a first step. 
 

 
Figure 4: Flow diagram of HEDYT loop 

 
In the frame of the GCR (Gas Cool Reactor), several gas 
correlations have been studied and evaluated [1].  
 
 

CONCLUSIONS 

 
In 2007 HEDYT bench is expected to be put in operation 
during the first six months. The first tests to be performed 
on this bench will allow to achieve the side channel 
program of qualification and to qualify electrical heaters in 
representative dynamic conditions during a long period. 
This facility will also contribute to the validation of heat 
transfer correlation and pressure drops assessments in 
helium. 
The experimental program of the “Y” concept will be 
achieved in the first quarter of 2007 before the qualification 
of a second concept of thermal barrier “encapsulated”. 
The continuation of the HETIQ program will consist in the 
qualification of another type of seal: SPG seal. 
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UT-TBM/MAT-LAM/Opti

Task Title: DEVELOPMENT OF NOVEL REDUCED ACTIVATION
MARTENSITIC STEELS WITH IMPROVED CREEP PROPERTIES

INTRODUCTION

A reduced activation martensitic ferritic Fe-9CrWVNbNB
alloy designed in a previous stage of the “Fusion” action
[1], [2], and manufactured by Aubert et Duval, has been
characterised, in terms of microstructure and precipitation
kinetics. One of the main traits of this alloy is its
reinforcement by MX precipitates, in this case, vanadium
nitrides (VN), and by addition of boron. Alongside with the
characterisation of the alloy, modelling of precipitation
kinetics and microstructure evolution has been performed
using MatCalc, a new suite of thermodynamic and kinetic
software. MatCalc predictions show good agreement with
experimental measurements on phase stability. Using these
models it has been possible to design precise heat
treatments to obtain microstructures suitable for creep
resistance. A comprehensive scheme for the
characterisation of the mechanical properties of the alloy
after different heat treatments is under way. Early results
include those of tensile tests at room and high temperatures
and measurement of the brittle-ductile transition
temperature, which in both cases show a remarkable
behaviour.

2006 ACTIVITIES

Characterisation of MX-strengthened alloy

The characterisation of a MX (VN) reinforced reduced
activation martensitic ferritic alloy with improved creep
behaviour has been conducted. Microstructural
characterisation is complete and mechanical
characterisation is underway [5].

The microstructure of this alloy confirms this strategy to
obtain improved structural materials for application in
fusion reactors and the suitability of this type of alloy for
both thin and thick products, due to enhanced hardenability
with respect to alloys reinforced with TiC precipitate. The
heat treatments designed allow developing a fine
distribution of MX (VN) precipitates that remain stable
above the service temperature of the alloy and are expected
to increase the creep resistance of the alloy without
compromising its toughness.

Modelling precipitation kinetics to optimise the
microstructure of the alloy

During this work, the characterisation of the cast
Fe-9CrWVNbNB has followed a parallel path of
microstructural characterisation and thermodynamic and
kinetic modelling. MatCalc, a thermodynamics and kinetics
package developed by Ernst KOZESCHNIK et al. [3], [4],
at the Graz University of Technology (Austria) has been

used to model the “as-received” microstructure, and the
M23C6 and MX precipitation and dissolution reactions, and
to design optimised heat treatments. This package is
specially suited for the description of precipitation
reactions, allowing the determination of kinetics of
reaction, fraction of precipitating phase, composition and
size distribution of particles. It is also able to deal with
simultaneous precipitation reactions in complex systems
composed of many elements and containing multiple
phases,  like  in  the  present  case,  where  M23C6 and MX
precipitation reactions needed to be considered (alongside
other phases participating on the precipitation sequence of
M23C6).

The  phase  stability  diagram  (figure  1)  for  alloys  of  a
standard Fe-9CrWVNbNB alloy has been calculated using
MatCalc.

Figure 1: Phase stability diagram of Fe-9CrWVNbNB alloy

The same software also allows to calculate the TTP
diagrams (figure 2), (Temperature Time Precipitation,
analogous to TTT diagrams).

Figure 2: Time Temperature Precipitation of VN phases on
Fe-9CrWVNbNB alloy. Percentages represent the fraction

of the total precipitate fraction at equilibrium for each
given temperature
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Using these diagrams, it has been possible to design
different heat treatment that produce a microstructure with a
fine and homogeneous dispersion of MX precipitates
(figure 3).

Figure 3: Time Temperature Precipitation of M23C6 phases
on Fe-9CrWVNbNB alloy. Percentages represent the

fraction of the total precipitate fraction at equilibrium for
each given temperature

Armed with these models, it has been possible to suggest
two different heat treatments that would allow to produce
MX-reinforced microstructures suitable for high
temperature applications and creep resistance, as shown in
figure 4. Heat treatment of the type a) (named here
‘standard’) follows a classical approach in which the
microstructure is over-aged at a temperature well above
service temperature and for a long time (~10h), to ensure
that the resulting microstructure will hardly evolve during
service. The heat treatment of type b) (named here
‘optimised’) leads on the other hand to a much finer
distribution of reinforcing precipitates, without an excess of
over-aging. It consists in a double tempering, where the
reinforcing phase is made to precipitate in a heat treatment
below service temperature, followed by a short stabilisation
(~1h) at a temperature well above service conditions.

Figure 4: The two different types of heat treatments
suggested for Fe-9CrWVNbNB alloy

To summarise, the simulation of heat treatments allows
describing the transformation and precipitation reactions
occurring during diverse heat treatments. By using a
software package like MatCalc, it is possible to determine
the mole fraction of precipitate phases, their number
density, composition and size distribution.

Preliminary results from the determination of
mechanical properties

The brittle-ductile transition temperature has been
determined for the Fe9CrWVNbNB alloy with the a) type
or ‘standard’ heat treatment.

Figure 5: Determination of the brittle-ductile transition
temperature on Fe-9CrWVNbNB alloy

Uniaxial tensile tests at room and high temperatures allow
to compare the two types of heat treatments between them
and to reference alloy PM2000.

Figure 6: Uniaxial yield strength of Fe-9CrWVNbNB alloy,
in two different conditions, compared with PM2000
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CONCLUSIONS

A new family of reduced activation Fe-9CrWVNbNB
martensitic alloys for fusion reactors has been developed
and characterised. This type of alloys benefits on the
reinforcing properties of a fine distribution of MX
precipitates and a small amount of boron, in addition to
M23C6 carbides used traditionally. This type of precipitates
are more stable that M23C6 carbides used in alloys of the
type EUROFER and others, and therefore the resulting
alloy could have improved creep and toughness properties
and to be able to work at higher service temperatures than
the alloys used presently, up to 650°C for 10,000h.

During the development and characterisation of alloys Fe-
9CrWVNbNB, substantial know-how in modelling of the
microstructure using advanced thermodynamic, kinetic and
statistic models has been put to use to develop two different
types of heat treatment for this specific alloy. The models
used allow to calculate the precise precipitate distribution of
various reinforcing phases, and therefore to design two
different heat treatments leading to optimal microstructures.

The alloy presented has been heat treated to both conditions
and is presently being characterised in terms of fine
microstructure, mechanical properties, toughness and creep
resistance.
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UT-TBM/MAT-Micro

Task Title: MICROSTRUCTURAL EVOLUTION OF Fe-C MODEL ALLOY
AND EUROFER UNDER 1 MeV ELECTRON IRRADIATION
WITH AND WITHOUT He PRE-IMPLANTATION

INTRODUCTION

A multiscale modelling programme has been initiated
whose ultimate aim is to study the radiation effects in the
Eurofer ferritic/martensitic steel in the presence of high
concentrations of nuclear derived impurities [1]. The
development of these models requires an experimental
validation and, in the case of complex multicomponent
industrial alloys such as Eurofer, the values of model
parameters will have to be tuned based on experimental
data. Although many microstructural investigations
following irradiation experiments of steels, including
Eurofer, have been carried out in the past, the data are not
adequate for model validation because the irradiation
conditions are often complex and/or not well known. We
have therefore proposed to perform parametric irradiation
experiments of a model Fe-C alloy and Eurofer, under well
controlled conditions (temperature, dose, damage rate),
using 1 MeV electrons with and without helium pre-
implantation. 1 MeV electrons create only isolated defects
(Frenkel pairs) in steels, i.e. the primary damage is
perfectly well known, which is an additional advantage in
view of the comparison with model predictions.

2006 ACTIVITIES

The workprogramme initially forseen for 2006 consisted
of 1MeV electron irradiations of Eurofer following pre-
implantation with helium. Helium implantation
experiments of Eurofer specimens, in the ferritic
metallurgical condition (see the 2005 Fusion Technology
report for the details of the heat treatment applied in order
to obtain a ferritic microstructure) were therefore carried
out at room temperature, using the Irma accelerator of
CSNSM  (CNRS,  Orsay  University).  A  total  fluence  of
1014/cm2 4He particles of 10 keV energy were implanted in
discs 3 mm in diameter and 100 m in thickness, which
had been electropolished beforehand on the side facing the
ion beam. The average implanted helium concentration
over the total range of the 4He particles was about 50
appm, with a concentration profile shown on figure 1.

The next step should have been to electropolish the discs
on the backside, using a protective lacquer on the helium
implanted front size, in order to prepare specimens for
subsequent irradiation with 1 MeV electrons. However, as
already mentioned in the 2005 report, difficulties were
encountered with the use of the High Voltage Electron
Microscope (HVEM): in particular, the vacuum quality
required to perform irradiations while heating the
specimens could not be achieved in the microscope
column.
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Figure 1: Helium concentration profile as a function of
depth in the material for Eurofer disc specimens implanted

with 10 keV 4He particles

Despite efforts to solve this problem, a satisfactory
solution was not found. As a result, and taking into
account the age of the microscope (21 years), a major
maintenance/upgrading operation of the microscope was
envisaged. As a first step, a feasibility study of this
operation was carried out, with the help of a specialized
company from the UK (A&J Scientific Limited). The main
conclusion of the study was that this operation is both
feasible and worthwhile and could be implemented over a
three-year period [2]. It would include major modifications
of  both  the  vacuum  and  high  voltage  systems  as  well  as
fitting a digital camera system. In addition, modifications
would be implemented in such a way that the microscope
would be part of the time available for experiments after
the first year of the upgrading operation.

CONCLUSIONS

He implantation experiments of Eurofer specimens were
conducted using 4He particles of 10 keV energy up to an
average concentration of 50 appm Helium. However, the
subsequent 1MeV electron irradiations could not be
carried out due to operating problems with the HVEM.

It was therefore decided, following a feasibility study, to
carry out a major upgrading operation of the microscope in
order to be able to perform the planned electron
irradiations.
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UT-S&E-LASER/DEC 

Task Title: STUDIES ON PYROMETER MEASUREMENTS FOR FAST AND 
INHOMOGENEOUS LASER HEATING 

 
INTRODUCTION 

 
High repetition rate laser ablation (LA) may be effective 
for cleaning and detritiation of internal walls of D-T 
thermonuclear tokamak installations, like ITER [1-7]. The 
modelling of laser heating and LA of graphite samples 
from different tokamaks is important to optimise laser 
detritiation of graphite surfaces and to characterise carbon 
deposits (thickness, thermal and optical properties, 
adhesion and heat contact with graphite substrate, etc). 
Pyrometer measurements can be applied to determine layer 
properties by theoretical fit of experimental heating 
temperatures. Nevertheless, some parameters of 
commercial pyrometers (microsecond response time, 
limited temperature range with top and bottom 
temperatures) impose certain limitations on pyrometer 
measurements. For graphite and metal surfaces at laser 
heating by nanosecond or shorter laser pulses, the surface 
temperature may differ from the one on the pyrometer 
output due to averaging on the microsecond response time.  
A similar problem occurs if the laser beam is 
inhomogeneous (tightly-focused Gaussian laser beam) or 
the surface incorporates highly absorptive micro-
inclusions.  
 
 
2006 ACTIVITIES 

 
FAST AND INHOMOGENEOUS LASER HEATING 
 
Studies on pyrometer features are required to obtain 
reliable results on the surface temperature for 
inhomogeneous and fast laser heating. Expression for 
pyrometer output photocurrent is 

( ) ( ) ( )
t

eff T photoI t F t t I t dt
−∞

′ ′ ′= −∫ ,where 
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with FT(τ) – pyrometer influence function for time 
averaging of the pyrometer photocurrent Iphoto(t), FS (r) - 
space-geometrical factor. In the expression for Iphoto(t), ω 
and ∆ω are pyrometer working and band frequencies, A(ω) 
- surface absorptivity on frequency ω, T(t, r) - local surface 
temperature at the moment t and in a surface point r from 
the center of the pyrometer light collector axis. The current 
Ieff (t) is the result of averaging the photo-current Iphoto(t) 
created in the pyrometer photo-detector with the influence 
function FT (τ), which is associated with the finite response 
time of the pyrometer. This function should satisfy the 

general condition:
0

( ) 1TF dτ τ
+∞

=∫ .  

Application of the factor ∆ω = ωmax - ωmin (ωmin and ωmax 
are the limits of the pyrometer frequency band) is justified 

by a high ratio of min /Tωh that allows to apply 

approximation ω ≅ ωmin.. Thus, here, single-colour 
pyrometer measurements are considered. We suppose 
circular symmetry of the pyrometer light collector.  

Function ( ) cosSF r dθ= Ω∫  is the space geometrical 

factor related with the pyrometer fiber diameter and 
numerical aperture, and its location with respect to the 
surface. The integration is provided over the solid angle 
determined by the position of the lens with respect to the 
point r. With the good accuracy for our measurements, we 
can assume FS (r) = 0 at r > r0 and FS (r) = F0 = Const at r < 
r0.  In our experiments, r0 = 500 - 700 µm (r0 - radius of the 
light collection area on the surface). For Impac-Kleiber C-
LWL infrared pyrometer applied in our experiments, the 
response time of RC-circuit (τo) is in a microsecond range. 
For electronic RC-circuit, the influence function is 

exponential, that is, 1
0 0( ) exp( / )TF τ τ τ τ−= − . The 

pyrometer influence function should be known if the time 
of the temperature change during the measurements is 
shorter than one microsecond. The influence function can 
approximately be determined from the temperature 
measurements. From the mathematical point of view, the 
influence function FT (τ) presents the pyrometer electric 
current response on the pyrometer output, if the received 
photocurrent is a very short pulse (like the Dirac δ(t)-
function), that is, if Iphoto(t) ~ δ(t). 

Thus, ( ) ~ ( )eff TI t F t . Based on the graphite temperature 

measurements with 100 ns laser pulses, we can conclude 
that FT (τ) - function of our pyrometer can roughly be 

approximated by 0( ) ~ exp( / )n
TF τ τ τ τ− . 

The plot of FT (τ) with n = 2 and τ0 = 1.785 µs is shown in 
figure 1(a). Its integral over τ from 0 up to time t is 
presented in figure 1 (b). 

For this function,
15

0
( ) 0.99

t s

TF d
µ

τ τ
=

=∫ , which 

corresponds to the reference data of our pyrometer. 
The integrated function of figure 1(b) determines the 
pyrometer response to a step-wise signal, when Iphoto(t) = 0 
at t < 0 and Iphoto(t) = I0 = Const at t > 0. 
 
The pyrometer output temperature Texp(t) can be related 
with the effective current Ieff (t) as: 
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where Aemph - empirical surface emissivity. 
Taking into account FS (r) function properties, the relation 
between the temperature Texp (t) given by the pyrometer 
and the real surface temperature T(t, r) can be expressed 
as: 
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Figure 1: The influence function 

0( ) ~ exp( / )n
TF τ τ τ τ−

 of the pyrometer 

- Panel (a); its integral over τ from 0 up to t 

- Panel (b). Here, n = 2 and τ0 = 1.785 µs 

 
 
FAST LASER HEATING 
 
For nanosecond laser heating, we assume that the radius of 
homogeneous laser spot on the surface is higher than the 
radius r0 of the pyrometer photo-collector. For 
homogeneous temperature distribution, the above 
expression for Texp (t) can be simplified: 
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Empirical emissivity Aemp for graphite is assumed to be 
close to the actual one: Aemp ≅ 0.9 = A(ω). 
The theoretical temperature profile obtained with the laser 
heating model and the experimental one [3-7] for the same 
laser and medium parameters are presented in  
figure 2. 
In expression for Texp (t), the pyrometer maximal working 
wavelength is λmax = 2πc/ωmin = 2.2 µm (c - light speed) 
that is in accordance with the pyrometer 1.8 – 2.2 µm 
spectral sensitivity range. On figure 2, blue curves present 
the experimental temperatures for heating of the backside 
surface of Tore Supra graphite sample (without deposited 
carbon layer and without any preliminary laser processing) 
by 100 ns laser pulses [5]. Black curves of figure 2 present 
theoretical temperatures obtained with the laser heating 
model. Theoretical data of panel 2(a) do not consider the 
upper temperature limit (2600 K) that can be registered by 

the pyrometer. The averaged theoretical results of panel 
2(b) take this limitation into account. 
The results of figures 2(a) and 2(b) are very close. On 
figures 2(a) and 2(b), the theoretical peak temperature is 
much higher than the experimental one from the pyrometer 
output. The width of the experimental temperature peaks is 
much higher than 100 ns (laser pulse duration). The 
experimental maximum temperature is reached at some 
microseconds, that is, also much higher than the laser 
pulse duration. The actual maximum temperature could be 
supposed close to the graphite sublimation temperature 
(about 4300 K). But the experimental maximal 
temperature measured by the pyrometer is much lower due 
to microsecond response time of the pyrometer. 
On figures 2(a) and (b), the red curves present the 
averaged theoretical results. They are in a good qualitative 
(and even semi-quantitative) agreement with the 
experimental results. 
 

 
 

 
 

Figure 2: Theoretical results (red curves) on laser heating 
by ns laser pulses averaged according to expression for 
Texp (t) with the smoothed spread influence function of 
Figure 1 and corresponding experimental results (blue 
curves). Theoretical data of panel 2(a) do not take into 

account the pyrometer upper temperature limit (2600 K). 
Panel 2(b) presents the averaged calculations with this 

pyrometer limitation in mind 
 
 
INHOMOGENEOUS LASER HEATING 
 
For the pyrometer measurements of surface laser heating 
by a tightly-focused laser beam, the radial distribution of 
the laser intensity should be taken into account. The case 
rL < r0 is considered. Here, rL - the width of the Gaussian 
laser intensity distribution on the surface 

2 2
0( ) exp( / )LI r I r r= − . If the laser heating time is short 

enough, the radial distribution of the surface temperature 
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can also be considered as Gaussian, that is, 

2 2
max( ) exp( / )LT r T r r= −  with the same width. For 0.2-, 

2- and 20-millisecond laser pulses with rL = 200 µm, the 
calculated temperature radial distributions on the graphite 
surface are presented on figure 3. The temperature 
distribution is Gaussian with the width rT ≈ rL = 200 µm for 
laser pulse durations < 200 µs. This time duration is 
significantly long if compared with the pyrometer response 
time. 
 
 

 
 

Figure 3: The surface temperature radial distribution at 
laser heating by the Gaussian laser beam with 

 r0 = 200 µm and different pulse durations 
 
For microsecond laser pulses and tightly-focused Gaussian 
laser beam, expression for the experimental temperature on 
the pyrometer output can be reduced to: 
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Microsecond pulse durations are considered to avoid the 
problem of time averaging. Assuming that Aemp = A(ω), 
the dependences of the pyrometer temperature as a 
function of the actual temperature in the laser spot centre 
on the surface are presented in figures 4 (a, b, c), for 
pyrometers with working wavelengths (λpyr maximal) of 
2.2 µm, 1.0 µm and 0.5 µm, respectively. The temperature 
measured by pyrometer differs from the actual temperature 
in the laser spot centre. The higher the temperature is, the 
more evident the difference between the actual 
temperature and the one measured by the pyrometer. If the 
width of the Gaussian laser beam is known, it is possible 
with the curves of figure 4(a) to restore the actual surface 
temperature from the experimental one. The difference 
between the actual and the measured temperature is 
reduced with the working wavelength decrease. The 
measured temperature of panel 4(c) is close to the actual 
one for the temperatures up to 1000 K. Thus, the lower 
working wavelengths should be considered preferable for 
pyrometer temperature measurements of laser heating with 
a tightly-focused Gaussian laser beam. From the panels of 
figure 4, the relative errors of the temperature 
measurements (within the above parameter range) do not 
exceed 10% even for a pyrometer with a longer 2.2 µm 
working wavelength. Thus, the appropriate choice of the 
pyrometer may ensure reliable measurements of laser 
heating temperature for surface characterization. 

 

 

 
 

 
Figure 4: The experimental temperature Texp on the 

pyrometer output as a function of the actual temperature 
Tmax in the centre of the Gaussian laser beam on the 
surface for different widths (rL) of the Gaussian laser 

beam. Panels (a), (b) and (c) correspond to 2.2, 1.0 and 
0.5 µm wavelengths λpyr, respectively. The pyrometer 

collected area radius is 500 µm. 
 
