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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. 
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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 
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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. 
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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 
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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 



 - 312 - EFDA Technology / JET Technology / Fusion Technology 

 
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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JW6-FT-4.8-D2 

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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Figure 5: Current (left) and voltage (right) measured on
the probes as a function of the applied power to the

filament (He, 1Pa, 0.6A, ~ 95 320 V)

0 50 100150200250300
-200

0
200
400
600
800

1000
1200
1400
1600
1800
2000

0 50 100150200250300
-25
0
25
50
75
100
125
150
175
200
225
250
275
300

off

off

 top probe
 probe #1
 probe #2
 probe #5
 probe #6
 probe #7

pr
ob

e 
cu

rr
en

t, 
µA

appiled power (W)

probe potential, Volts

applied power (W)

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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