For graphite laser heating, the medium should not be 
regarded as completely homogeneous. Small-localized 
centres and background (matrix) of different absorption 
may be found on the surface. The inhomogeneity of 
graphite tiles can be attributed to graphite porosity and 
internal random microstructure or deposited carbon layer 
inhomogeneity. Some isolated local absorption centres can 
be found in the deposited layer. During laser pulse heating, 
these centres may predominantly contribute to the heating 
temperature measured by pyrometer. 
The temperature will tend to homogenise due to thermal 
conductivity and heat flow from the local centres to the 
matrix. For nanosecond laser pulses, this process is much 
slower on the laser pulse scale. It is defined by thermal 
diffusivity of the matrix. In the heat equations, the laser 
heating source term Qi (r) corresponding to a single local 
centre i in position ri on the surface (or inside the medium) 

can be written as: ( ) ( ) ( )i abs iQ r I r r rσ δ= −r r r r
, where I(r) 

-  local laser intensity on the surface or inside the medium 
(in the local heating centre ri ), σabs - its absorption cross-
section depending on centre index i. A higher temperature 
of the local heating centre than the one of the matrix is 
associated with the high absorption cross-section σabs of the 
centres. The local heating centres are distributed over the 
medium with the volume density nc. Their contribution to 
the heating temperature is determined by absorption 



 - 370 - Underlying Technology / Safety and Environment 

 
coefficient nc ⋅ σabs of the local centres. The matrix 
(background) absorption coefficient α should be compared 
with the one of the local centres. If α >> nc ⋅ σabs, the effect 
of the local centres is negligible. If α << nc ⋅ σabs, the 
temperature of the local centres can be higher than the one 
of the matrix during nanosecond laser pulse heating. The 
mean distance between the local heating centres and 
thermal diffusion length in the background (matrix) should 

also be considered. If 1/3
c pn Dt− <<  (D - thermal diffusion 

coefficient of the matrix and tp – laser pulse duration), the 
temperature homogenization will take place on the scale of 
the laser pulse duration. In this case, the mean heating 
temperature is defined by the mean absorption coefficient 
of the matrix with the local centres distributed with 

concentration nc. If 1/3
c pn Dt− >> , the temperature 

homogenization will occur just after laser pulse interaction 
with surface. Thus, the contribution of the local absorption 
centres in the measured temperature is important if: 

α  <<  nc ⋅ σabs, 
1/3

c pn Dt− >> . 

The last inequality implies that the typical dimension of 
the absorption center is smaller than the heat diffusion 
length. Otherwise, the medium may be considered 
homogenous. 
 
 
CONCLUSIONS 

 
The previously developed model for homogeneous laser 
heating [3], [4], [5], [7] was extended to study fast and/or 
inhomogeneous surface heating. The relation between the 
experimental temperature Texp (t) in the pyrometer output 
and the actual temperature T (t, r) of the surface was 
established. This relation was applied to analyse particular 
features of laser heating by nanosecond laser pulses in 
combination with on-line pyrometer measurements of the 
surface temperature. Pyrometer measurements for 
inhomogeneous heating by a tightly-focused Gaussian 
laser beam were analysed. For the Gaussian laser intensity 
distribution, the temperature measured by the pyrometer 
differed from the actual temperature in the laser spot 
centre. It was found that the higher the temperature, the 
more pronounced this difference was. With the known 
width of the Gaussian laser intensity distribution, it was 
possible to restore the actual surface temperature from the 
experimental one obtained by the pyrometer. 
Inhomogeneous laser heating resulting from highly 
absorbing centres on the surface heated much higher than 
the background was under investigation. The parameter 
range (absorption coefficient and density) was determined 
for absorption centres which contributed significantly to 
the measured temperature. Certain pyrometer parameters 
(microsecond response time and limited temperature 
range) were under special consideration. It was 
demonstrated that the actual and theoretical peak 
temperature can be much higher than the experimental one 
in the pyrometer output. The widths of the experimental 
temperature peaks were about some microseconds, that is, 
much higher than the laser pulse duration. The theoretical 
data were compared with the experimental pyrometer 
measurements. They were found in a good agreement. 
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UT-S&E-LiPbwater

Task Title: CONSEQUENCES OF A Pb/Li – WATER INTERACTION IN THE
ITER VACUUM VESSEL

INTRODUCTION

In  the  framework  of  the  Safety  Analysis  of  the  ITER
reactor, the consequences of a common failure of the Test
Blanket Module (TBM) and a few blankets dedicated to
the water-cooling are investigated. In such conditions, it
would result in an interaction between the metal Pb/Li
liquid coming from the TBM and water in the vacuum
vessel. The contact between these two fluids at relatively
high temperature could lead to a thermal interaction
followed by an exothermic chemical reaction with a large
energy release. The water would vaporize and thus
pressurize the vacuum vessel, designed to withstand a
maximum pressure of 2 bar. If such pressure was reached,
the integrity of the vessel could be challenged.
This specification study consists in assessing the
maximum pressure reached in the vacuum vessel by a
thermodynamic approach.
For 2007, it will be proposed to continue this analysis by a
modeling with the SIMMER-III code, taking into account
the kinetics aspects of the mixing. The initial phase after
the contact of the two liquids, which is subjected to the
apparition of pressure peaks, will be particularly
investigated.

2006 ACTIVITIES

The objective of the 2006 work was to analyze the thermal
interaction and to propose a modeling to simulate it.

STATUS ON PREVIOUS STUDIES
In 1999, the consequences of the Pb/Li – water interaction
were investigated by Utschig and Corradini in the
framework of the initial ITER project [1]. Two different
computer codes LINT and MELCOR were adapted for this
evaluation in non-equilibrium conditions. At that time, the
TBM was only cooled by water so that the risk of a Pb/Li
and water interaction was much bigger than today.
Furthermore, the vessel size was bigger, temperature and
pressure were also different. The thermal interaction and
the chemical reaction were modeled at that time.
In this analysis, the vessel failure was assumed to occur if
pressure exceeds 5 bar.

The results are as follows:
- assuming a Pb/Li leak into water filled vessel, no failure

occurs in a vessel already filled with water since the
pressure is limited the maximum Pb/Li pressure, which is
always below the design pressure,

- assuming a water leak into a pre-existing lithium vessel
and no break of the rupture disk between the vacuum
vessel and the relieve tank, a vessel failure is assessed
within a few minutes. The Pb/Li will rapidly disappear

but the vessel pressure will continue to increase as long
as water is injected. Temperatures up to 3000 K were
calculated in transient situation and adiabatic condition.
Heat transfer out of the vessel will however limit these
temperatures. Without any Li/Pb in the vessel, a mass of
9300 kg water was predicted by calculation, which
decreases to 1500 kg if 1000 kg of Li/Pb was already in
the vessel.

These results must be updated in order to take into account
the modifications made on the ITER reactor design, in
particular the replacement of the water cooling system by a
helium cooling one and the decrease of the free vacuum
volume (1350 m3 instead of 3800 m3). The use of the
computer code SIMMER-III, already validated for this
kind of interactions, is chosen for the modeling [2].

In the past, the BLAST and LIFUS programs were
performed by ISPRA [3] to evaluate the Pb/Li – water
interaction. The SIMMER-III calculations produced good
results on these tests [4] & [5]. The modeling developed at
that time will be adapted for the present study. The
kinetics aspects of the mixing between the two fluids will
be taken into account and the thermal interaction will be
determined.

Chemical reaction
It is also useful to present the chemical reaction between
water and Pb/Li.
Two situations could occur: a small leakage or a large
leakage. In both cases, the chemical reaction that takes
place is [1]:

Reaction in the presence of excess water:

CatLikgMJHHLiOHOHLi 25/29222 22

Reaction in the presence of excess lithium:

CatLikgMJHHOLiOHLi 25/222 222

These chemical reactions are exothermic, leading to a very
large pressure increase in the module blanket, exceeding
the design pressure.

THE THERMO-DYNAMICAL STUDY
Prior to a computer modeling, a global evaluation of the
energy release is proposed for two situations (water or
Pb/Li leak).

The vessel pressurization without helium
The Pb/Li liquid metal is initially pressurized to 2 bar and
at a temperature of 550 °C, the water being at 30 bar and
150°C.
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The water vaporization
In order to give an order of magnitude of the maximum
pressure reached, a first calculation is performed. A Pb/Li
leak and a water leak will be respectively estimated.
The thermo-dynamical characteristics of the water are
summarized in table 1.

Table 1: Properties of the water (1, 2, 5 and 30 bar)

Water properties
Pressure 1 bar 2 bar 5 bar 30 bar

Melting latent
heat

2.259·106

J/kg
2.204·106 J/kg 2.111·106

J/kg
1800·106 J/kg

Saturation
temperature

99.09 °C 120°C 151 °C 233°C

Water saturation pressure
Water saturation pressure
Temperature 100 °C 150 °C

Saturation
pressure

1 bar 4.85 bar

550 °C
Above the critical temperature

(T=374 °C)

As shown by the water characteristics (Figure 1), the water
will immediately vaporize as soon as it comes into the
vacuum vessel since its pressure is largely under the
saturation pressure.

Figure 1: Water phase diagram

The initial characteristics of Pb/Li in the vacuum vessel
are summarized in table 2:

Table 2: properties of Pb/Li

Pb/Li
Pressure 2 bar
Volume 0.324 m3

Mass 3235 kg
Initial temperature 550 °C

Liquid density 9984 kg/m3

Steam density 190 J/K/kg
Melting temperature (2 bar) 235°C

Saturation temperature (2 bar) 978°C
Saturation pressure (550°C) 1.235 ·10-2 Pa

Specific heat 195 J/kg/K

It is to notice that Pb/Li remains in its liquid state between
235 and 978 °C under 2 bar.

Pb/Li leak
Initially, 1 m3 of water at a temperature of 150°C is
assumed to be present in the vacuum vessel. Pb/Li is also
injected in its liquid state at a temperature of 550°C.
Due to thermal and chemical reaction with Pb/Li, water
temperature will rapidly increase. As the total volume of
the vacuum vessel is very large, the steam temperature
corresponding to a pressure of 2 bar is also very high.
Using the perfect gas law, the temperature necessary to
pressurize the vessel is of the order of

K
Rn
VPT 6102 , which is unrealistic, since the Pb/Li

maximum temperature is only 550°C.
There is no risk of pressurization of the vessel if the water
amount is limited to 1 m3. The probability of pressure
peaks  is  therefore  also  very  low.  This  case  will  not  be
investigated in detail since the thermal energy between
1m3 water and 0.28 m3 Pb/Li could not pressurize the
vessel.
Previous analysis confirms that a vessel pressurization is
unlikely in case of a lithium leak from the TBM into an
initially water filled vessel. In addition, the low Lithium
driving pressure results in limited risk of lithium leak [1].

Water leak
On the contrary, when water is injected into the vessel
initially filled with a mass of 0.324 m3 of  Pb/Li  at  a
temperature of 550°C, it will immediately vaporize.
A first conservative calculation, considering that the
maximum vessel temperature is 550°C (the initial Pb/Li
temperature), gives the steam mass necessary to reach a
pressure of 2 bar in equilibrium condition. Using the
perfect law gas, a water mass of 2000 kg, which is quite
large but not unrealistic, is found.
If the final vessel temperature is only of 150°C, the water
mass increases to 4000 kg.
Taking into account the heat transfer produced by the
Pb/Li - water interaction and transferred to the vessel
structure, the likely final temperature is comprised
between 150 and 550°C, so that a risk of vessel failure
could be feared.

In the previous work [1], the vessel failure was assumed to
occur for a vessel design pressure of 5 bar. The water mass
calculated by the LINT and MELCOR codes was 9700 kg
in the absence of Pb/Li. This value is coherent with this
approach. Indeed, if the vessel temperature is 150°C, the
water mass necessary to reach failure is 4000*5/2=10000
kg.

Since water is pressurized as long as it is coming into the
vessel, the vessel could fail even without any lithium
interaction if there is no protection against over-pressure
(rupture disk). The question is therefore to check whether
this release valve is correctly dimensioned and works
properly.

Although the water amount is quite large, additional
calculations are proposed to study the transient effects.
Indeed, pressure peaks are expected during the mixing
phase that could damage the vessel structure.
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2007 FORESEEN STUDY

These two studies were estimated on a thermodynamic
viewpoint in 2006 in order to give a first evaluation on the
consequences of the Pb/Li and water interaction. Only
stationary conditions were studied.
The conditions to be considered for the 2007 modeling are
based on the new ITER vacuum vessel geometry.
The reference case will be a water injection in a vacuum
vessel already filled with Pb/Li. The thermal interaction
and chemical reaction between them will be modeled.
It is proposed to perform this analysis by a refined
modeling with the SIMMER code. The kinetics aspects of
the mixing between the two liquids will be taken into
account. The initial phase after the contact of the two
fluids will be investigated and the results will be compared
to the present ones.

CONCLUSIONS

The question raised by the consequences of a possible
interaction between Pb/Li and water as well as a
preliminary evaluation was done in 2006. The water mass
necessary to endanger to vacuum vessel integrity was
estimated. Although this approach leads to rapid results, it
only corresponds to stationary conditions that take into
account - neither the transient mixing process - nor the
system geometry where the mixing takes place.
Consequently, it is proposed to pursue this study in 2007
by a complete modeling of the control volume of the
vacuum vessel. The thermal interaction would be more
precisely estimated and the pressures on the vessel will be
better calculated.
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UT-S&E-Tritium-Impact

Task Title: IMPACT OF CONTAMINATION WITH TRITIUM AT CELL
LEVEL

INTRODUCTION

Ionizing radiation produces different kinds of damages
among them oxidative stress and DNA double strand breaks
(DSB). DSB are mainly repaired by Homologous
recombination (HR) and non-homologous end-joining
(NHEJ) processes. The impact of Tritium on DNA integrity
directly derives from the deposited energy and not from any
chemical poisoning since tritium only generates water.
However association with another contaminant, which
affects cell response, can produce synergistic effects.
Moreover, it is also possible that tritium incorporation
engages cells in a response that could be inappropriate for a
concomitant associated stress.
Our project aimed to study the impact of contamination
with Tritium on cell survival, cell cycle, mutagenesis, HR
and NHEJ. Moreover our project will study the impact of
Tritium contamination on the cell response to an additional
independent and well controlled DSB.
In 2006, we evaluated the impact of sub-lethal doses of
contamination by 3H-thymidine on a single DNA double-
strand breaks (DSB) targeted into a homologous
recombination (HR) substrate in hamster CHO cells.

2006 ACTIVITIES

Cells were cultured in the presence of different specific
activities of labeled thymidine. After 20 hours, when
incorporation reached a plateau and over 95% of cells
contained labeled nucleotides, radioactivity incorporated
into the DNA was counted in trichloroacetic acid (TCA)
precipitates. In parallel cultures, cell cycle analysis,
viability (cloning efficiency), homologous recombination
frequency were measured (figure 1).

Hot Thymidine (3H) Cold Thymidine

Incubation in culture medium (20h00)

Cells harvest and count

Incorporated activity in DNA (TCA)

Immunofluorescence (Rad51, -H2AX)
Homologous Recombination

Colony Forming Efficiency (survival )
Cell cycle analysis (FACS)

Mutagenesis

Figure 1

To analyze DSB-induced HR at a molecular and acute
level, we measured HR induced by a specific DSB, targeted
into the HR substrate (figure 2) by the meganuclease I-SceI,
which strongly stimulates HR [4]. A HR event will repair

the DSB induced by I-SceI and will restore a functional
EGFP gene by gene conversion. EGFP positive cells will be
scored by FACS analysis [1], [3]. A total of 3·105 cells were
plated and transfected with 2 µg of the I-SceI expression
vector (pCMV I-SceI).

pCMV

SceGFP iGFP

ISceI

Puromycine pgk

Figure 2

IMPACT OF 3H-NUCLEOTIDES CONTAMINATION
ON THE CELL RESPONSE (SURVIVAL, CELL
CYCLE, HR) TO AN ENZYMATIC DSB (I-SCEI)

Measure of survival

We incubate cells with 3H-thymidine prior inducing DSB
either by external gamma radiation (137Cs irradiator, 40
DSB  /  nucleus  /  Gray)  or  by  I-SceI  expression  (1  DSB  /
nucleus). Incorporation of 3H-thymidine did not
significantly affect toxicity induced by a single DSB
produced by I-SceI expression. However, we found that
incorporation of low doses of 3H-thymidine before an
external 6 Gy radiation increase cell survival. Moreover,
incorporation of high doses of 3H-thymidine does not
increase cell survival after an external 6 Gy radiation.
Taken together, these data show that a specific range of 3H-
thymidine incorporation may be able to activate cell
protection pathways and then allow her to a better survival
after a tougher secondary stress.

Measure of cell cycle

Cell cycle repartition was measured by regular methods. In
2005, we showed that there is no effect on the cell cycle
repartition of 3H-thymidine incorporation until 1·106

dpm/106 cells. From that dose and upper, we measured a
G2/M phase arrest mediated by the ATR signaling pathway.
We found no effect on the cell cycle repartition of I-SceI
induced DSB repair after 3H-thymidine incorporation.

Homologous Recombination induction analysis

We incubate CHO-DRA10 or SV40-immortalized human
fibroblasts RG37 cells with 3H-thymidine prior inducing
DSB either by external gamma radiation (137Cs irradiator,
40 DSB / nucleus / Gray). We used the RG37 cells to
measure the impact 3H-thymidine incorporation on HR
induced by I-SceI (1 DSB / nucleus). The presence of an I-
SceI cleavage site allows the targeting of a specific
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chromosomal double-strand cut, at a precise position in the
HR substrate (figure 2). EGFP as reporter can be used to
measure recombinant cells, instead of recombinant colonies
with G418 resistance, and thus to measure HR
independently of the fate of the recombinant cell.
Our results show that incubation with 3H-thymidine prior to
I-SceI transfection may reduce the percentage of
recombinant cells (figure 3). The result may be explained
by the hypothesis of an induction of the NHEJ pathway by
3H-thymidine incorporation. The competition between both
DSB repair pathways (HR and NHEJ) will be then turned in
favor of NHEJ. We found a comparable decrease of RH
repair of DSB induced by external gamma radiation after
incorporation of low doses of 3H-thymidine.
Incorporation of higher doses of 3H-thymidine lead to HR
stimulation as in control samples. This last result may not
be easy to interpret in a robust model and shall need extra
work before.
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Figure 3

CONCLUSIONS

This part of our project shows some results that may be
promising. We will need to perform extra investigations to
clearly conclude to an effect of tritium contamination on a
DSB induced by a subsequent genotoxic stress.
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ICF-Instabilities-02

Task Title: KINETIC EFFECTS IN STIMULATED BRILLOUIN AND RAMAN
SCATTERING INSTABILITIES

INTRODUCTION

In the context of inertial confinement fusion (ICF) by
lasers, “laser fusion”, the control of instabilities occurring
during the interaction between the laser beams with the
underdense plasmas corona is of crucial importance for the
coupling efficiency. Parametric instabilities which arise due
to the coupling between the laser light waves and plasma
waves can lead to considerable losses due to light scattering
and fast electron generation which avoid an efficient
thermal coupling in the vicinity of the critical density. Most
recently, under fusion-relevant conditions, losses
originating from parametric scattering instabilities of the
order of 30% and higher, reducing eventually the radiation
temperature in indirect drive targets, have been measured
[1], [2]. These measurement underline the importance of
fundamental research on the subject of parametric
instabilities, in particular on the understanding of the
nonlinear saturation mechanisms of the scattering
instabilities “stimulated Brillouin scattering” (SBS) and
“stimulated Raman scattering” (SRS).
SBS and SRS are particularly important, and they both
involve the excitation of large-amplitude longitudinal
waves. The electron plasma waves in the case of SRS, and
the ion acoustic waves in the case of SBS, are easily subject
to nonlinear saturation processes for the laser and plasma
parameters corresponding to fusion-relevant conditions.
Numerical predictions of SBS and SRS, based merely on
fluid-type simulations, have so far been unable to reliably
reproduce experimental results. However considerable
progress  has  been made in  the  capability  to  model  SBS in
large-scale plasmas [3].
Kinetic simulations, due to high numerical resolution
required, can be carried out only on a limited spatial scale.
The goal of our fundamental studies is to elaborate a
profound understanding of nonlinear saturation processes of
SRS and SBS in order to develop a modelling which
eventually can be included in long-scale-length hydro
models.
The current task is focused on the nonlinear evolution of the
electron plasma waves, excited in the SRS process, and ion
acoustic wave (IAW), involved both in the SBS process as
well as in the SRS process via a secondary instability.
Particular interest has been given to kinetic effects.

2006 ACTIVITIES

In the past, our efforts were focused on kinetic effects in the
SBS process, disregarding SRS, where the role of ion and
electron kinetic effects as well as of the decay of the SBS
driven IAW into subharmonics has been studied in the
context of the nonlinear saturation of Ion Acoustic Waves.
We have performed numerical studies using two different

types of particle-in-cell (PIC) simulation codes, first with a
‘full-PIC’ code, simulating the motion of both electrons and
ions, and, secondly, a 'hybrid-PIC’ code (see our previous
reports), in which only the ion motion is described, the
electrons being then considered as a fluid within the
Boltzmann law. Whereas the hybrid-PIC code enables to
study SBS in any (underdense) density regime without the
onset of SRS (due to the missing electron inertia), in the
full-PIC code SRS should occur at densities below 0.25 nc
(quarter critical density). Therefore, we decided in the past
to consider densities above this limit in order to clearly
investigate SBS effects without the onset of SRS. However,
in order to be closer to the MegaJoule-laser conditions, we
have decided to simulate laser-plasma interaction with
plasma densities of the order of 0.1-0.4 nc. [4].
This requires to include the nonlinear saturation process of
SRS in our investigations. While SBS is occurring on a
picosecond time scale, the more rapid onset of SRS gives
rise to a nonstationary behaviour of the backscattered light
and hence a low average level in the SRS reflectivity [5].

Figure 1: upper subplot:Llight reflectivity Reflectivity as a
function of time for a typical full-PIC simulation (electron
and ion particles), showing the onset of nonstationary SRS

followed, later, by the onset of SBS which becomes
dominating for times 0 t > 104.

Lower subplot: Spectrum of electron density perturbations
in wave-number space k/k0  (k0  being the laser wave

number) as a function of time in the interval 0 < 0 t< 6000.
The different spectral components are associated with SRS,

SBS, LDI and its cascade, and kinetic effects. Simulation
parameters: light intensity I0 = 1015 W/cm2 at 1µm laser

wavelength, kEPW D = 0.2.



- 379 - Inertial Confinement Fusion

SIMULATION RESULTS

Two principal processes have identified to explain this low-
level saturation:
- On the one hand the SRS-generated electron-plasma
waves undergo a decay, called Langmuir decay instability
(LDI), into a counter-propagating electron-plasma wave
(EPW) and an ion acoustic wave, weakening the SRS
process;
- On the other hand, EPWs easily exhibit kinetic effects
such as particle trapping or wave breaking, once their
amplitude exceeds a few percent of the average electron
density. The kinetic effects modify the electron phase space
and hence modify the resonance coupling conditions for
SRS.

We extensively studied, based on fluid-type equations, the
LDI process [6], which can give rise to an instability
cascade, and further on to the 'cavitation' process, where
EPWs are trapped in localized ion-density depressions
leading to a strong incoherence in the Raman
backscattering.

In parallel, we performed kinetic simulations with a PIC
code in order to identify the regime where LDI occurs and
persists as saturation process. Depending on the ratio
between the Debye-length and EPW-length, kEPW D,
LDI seems to persist only in a small parameter window
before kinetic effects dominate and wash out the LDI
signatures in the electron and ion wave spectra.

This is illustrated in Fig. 1, where one can observe
signatures of LDI in the spectrum ne(k,t) of the electron
plasma waves shortly after the onset of the SRS instability,
followed by signatures of the LDI cascade. The spectrum,
very early, exhibits the importance of kinetic effects
occuring via the onset broadband long-wavelength (k-
values smaller than k0) components.

CONCLUSIONS

While the LDI effects can be described via fluid-type
equations and hence be integrated in a large-scale
modelling [3], kinetic effects have to be modelled, if ever,
phenomenologically, and perhaps only in a limited
parameter regime. Our current and future efforts aim in
finding such a modelling for kinetic effects for SRS and
SBS [7], by involving simulations in more than one spatial
dimension.
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ICF-OPACITY

Task Title: OPACITIES AND RESISTIVITY MODELLING

INTRODUCTION

The main objective of this subtask in 2006 has been the
development of theoretical and numerical tools to study
radiative properties and transport coefficients (opacities,
resitivities…)  as  well  as  the  equation  of  state  (EOS)  for
IFE plasma modeling. The subtask has been divided into
three parts. The first one (D1) is related to new methods
and code development for opacities and resistivities. The
second (D2) is the work on a new fully quantum-
mechanical approach to atoms and ions in plasmas; the
third (D3) – related to D1 – is focused on experiments and
comparisons to results from numerical codes.

2006 ACTIVITIES

D1: THEORETICAL METHODS AND CODE
DEVELOPMENT IN CASE OF RADIATIVE
PROPERTIES

a) We have derived a system of equations for the linear
response  of  a  quantum  Average  Atom  in  plasma  to  a
frequency-dependent perturbing dipole potential [1]. Both
bound and free states are treated quantum-mechanically. In
our approach the energy extinction cross-section per AA is
calculated from the imaginary part of the induced dipole.
We have derived a sum rule in which the induced dipole is
localized using two equilibrium AA quantities: the
gradient of the equilibrium potential and the gradient of
the equilibrium electron density. The new sum rule is a
generalization of the known relation between different
forms of dipole matrix element. It also opens a way to
practical calculation of the induced dipole. We have
further shown how the homogeneous plasma contribution
to the induced potential leads to a renormalization in the
form of the cold plasma dielectric function. Radial
equations have been derived for the frequency-dependent
response. The simplifications proposed and the new sum
rule may be a good starting point for various approximate
methods.

b) In order to check the statistical treatment of terms and
configurations in the SCO code we have performed some
comparisons of the results from the code to available X-
ray and XUV absorption measurements in some
Aluminium and Germanium plasmas [3]. Especially
interesting have been the modifications in the theoretical
spectra due to the assumed experimental width. For the
low and medium Z elements considered, the statistical
term treatment essential in the superconfiguration method
is less physically sound than a detailed line-by-line
treatment. Nevertheless, comparisons with recent
spectroscopic measurements at near solid density suggest a
larger domain of validity for statistical approximation than
previously thought. Physical line broadening, especially

electron impact, may be responsible for line overlapping at
higher density. Statistical term treatment could become a
reliable approximation in such circumstances. We have
also addressed some specific theoretical issues that affect
the absorption structures such as orbital relaxation in the
final state of optical transitions and the broadening of
spectral lines by collisions with electrons. It follows from
this study that better modeling of physical line broadening
is needed and that new experiments with enhanced spectral
resolution and possibly absolute measurement of the
absorbed radiation are required. New experiments can
explore the domain of validity of the statistical term
treatment by comparing the DTA and UTA approaches.

c) The work on the radiative collisional code SCRIC [3]
based on the HULLAC code system has been continued. A
new detailed version of the SCRIC code has been
prepared. In this version the collisional-raditive
calculations involve the detailed levels. Comparisons
between the detailed and configuration-averaged versions
have been performed in order to check the validity of the
latter version that is practically always used in atomic
physics codes for hot dense plasma applications.

D2: EQUATION OF STATE WITH QUANTUM
FREE ELECTRONS, RESISTIVITY MODELING

The work in collaboration with P. Arnault, G. Dejonghe
and J.-Ch. Pain to improve the thermodynamics of the
SCO code has been continued. Recent studies have been
focused on the quantum-mechanical description of all
electrons. The motivation of these studies is directly
connected to higher density plasmas in which pressure
ionization can occur. The superconfiguration
approximation enables one to perform rapid calculation of
averages over all possible configurations representing
excited states of bound electrons. We have developed a
thermodynamically consistent model involving detailed
screened ions (described by superconfigurations) in
plasmas. We have implemented a version of the code in
which all electrons (bound and free) are treated quantum
mechanically. The model provides main thermodynamic
quantities, together with a treatment of pressure ionization,
and gives a better insight into the electronic properties of
hot dense plasmas. The model enables one to perform
simultaneous calculations of photoabsorption and equation
of state. At present, the ions are still confined in the
spherical cell, but all the electrons are described quantum
mechanically. Example of this that can be observed
performing the self-consistent calculations with the
quantum free electrons (figure 1) Resonances are carefully
taken into account in the self-consistent calculation of the
electronic structure of each superconfiguration. In the
figure 1 we see an example of a pressure ionization that
does not lead to discontinuities in thermodynamic
quantities: the sudden increase of the free-electron number
due to pressure ionization of the 3p bound level of
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potassium at 3 eV is absorbed by an increase of continuum
density of states. The abrupt change of the bound-electron
pressure is compensated by an abrupt change of the free-
electron pressure, leading to a continuous total pressure.
The corresponding numerical code enables one to calculate
the thermodynamic functions over a wide range of
densities and temperatures, and, thanks to the
superconfiguration averaging process, for mid-Z elements.
In the future, it would be interesting to calculate the ionic
structure factor and therefore to evaluate electrical static
resistivities, using the extended Ziman formula [2].

Figure 1: Bound-electron pressure, free-electron pressure
and total pressure for a potassium (K) plasma at T = 3 eV

and different values of density.

D3: COMPARISON THEORY-EXPERIMENT IN
THE FIELD OF PLASMA RADIATIVE
PROPERTIES

a) Theoretical line strengths and positions of satellite lines
of xenon and tin ions have been computed in the EUV
region (transitions from doubly excited configurations or
between singly excited configurations). Calculations were
conducted with HULLAC parametric multi-configuration
relativistic code. Influence of configuration interaction has
been investigated for doubly excited configurations of ions
from Pd- to Rb-like. The emission in the 100 -150 Å
region interesting for plasmas at the temperature of the
order of 20-40 eV (typical for laboratory plasmas) has
been investigated. A strong narrowing of 4d–4f/4d–4p
group of satellite lines was observed, compared to the
calculation without configuration interaction. The
emissivity is strongly enhanced in the centre of this group
of lines. This strongly increases the EUV emission at about
130 Å for tin at moderate to high densities. The EUV
emission of xenon at the same wavelength is enhanced by
4d–5p satellite lines of Xe 9+ and 10+. Radiative
transitions between singly excited configurations and
between doubly excited configurations also enhance the
emission at these wavelengths, especially 6g–4f transitions
of Xe 9+, 10+ and 5g–4f transitions of Xe 11+.

b) Time-resolved absorption of zinc sulfide (ZnS) and
aluminum in the XUV-range has been measured at the
LULI2000 laser. Thin foils in conditions close to local
thermodynamic equilibrium were heated by radiation from
laser-irradiated gold spherical cavities. Analysis of the
aluminum foil radiative hydrodynamic expansion, based
on the detailed atomic calculations of its absorption

spectra, showed that the cavity emitted flux that heated the
absorption foils corresponds to a radiation temperature in
the range 55 – 60 eV (figure 2). Comparison of the ZnS
absorption spectra with calculations based on a
superconfiguration approach (SCO code) identified the
presence of species Zn6+ - Zn8+ and S5+ - S6+. Based on the
validation of the radiative source simulations,
experimental spectra were then compared to calculations
performed by post-processing the radiative hydrodynamic
simulations of ZnS (figure 3). Better agreement is found
when temperature gradients are accounted for.

Figure 2: Comparison of the experimental transmission
(thin dashed line) with the averaged transmission

calculated with HULLAC code (thick full line) in case of
the Aluminium plasmas. The density and the electron
temperature are calculated with a 1-dim hydrocode
MULTI. The time evolution gradients are included

calculating separately the transmissions given by the
spatial gradients distributions at three times and taking

their average.

Figure 3: Comparison of the experimental transmission
(thin dashed line) with the averaged transmission

calculated with the SCO code (thick full line). The density
and the electron temperature are calculated with the

MULTI code. The time evolution gradients are included
calculating separately the transmissions given by the

spatial gradients distributions at three times and taking
their average (Pain J.-C. , Dejonghe G., Blenski T.,

«Journal of Quantitative Spectroscopy and Radiative
Transfer, 99, (2006) 451-468).
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ICF-Particle-Beams 

Task Title: INTENSE LASER AND PARTICLE BEAMS DYNAMICS FOR ICF 
APPLICATIONS 

 
INTRODUCTION 

 
This part of our Association’s research activity related to 
inertial fusion is focused on Heavy Ion Inertial Fusion 
(HIIF) and to the physics of the fast ignitor scenario (FIS). 
The 2006 results concern the development of a new model 
to describe atomic collision for heavy ions in relation with 
HIIF and new theoretical and numerical investigations of 
the electron transport for fast ignition application. 
 
 
2006 ACTIVITIES 

 
ATOMIC PHYSICS FOR HEAVY ION COLLISIONS 
IN HIIF [1], [2], [3] 
 
Atomic collisions related to the transport of heavy ion 
beam inside the target chamber of a HIIF reactor pertain to 
a rather specific domain of collision involving ions at high 
energies and very low ionization state for which there are 
presently no experimental results; therefore data can only 
be derived from theoretical investigations. In [1] we have 
shown that dynamic screening by the electrons inside the 
reactor chamber plays a central role in the final radius at 
the DT target. Ionisation of the beam ions will influence 
the dynamic of the beam first by producing new plasma 
electrons that will participate to the screening and also by 
increasing the charge of the beam ions. 
 
The problem of describing the atomic collisions at high 
energies between two heavy atoms consist of describing 
the dynamics of N electrons interacting with a time 
dependent strong field, which in the case of ions is 
produced by the nucleus. This problem has a strong 
relation with the interaction of a short laser pulse at high 
intensity with a high-Z atom, a cluster or a dense target, it 
has thus a large domain of applications in particular 
considering the physics of ICF. 
 
Concerning this work, our objective is to construct a 
general framework, which can be efficiently applied in a 
broad domain including both atomic collisions (and/or 
molecules and clusters) and laser-atom interaction at high 
intensity but for low density targets. It is expected also that 
our formalism will be applied to calculate the dynamical 
properties of dense plasmas. 
 
A new method has been developed in which the dynamics 
of the atomic electrons is described using Hermite-
Gaussian Wave Packet Molecular Dynamic (HGWP-MD) 
[2], [3]. To check the relevance of HGWP-MD for atomic 
collision calculations, we have used as a benchmark, the 
collision of ions with an atomic hydrogen. A summary of 
our results is reported on figure 1. 
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Figure 1: Stopping number for a 100 keV/n ion with 

charge Z and velocity V, interacting with a hydrogen atom, 
in terms of the perturbation parameter 

 η =Z/V (V in atomic units). 

Yellow triangle: CTMC results;  
Green triangle: GWP-MD results; 

Blue stars: static HGWP; 
Red circles: our HGWP-MD results 

 
In Figure 1 we have reported the CTMC results which 
serve as reference, the Gaussian Wave Packet MD (GWP-
MD) calculation results, the HGWP ones with a static 
basis and the full HGWP-MD calculations results. For the 
HGWP-MD and the static HGWP, we used the same basis, 
the dimension of which is determined for getting the right 
limit at small η . 

 
We can observe on the figure 1 that the GWP-MD can 
reproduce the right limit at strong coupling 1η >>  but 

does not yields accurate results at small coupling, whereas 
the static HGWP is valid only in the regime of small 
perturbation. On the other hand, our new HGWP-MD 
calculations provide accurate results in the whole 
perturbation domain. Therefore our calculations 
demonstrate that the HGWP-MD model is well adapted to 
describe the dynamics of atomic electrons in a strong 
external field. In particular the size of the basis can be 
significantly reduced compare to the static case. It opens 
the way to consider the dynamics of several electrons for 
analyzing the influence of dynamical correlation in the 
strong perturbation domain. 
 
THEORETICAL MODELING OF ELECTRON 
TRANSPORT FOR FAST IGNITION [4], [5], [6], [7], 
[8], [9] 
 
The fast ignition scenario for inertial confinement fusion 
imparts a very important role to beam-plasma interaction 
physics, since a laser generated relativistic electron beam 
is supposed to ignite the pre compressed target. 



 - 384 - Inertial Confinement Fusion 

The basic physics underlying the phenomena has been 
investigated for decades. Nevertheless, new lights have 
been recently shed on the subject, mainly empathizing the 
transverse instabilities undergone by the relativistic 
electron beam as well as the way temperature may affect 
them. 
 
When the beam enters the plasma, a return current 
neutralizes it and the resulting system is the well known 
two-stream configuration. The instabilities undergone by 
such a system can be classified in terms of their 
“polarization” (transverse or longitudinal), the orientation 
of their wave vector with respect to the beam and finally, 
their origin. By “origin” we mean that some instabilities 
depend only on the beam density while others only depend 
on the plasma temperature anisotropy. Although the whole 
space vector is unstable [4] and [6], it is commonplace to 
single out three main instabilities, namely the two-stream, 
the filamentation and the Weibel instabilities. Two-stream 
and filamentation instabilities both depend on the beam, 
but the first one is longitudinal with a wave vector parallel 
to the beam while the second one is transverse with a wave 
vector normal to the beam. On the contrary, the Weibel 
instability is also transverse but simply relies on a plasma 
temperature. 
 
A full algebraic analysis of the system stability unravels 
the whole unstable spectrum, including the unstable modes 
we just mentioned. From the performed analysis some 
points need to be emphasized:  
 
(1) The two-stream and the filamentation instabilities are 
found on the same branch of the dispersion equation. The 
same root of the dispersion equation yields the two-stream 
instability when the wave vector is aligned with the beam, 
and the filamentation instability when the wave vector is 
normal to the beam.  
 
(2) It can be checked that two-stream and filamentation 
growth rates vanishes with the beam energy whereas 
Weibel growth rate is independent of the beam.  
 
(3) As soon as the beam is relativistic (see for non-
relativistic case), the largest growth rate over the whole 
wave vector space is found on the two-
stream/filamentation branch. Interestingly, it is found for 
an intermediate orientation of the wave vector. We have 
denoted this intermediate mode as TSF mode, where 
“TSF” stands for Two-Stream/Filamentation.  
 
(4) This TSF mode which yields the largest growth rate is 
quasi longitudinal. 
 
For a strong non-linear problem as the one considered 
here, the connection between analytical linear theory and 
numerical simulation should be addressed. This has been 
done by making a direct comparison between our 
analytical model and 2D PIC simulation. The comparison, 
in particular concerning the map of growth rates in the 
wave vector plane, shows a clear correspondence between 
the numerical results and the linear theory ones, 
reinforcing the physical grounds of the linear theory 
approach. 
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ICF-Protons 

Task Title: APPLICATION OF LASER-ACCELERATED HIGH-ENERGY 
PROTONS FOR ISOCHORIC HEATING OF MATTER 

 

INTRODUCTION 

 
Producing, in a controlled way, matter at moderate 
temperature (1-25 eV) while maintaining it at solid density 
(1-10 g/cm3) is of prime interest; it would actually allow 
studying matter under conditions relevant to a number of 
topics, from fundamental plasma physics to classical inertial 
confinement fusion or fast ignition. Such a warm and dense 
state can of course be achieved in laser-irradiated samples 
but, due to the skin-depth penetration of visible or infra-red 
light in solids, only in volumes too small to allow an 
accurate characterization. 
Some recently carried out experiments have then shown the 
usefulness of laser-accelerated proton beams since they 
deposit their energy volumetrically (the so-called “Bragg 
peak”). Furthermore, they are produced in a very short 
bunch (less than 1 ps when exiting the source) and then can 
heat samples before they start to expand.  
Such an experiment has been conducted at LULI under the 
2004 EFDA technology workprogramme and encouraging 
results have been obtained [1]. 
The current task is focused on improving the 
characterization of the states of matter that can be achieved 
and varying the range of temperatures that can be obtained, 
optimizing the proton energy deposition by enhancing the 
low-energy part of the proton spectrum and, at least, 
measuring the stopping power of the protons in the dense 
warm matter. 
 
 

2006 ACTIVITIES 

 
The experimental campaign has been conducted on the 
LULI 100TW laser facility in March and November 2006 
involving various participants from European countries 
(Italy, United Kingdom and Serbia) and abroad (USA and 
Japan). It is still under analysis but preliminary results look 
promising. 
Characterizing the complete proton spectrum, in particular 
its low-energy component is a crucial part of aiming 
towards a useful and quantitative measurement of the 
hydrodynamic conditions (temperature and density) reached 
in proton-heated matter, for application purposes. Indeed, 
up to now, only the high-energy tail of the proton spectrum 
has been investigated, as experimentalists have mainly 
focused their attention on the few MeV range in view of 
enhancing the ability of probing dense matter by high-
energy protons. However, heating is mostly due to the low-
energy protons, and they may present a quite different 
energy distribution as the rear-surface acceleration 
mechanism, that drives acceleration of the high-energy part 
of the spectrum, is associated with other mechanisms 
yielding lower energy protons. 

Proton spectra measured, using a magnetic spectrometer, 
during the experimental campaign under various conditions 
are shown in figure 1.  
 

 
Figure 1: Proton spectrum as measured at LULI in various 

target and laser conditions. 
 
As we are currently performing absolute calibration of our 
detector, the ordinates are still in arbitrary units. However, 
it can be clearly seen that there are ways to enhance the 
numbers of protons contained in the low-energy part of the 
spectrum (below 1 MeV) by varying the target composition 
and the focusing conditions. We have also tried using a 
circular laser polarization, as was proposed by recent 
theoretical works, but no significant difference with the 
linear polarization case has been observed. 
In order to improve the measurement of the proton-induced 
energy deposition, two main diagnostics have been used: (i) 
a space sampling technique coupled to a streak camera 
(HISAC) providing a 2D time-resolved image of the heated 
plasma self-emission at two different wavelengths (in the 
visible) and (ii) time- and space-resolved frequency-domain 
interferometry (FDI). 
 

 
 

Figure 2: Schematic of the emissivity measurement 
diagnostic using two distinct colour channels 
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By using 2 colour channels, (see figure 2) an absolute 
measurement of the temperature can be obtained, through 
the ratio of the recorded emissivities, without having to rely 
on any “absolute” calculation, while using a sample 
technique allows measuring emissivities with good spatial 
(~ 40 µm) and temporal resolutions (~30 ps) (figure 3). 
 

 
 

Figure 3: 2D time-resolved image of the target “red” self-
emission (output of the streak camera) 

 
Reflectivity of an auxiliary chirped beam on the rear side of 
the heated foil is measured with the help of the FDI 
technique (see set-up figure 4). It gives useful time-resolved 
information on the plasma expansion and on its 
temperature. In fact, from the phase information of the 
reflected probe beam, we can infer the expansion velocity 
from which we can deduce the temperature of the heated 
sample on the rear surface and cross-checked it with the 
emissivity measurements. 

CONCLUSIONS 

 
Promising results have been obtained. This task will then 
continue: foam targets (instead of solid ones) will be used to 
increase the temperature of the heated medium as well as 
recently demonstrated ps x-ray backlighting technique to 
diagnose it. 
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Figure 4: Set-up of the FDI experiment 
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ICF-Smoothed-Laser 

Task Title: INTERACTION OF SMOOTHED LASER BEAMS WITH HOT 
PLASMAS IN THE CONTEXT OF INERTIAL CONFINEMENT 
FUSION 

INTRODUCTION 

 
The objective of this work is to improve our understanding 
of the laser plasma interaction for the parameters previewed 
for the future fusion-scale experiments and to develop 
reduced models of key physical processes, which could be 
suited for implementation in large-scale numerical codes 
with predictive capabilities. In particular, three problems 
have been advanced in 2006: (i) the development of the 
model for the forward stimulated Brillouin scattering (SBS) 
driven by the smoothed laser beam and validation of the 
recently developed laser smoothing methods in the 
experiment, (ii) interpretation of the experiment on the 
energy transport and validation of the correspondent 
module in the hydrodynamic code; (iii) studies of the 
nonlinear and kinetic processes produced on the nonlinear 
stage of the SBS in the strongly driven regime. A short 
review of the principal results obtained in 2006 is presented 
below. 
 
 
2006 ACTIVITIES 

 
DEVELOPMENT OF A RELIABLE METHOD OF 
THE TEMPORAL SMOOTHING OF A SPATIALLY 
RANDOMIZED LASER BEAM IN PLASMA  
 
In previous years we have identified the process of laser 
beam smoothing in plasmas at powers below the 
filamentation threshold and conducted the numerical 
simulations and a first experimental campaign on the laser 
ALISÉ at CEA/CESTA.  
 
Statistical approach to the laser plasma smoothing  
 
This year we developed a statistical approach for the laser 
field interaction with underdense plasmas and modification 
of the laser beam temporal coherence in plasma at powers 
well below the filamentation threshold [1]. The main 
properties of the plasma density perturbations driven by a 
randomized laser beam are derived from a stochastic wave 
equation for the electric field correlation function <EE*>. 
The laser spectral and angular broadening is shown to occur 
on a distance that depends essentially on the ratio of the 
average power in a speckle to the critical power for 
filamentation. The coherence time of the transmitted light is 
reduced to the plasma acoustic time of response to the laser. 
It is typically a few picoseconds. 
 
Dedicated diagnostics have been developed for the laser 
plasma interaction code PARAX in order to analyse the 
laser and plasma statistical properties [2]. The effect of the 

plasma length on the transmitted light coherence is found to 
be in good agreement with theoretical predictions. 
An example of calculations of the plasma smoothing effect 
is shown below. 
 

 
Figure 1 

 
The figure 1 shows the time resolved intensity distribution 
in a transverse direction after propagating through 2 mm 
long plasma with the density 5% of the critical density. A 
comparison between the time integrated intensity in 
vacuum (dashed curve) and after propagation through the 
plasma (solid curve) shows a strong reduction of the 
contrast. The forward SBS is shown to play a key role in 
the laser coherence loss in this low intensity regime. The 
transmitted wave spectrum in the ω-k plane shows a 
characteristic red shift. The figure 2 demonstrates this effect 
after the 2 mm long plasma. 
 

 
Figure 2 

 
The limitations of the analytical model are discussed in 
terms of the deviation of the electric field distribution from 
the Gaussian statistics and creation of density-electric field 
correlations.  
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Statistical model of the forward SBS  
 
We studied the linear evolution of the forward SBS of a 
spatially incoherent pump wave with given statistical 
properties. The governing equations for the field correlation 
functions are obtained from a three-wave paraxial model 
assuming a resonant coupling between the incident wave 
with frequency ω1 and transverse wave vector k1 and the 
scattered electromagnetic wave with the transverse wave 
vector k2 and frequency ω1- ω, via the ion acoustic wave, 
propagating in the transverse plane with wave vector ks = 
k1 - k2 and frequency ω = kscs, where cs is the ion acoustic 
velocity. An equation for the electric field correlation 
function <E1*(k1)E2(k2)> is derived beyond the standard 
random phase approximation (RPA) and accounts for 
coupling of different electromagnetic pairs to the same 
acoustic wave. It is shown that the spatial growth rate of the 
instability is much larger than the one obtained using the 
standard RPA technique. It is of the same order as in the 
plane pump wave case. 
 
Experiment on the laser plasma smoothing  
 
This regime of low intensity laser induced incoherence is 
especially interesting in that the associated angular 
broadening is not as deleterious as observed for higher 
intensities. Moreover, beam smoothing can be achieved in 
low density plasmas where energy losses due to absorption 
and backscattering are not too important. This year we 
conducted an experimental campaign on the laser beam 
smoothing on the laser ALISE. 
 
The interaction between a low density, mm-size plasma 
created from a He gas jet and a spatially incoherent laser 
beam has been studied with several dedicated diagnostics. 
We characterized the spatial and temporal coherence loss of 
the transmitted light in both regimes, above and below the 
filamentation threshold. The plasma induced smoothing has 
been obtained without important angular spreading of the 
transmitted light. The backscattering instabilities are shown 
to be negligible. 
 
 

 
 

Figure 3 
 
Figure 3 shows a shadowgraphy image of the plasma 
created by the laser pulse. The laser arrives from the left. 
The dark part in the left part of the plasma indicates a 
turbulent zone where the smoothing takes place.  
 

NONLOCAL ELECTRON ENERGY TRANSPORT IN 
INERTIAL FUSION CONDITIONS 
 
Correct modelling of the electron energy transport is 
essential for Inertial Confinement Fusion (ICF) target 
design. We have carried out new experiments designed to 
be highly sensitive to the modelling of the heat flow on the 
Ligne d’Intégration Laser (LIL) facility, the prototype of 
the Laser Megajoule. We show that two-dimensional 
hydrodynamic simulations correctly reproduce the 
experimental results only if they include both the nonlocal 
transport and magnetic fields [3]. 
 
Experimental results 
 
We have used four beams of the LMJ prototype, the LIL 
laser, which laser wavelength (0.35 µm), energy (multi-kJ) 
and pulse duration (several ns) are relevant to direct drive 
ICF. 
The laser smoothing is achieved by combining longitudinal 
spectral dispersion and continuous-phase plates. These 
features allow the observation of laser driven flows on long 
durations and with a good temporal resolution for the 
plasma parameters similar to future LMJ implosion 
experiments. 
The purpose of the experiment is to measure the velocity of 
the heat wave induced in a planar target for different laser 
intensities. Seven successful shots were performed with a 
laser energy varying from 4 to 10 kJ pulse duration of 3 ns, 
corresponding to intensities from  
8 × 1014 up to 2 × 1015 W/cm2. 
In order to obtain the heat wave velocity, we observe the 
time dependent He-like emission of two thin metallic 
markers buried in a flat plastic disk (see figure 4). 

 
Figure 4 

 
The target disk is chosen thick enough, so that the 
rarefaction wave originating from the rear side of the target 
does not interact with the ablation front: the target is not 
accelerated and is therefore stable. 
The markers are V and Ti layers, buried either at 5 or 10 
µm (V) and 15 or 30 µm (Ti) from the target surface: they 
produce He-like resonance lines at 5.2 keV and 4.7 keV, 
respectively. The 2D geometry related to the finite size of 
the focal spot launches naturally the competition between 
the nonlocal and magnetic field effects in the electron 
energy transport. 
The markers thickness is constrained by two opposite 
trends: on the one hand, the markers should be thick enough 
to radiate a measurable signal on our detectors; on the other 
hand, the markers should be as thin as possible in order not 
to alter the heat flow. 

70 bars, T ~ 35%  
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For this experiment, we used two series of thicknesses: 0.05 
and 0.2 µm. The electron temperature and density in the V 
layer was inferred by high resolution emission 
spectroscopy. 
 
 

 
 

Figure 5 
 
The main diagnostic, located at 50° to the laser beam 
direction, is a cylindrically-bent Highly Oriented Pyrolytic 
Graphite (HOPG) crystal spectrometer. Due to its high 
efficiency in the 4.5 − 5.5 keV spectral region of interest, 
we were able to couple it with a streak camera and detect a 
time-resolved spectrum of the V and Ti He-like emission 
lines, filtered by a 5 µm Cu foil, even for the thinnest 50 nm 
Ti and V layers. For each shot the time range was about 7 
ns with a 100 ps resolution. Figure 5 shows raw 
experimental data at the laser energy of 10 kJ (left) and the 
results of the numerical simulation of the experiment 
(right).  
 
Numerical simulations 
 
We have used the 2D hydrodynamic code CHIC to simulate 
the laser-plasma interaction and the time resolved tracer 
diagnostics. CHIC is a two-temperature code devoted to the 
design of direct drive ICF targets. The code solves the 
standard conservation equations for mass, momentum, and 
energy of the fluid in the Lagrangian formalism. The 
radiative transport is calculated assuming that the radiation 
field is quasi stationary and weakly anisotropic (multigroup 
diffusion). The propagation and absorption of laser energy 
is calculated in the geometrical optics approximation with a 
3D ray tracing package. CHIC includes a flux limited 
Spitzer-Harm (SH) heat transport package and a new two-
dimensional kinetic model for nonlocal transport including 
the effect of azimuthal magnetic fields [4], [5]. 
 
A set of performed calculations can be summarized as 
follows. The flux limited SH model does not succeed at 
restituting the time-resolved measurements at the three 
energies with the same limiter. Nonlocal heat transport fails 
dramatically in the 7.2 kJ case and was not run at other 
energies. This is the clear indication of the magnetic field 
effects. Figure 6 below displays lateral electron temperature 
profiles obtained at 1 ns after the onset of the laser pulse in 
CHIC calculations using either the SH, Braginskii or the 
nonlocal model with magnetic fields included.  

 
Figure 6 

 
The nonlocal model without magnetic fields produces a 
much warmer axial spot. This is related to a very strong 
inhibition of lateral heat transport. The temperature in the 
absorption region is about 3 keV and the heat is mainly 
carried by electrons with the energies of 8−10 keV. The 
mean free path of these electrons in the corona is close to 1 
cm and their distribution is therefore nearly uniform in this 
region of the target, not producing any transverse heat flux 
any more.  
Our simulations indicate that azimuthal magnetic fields of 
several hundreds of kG are generated on the edges of the 
focal spot. The corresponding Hall parameter ωbτ (the ratio 
of the electron gyrofrequency to the collision frequency) 
lies in the 0.1 − 0.5 range. A Hall parameter of 0.2 causes a 
25% reduction of the heat flux magnitude, but also a 
rotation by 40° of its direction through the Righi-Leduc 
effect. In the geometry of the experiment, this rotation is 
clockwise, which enhances the lateral flux and slows the 
longitudinal heat wave. The calculations including the 
Righi-Leduc effect are compatible with the measurements, 
thus indicating that the main cause for flux inhibition in our 
experiment lies in the presence of self-generated magnetic 
fields. Nonlocal and magnetic field effects obviously 
compete as they predict opposite modifications of the 
lateral heat flux. Moreover, magnetic fields improve the 
validity of the linear transport theory and moderate the 
nonlocal effects by reducing the effective range of high 
energy electrons to their gyroradius. This range scales as v4 
in plasma without magnetic fields, where v is the electron 
velocity, whereas the electron gyroradius is proportional to 
v. Only the calculations that are taking into account both 
effects reproduce the experimental chronometry at three 
energies. 
In conclusion, our experiments proved to be highly 
sensitive to the modelling of the heat flow and to 
discriminate the heat inhibition effects. Analysis of the 
experimental data allows us to isolate the effects of heat 
flux modification both due to nonlocal effects and magnetic 
fields for the typical ICF conditions. The nonlocal heat 
transport alone is inadequate because it strongly inhibits 
lateral fluxes thereby producing a faster longitudinal heat 
wave than in the experiment. The dominant effect identified 
in our simulations is the presence of magnetic fields. We 
show that the model including both nonlocal transport and 
magnetic fields correctly reproduces the experimental 
results and confirms the role of the magnetic fields on 
electron thermal transport in direct-drive ICF conditions. 
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NONLINEAR AND NONSTATIONARY EFFECTS IN 
THE STIMULATED BRILLOUIN SCATTERING AT 
HIGH LASER INTENSITIES  
 
One of the important results in the years 2004 and 2005 was 
a discovery of a very strong suppression of the SBS 
backscatter at high laser intensities due to the formation of 
density cavities. The latter were identified as stationary 
electromagnetic solitons, which are is an excellent 
agreement with the theoretical model. The most important 
result of this year is the confirmation of this scenario with 
more complete 2D simulations [6]. The transient behavior 
of the SBS reflectivity and the formation of density cavities 
have been confirmed. In difference from previous one-
dimensional simulations, the plasma cavities have a shorter 
life time, but they playing an important role in suppression 
of the SBS reflectivity and in efficient electron heating.  
 
Simulations of cavity formation 
 
The numerical simulations were performed with the 
relativistic PIC-code emi2d13. The code is 2D in space and 
solves Maxwell's equations for the fields Ex, Ey and Bz. The 
simulation parameters were motivated by the original one-
dimensional configurations. In order to avoid the Raman 
backscattering, the density was fixed above the quarter-
critical density at 0.3 nc for a plateau of width of 10 λo and 
length of 55 λo (parallel to the propagation direction of the 
laser). In parallel direction the plasma is surrounded by a 
vacuum region of 24 λo extension. The mass ratio was set 
to 1836 and the temperature ratio was fixed at 50. Laser 
intensity and electron temperature were varied but have 
values of a few times 1016 W/cm2 and a few hundred eV, 
respectively. The laser beam is presented by a plane wave 
of constant intensity, which is switched on instantaneously. 
The interaction process was simulated for a time period of 
the order of 14 000 ω0

-1. 
Figure 7 shows the plasma profile with several cavities. 
They were produced in the three dominant filaments which 
were created at the beginning of the interaction process. 
The intensity in the filaments varied and correspondingly 
the cavitation process is not exactly the same for each 
filament. 

 
 

Figure 7 
 
The cavitation process destroys locally the backscattering 
process and the reflectivity is reduced. Analysis of the 
density figures shows that behind the cavities no new ion 
acoustic waves are excited as long as the cavity remains in 
place. Due to refraction of the subsequent laser the 
transmitted as well as the backscattered light have a non-

negligible perpendicular component, which renders the 
reflectivity more complicated. 
 
Electron heating 
 
The creation of the cavities goes along with a strong 
increase in the electron energy content. Each time a cavity 
is created the energy content shows a jump due to the 
Coulomb explosion mechanism and the plasma waves 
excited (see the figure 8). At later times the energy content 
starts to level off and correspondingly transmission strongly 
increases.  

 
Figure 8 

 
The 2D simulations in the strong coupling regime 
reproduce the characteristic oscillatory behavior of the 
reflectivity found in the 1D simulations at initial time 
before the cavity formation. At the end of simulation the 
average value of the reflectivity is reduced to approximately 
1% (mean value). The 2D simulations therefore reproduce 
the 1D results as far as the reflectivity is concerned. 
Analysis of the transverse dependence shows that the 
averaged global reflectivity and the local one agree starting 
from t = 8000 ω0

-1. The averaging procedure does not 
smooth out any possible local high-intensity peak in the 
reflectivity. 
 
The scenario for cavity formation is supported by an 
electron and ion phase space analysis. One observes at the 
cavity location the phase space structures characteristic for 
electron trapping by the electron plasma wave, which has 
its origin in the three wave coupling process. Although the 
incident laser wave has a dimensionless amplitude a = 
eE/mecω = 0.1, the field in the cavities is strongly enhanced 
and electrons are gaining an energy corresponding to a 
relativistic factor γ ~ 2.  
 
These findings are confirming the results found previously 
in the 1D simulations. However, the 2D simulations also 
showed that the global, averaged reflectivity can differ 
strongly from the local reflectivity originating from a single 
speckle/filament or a small collection of them, in agreement 
with recent experimental findings. 
 
 
CONCLUSIONS 

 
The studies previewed for the year 2006 are fully 
completed according the plan. We obtained new results 
concerning the modelling the laser plasma interactions for 
the ICF conditions. Formation of young scientists make an 
important part of this work: three graduate students are 
working in this project, and one of the M. Grech will 
defend his thesis shortly, in the first semester of 2007.  
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ICF-XUV-Diag

Task Title: DIAGNOSTIC OF HOT, DENSE, AND TRANSIENT PLASMAS:
TEMPORAL CHARACTERIZATION OF DENSE PLASMAS
USING 2D IMAGING XUV INTERFEROMETER

INTRODUCTION

Among  the  large  variety  of  plasmas  created  in  the
conditions relevant to ICF, one of particular interest is
dense and transient ones. Actually, they can be generated
by irradiation of solid target by intense laser pulses at high
temporal contrast. In these particular conditions, the
interaction allows to produce efficient secondary particle
sources, of interest for the diagnostic of the interaction itself
as well as for various applications. As these media are
opaque for visible probes, it’s difficult to directly
characterise them. One of the possibilities to get access to
the “density-temperature” parameter couple is to probe
them in the XUV domain.
Our task is to diagnose near transient solid-density plasmas
using High Order Harmonics (HHG) generated by
frequency conversion in a pulsed gas jet as XUV probe
beam. We have already diagnosed near solid-density
plasma by HHG transmission measurements, with a
femtosecond range temporal resolution [1].
Our goal, now, is to get 2D informations of plasma
temporal evolution by another diagnostic: spatial
interferometry at 32nm. First, we focus on the main
characteristics of the diagnostic and secondly, we report on
the temporal evolution of a plasma created by intense laser
irradiation of Aluminium solid target. In the last part, we
compare numerical simulations to experimental results

2006 ACTIVITIES

2D-IMAGING XUV INTERFEROMETER

Since 2004, we have developed a new 2D-imaging XUV
interferometer using H25 of  a  Ti:sa  laser  ( =32nm),  in
collaboration with ATTO group (CEA-Saclay) and
Laboratoire Charles Fabry – Institut d’Optique (France).
The diagnostic has been detailed in the last year report. In
summary, we use the property of mutual coherence of HHG
generated in gas to design a Mach Zehnder type XUV
interferometer. One of the originalities lies in the amplitude
division performed in the IR domain, the XUV frequency
conversion taking place inside the interferometer, like is
reported on figure 1.
One XUV beam is the reference beam and the second one is
the probe beam, perturbed by the plasma passing through.
The two XUV beams are recombined via a prism.
The second originality of this diagnostic is the collecting
optic (ellipsoidal mirror) which images the interferograms
from the virtual object plane to the real image plane with a
magnification of 10.
The wavelength (H25 of Ti:Sa, =32nm) is selected via
multilayer coating deposited on the ellipsoidal mirror and

on the folding mirror (used to compact the system, while
maintaining a large magnification). This tool has been
designed to combine micrometric spatial resolution to
femtosecond temporal resolution.

Figure 1: Principle of the 2D-imaging spatial
interferometer

The interferometer has been characterised and the original
concepts validated in 2005. The fringe spacing can be
varied from 5 to 13µm, the interference field is 200x100µm
and the maximum contrast is close to 30%, allowing
performing interferometric measurements.

TEMPORAL EVOLUTION OF ELECTRONIC
DENSITY FOR A PLASMA CREATED BY INTENSE
IRRADIATION OF ALUMINIUM TARGET

Experimental results:

This diagnostic has been first used to diagnose the temporal
evolution of a plasma created by intense irradiation
(Imax=7x1015W/cm2) of solid aluminium. A temporal delay
line has been inserted between the pump and the XUV
probe beams allowing to record the plasma evolution up to

t=1.1ns after the interaction of the IR pulse with the
target.

2D electronic density maps are reported on figure 2, for
t=700ps (a) and 1.1ns (b). We extract the electronic

density information using a numerical treatment based on
rapid Fourier transform of the interferogram. This is
followed by a filtering around the spatial frequency of the
reference fringe (without plasma) for reducing the noise
(contrast of 30% without plasma), and finally, we perform
an inverse Fourier transform to obtain a 2D-phase map. Due
to the cylindrical symmetry of the interaction, an Abel
inversion of the 2D-phase map is performed to obtain the
2D electronic density map. We can note that, in our
experimental conditions, it was not possible to probe
plasmas at delays shorter than 700ps because of the
ultimate spatial resolution (5µm) of our interferometer
lowered by filtering process necessary to get phase
information due to the plasma presence.

IR beam
harmonic beam

object to probe

1TW laser beam
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m

Ellipsoidal
 mirror
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mirror
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Figure 2: Interferograms at =32nm with plasma created
by irradiation (Imax=7x1015W/cm2) of Aluminium solid
target, for a pump-probe delay of t=700ps (a) and

t=1.1ns (b)

From these two electronic density maps, we succeed to
measure an electronic density of 1020cm-3 at 15µm from the
initial target surface. The maximum electronic density
decreases from 7x1020cm-3 at t=700ps up to 3x1020cm-3 at

t=1.1ns.

1D-hydrodynamic simulations:

We have performed numerical simulations using a 1D-
hydrodynamic code named MULTI-fs [2] to validate our
experimental results. The spatial variations of electronic
density and temperature are reported in figure 3(a) for

t=700ps and in figure 3(b) for t=1.1ns. The maximum
electronic density reaches 3x1020cm-3 for t=700ps,
decreasing to 2x1020cm-3 for t=1.1ns. The temporal
behaviour of the maximum electronic density is in good
agreement with experimental results. Simulations have to
be completed by 2D simulations for explaining temporal
behaviour of plasma spatial extension for time delays
between t=700ps and t=1.1ns.

Figure 3: 1D- hydrodynamic simulations (MULTI-fs) of
spatial variation of electronic density (dark open circles)

and electronic temperature (red full dot) of a plasma
created by intense irradiation at Imax=7x1015W/cm2 of

Aluminium solid target, for a pump-probe delay of
t=700ps (a) and t=1.1ns (b)

It can be noted that simulations performed for smaller
temporal delays than 700ps show that the electronic density
is too small to be measured as the density threshold
measurement of this diagnostic is close to 1020e-/cm3,
confirming the experimental threshold of temporal delay
close to 700ps.

CONCLUSIONS

We have presented temporal evolution of an Al plasma
characterised by a 2D imaging XUV interferometer and
shown that the mutual coherence of HHG generated in gas
can be used to diagnose dense and transient plasmas. A
maximum electronic density of 7 1020cm-3, 700ps after the
interaction of the pump with the target, has been inferred
from single shot interferograms and directly compared to
one dimensional-hydrodynamic code simulations exhibiting
a quite reasonable agreement. The advantage of this new
diagnostic is the possibility to extend considerably the size
of the object under study. These encouraging results open
large perspectives for bright XUV compact ultra-short
sources (as HHG from solid target) usable to diagnose
dense transient plasmas, a perspective particularly crucial in
the context of the fast ignition for energy production route.
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Task Area Site

CEFDA03-1015 Magnets Cadarache
CEFDA03-1111Bolo Diagnostics Cadarache
CEFDA03-1111WAVS Diagnostics Cadarache
CEFDA04-1127 Magnets Cadarache
CEFDA04-1180 JET EP Cadarache
CEFDA04-1218 PFC Cadarache
CEFDA04-1219 Magnets Cadarache
CEFDA05-1243 PFC Cadarache
CEFDA05-1248 PFC Cadarache
CEFDA05-1261 JET EP Cadarache
CEFDA05-1329 Heating Cadarache
CEFDA05-1336 Operation Cadarache
CEFDA05-1343MS Diagnostics Cadarache
CEFDA05-1343PI Diagnostics Cadarache
CEFDA05-1343TH Diagnostics Cadarache
CEFDA05-1370 Magnets Cadarache
CEFDA06-1372 PFC Cadarache
CEFDA06-1373 PFC Cadarache
CEFDA06-1376 Remote Participation Cadarache
JW6-FT-1.1-D01 JET Techno Cadarache
JW6-FT-4.8-D2 JET Techno Cadarache
JW6-FT-4.9 JET Techno Cadarache
TW1-TMS-PFCITE Magnets Cadarache
TW5-TMSF-HTSMAG Magnets Cadarache
TW5-TPDC-IRRCER-D03 Diagnostics Cadarache
TW5-TPDS-DIADEV Diagnostics Cadarache
TW5-TPHI-ICRFDEV Heating Cadarache
TW5-TPO-CODACGW Operation Cadarache
TW5-TRP-002-D03a Reactor Study Cadarache
TW6-THHN-ASD3 Heating project Cadarache
TW6-TMSC-FSTEST Magnets Cadarache
TW6-TPDS-DIADEV-D03a Diagnostics Cadarache
TW6-TRP-002-D02 Reactor Study Cadarache
TW6-TRP-006 Reactor Study Cadarache
TW6-TSL-004 Safety Cadarache
TW6-TSS-SEA5.1 Safety Cadarache

CEFDA04-1170 Magnets Saclay
TW5-TMSF-HTSPER Magnets Saclay

ICF-Opacity ICF Saclay
ICF-XUV-Diag ICF Saclay

CEFDA04-1215 Magnets Grenoble
CEFDA05-1275 EISS Grenoble
CEFDA05-1363 Magnets Grenoble
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TW5-TTBC-001-D08 Blanket/HCLL Cadarache
UT-S&E-LiPbwater Safety Cadarache

CEFDA05-1368 Safety Saclay
TW2-TTBC-002-D02 Blanket/HCLL Saclay
TW2-TTBC-003-D05 Blanket/HCLL Saclay
TW4-TTBC-001-D01 Blanket/HCLL Saclay
TW5-TSS-SEA3.5 Safety Saclay
TW5-TTBC-001-D01 Blanket/HCLL Saclay
TW5-TTBC-001-D02 Blanket/HCLL Saclay
TW5-TTBC-001-D03 Blanket/HCLL Saclay
TW5-TTBC-001-D05 Blanket/HCLL Saclay
TW5-TTBC-001-D06 Blanket/HCLL Saclay
TW5-TTBC-001-D07 Blanket/HCLL Saclay
TW5-TTBC-001-D11 Blanket/HCLL Saclay
TW5-TTBC-002-D01 Blanket/HCLL Saclay
TW5-TTBC-002-D03 Blanket/HCLL Saclay
TW5-TTBC-005-D05 Blanket/HCLL Saclay
TW5-TTMS-004-D02 Material/RAFM Saclay
TW5-TTMS-004-D04 Material/RAFM Saclay
TW5-TTMS-004-D06 Material/RAFM Saclay
TW5-TTMS-004-D07 Material/RAFM Saclay
TW6-TTBC-001-D03 Blanket/HCLL Saclay
TW6-TTMA-001-D02 Material/SiC-SiC Saclay
TW6-TVV-STORVS Vessel Saclay
UT-VIV/VV-Hybrid-Modeli Vessel Saclay

CEFDA05-1226 Vessel Saclay
TW3-TTMA-001-D04 Material/SiC-SiC Saclay
TW3-TTMA-002-D04 Material/SiC-SiC Saclay
TW5-TTMS-006-D01 Material/RAFM Saclay
TW5-TTMS-007-D04 Material/RAFM Saclay
TW6-TTMS-005-D01 Material/RAFM Saclay
TW6-TTMS-007-D02 Material/RAFM Saclay
TW6-TTMS-007-D08 Material/RAFM Saclay
TW6-TTMS-007-D11 Material/RAFM Saclay
UT-TBM/MAT-LAM/Opti Material/RAFM Saclay
UT-TBM/MAT-Micro Material/RAFM Saclay
UT-VIV/PFC-NanoSic PFC Saclay

JW6-FT-3.30 JET Techno Saclay
JW6-FT-4.8-D1 JET Techno Saclay
UT-S&E-LASER/DEC Safety Saclay

JW5-FT-5.25 JET Techno Cadarache

CEFDA05-1281 Reactor Study Cadarache
JW6-FT-1.1-D02 JET Techno Cadarache
JW6-FT-2.28 JET Techno Cadarache
TW2-TTBC-002-D03 Blanket/HCLL Cadarache
TW5-TSS-SEA5.6 Safety Cadarache
TW5-TTBC-001-D09 Blanket/HCLL Cadarache
TW5-TTBC-001-D10 Blanket/HCLL Cadarache
UT-TBM/BB-He Blanket Cadarache
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CEFDA04-1202 Vessel Saclay
TW5-TVV-MPUT Vessel Saclay

CEFDA02-583 PFC Grenoble
CEFDA05-1257 PFC Grenoble
CEFDA05-1309 PFC Grenoble
CEFDA06-1411 PFC Grenoble
TW5-TTBC-002-D02 Blanket/HCLL Grenoble
TW5-TVD-CUCFC PFC Grenoble
TW5-TVM-Braze Vessel Grenoble
TW5-TVM-COMADA Vessel Grenoble
TW6-TTBC-002-D01 Blanket/HCLL Grenoble
TW6-TVM-Braze Vessel Grenoble
UT-VIV/PFC-HIP PFC Grenoble

CEFDA05-1285 Reactor Study Fontenay
CEFDA05-1359 Neutron Source Fontenay
JW6-FT-3.30RHpart JET Techno Fontenay
TW5-TVR-AIA Remote Handling Fontenay
TW5-TVR-Radtol Remote Handling Saclay
TW5-TVR-WHMAN Remote Handling Fontenay
UT-VIV/AM-AIA Remote Handling Fontenay
UT-VIV/AM-ECIr Remote Handling Saclay
UT-VIV/AM-Hydro Remote Handling Fontenay

UT-S&E-Tritium-Impact Safety Fontenay

CEFDA05-1294 EISS Cadarache

ICF-Instabilities-02 ICF Palaiseau
ICF-Particle-Beams ICF Orsay
ICF-Protons ICF Palaiseau
ICF-Smoothed-Laser ICF Bordeaux
UT-VIV/PFC-Damage PFC Pessac
UT-VIV/PFC-Pyro PFC Font Romeu
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Unit Site Investigator

Physics Integration

Operation

CEFDA05-1336 TW5-TPO-ERGITER: Magnetic perturbation for ELM suppression in ITER DRFC Cadarache Bécoulet M.

TW5-TPO-CODACGW Review of ITER control and Data Acquisition (CODAC) system definition DRFC Cadarache Joffrin E.

Heating and Current Drive

CEFDA05-1329 TW6-TPHI-ICFS: Faraday shield modelling and RF sheath dissipation DRFC Cadarache Colas L.

TW5-TPHI-ICRFDEV Development of high performance tuning component for the ITER ion 
cyclotron array

DRFC Cadarache Vulliez K.

Diagnostics

CEFDA03-1111Bolo TW3-TPDS-DIASUP1: Support to the ITER diagnostic system: Bolometer 
array

DRFC Cadarache Reichle R.

CEFDA03-1111WAVS TW3-TPDS-DIASUP1: Support to the ITER diagnostic system: ITER wide-
angle viewing thermographic and visible system: optical design

DRFC Cadarache Guilhem D.,
Corre Y.

CEFDA05-1343MS
TW5-TPDS-DIADEV

TW5-TPDS-DIASUP1 and TW5-TPDS-DIADEV: Diagnostic design for 
ITER: Magnetic sensors

DRFC Cadarache Moreau P.

CEFDA05-1343PI TW5-TPDS-DIASUP1: Diagnostic design for ITER: Port integration DRFC Cadarache Doceul L.

CEFDA05-1343TH TW5-TPDS-DIASUP1: Diagnostic design for ITER: Thermocouples 
diagnostic

DRFC Cadarache Chantant M.

TW5-TPDC-IRRCER-D03 Assessment of IR fibres for thermography applications, initial gamma 
induced effects, then neutron irradiations - Fibre selection and provision, 
Diagnostic preparation and measurements

DRFC Cadarache Reichle R.

TW6-TPDS-DIADEV-D03a Effects of RF-heating on the measurement capability of neutron cameras and 
alpha particle diagnostics

DRFC Cadarache Eriksson L. G.

Remote participation

CEFDA06-1376 TW5-TPR-RPSUP: Support to EFDA remote participation DRFC Cadarache Balme S.

Vessel-In Vessel

Vessel-Blanket and Materials

CEFDA04-1202 TW5-TVV-RFUT: Cooperation with RF in UT systems assessment DETECS Saclay Tirira J.

CEFDA05-1226 TW5-TVM-LIP: Modification of ITER materials documents, assessment of 
materials data and maintenance of a database

DMN Saclay Tavassoli F.

EFDA TECHNOLOGY PROGRAMME

APPENDIX 2 : ALLOCATIONS OF TASKS
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TW5-TVM-Braze Manufacture and characterization of silver free braze material DTH Grenoble Baffie T.

TW5-TVM-COMADA Investigations of the effect of creep fatigue interaction on the mechanical 
performance and lifetime of CuCrZr

DTH Grenoble Gillia O.

TW5-TVV-MPUT TIG narrow gap influence of weld structure and geometry on phased array 
technique performances

DETECS Saclay Tirira J.

TW6-TVM-Braze Testing of silver free braze materials with Be DTH Grenoble Baffie T.

TW6-TVV-STORVS Storage of stainless steel material for VV DTH Saclay Aubert P.

Plasma Facing Components

CEFDA02-583 TW1-TVV-DES: Destructive examination of primary first wall panels and 
mock-ups

DTH Grenoble De Vito E.

CEFDA04-1218 TW5-TVD-HHFT: Monitoring and analysis of divertor components tested 
in FE200: 200 kW electron beam gun test

DRFC Cadarache Escourbiac F.

CEFDA05-1243 TW5-TVD-NDTEST: Upgrade of the SATIR test bed for infrared 
thermographic inspections - design phase

DRFC Cadarache Durocher A.

CEFDA05-1248 TW5-TVD-ACCEPT: Influence of carbon erosion on the acceptance criteria 
of the ITER divertor

DRFC Cadarache Schlosser J.

CEFDA05-1257 TW5-TVB-JOINOP: Optimisation of Be/CuCrZr HIP joining for FW panels DTH Grenoble Frayssines P.E.

CEFDA05-1309 TW5-TVB-INMOCK2: Manufacture of first wall mock-ups for in-pile 
experiments

DTH Grenoble Frayssines P.E.

CEFDA06-1372 TW5-TVD-FABCON:  development of fabrication control methods for the 
ITER divertor

DRFC Cadarache Durocher A.

CEFDA06-1373 TW6-TVD-ACCREV: : Definition of acceptance criteria for the ITER 
divertor

DRFC Cadarache Escourbiac F.

CEFDA06-1411 TW6-TVB-ACCTEST: Be/CuCrZr HIP joining for ITER first wall 
qualification tests

DTH Grenoble Frayssines P.E.

TW5-TVD-CUCFC Development of alternative CFC/Cu joining techniques DTH Grenoble Chaumat V.

Remote Handling

TW5-TVR-AIA Articulated inspection arm (AIA) DTSI Fontenay Friconneau J.P.

TW5-TVR-Radtol Radiation tolerance assessment of standard electronic components for 
remote handling

DTSI Saclay Giraud A.

TW5-TVR-WHMAN Development of a water hydraulic manipulator DTSI Fontenay Friconneau J.P.

Magnet Structure & Integration

Magnet Structure

CEFDA03-1015 TW2-TMSM-COOLIN: Mock-ups for the TF and CS Terminal regions and 
Cooling Inlets

DRFC Cadarache Decool P.

CEFDA04-1127 TW4-TMSC-SAMAN1: Manufacture of subsize samples DRFC Cadarache Duchateau JL.

CEFDA04-1170 TW4-TMSC-RESDEV: Development and testing on new resin solution DAPNIA Saclay Rondeaux F.
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CEFDA04-1215 TW4-TMSC-CRYOLA: Cryogenic tests on ITER magnet structural 
materials

DRFMC Grenoble Girard A.

CEFDA04-1219 TW4-TMSC-SAMFSS: Manufacture of two full size samples of Nb3Sn 
strands

DRFC Cadarache Decool P.

CEFDA05-1363 TW6-TMSC-THCOIL: Thermohydraulic analysis for the ITER 
superconducting coils

DRFMC Grenoble Girard A.

CEFDA05-1370 TW6-TMSC-TFPRO: ITER TF full size prototype conductor DRFC Cadarache Decool P.

TW1-TMS-PFCITE Poloidal Field Conductor Insert (PFCI) DRFC Cadarache Ciazynski D.

TW5-TMSF-HTSMAG Scoping studies of HTS fusion magnets DRFC Cadarache Duchateau J.L.

TW5-TMSF-HTSPER HTS materials for fusion magnets DAPNIA Saclay Rey J.M.

TW6-TMSC-FSTEST Participation to conductor tests and evaluation of test results DRFC Cadarache Ciazynski D.

Tritium Breeding and Materials

Breeding Blanket

Helium Cooled Lithium Lead (HCLL) Blanket

TW2-TTBC-002-D02 Blanket manufacturing technologies
Manufacturing and testing of mock-ups
Qualification samples for HCLL and HCPB TBMs

DTH Saclay Aubert P.

TW2-TTBC-002-D03 Blanket manufacturing technologies
Testing of small-scale mocks-ups to qualify manufacturing

DTN Cadarache Cachon L.

TW2-TTBC-003-D05 Blanket manufacturing technologies
Coating qualification

DTH Saclay Aubert P.

TW4-TTBC-001-D01 TBM design, integration, and analysis
Testing programme and engineering design of the first HCLL TBM for 
ITER H-H phase

DM2S Saclay Salavy J.F.

TW5-TTBC-001-D01 TBM design, integration, and analysis
Design and analyses of the HCLL TBM including design of supporting 
system and instrumentation integration

DM2S Saclay Rampal G.

TW5-TTBC-001-D02 TBM design, integration, and analysis
Finalization of the conceptual design of the prototypical HCLL TBM mock-
up

DM2S Saclay Salavy J.F.

TW5-TTBC-001-D03 TBM design, integration, and analysis
PIE and Hot cell requirements for the HCLL TBM

DM2S Saclay Salavy J.F.

TW5-TTBC-001-D05 TBM design, integration, and analysis
Finalization of the HCLL TBM prototypical mock-up

DM2S Saclay Rampal G.

TW5-TTBC-001-D06 TBM design, integration, and analysis
Further thermal-hydraulics and design study related to the choice of a 
reference He cooling scheme

DM2S Saclay Gabriel F.

TW5-TTBC-001-D07 TBM design, integration, and analysis
Detailed TBM development workplan up to EM-TBM installation in ITER

DM2S Saclay Salavy J.F.

TW5-TTBC-001-D08 TBM design, integration, and analysis
HCLL TBM studies analyses: additional accidental studies to take into 
account ITER safety requirements (from ITER TBWG)

DER Cadarache Schmidt N.
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TW5-TTBC-001-D09 TBM design, integration, and analysis
Determination of ranges of Tritium inventories in PbLi and He circuits

DTN Cadarache Gastaldi O.

TW5-TTBC-001-D10 TBM design, integration, and analysis
Support studies for the cooling plate mock-up testing in DIADEMO

DTN Cadarache Cachon L.

TW5-TTBC-001-D11 TBM design, integration, and analysis
Preliminary layout of the HCLL TBM piping in the ITER port cell

DM2S Saclay Rampal G.

TW5-TTBC-002-D01 TBM manufacturing R&D
fabrication of a HCLL cooling plate test mock-up

DTH Saclay De Dinechin G.

TW5-TTBC-002-D02 TBM manufacturing R&D
Feasibility of the fabrication process (Tube forming + HIP) for the bent part 
of the FW of HCLL and HCPB TBM

DTH Grenoble Rigal E.

TW5-TTBC-002-D03 TBM manufacturing R&D
Development of the (laser + HIP) fabrication process for the cooling plate

DTH Saclay De Dinechin G.

TW5-TTBC-005-D05 Process and auxiliary components
Sensitivity effect of Pb-Li velocity profile in various locations of the breeder 
blanket structure on T permeation

DM2S Saclay Gabriel F.

TW6-TTBC-001-D03 HCLL TBM design and integration analyses DM2S Saclay Rampal G.

TW6-TTBC-002-D01 TBM manufacturing R&D
Investigation of means for improving the mechanical properties of joints 
obtained by a 2-steps HIP process 

DTH Grenoble Rigal E.

Materials Development

Reduced Activation Ferritic Martensitic (RAFM) Steels

TW5-TTMS-004-D02 Qualification fabrication processes
Microstructural analysis and qualification of joints and welds from TBM 
mock-up fabrication

DTH Saclay De Dinechin G.

TW5-TTMS-004-D04 Qualification fabrication processes
Characterization of welding distorsion of simplified welded mock-ups

DTH Saclay Asserin O.

TW5-TTMS-004-D06 Qualification fabrication processes
Weldability of dissimilar tubes (Eurofer/SS316L) by fusion butt welding 
with YAG laser

DTH Saclay De Dinechin G.

TW5-TTMS-004-D07 Qualification fabrication processes
Weldability of homogeneous plates

DTH Saclay Aubert P.

TW5-TTMS-006-D01 High performance steels
Improvement of fabrication process for ODS-EUROFER: refinement of 
chemical composition and thermomechanical treatments with emphasis on 
the fabrication issues of larger batches

DMN Saclay Bougault A.

TW5-TTMS-007-D04 Modelling of irradiation effects on microstructure evolution DMN Saclay Bocquet J.L.

TW6-TTMS-005-D01 Rules for design, fabrication, inspection
Update Data Base and Appendix A of DEMO-SDC

DMN Saclay Tavassoli F.

TW6-TTMS-007-D02 Modelling of irradiation effects
Ab-initio study of He in grain boundaries in α-iron

DMN Saclay Fu C. C.
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TW6-TTMS-007-D08 Modelling of irradiation effects
Ab-initio investigation of screw dislocations in iron

DMN Saclay Willaime F.

TW6-TTMS-007-D11 Modelling of irradiation effects
Recovery follow-up by electrical resistivity of very thin samples irradiated 
with the Jannus multi-ion-beam facility

DMN Saclay Barbu A.

Advanced Materials

TW3-TTMA-001-D04
TW3-TTMA-002-D04

SiC/SiC ceramic composites and divertor and plasma facing materials: 
Furioso Irradiation Experiment

DMN Saclay Tavassoli F.

TW6-TTMA-001-D02 Modelling of the Mechanical behaviour of advanced 3D SiCf/SiC 
composites

DM2S Saclay Guérin C.

Neutron source

CEFDA05-1359 TW5-TTMI-004a: Preliminary Remote Handling handbook for IFMIF DTSI Fontenay Friconneau J.P.

Safety and Environment

CEFDA05-1368
TW5-TSS-SEA3.5

In-vessel  safety: Development of a dust explosion computer model DM2S Saclay Paillère H.

TW5-TSS-SEA5.6 Enhancement of the Pactiter computer code and related fusion specific 
experiments

DTN Cadarache Tevissen E.

TW6-TSL-004 Collection of data related to Tore Supra operation experience on component 
failure

DRFC Cadarache Vallet J.C.

TW6-TSS-SEA5.1 In vacuum vessel dust measurement and removal techniques DRFC Cadarache Rosanvallon S.

System studies

Power Plant Conceptual Studies (PPCS)

CEFDA05-1281 TW5-TRP-005: HCLL blanket design from PPCS-model AB DTN Cadarache Cachon L.

CEFDA05-1285 TW5-TRP-003: DEMO - Blanket segmentation and maintenance - Remote 
Handling issues 

DTSI Fontenay Friconneau J.P.

TW5-TRP-002-D03a
TW6-TRP-002-D02

Analysis of current profile control in tokamak reactor scenarios using 
realistic treatment of current drive efficiencies

DRFC Cadarache Giruzzi G.

TW6-TRP-006 Delivery of  the magnet system outline for a DEMO reactor DRFC Cadarache Duchateau J. L.

ITER Site Preparation

European ITER Site Studies

CEFDA05-1275 TW5-TES-CRYO1: Design and layout of cryoplant and cryodistribution 
system

DRFMC Grenoble Girard A.

CEFDA05-1294 TW5-TES-EISS5: European Iter Site Studies 5 - Cadarache AIF Cadarache F. Gauché

JET

JET Technology

JW5-FT-5.25 Human factors experience feedback on JET DTAP Cadarache Tosello M.
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JW6-FT-1.1-D01 Improvement of present particle balance and gas exhaust at JET: 
Definition and description of the measurements required to assess
the gas balance in JET

DRFC Cadarache Loarer T.

JW6-FT-1.1-D02 Improvement of present particle balance and gas exhaust at JET: DTN Cadarache Gastaldi O.

Synthesis on gaseous species analysis needs and tools

JW6-FT-2.28 Assessment of industrial process on waste treatment DTN Cadarache Liger K.

JW6-FT-3.30 Laser detritiation system tests in the BeHF and JET environment DPC Saclay Semerok A.

JW6-FT-3.30RHpart Laser detritiation system tests in the BeHF and JET environment: Remote 
Handling aspects

DTSI Fontenay Friconneau J.P.

JW6-FT-4.8-D1 Infrared active thermography for surface layer characterization: Laser 
heating and laser ablation methods

DPC Saclay Semerok A.

JW6-FT-4.8-D2 Infrared active thermography for surface layer characterization: lock-in 
thermo-cartography NDT applied to co-deposited layers

DRFC Cadarache Courtois X.

JW6-FT-4.9 Glow discharge improvement for JET DRFC Cadarache Grisolia C.

Enhancement programme

CEFDA04-1180 JW4-EP-IRV: Wide angle IR endoscope: Follow-up of the procurement 
activities and performance of acceptance test

DRFC Cadarache Gauthier E.

CEFDA05-1261 JW5-BEP-CEA-28: Development of W coatings on CFC substrate DRFC Cadarache Gauthier E.

Heating Systems Technology Project

TW6-THHN-ASD3 SINGAP negative ion accelerator: Study of the beamlet halo, dark currents 
and verification of electrostatic withstand capability and tolerable stored 
energy in case of electrical discharges

DRFC Cadarache Svensson L.

Vessel/In-Vessel

Vessel-Blanket and Materials

UT-VIV/VV-Hybrid-Modeli Further development of the hybrid MIG/Laser welding technique for VV 
sector field joining

DTH Saclay Aubert P.

Plasma Facing Components

UT-VIV/PFC-Damage Study of damage mechanisms in plasma facing components CNRS Pessac Martin E.

UT-VIV/PFC-HIP Improvement of the reliability performance and Industrial relevancy of HIP 
processes for PFC components

DTH Grenoble Frayssines P.E.

UT-VIV/PFC-NanoSic Mechanical and thermal properties of nanocrystalline SiC DTNM Saclay Tenegal F.

UT-VIV/PFC-Pyro Application of a tricolour pyroreflectometer to plasma facing components in-
situ infrared monitoring 

CNRS Font Romeu Hernandez D.

Remote Handling

UNDERLYING TECHNOLOGY PROGRAMME 
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UT-VIV/AM-AIA Technologies for vacuum and temperature conditions for remote handling 
systems
Articulated Inspection Arm (AIA)

DTSI Fontenay Friconneau J.P.

UT-VIV/AM-ECIr Radiation effects on electronic technologies and components DTSI Saclay Giraud A.

UT-VIV/AM-Hydro Technologies and control for Remote Handling systems DTSI Fontenay Friconneau J.P.

Tritium Breeding and Materials

Breeding Blanket

UT-TBM/BB-He Development of Helium circuit components DTN Cadarache Ayrault L.

Materials Development

Structural Materials

UT-TBM/MAT-LAM/Opti Development of novel reduced activation martensitic steels with improved 
creep properties

DMN Saclay De Carlan Y.

UT-TBM/MAT-Micro Microstructural evolution of Fe-C model alloy and Eurofer under 1 MeV 
electron irradiation with and without He Pre-implantation

DMN Saclay Henry J.

Safety and Environment

UT-S&E-LASER/DEC Studies on pyrometer measurements for fast and inhomogeneous laser 
heating

DPC Saclay Semerok A.

UT-S&E-LiPbwater Consequences of a Pb/Li – water interaction in the ITER vacuum vessel DER Cadarache Cadiou T.

UT-S&E-Tritium-Impact Impact of contamination with Tritium at cell level DRR Fontenay Lopez B., 
Saintigny Y.

ICF-Instabilities-02 Kinetic effects in stimulated Brillouin and Raman Scattering Instabilities EP Palaiseau Hüller S.

ICF-Opacity Opacities and resistivity modelling DRECAM Saclay Blenski Th.

ICF-Particle-Beams Intense laser and particle beams dynamics for ICF applications UOrsay Orsay Deutsch C.

ICF-Protons Application of laser-accelerated high-energy protons for isochoric heating of 
matter

EP Palaiseau Fuchs J.

ICF-Smoothed-Laser Interaction of smoothed laser beams with hot plasmas in the context of 
inertial confinement fusion

UBordeaux Bordeaux Tikhonchuk 
V.

ICF-XUV-Diag Diagnostic of hot, dense, and transient plasmas: temporal characterization of 
dense plasmas using 2D imaging XUV interferometer

DRECAM Saclay Martin Ph.

INERTIAL CONFINEMENT FUSION PROGRAMME 
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EFDA TECHNOLOGY PROGRAMME

Physics Integration
Operation

CEFDA05-1336 Comparative Modeling of Type I ELM control by stochastic fields in
DIII-D,JET and ITER
Proc. 32nd EPS Conf. Plasma Physics, Tarragona (2005) P2.005

M. Bécoulet, et al.

CEFDA05-1336 Modelling of Edge Control by Ergodic Fields in DIII-D, JET and ITER
21st IAEA Conference ,Chengdu, China, 16-22 October, 2006, IT/P1-
29

M. Bécoulet, et al.

CEFDA05-1336 First Intermediate Report on the Task TW5-TPO-ERGITER: Resonant
Magnetic Perturbations (RMPs) for ELMs suppression in ITER.
Design studies of RMPs coils for ITER
CEA internal report PEFC/NTT-2006.016

M. Bécoulet, et al.

CEFDA05-1336 Second Intermediate Report on the Task TW5-TPO-ERGITER:
Resonant Magnetic Perturbations (RMPs) for ELMs suppression in
ITER. Design studies of RMPs coils for ITER
CEA internal report PHY/NTT-2006.007

M. Bécoulet, et al.

Heating and Current Drive
CEFDA05-1329 Approximation of cold magnetized plasmas in the ICRF range of

frequencies with a diagonal dielectric tensor
Private communication, November 2006

TW5-TPHI-ICRFDEV Test des contacts Multilam® sous vide pour la connectique de ligne
HF au standard 9"
CEA internal report CH/NTT-2006.029

K. Vulliez, P. Mollard

Diagnostics
CEFDA03-1111Bolo Detailed Design analysis of bolometer cameras on the basis of the

reference resistive bolometer sensor
CEA internal report DIAG/NTT-2006.021

R. Reichle, S. Hourcade

CEFDA03-1111WAVS ITER wide-angle viewing thermographic and visible system
CEA internal reports DIAG/NTT-2007.002 and DIAG/NTT-2007.003

D.Guilhem, Y.Corre and al.

CEFDA03-1111WAVS Can reflections strongly modify the measured surface temperature of
plasma facing components in experimental fusion reactors like Tore-
Supra, JET and ITER ?
8th Int. Conference on Quantitative Infrared Thermography (2006)

D.Guilhem, R.Reichle, H.Roche

CEFDA03-1111WAVS Reflections and surface temperature measurements in experimental
fusion reactors Tore-Supra, JET and ITER
QIRT Journal. Volume 3  N° 2/2006, pages 155 to 168

D. Guilhem, R. Reichle, H. Roche

CEFDA05-1343PI Engineering assessment of diagnostic port integration on ITER, Final
Report for deliverable 1.2
CEA internal report PEFC/NTT-2006.023 Rev. 0 November 2006

S. Salasca

CEFDA05-1343TH Diagnostic design for ITER
Final Report EFDA contract 05-1343/Thermocouples part

Remote Participation
CEFDA06-1376 Deliverable D1 : Report on Major Review Workshop RPTC-0193

September 2006

APPENDIX 3 : REPORTS AND PUBLICATIONS



- 406 -

Vessel-In Vessel
Vessel-Blanket and Materials

CEFDA04-1202 Progress report RFUT N°1; technical specifications for RFUT tasks
CEA internal report SYSSC/06 RT0231/Rev.0 October 2006

CEFDA04-1202 Flaws technical specification
CEA internal report DETECS/SYSSC/05-385

CEFDA04-1202 Automatic ultrasonic system AUGUR
SINTEZ/ECHO Report 2007

TW5-TVM-BRAZE Manufacture and characterization of silver free braze material, Final
Report
CEA internal report DTH/DR/2006/147, February 2007

TW5-TVM-COMADA Intermediate Report
CEA internal report DTH/2006/124

O. Gillia, I. Chu, P. Lemoine, I.
Chu

TW5-TVV-MPUT TIG Narrow gap influence of weld structure and geometry on phased
array techniques performances
CEA internal report DETECS/SYSSC/06 RT0233/Rév. 0 October
2006

TW6-TVM-BRAZE Testing of silver free braze materials with Be
Interim Report including :
- D1: Report on completion of braze trials
- D2: Report on characterization of braze specimens
CEA internal report DTH/DR/2006/125, December 2006

TW6-TVV-STORVS Intermediate report: 316 LN Storage in CEA Saclay in 2006
CEA internal report DTH/2006/126, December 2006

Ph. Aubert

Plasma Facing Components
CEFDA02-583 Destructive examination of first wall mock-ups, Final report

CEA internal report DTH/DR/2006/13 (2006)
E. De Vito

CEFDA02-583 Ion Beam Analysis methods applied to the examination of Be//Cu
joints in hipped Be tiles for ITER first wall mock- ups
presented at 24th SOFT (2006), Warsaw, Poland

E. De Vito, H. Khodja, C. Cayron,
P. Lorenzetto

CEFDA05-1248 Influence of the carbon erosion on the acceptance criteria of the ITER
divertor, INTERIM REPORT 3: Modelling with CAST3M
CEA internal report CFP/NTT-2007.001

J. Schlosser

CEFDA05-1248 Influence of the carbon erosion on the acceptance criteria of the ITER
divertor, INTERIM REPORT 4: Finite Element calculation results
using CAST3M
CEA internal report CFP/NTT-2007.002 (2007)

J. Bouvet, J. Schlosser

CEFDA05-1248 Influence of the carbon erosion on the acceptance criteria of the ITER
divertor, INTERIM REPORT 2, Operation regimes of erosion and
temperature instabilities
CEA internal report CFP/NTT-2007.003

O. V. Ogorodnikova

CEFDA05-1248 Influence of the carbon erosion on the acceptance criteria of the ITER
divertor, INTERIM REPORT 5: ANSYS calculations
CEA internal report CFP/NTT-2007.004

O. V. Ogorodnikova

CEFDA05-1257 Optimisation of Be/Cu alloy joints for primary first wall panels
CEA internal report DTH/DR/2006/021

P. Bucci, P-E. Frayssines, O.
Gillia, J-M. Leibold, B. Ricetti and
F. Vidotto

CEFDA05-1257 Optimisation of Be/Cu alloy HIP joining for first wall panels
CEA internal report DTH/DR/2006/105

P-E. Frayssines, E. DE Vito, B.
Oresic, J-M. Leibold, I. Chu, and
A. Montani

CEFDA05-1309 Manufacture of first wall mock-ups for In-Pile experiments
CEA internal report DTH/DL/2006/119

P-E. Frayssines, J-M Leibold, and
B. Oresic

CEFDA06-1411 Be/CuCrZr HIP joining optimisation for ITER FW qualification tests
CEA internal report no. DTH/DL/2006/120

P-E. Frayssines, J-M Leibold, and
B. Oresic
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TW5-TVD-CUCFC Development of alternative CFC / CU joining techniques, Final report
CEA internal report DTH/DR/2006/95, December 2006

Remote Handling
TW5-TVR-AIA Manufacturing and procurement of AIA last modules, storage cask

and video process
CEA internal report DTSI/SRI/LRM/ 07RT.007-Issue 0

D. Keller

TW5-TVR-WHMAN Results on qualification of a water-hydraulics joint for force feedback
applications
CEA internal report DTSI/SRI/LPR/06RT018

Magnet Structure
CEFDA03-1015 Deliverable 2: Final report on TF cooling inlet mock up manufacture

and test
CEA internal report AIM/NTT/2005.024, 05/04/2006

P. Decool, H. Cloez, S. Nicollet, J.-
P. Serries

CEFDA03-1015 Deliverable 4: Final report on CS cooling inlet mock up manufacture
and test
CEA internal report AIM/NTT/2006.021, 27/07/2006

P. Decool, H. Cloez

CEFDA03-1015 Deliverable 6: Final report on the Development of the bonded tail of
the PF coil windings
CEA internal report AIM/NTT/2006.013

N. Dolgetta

CEFDA04-1127 EFDA contract TW4-TMSC-SAMAN1: Second intermediate report
Estimation of the detrimental effect of Lorentz forces on Nb3Sn
strands by critical current measurements in the FBI test facility
CEA internal report AIM/NTT-2006.032 October 2006

J.L. Duchateau, N. Dolgetta

CEFDA04-1127 EFDA contract TW4-TMSC-SAMAN1: OCSI strand
CEA internal report AIM/NTT-2006.040 December 2006

J.L. Duchateau, N. Dolgetta

CEFDA04-1127 Review of Nb3Sn conductors for ITER
Presented at the 24 th SOFT Conference September 2006 (Warsaw,
Poland)

D. Ciazynski

CEFDA04-1215 Minutes of meeting: third intermediate meeting on April 26th 2006
CEA internal report SBT/06-115/JMP

CEFDA04-1215 Second intermediate report for CRYOLA task (phase 4 to 8)
CEA internal report SBT/CT/06-58 – September 2006

CEFDA04-1215 Final report
CEA internal report SBT/CT/06-83 – December 2006

CEFDA04-1219 Deliverable 3,  Final report on the Full-Size Sample manufacture
CEA internal report AIM/NTT-2006.019, 07/06/2006

P. Decool, H.Cloez, N. Dolgetta,
P. Libeyre, J.-L. Maréchal,  J.-P.
Serries

CEFDA05-1363 THCOIL Intermediate report I. August 2006
THCOIL Intermediate report II. October 2006
THCOIL Final report. January 2007

TW5-TMSF-HTSMAG Final report
CEA internal report  AIM/NTT-2007.004 February 2007

J.-L. Duchateau, J.-M. Rey, P.
Roussel

TW5-TMSF-HTSMAG Estimation of recycled power associated with cryogenic refrigeration
power of a fusion reactor based on TORE SUPRA experiment and
ITER design
Nucl. Fusion 46 (2006) 94-99

J.-L. Duchateau, J.-Y. Journeaux,
F. Millet

TW6-TMSC-FSTEST Testing Program for TFAS2 in SULTAN
CEA internal report AIM/NTT-2006.017

D. Ciazynski, P. Bruzzone, L.
Muzzi, B. Renard, L. Zani

TW6-TMSC-FSTEST Test Results and Analysis of TFAS1 & TFAS2
presented at the ITER Conductor Meeting, Cadarache, July 24-25,
2006

D. Ciazynski with the
collaboration of all the TG
members from CEA, CRPP,
ENEA, EPTO

TW6-TMSC-FSTEST Review of Nb3Sn Conductors for ITER
presented at the 24th SOFT Conference (Warsaw, 11-15 Sep. 2006)

D. Ciazynski
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TW6-TMSC-FSTEST Test Results of two ITER TF Conductor short Samples using high
Current Density Nb3Sn Strands
presented at 2006 Applied Superconductivity Conference (Seattle,
USA, 29 Aug. – 1st Sep. 2006)

P. Bruzzone et al.

TW6-TMSC-FSTEST Analysis of DC Properties and Current Distribution in TFAS ITER
Conductor Samples using high JC Nb3Sn advanced Strands
presented at 2006 Applied Superconductivity Conference (Seattle, 29
Aug. – 1st Sep. 2006)

L. Zani et al.

Tritium Breeding and Materials
Breeding Blanket

Helium Cooled Lithium Lead (HCLL) Blanket
TW2-TTBC-002-D02 Intermediate report for Stiffening Grid  welding status for Tritium

Blanket Module (TBM) in the environment of ITER fusion reactor
CEA internal report DRT/LITEN/DTH – RT 2006/057- June 2006

Ph. Aubert, S. Gosselin, N.
Develay

TW2-TTBC-002-D02 TBM Top Cover to First Wall joining by MIG/LASER HYBRID Welding
CEA internal report DRT/LITEN/DTH/2006/DL/81, November 2006

Ph. Aubert, N. Develay

TW2-TTBC-002-D02 TBM First Wall and Stiffening Grid development
CEA internal report DRT/LITEN/DTH/2006/DL/97, November 2006

Ph. Aubert

TW2-TTBC-002-D03 Blanket manufacturing technologies-Testing of small-scale mocks-ups
to qualify manufacturing technologies
CEA internal report DTN/STPA/LTCG 2007-05

L. Cachon et al.

TW2-TTBC-003-D05 Design of anti–corrosion coatings for the application in the
environment of fusion reactors, Final Report
CEA internal report DTH/2006/67 – December 2006

Ph. Aubert

TW4-TTBC-001-D01 Additional design and analyses for the HCLL TBM: testing programme
and engineering design of the first TBM for ITER H-H phase
CEA internal report DM2S/SERMA/LCA/RT/06-4022/A

G. Aiello, F. Gabriel, A. Li Puma,
J.-F. Salavy

TW5-TTBC-001-D03 Integration of the HCLL TBM system in ITER: Guidelines, PIE and Hot
Cell requirements, Final Report
CEA internal report SERMA/LCA/RT/06-4009/A, December 2006

M. Eid, N. Jonqueres, A. Morin, J-
F. Salavy, P. Mongabure

TW5-TTBC-001-D05 External heater for the TBM mock-up
CEA internal DTN/STPA/LTCG/2006-022

L. Cachon

TW5-TTBC-001-D07 The Test Blanket Modules project in Europe: From the strategy to the
technical plan over next ten years
Poster presented at the 24th SOFT Conference (Warsaw, 11-15 Sep.
2006)

Y. Poitevin, L.V. Boccaccini, G.
Dell’Orco, E. Diegele, R. Lässer,
J.-F. Salavy, J. Sundström, M.
Zmitko

TW5-TTBC-001-D07 Overview of the last progresses for the European Test Blanket
Modules projects
Oral presentation presented at the 24th SOFT Conference (Warsaw,
11-15 Sep. 2006)

J-F. Salavy, L.V. Boccaccini, R.
Lässer, R. Meyder, H. Neuberger,
Y. Poitevin, G. Rampal, E. Rigal,
M. Zmitko

TW5-TTBC-001-D07 Overview of the R&D issues of the European Helium-Cooled Lithium-
Lead breeder blanket concept
Oral presentation to the IEA International workshop on liquid breeder
blankets, Saint-Petersburg, June 7-9, 2006.

J-F. Salavy et al.

TW5-TTBC-001-D08 Assessment of thermal-mechanical behavior under in-TBM
LOCA
CEA internal report DEN/CAD/DER/SESI/LESA/NT DO 29 26/10/06

N. Schmidt, C. Girard

TW5-TTBC-001-D09 Assessment of tritium inventory and transfer in HCLL TBM
CEA internal report DTN/STPA/LPC/2006/070

O. Gastaldi, P. Aizes

TW5-TTBC-001-D10 Support studies for the cooling plate mock-up testing in DIADEMO
CEA internal report DTN/STPA/LTCG 2006-037

L. Cachon et al.
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TW5-TTBC-002-D01 Fabrication of a HCLL cooling plate test mock-up
CEA internal report DTH/DL/2006/056

E. Rigal, G. De Dinechin, F.
Vidotto, J.M. Leibold, O. Blanchot

TW5-TTBC-002-D02 Feasibility of the tube forming + HIP fabrication process for the bent
part of the FW of HCLL and HCPB TBMs
CEA internal report DTH/DR/2006/112

E. Rigal, M. Reytier, M. Elie, B.
Riccetti, F. Vidotto

TW5-TTBC-005-D05 A 2D finite element modelling of tritium permeation for the HCLL
DEMO blanket module
presented at the 24th SOFT Conference (Warsaw, 11-15 Sep. 2006)

F. Gabriel et al.

Structural Materials development

Reduced Activation Ferritic Martensitic (RAFM) Steels

TW5-TTMS-004-D02 Final report : Micro structural analysis and qualification of joints and
welds from TBM mock-up fabrication
CEA internal report DTH/2006/98, December 2006

Ph. Aubert

TW5-TTMS-004-D04 Processing of high quality welds according to TBM design
CEA internal report DRT/DECS/UTA/03-RT37

O. Asserin

TW5-TTMS-004-D06 Weldability of dissimilar tubes (EUROFER/SS316L) by fusion butt
welding with YAG laser
CEA internal report DTH/DL/2006/80

G. De Dinechin, O. Blanchot

TW5-TTMS-004-D07 Final report : Eurofer weldability of homogeneous plates
CEA internal report DTH/2006/99, December 2006

Ph. Aubert

TW5-TTMS-006-D01 Final report: Mechanical characterisation of ODS-Eurofer bars
produced by hot-extrusion
CEA report DMN/SRMA/LA2M/NT/2006-2786/A

TW6-TTMS-005-D01 Interim Structural Design Criteria (ISDC), Appendix A Material Design
Limit Data: A3.S18E Eurofer Steel
CEA internal report DMN/Dir/2006-05/A, Dec. 2006

F. Tavassoli

TW6-TTMS-007-D11 Recovery follow-up by electrical resistivity or Infra-Red (IR)
spectroscopy of very thin samples irradiated with the JANNUS multi-
ion-beam facility
CEA internal report DMN/SRMP-07/12 (2007)

Advanced materials

TW3-TTMA-001-D04
TW3-TTMA-002-D04

7th IEA Workshop on SiC/SiC for Fusion and First international
Workshop on C&SiC composites for Advanced Fission
Sept. 18-20, 2006, Petten, The Netherlands

F. Tavassoli, C. Janis, A. Alamo,
S. Bendotti, X. Palacin

TW6-TTMA-001-D02 Multi-scale modelling of SiCf/SiC. CAST3M GIBIANE procedures for
the calculation of the concentration and influence tensors for micro-
meso and meso–macro scale changes
CEA technical report DM2S/SEMT/LM2S/RT/2006-038/A

C. Guerin, O. Fandeur, N. Carrère
and J.-F. Maire

Safety and Environment
CEFDA05-1368
TW5-TSS-SEA3.5

Validation of solvers for dust mobilisation modelling with CAST3M
CEA technical report DM2S/SFME/LTMF/RT/07-006/A (January 2007)

J.R. García-Cascales, H. Paillère

TW5-TSS-SEA5-6 Base de données “BD-PACTITER-V1.0”
CEA technical report CEA/DEN/DANS/DPC/SECR DO 233, 2006/12

D.You

TW5-TSS-SEA5-6 Status of the PACTITER code development
CEA technical report CEA/DTN/SMTM/LMTR/2007-003, 2007/02

F.Dacquait

TW6-TSS-SEA5-1 Interim Report on in-vessel dust measurement and removal
techniques 22nd Dec 2006

S. Rosanvallon
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System Studies
Power Plant Conceptual Studies (PPCS)

CEFDA05-1281 HCLL blanket concept for the DEMO conceptual study
CEA internal report DTN/STPA/LTCG 2006-013

L. Cachon et al.

CEFDA05-1285 Blanket segmentation and maintenance, Remote handling issues
CEA internal report DTSI/SRI/LPR/06RT027

ITER Site Preparation
European ITER Site Studies

CEFDA05-1275 Final report of the subtask 1: design and layout of the ACB (Auxiliary
Cold Box) for magnet structures
CEA internal report DAPNIA/SACM/LCSE T-0000 003

P. Chesny and CEA cryogenic
working group

CEFDA05-1275 Final report of the subtask 2: design of experimental loop to assess
mitigation of pulsed heat loads
CEA internal report SBT/CT/06-85

S. Maze and B. Rousset

CEFDA05-1275 Final report of the subtask 3: analysis of the ITER cryoplant
operational modes
CEA internal report CRY/NTT 2006.007

D. Henry and CEA cryogenic
working group

CEFDA05-1275 Final report of the subtask 4: Numerical simulation of prototype torus
cryopump panels
CEA internal report CRY/NTT 2006.008

R. Vallcorba

CEFDA05-1275 Final report: Design and layout of cryoplant and cryodistribution
system (task agreement ITA 34-06)
CEA internal report SBT/CT/06-86

J.M. Poncet and the CEA
cryogenic working group

CEFDA05-1294 EISS-4 final report delivered in March 2006
(n° GA41-DEL-2004-0008)

JET Technology
Fusion Technology

JW6-FT-3.30RHpart High magnetic field compatible electrical actuator
CEA internal report DTSI/SRI/LRM 07-RT002/rev.0, February2007

JW6-FT-4.8-D2 Infrared active thermography for surface layer characterisation. EFDA
n°JW6-FT-4.8-D2, intermediate report D02: Lock-in thermography
tests
CEA internal report CFP/NTT-2006.037 2006-10-24

X. Courtois et al.

Enhancement Programme
CEFDA04-1180 JET-EP IRV Final Report

CEA internal report DIAG/NTT-2006.024 (2006)
E. Gauthier

CEFDA04-1180 Heat Load Deposition on the main chamber in JET during ELMs
17th Int. Conf. on Plasma Surface Interaction (2006)

E. Gauthier, P. Andrew, G.
Arnoux, Y. Corre, H. Roche, The
JET team

CEFDA04-1180 ITER-like wide-angle infrared thermography and visible observation
diagnostic
presented at the 24th SOFT Conference (Warsaw, 11-15 Sep. 2006)

E. Gauthier, H. Roche, E.
Thomas, S. Droineau, B.
Bertrand, J. MIGOZZI, W.
Vliegenthart, L. Dague, P.
Andrew, T. Tiscornia, D.
Sands,and the Efda-JET Team

CEFDA05-1261 Final report of the contract FU06-CT-2005-00088 (EFDA/05-1261) on
R&D on Tungsten
CEA internal report DIAG/NTT-2006.015 (2006)

E. Gauthier

CEFDA05-1261 Tungsten and Beryllium Armour Development for the JET ITER-like
Wall Project
Nuclear Fusion 47 (2007) 222-227

H. Maier, T. Hirai, M. Rubel, R.
Neu, P. Mertens, H. Greuner, E.
Gauthier, C. Hopf, J. Likonen et
al.
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Heating Systems Technology Project
TW6-THHN-ASD3 Experimental results from the Cadarache 1MV test bed with SINGAP

accelerator
Nuclear Fusion ,Vol. 46, P. S369-S378 (2006)

 L. Svensson, D. Boilson, H.P.L.
de Esch, R. Hemsworth, A. Krylov

TW6-THHN-ASD3 Halo effect in infrared camera
CEA internal report DIAG/NTT-2006.018 (2006)

 H.P.L. de Esch and L. Svensson

TW6-THHN-ASD3 Beam Halos in caesiated negative ion operation
Coordination Committee for Neutral Beams 23-24 May 2006
(Cadarache, France)

H.P.L. de Esch, D. Boilson, R.S.
Hemsworth, A.I. Krylov, L.
Svensson

TW6-THHN-ASD3 Deflection of stripped electrons
Coordination Committee for Neutral Beams 23-24 May 2006
(Cadarache, France)

H.P.L. de Esch and R.S.
Hemsworth

TW6-THHN-ASD3 Effect of displacement of the apertures in the extraction and pre-
acceleration grids
Coordination Committee for Neutral Beams 23-24 May 2006
(Cadarache, France)

H.P.L. de Esch

TW6-THHN-ASD3 First Stage MAMuG as a pre-accelerator for SINGAP
Coordinating committee for Neutral Beams 12-15 December 2006
(Naka, Japan)

H.P.L. de Esch

TW6-THHN-ASD3 The Incredible Shrinking Halo
Coordinating committee for Neutral Beams 12-15 December 2006
(Naka, Japan)

H.P.L. de Esch, D. Boilson, R.S.
Hemsworth, A.I. Krylov, L.
Svensson

TW6-THHN-ASD3 The Incredible Shrinking Aperture
Coordinating committee for Neutral Beams 12-15 December 2006
(Naka, Japan)

H.P.L. de Esch, L. Svensson and
R.S. Hemsworth

TW6-THHN-ASD3 Secondary emission processes in the ITER negative ion based
electrostatic accelerator
Coordinating committee for Neutral Beams 12-15 December 2006
(Naka, Japan)

G. Fubiani, H.P.L. de Esch, R.S.
Hemsworth and A. Simonin

UNDERLYING TECHNOLOGY PROGRAMME

Vessel-In Vessel
Vessel-Blanket and Materials

UT-VIV/VV-Hybrid-Modeli Soudage hybride, pour des applications de soudage en chanfrein
étroit
MATERIAUX 2006 Conference, 13-17 Novembre 2006 – Dijon,
France

Ph. Aubert

UT-VIV/VV-Hybrid-Modeli Optimisation of HYBRID welding for vacuum vessel manufacturing,
Final report
CEA internal report DTH/DL/2006/100

Ph. Aubert, F. Janin

Plasma Facing Components
UT-VIV/PFC-Damage Endommagement et rupture dans les assemblages des composants

face au plasma, Identification d’un modèle de comportement pour les
matériaux 3D C/C : mise au point de l’essai de cisaillement plan
Rapport 1c, Projet P6, 08/09/06

G. Camus

UT-VIV/PFC-Damage Endommagement et rupture dans les assemblages des composants
face au plasma, Identification d’un modèle de comportement pour les
matériaux 3D C/C: application au matériau HL1 (synthèse)
Rapport 1d, Projet P6, 22/12/06

G. Camus

UT-VIV/PFC-Damage Endommagement et rupture dans les assemblages des composants
face au plasma, Analyse des mécanismes d’endommagement de
l’assemblage à l’échelle microscopique : Optimisation de la géométrie
de l’interface
Rapport 2c, Projet P6, 11/07/06

C. Henninger, D. Leguillon
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UT-VIV/PFC-Damage Endommagement et rupture dans les assemblages des composants
face au plasma, Analyse des mécanismes d’endommagement de
l’assemblage à l’échelle macroscopique : Essais de dilatation sur
échantillons issus d’une aiguille
Rapport 3d, Projet P6, 01/07/06

E. Martin, G. Delsouc, T. Marceau

UT-VIV/PFC-Damage Endommagement et rupture dans les assemblages des composants
face au plasma, Analyse des mécanismes d’endommagement de
l’assemblage à l’échelle macroscopique : Modélisations
complémentaires
Rapport 3e , Projet P6, 18/12/06

E. Martin, T. Marceau

UT-VIV/PFC-HIP Improvement of the reliability, performance and industrial relevancy of
HIP processes for PFC components
CEA internal report DTH/DL/2006/108

P-E. Frayssines, et al.

UT-VIV/PFC-LAM/OPTI Progress report on the development of novel reduced activation
martensitic steels with improved creep properties for fusion reactors
CEA internal report DMN/SRMA/LA2M/NT/2007-2834 (2006)

D. Gaude-Fugarolas, et Y. De
Carlan

UT-VIV/PFC-NanoSic Nanocrystalline silicon carbide (SiC): 2006 interim report
CEA internal report, DTNM/DL/2006/016 (07/2006)

S. Drolon, G. Loupias, F. Ténégal

UT-VIV/PFC-NanoSic Nanocrystalline silicon carbide (SiC): final report
CEA report, DTNM/DL/2006/26 (2006)

F. Ténégal

UT-VIV/PFC-NanoSic Large scale production of nanoparticles by laser pyrolysis
Materials Science Forum, Progress in powder metallurgy,  534-536,
p85-88 (2007)

A. Reau, B. Guizard, C. Mengeot,
L. Boulanger and F. Ténégal

UT-VIV/PFC-NanoSic Frittage par compression isostatique à chaud (CIC) et spark plasma
sintering (SPS) de nanoparticules en carbure de silicium (SiC)
synthétisées à échelle pilote par pyrolyse laser
Oral presentation, MATERIAUX 2006, 13-17/11/2006, Dijon (France),
(2006)

C. Mengeot, B. Guizard, S.
Poissonnet, L. Boulanger, M. Le
Flem, F. Guillard et F. Ténégal

UT-VIV/PFC-NanoSic Large scale production of nanoparticles by laser pyrolysis
Oral presentation (invited speaker), Powder metallurgy World
Congress & Exhibition 2006, 24-28/09/2006, Busan (Korea), (2006)

F. Ténégal, B. Guizard, A. Reau,
C. Ye, L. Boulanger, S. Giraud, J.
Canel

UT-VIV/PFC-Pyro Application of a tricolor pyroreflectometer to plasma facing
components- Study and conception of a remote probe for plasma
reactors
Report C2, May 2006.

D. Hernandez , J.L. Badie, R.
Garcia

UT-VIV/PFC-Pyro Application of a tricolor pyroreflectometer to plasma facing
components- in-situ infrared monitoring
Report D1, Oct. 2006

D. Hernandez, J.L. Badie, J.L.
Sans

Remote Handling
UT-VIV/AM-AIA Prototype module, vacuum and temperature technologies test report

CEA internal report DTSI/SRI/LRM/ 07RT.008-Issue 0
D. Keller

UT-VIV/AM-ECIr Unité de commande pour systèmes parallèles : contrôleur basé sur la
mise en œuvre dynamique de réseaux de Pétri
PhD thesis (2005) DTSI/SARC/06-07

S. Chevobbe

UT-VIV/AM-HYDRO Dynamic modelization and identification of a water-hydraulics
pressure servovalve
CEA internal report DTSI/SRI/LTC/06RT020

Tritium Breeding and Materials
Breeding Blanket

UT-TBM/BB-He Results on experiments on generic helium technology
CEA internal report DTN/STPA/LTCG/NT 2006-043

L. Ayrault
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Safety and Environment
UT-S&E-LASER-DEC Surface heating by pulsed repetition rate nanosecond lasers

Invited presentation on the 4th International Symposium “LASER
TECHNOLOGIES AND LASERS”, October 8- 11,  2005, Plovdiv,
Bulgaria, paper in the LTL Symposium Proceedings, April, 2006, pp.
76-83, ISSN 1312-0638

A. Semerok, S.V. Fomichev,
F. Brygo, J.-M. Weulersse,  P.-Y.
Thro,  C. Grisolia

UT-S&E-LASER-DEC Laser Methods Development for In-situ ITER Walls Detritiation and
Deposition Layers Characterisation
Invited presentation on the 6th Fusion Energy Conference (FEC),
16–21 October 2006, Chengdu, China

A. Semerok, P.-Y. Thro , J.-M.
Weulersse, S.V. Fomichev, F.
Brygo, C. Grisolia, V. Philipps, P.
Coad and EFDA-JET contributors

UT-S&E-LASER-DEC Studies on pyrometer measurements for fast and inhomogeneous
laser heating
CEA internal report DPC/SCP/06-212- A, 2006, pp.1 – 19

A. Semerok. and S.V. Fomichev

UT-S&E-Tritium-Impact Impact of contamination with tritium or radiocarbon at cell level
Environmental Mutagen Society 37th Annual Meeting, September
2006. Vancouver - Canada. Poster

Y. Saintigny, S. Roche, D;
Meynard and B.S. Lopez

UT-S&E-Tritium-Impact Impact of contamination with tritium at cell level
Plasticité et Instabilité des Génomes, 2nd Réunion Annuelle,
November 2006. Grenoble - France

Y. Saintigny

UT-S&E-Tritium-Impact Impact of contamination with tritium or radiocarbon at cell level
Environmental Mutagen Society 37th Annual Meeting, September
2006. Vancouver - Canada

Y. Saintigny

UT-S&E-Tritium-Impact Interaction du tritium sur la réponse aux stress génotoxiques et la
stabilité du génome
4th annual seminar of French National Program of Nuclear Toxicology
and Environment (ToxNuc-E), December 2006. Campus Michel-Ange
du CNRS, Paris – France

Y. Saintigny

INERTIAL CONFINEMENT PROGRAMME
ICF-Instabilities-02 Kinetic simulation of nonlinear stimulated Brillouin scattering

J. Phys. IV France 133, 339 (2006)
F. Detering, J.-C. Adam, A.
Heron, S. Hüller, P.-E. Masson-
Laborde, D. Pesme

ICF-Instabilities-02 Modelling parametric scattering instabilities in large-scale expanding
plasmas
J. Phys. IV France 133, 247 (2006)

P.-E. Masson-Laborde, S. Hüller,
D. Pesme, M. Casanova, P.
Loiseau

ICF-Instabilities-02 Phys. Plasmas13, 083103 (2006) C. Riconda, S. Weber, V.T.
Tikhonchuk, J.-C. Adam and A.
Heron

ICF-Opacity On the linear dynamic response of average atom in plasma
Journal of Quantitative Spectroscopy and Radiative Transfer, 99,
(2006) 84-101

Th. Blenski

ICF-Opacity Quantum mechanical model for the study of pressure ionization in the
superconfiguration approach
Journal of Physics A. Mathematical and General Physics, 39, (2006)
4659-4666

J.-C. Pain, G. Dejonghe, Th.
Blenski

ICF-Opacity SCRIC, un code pour calculer l’absorption et l’émission détaillées de
plasmas hors- équilibre, inhomogènes et étendus. Théorie,
fonctionnement et application à l’émission des sources EUV à base
de xenon
CEA report -R 6115 (2006)

F. De Gaufridy

ICF-particle-Beams Dynamics of neutralizing electrons during the focusing of intense
heavy ions beams inside a HIF reactor chamber
J. Phys. IV, 2006. 133: p. 753-755

A. F. Lifschitz, G. Maynard, J.-L.
Vay, and A. Lenglet

ICF-particle-Beams N-electron dynamics of a heavy atom in strong fields
J. Phys. A, 2006. 39: p. 4671-4675

A. Lenglet, G. Maynard, and Y.K.
Kurilenkov

ICF-particle-Beams Study of heavy atom electrons in strong fields using Gaussian Wave
packets
J. Phys. (France) IV, 2006. 133: p. 491-493

A. Lenglet and G. Maynard
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ICF-particle-Beams Between two stream and filamentation instabilities: Temperature and
collisions effects
Laser and Particle Beams, 2006. 24: p. 27-33

A. Bret, M.C. Firpo, and C.
Deutsch

ICF-particle-Beams Characterization of the initial filamentation of a relativistic electron
beam passing through a plasma
J. de Phys. (France) IV, 2006. 133: p. 283-287

A. Bret, M.C. Firpo, and C.
Deutsch

ICF-particle-Beams Oblique electromagnetic instabilities for a hot relativistic beam
interacting with a hot and magnetized plasma
Physics of Plasmas, 2006. 13: p. 082109

A. Bret, M.E. Dieckmann, and C.
Deutsch

ICF-particle-Beams Stabilization of the filamentation instability and the anisotropy of the
background plasma
Physics of Plasmas, 2006. 13: p. 022110

A. Bret and C. Deutsch

ICF-particle-Beams A fluid approach to linear beam plasma electromagnetic instabilities
Physics of Plasmas, 2006. 13: p. 042106

A. Bret and C. Deutsch

ICF-particle-Beams Density gradient effects on beam plasma linear instabilities for fast
ignition scenario
Laser and Particle Beams, 2006. 24: p. 269-273.

A. Bret and C. Deutsch

ICF-particle-Beams Studies of equation of state properties of high-energy density matter
using intense heavy ion beams at the future FAIR facility: The
HEDgeHOB collaboration
Nucl. Instrum. Meth. Phys. Res. B, 2006. 245: p. 85-93

N.A. Tahir, P. Spiller, S. Udrea,
O.D. Cortazar, C. Deutsch, V.E.
Fortov, V. Gryaznov, D.H.H.
Hoffmann, I.V. Lomonosov, P. Ni,
A.R. Piriz, A. Shutov, M.
Temporal, and D. Varentsov

ICF-particle-Beams Studies of thermophysical properties of high-energy-density states in
matter using intense heavy ion beams at the future FAIR accelerator
facilities: The HEDgeHOB collaboration
J. Phys. (France) IV, 2006. 133: p. 1059-1064

N.A. Tahir, A. Shutov, I.V.
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ICF-particle-Beams Low velocity ion stopping of relevance to the US beam-target program
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C. Deutsch and R. Popoff

ICF-particle-Beams Theory and simulation of short intense laser pulse propagation in
capillary tubes with wall ablation
Phys. Plasmas, 2006. 13: p. 053114

M. Veysman, B. Cros, N.E.
Andreev, and G. Maynard
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J. of Phys. A 2006. 39: p. 4683-4692
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J. Phys. IV 133, 1077 (2006)
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J. Phys. IV France 133, 351 (2006)
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ICF-Smoothed-Laser A practical nonlocal model for heat transport in magnetized laser
plasmas
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Task Title Prog. Field Area Unit Site Task Leader Page

CEFDA02-583 TW1-TVV-DES: Destructive examination of primary first wall panels and
mock-ups

EFDA VIV PFC DTH Grenoble De Vito E. 68

CEFDA03-1015 TW2-TMSM-COOLIN: Mock-ups for the TF and CS Terminal regions
and Cooling Inlets

EFDA MAG MAG DRFC Cadarache Decool P. 114

CEFDA03-1111Bolo TW3-TPDS-DIASUP1: Support to the ITER diagnostic system: Bolometer
array

EFDA PI Diag DRFC Cadarache Reichle R. 17

CEFDA03-1111WAVS TW3-TPDS-DIASUP1: Support to the ITER diagnostic system: ITER
wide-angle viewing thermographic and visible system: optical design

EFDA PI Diag DRFC Cadarache Guilhem D.,
Corre Y.

20

CEFDA04-1127 TW4-TMSC-SAMAN1: Manufacture of subsize samples EFDA MAG MAG DRFC Cadarache Duchateau JL. 119

CEFDA04-1170 TW4-TMSC-RESDEV: Development and testing on new resin solution EFDA MAG MAG DAPNIA Saclay Rondeaux F. 122

CEFDA04-1180 JW4-EP-IRV: Wide angle IR endoscope: Follow-up of the procurement
activities and performance of acceptance test

EFDA JET JET/EP DRFC Cadarache Gauthier E. 323

CEFDA04-1202 TW5-TVV-RFUT: Cooperation with RF in UT systems assessment EFDA VIV V/B DETECS Saclay Tirira J. 44

CEFDA04-1215 TW4-TMSC-CRYOLA: Cryogenic tests on ITER magnet structural
materials

EFDA MAG MAG DRFMC Grenoble Girard A. 123

CEFDA04-1218 TW5-TVD-HHFT: Monitoring and analysis of divertor components tested
in FE200: 200 kW electron beam gun test

EFDA VIV PFC DRFC Cadarache Escourbiac F. 72

CEFDA04-1219
TW4-TMSC-SAMFSS: Manufacture of two full size samples of Nb3Sn
strands

EFDA MAG MAG DRFC Cadarache Decool P. 126

CEFDA05-1226 TW5-TVM-LIP: Modification of ITER materials documents, assessment of
materials data and maintenance of a database

EFDA VIV V/B DMN Saclay Tavassoli F. 47

CEFDA05-1243 TW5-TVD-NDTEST: Upgrade of the SATIR test bed for infrared
thermographic inspections - design phase

EFDA VIV PFC DRFC Cadarache Durocher A. 77

CEFDA05-1248 TW5-TVD-ACCEPT: Influence of carbon erosion on the acceptance
criteria of the ITER divertor

EFDA VIV PFC DRFC Cadarache Schlosser J. 81

CEFDA05-1257 TW5-TVB-JOINOP: Optimisation of Be/CuCrZr HIP joining for FW
panels

EFDA VIV PFC DTH Grenoble Frayssines P.E. 85

CEFDA05-1261 JW5-BEP-CEA-28: Development of W coatings on CFC substrate EFDA JET JET/EP DRFC Cadarache Gauthier E. 325

CEFDA05-1275 TW5-TES-CRYO1: Design and layout of cryoplant and cryodistribution
system

EFDA ISP EISS DRFMC Grenoble Girard A. 281

CEFDA05-1281 TW5-TRP-005: HCLL blanket design from PPCS-model AB EFDA SS PPCS DTN Cadarache Cachon L. 271

CEFDA05-1285 TW5-TRP-003: DEMO - Blanket segmentation and maintenance - Remote
Handling issues

EFDA SS PPCS DTSI Fontenay Friconneau J.P. 273

CEFDA05-1294 TW5-TES-EISS5: European Iter Site Studies 5 - Cadarache EFDA ISP EISS AIF Cadarache F. Gauché 284
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CEFDA05-1309 TW5-TVB-INMOCK2: Manufacture of first wall mock-ups for in-pile
experiments

EFDA VIV PFC DTH Grenoble Frayssines P.E. 88

CEFDA05-1329 TW6-TPHI-ICFS: Faraday shield modelling and RF sheath dissipation EFDA PI Hea DRFC Cadarache Colas L. 9

CEFDA05-1336 TW5-TPO-ERGITER: Magnetic perturbation for ELM suppression in
ITER

EFDA PI Oper. DRFC Cadarache Bécoulet M. 4

CEFDA05-1343MS
TW5-TPDS-DIADEV

TW5-TPDS-DIASUP1 and TW5-TPDS-DIADEV: Diagnostic design for
ITER: Magnetic sensors

EFDA PI Diag DRFC Cadarache Moreau P. 23

CEFDA05-1343PI TW5-TPDS-DIASUP1: Diagnostic design for ITER: Port integration EFDA PI Diag DRFC Cadarache Doceul L. 28

CEFDA05-1343TH TW5-TPDS-DIASUP1: Diagnostic design for ITER: Thermocouples
diagnostic

EFDA PI Diag DRFC Cadarache Chantant M. 32

CEFDA05-1359 TW5-TTMI-004a: Preliminary Remote Handling handbook for IFMIF EFDA TBM NS DTSI Fontenay Friconneau J.P. 254

CEFDA05-1363 TW6-TMSC-THCOIL: Thermohydraulic analysis for the ITER
superconducting coils

EFDA MAG MAG DRFMC Grenoble Girard A. 128

CEFDA05-1368
TW5-TSS-SEA3.5

In-vessel  safety: Development of a dust explosion computer model EFDA S&E Safety DM2S Saclay Paillère H. 258

CEFDA05-1370 TW6-TMSC-TFPRO: ITER TF full size prototype conductor EFDA MAG MAG DRFC Cadarache Decool P. 131

CEFDA06-1372 TW5-TVD-FABCON:  development of fabrication control methods for the
ITER divertor

EFDA VIV PFC DRFC Cadarache Durocher A. 90

CEFDA06-1373 TW6-TVD-ACCREV: : Definition of acceptance criteria for the ITER
divertor

EFDA VIV PFC DRFC Cadarache Escourbiac F. 95

CEFDA06-1376 TW5-TPR-RPSUP: Support to EFDA remote participation EFDA PI RP DRFC Cadarache Balme S. 43

CEFDA06-1411 TW6-TVB-ACCTEST: Be/CuCrZr HIP joining for ITER first wall
qualification tests

EFDA VIV PFC DTH Grenoble Frayssines P.E. 97

ICF-Instabilities-02 Kinetic effects in stimulated Brillouin and Raman Scattering Instabilities ICF ICF ICF EP Palaiseau Hüller S. 378

ICF-Opacity Opacities and resistivity modelling ICF ICF ICF DRECAM Saclay Blenski Th. 380

ICF-Particle-Beams Intense laser and particle beams dynamics for ICF applications ICF ICF ICF Université Orsay Deutsch C. 383

ICF-Protons Application of laser-accelerated high-energy protons for isochoric heating
of matter

ICF ICF ICF EP Palaiseau Fuchs J. 386

ICF-Smoothed-Laser Interaction of smoothed laser beams with hot plasmas in the context of
inertial confinement fusion

ICF ICF ICF Université Bordeaux Tikhonchuk V. 388

ICF-XUV-Diag Diagnostic of hot, dense, and transient plasmas: temporal characterization
of dense plasmas using 2D imaging XUV interferometer

ICF ICF ICF DRECAM Saclay Martin Ph. 393

JW5-FT-5.25 Human factors experience feedback on JET EFDA JET JET/FT DTAP Cadarache Tosello M. 286

JW6-FT-1.1-D01 Improvement of present particle balance and gas exhaust at JET EFDA JET JET/FT DRFC Cadarache Loarer T. 288
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JW6-FT-1.1-D02 Improvement of present particle balance and gas exhaust at JET EFDA JET JET/FT DTN Cadarache Gastaldi O. 292

JW6-FT-2.28 Assessment of industrial process on waste treatment EFDA JET JET/FT DTN Cadarache Liger K. 296

JW6-FT-3.30 Laser detritiation system tests in the BeHF and JET environment EFDA JET JET/FT DPC Saclay Semerok A. 299

JW6-FT-3.30RHpart Laser detritiation system tests in the BeHF and JET environment: Remote
Handling aspects

EFDA JET JET/FT DTSI Fontenay Friconneau J.P. 305

JW6-FT-4.8-D1 Infrared active thermography for surface layer characterization: Laser
heating and laser ablation methods

EFDA JET JET/FT DPC Saclay Semerok A. 310

JW6-FT-4.8-D2 Infrared active thermography for surface layer characterization: lock-in
thermo-cartography NDT applied to co-deposited layers

EFDA JET JET/FT DRFC Cadarache Courtois X. 315

JW6-FT-4.9 Glow discharge improvement for JET EFDA JET JET/FT DRFC Cadarache Grisolia C. 319

TW1-TMS-PFCITE Poloidal Field Conductor Insert (PFCI) EFDA MAG MAG DRFC Cadarache Ciazynski D. 132

TW2-TTBC-002-D02
Blanket manufacturing technologies
Manufacturing and testing of mock-ups
Qualification samples for HCLL and HCPB TBMs

EFDA TBM HCLL DTH Saclay Aubert P. 145

TW2-TTBC-002-D03 Blanket manufacturing technologies
Testing of small-scale mocks-ups to qualify manufacturing

EFDA TBM HCLL DTN Cadarache Cachon L. 151

TW2-TTBC-003-D05 Blanket manufacturing technologies
Coating qualification

EFDA TBM HCLL DTH Saclay Aubert P. 154

TW3-TTMA-001-D04
TW3-TTMA-002-D04

SiC/SiC ceramic composites and divertor and plasma facing materials:
Furioso Irradiation Experiment

EFDA TBM ADV DMN Saclay Tavassoli F. 249

TW4-TTBC-001-D01
TBM design, integration, and analysis
Testing programme and engineering design of the first HCLL TBM for
ITER H-H phase

EFDA TBM HCLL DM2S Saclay Salavy J.F. 159

TW5-TMSF-HTSMAG Scoping studies of HTS fusion magnets EFDA MAG MAG DRFC Cadarache Duchateau J.L. 135

TW5-TMSF-HTSPER HTS materials for fusion magnets EFDA MAG MAG DAPNIA Saclay Rey J.M. 138

TW5-TPDC-IRRCER-D03
Assessment of IR fibres for thermography applications, initial gamma
induced effects, then neutron irradiations - Fibre selection and provision,
Diagnostic preparation and measurements

EFDA PI Diag DRFC Cadarache Reichle R. 36

TW5-TPHI-ICRFDEV Development of high performance tuning component for the ITER ion
cyclotron array

EFDA PI Hea DRFC Cadarache Vulliez K. 14

TW5-TPO-CODACGW Review of ITER control and Data Acquisition (CODAC) system definition EFDA PI Oper. DRFC Cadarache Joffrin E. 8

TW5-TRP-002-D03a
TW6-TRP-002-D02

Analysis of current profile control in tokamak reactor scenarios using
realistic treatment of current drive efficiencies

EFDA SS PPCS DRFC Cadarache Giruzzi G. 276

TW5-TSS-SEA5.6 Enhancement of the Pactiter computer code and related fusion specific
experiments

EFDA S&E Safety DTN Cadarache Tevissen E. 262

TW5-TTBC-001-D01
TBM design, integration, and analysis
Design and analyses of the HCLL TBM including design of supporting
system and instrumentation integration

EFDA TBM HCLL DM2S Saclay Rampal G. 161

TW5-TTBC-001-D02
TBM design, integration, and analysis
Finalization of the conceptual design of the prototypical HCLL TBM mock-
up

EFDA TBM HCLL DM2S Saclay Salavy J.F. 164
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TW5-TTBC-001-D03 TBM design, integration, and analysis
PIE and Hot cell requirements for the HCLL TBM

EFDA TBM HCLL DM2S Saclay Salavy J.F. 166

TW5-TTBC-001-D05 TBM design, integration, and analysis
Finalization of the HCLL TBM prototypical mock-up

EFDA TBM HCLL DM2S Saclay Rampal G. 168

TW5-TTBC-001-D06
TBM design, integration, and analysis
Further thermal-hydraulics and design study related to the choice of a
reference He cooling scheme

EFDA TBM HCLL DM2S Saclay Gabriel F. 170

TW5-TTBC-001-D07 TBM design, integration, and analysis
Detailed TBM development workplan up to EM-TBM installation in ITER

EFDA TBM HCLL DM2S Saclay Salavy J.F. 173

TW5-TTBC-001-D08
TBM design, integration, and analysis
HCLL TBM studies analyses: additional accidental studies to take into
account ITER safety requirements (from ITER TBWG)

EFDA TBM HCLL DER Cadarache Schmidt N. 175

TW5-TTBC-001-D09 TBM design, integration, and analysis
Determination of ranges of Tritium inventories in PbLi and He circuits

EFDA TBM HCLL DTN Cadarache Gastaldi O. 181

TW5-TTBC-001-D10 TBM design, integration, and analysis
Support studies for the cooling plate mock-up testing in DIADEMO

EFDA TBM HCLL DTN Cadarache Cachon L. 185

TW5-TTBC-001-D11 TBM design, integration, and analysis
Preliminary layout of the HCLL TBM piping in the ITER port cell

EFDA TBM HCLL DM2S Saclay Rampal G. 187

TW5-TTBC-002-D01 TBM manufacturing R&D
fabrication of a HCLL cooling plate test mock-up

EFDA TBM HCLL DTH Saclay De Dinechin G. 190

TW5-TTBC-002-D02
TBM manufacturing R&D
Feasibility of the fabrication process (Tube forming + HIP) for the bent
part of the FW of HCLL and HCPB TBM

EFDA TBM HCLL DTH Grenoble Rigal E. 194

TW5-TTBC-002-D03 TBM manufacturing R&D
Development of the (laser + HIP) fabrication process for the cooling plate

EFDA TBM HCLL DTH Saclay De Dinechin G. 198

TW5-TTBC-005-D05
Process and auxiliary components
Sensitivity effect of Pb-Li velocity profile in various locations of the
breeder blanket structure on T permeation

EFDA TBM HCLL DM2S Saclay Gabriel F. 202

TW5-TTMS-004-D02
Qualification fabrication processes
Microstructural analysis and qualification of joints and welds from TBM
mock-up fabrication

EFDA TBM RAFM DTH Saclay De Dinechin G. 212

TW5-TTMS-004-D04 Qualification fabrication processes
Characterization of welding distorsion of simplified welded mock-ups

EFDA TBM RAFM DTH Saclay Asserin 217

TW5-TTMS-004-D06
Qualification fabrication processes
Weldability of dissimilar tubes (Eurofer/SS316L) by fusion butt welding
with YAG laser

EFDA TBM RAFM DTH Saclay De Dinechin G. 220

TW5-TTMS-004-D07 Qualification fabrication processes
Weldability of homogeneous plates

EFDA TBM RAFM DTH Saclay Aubert P. 223

TW5-TTMS-006-D01

High performance steels
Improvement of fabrication process for ODS-EUROFER: refinement of
chemical composition and thermomechanical treatments with emphasis on
the fabrication issues of larger batches

EFDA TBM RAFM DMN Saclay Bougault A. 230

TW5-TTMS-007-D04 Modelling of irradiation effects on microstructure evolution EFDA TBM RAFM DMN Saclay Bocquet J.L. 233

TW5-TVD-CUCFC Development of alternative CFC/Cu joining techniques EFDA VIV PFC DTH Grenoble Chaumat V. 100

TW5-TVM-Braze Manufacture and characterization of silver free braze material EFDA VIV V/B DTH Grenoble Baffie T. 52

TW5-TVM-COMADA Investigations of the effect of creep fatigue interaction on the mechanical
performance and lifetime of CuCrZr

EFDA VIV V/B DTH Grenoble Gillia O. 55

TW5-TVR-AIA Articulated inspection arm (AIA) EFDA VIV RH DTSI Fontenay Friconneau J.P. 103
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TW5-TVR-Radtol Radiation tolerance assessment of standard electronic components for
remote handling

EFDA VIV RH DTSI Saclay Giraud A. 106

TW5-TVR-WHMAN Development of a water hydraulic manipulator EFDA VIV RH DTSI Fontenay Friconneau J.P. 111

TW5-TVV-MPUT TIG narrow gap influence of weld structure and geometry on phased array
technique performances

EFDA VIV V/B DETECS Saclay Tirira J. 58

TW6-THHN-ASD3
SINGAP negative ion accelerator: Study of the beamlet halo, dark currents
and verification of electrostatic withstand capability and tolerable stored
energy in case of electrical discharges

EFDA HSTP HSTP DRFC Cadarache Svensson L. 327

TW6-TMSC-FSTEST Participation to conductor tests and evaluation of test results EFDA MAG MAG DRFC Cadarache Ciazynski D. 141

TW6-TPDS-DIADEV-
D03a

Effects of RF-heating on the measurement capability of neutron cameras
and alpha particle diagnostics

EFDA PI Diag DRFC Cadarache Eriksson L. G. 38

TW6-TRP-006 Delivery of  the magnet system outline for a DEMO reactor EFDA SS PPCS DRFC Cadarache Duchateau J. L. 279

TW6-TSL-004 Collection of data related to Tore Supra operation experience on
component failure

EFDA S&E Safety DRFC Cadarache Vallet J.C. 265

TW6-TSS-SEA5.1 In vacuum vessel dust measurement and removal techniques EFDA S&E Safety DRFC Cadarache Rosanvallon S. 266

TW6-TTBC-001-D03 HCLL TBM design and integration analyses EFDA TBM HCLL DM2S Saclay Rampal G. 206

TW6-TTBC-002-D01
TBM manufacturing R&D
Investigation of means for improving the mechanical properties of joints
obtained by a 2-steps HIP process

EFDA TBM HCLL DTH Grenoble Rigal E. 209

TW6-TTMA-001-D02 Modelling of the Mechanical behaviour of advanced 3D SiCf/SiC
composites

EFDA TBM ADV DM2S Saclay Guérin C. 251

TW6-TTMS-005-D01 Rules for design, fabrication, inspection
Update Data Base and Appendix A of DEMO-SDC

EFDA TBM RAFM DMN Saclay Tavassoli F. 236

TW6-TTMS-007-D02 Modelling of irradiation effects
Ab-initio study of He in grain boundaries in -iron

EFDA TBM RAFM DMN Saclay Fu C. C. 238

TW6-TTMS-007-D08 Modelling of irradiation effects
Ab-initio investigation of screw dislocations in iron

EFDA TBM RAFM DMN Saclay Willaime F. 242

TW6-TTMS-007-D11
Modelling of irradiation effects
Recovery follow-up by electrical resistivity of very thin samples irradiated
with the Jannus multi-ion-beam facility

EFDA TBM RAFM DMN Saclay Barbu A. 245

TW6-TVM-Braze Testing of silver free braze materials with Be EFDA VIV V/B DTH Grenoble Baffie T. 62

TW6-TVV-STORVS Storage of stainless steel material for VV EFDA VIV V/B DTH Saclay Aubert P. 66

UT-S&E-LASER/DEC Studies on pyrometer measurements for fast and inhomogeneous laser
heating

UT S&E Safety DPC Saclay Semerok A. 367

UT-S&E-LiPbwater Consequences of a Pb/Li – water interaction in the ITER vacuum vessel UT S&E Safety DER Cadarache Cadiou T. 372

UT-S&E-Tritium-Impact Impact of contamination with Tritium at cell level UT S&E Safety DRR Fontenay Lopez B.,
Saintigny Y.

375

UT-TBM/BB-He Development of Helium circuit components UT TBM Blanket DTN Cadarache Ayrault L. 360
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UT-TBM/MAT-LAM/Opti Development of novel reduced activation martensitic steels with improved
creep properties

UT TBM MAT DMN Saclay De Carlan Y. 362

UT-TBM/MAT-Micro Microstructural evolution of Fe-C model alloy and Eurofer under 1 MeV
electron irradiation with and without He Pre-implantation

UT TBM MAT DMN Saclay Henry J. 365

UT-VIV/AM-AIA
Technologies for vacuum and temperature conditions for remote handling
systems
Articulated Inspection Arm (AIA)

UT VIV RH DTSI Fontenay Friconneau J.P. 350

UT-VIV/AM-ECIr Radiation effects on electronic technologies and components UT VIV RH DTSI Saclay Giraud A. 353

UT-VIV/AM-Hydro Technologies and control for Remote Handling systems UT VIV RH DTSI Fontenay Friconneau J.P. 357

UT-VIV/PFC-Damage Study of damage mechanisms in plasma facing components UT VIV PFC CNRS Pessac Martin E. 336

UT-VIV/PFC-HIP Improvement of the reliability performance and Industrial relevancy of HIP
processes for PFC components

UT VIV PFC DTH Grenoble Frayssines P.E. 338

UT-VIV/PFC-NanoSic Mechanical and thermal properties of nanocrystalline SiC UT VIV PFC DTNM Saclay Tenegal F. 343

UT-VIV/PFC-Pyro Application of a tricolour pyroreflectometer to plasma facing components
in-situ infrared monitoring

UT VIV PFC CNRS Font Romeu Hernandez D. 347

UT-VIV/VV-Hybrid-
Modeli

Further development of the hybrid MIG/Laser welding technique for VV
sector field joining

UT VIV V/B DTH Saclay Aubert P. 331

Programme Area
EFDA = EFDA Technology Programme Oper. = operation
UT = Underlying Technology Programme Hea = Heating and Current Drive
ICF = Inertial Confinement Fusion Programme Diag = Diagnostics

RP = Remote Participation
V/B = Vessel/Blanket and Materials
PFC = Plasma Facing Components

Field RH = Remote Handling
PI = Physic Integration MAG = Magnets
VIV = Vessel - In Vessel BLK = Blanket
MAG = Magnets HCPB = Helium Cooled Pebble Bed Blanket
TBM = Tritium Breeding & Materials HCLL = Helium Cooled Lithium Lead Blanket
S&E = Safety & Environment MAT = Materials
SS = System Studies RAFM = Reduced Activation Ferritic Martensitic steels
ISP = ITER Site Preparation ADV = Advanced Materials
JET = Joint European Torus NS = Neutron Source
HSTP = Heating Systems Technology Project Safety = Safety and environment
ICF = Inertial Confinement Fusion Programme PPCS = Power Plant Conceptual Studies

EISS = European ITER Site Studies
JET/FT = Joint European Torus/Fusion Technology
JET/EP = Joint European Torus/Enhancement Programme
HSTP = Heating Systems Technology Project
ICF = Inertial Confinement Fusion Programme
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APPENDIX 5 : CEA SITES

Cadarache

Grenoble

Fontenay
Saclay

CEA SITES

Sites with Fusion Tasks

Another Site
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