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I INTRODUCTION
The focal point of the work at the Spanish Association has been the flexible Heliac TJII, which since 2002 is the only stellarator in operation in Europe.
The main milestone of TJ-II operation has been the generation of plasmas sustained by
NBI heating (which lead to a record in TJ-II stored energy) but significant physics
results have been also obtained in the continuation of existing lines (improved
confinement scenarios and the role of rational surfaces, iota scaling with boronized
walls, turbulence studies, impurity transport and rotation experiments, suprathermal
electrons studies, plasma wall effects…etc).
TJ-II improvements include the progress in the second NBI, the preparations for the
Bernstein wave heating system, the installation of a Diagnostic NB and the fast camera
(Hα) diagnostic (on temporal loan from PPPL- Princeton).
Other activities of the Association include the Materials research programme, both in
the areas of insulator materials properties and structural materials (with a new line open:
studies of Tritium barriers during irradiation), the studies on the socio-economic impact
of fusion and a reinforced participation in the EFDA technology work programme. The
Association wants to increase technology activities and, along this line, a number of
expression of interest have been submitted, leading to several task contracts : design of
the European Dipole, design of the magnet for ITER field simulation on NBI test bed,
IFMIF security analysis, Demo Blanket support system (finished), Main plasma
reflectometry system (finished), Tritium retention/ removal studies.
Finally, the Association has keep its involvement in the PhD programme “ Fusion and
Plasma Physics” that has been carried since 2001 in collaboration with several
Universities and other Spanish research centres.
The report is organised as follows:
Chapter I is a short introduction, complemented with the staff listing.
Chapter II describes the basic operation facts of TJ-II together with the main hardware
improvements or new installations.
Chapter III describes the main lines of the experimental programme during 2004.
Chapter IV describes the activities on plasma theory and simulation.
EFDA activities are divided in two chapters
Chapter V is devoted to the Materials Programme. Several art 5.1b (preferential
support) tasks are included here:
Chapter VI: includes the EFDA activities non related with our main line of Materials
research.
This chapter also reports the activities at JET and the work on socioeconomic studies
Chapter VII reports the keep in touch activities on Inertial Fusion
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Finally, Chapter VIII gives a list of publications, conference contributions and talks.
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Executive summary
II.

TJ-II ENGINEERING AND OPERATION

II.1 Operation
TJ-II has been operated along the year only through the first semester due to a severe
breakdown produced in the main power supply during the summer maintenance works.
The number of experimental sessions performed in this period was 38, with 1191
plasma shots.
A number of new diagnostics (bolometer arrays, additional Langmuir probes for the
limiters, CX tangential diagnostic, advanced fast reciprocating probe, diagnostic NB
injector, additional quadrupole filament and pressure gauges) and new auxiliary systems
(NBI#1target calorimeter, protecting graphite tiles for the NBI#2 shine-through losses,
NBI#2 beam duct, auxiliaries for the new pellet injector, auxiliaries for the new fast
particle detector) have been installed in the machine during the technical shutdowns
along the year. Appropriate electronics and control tools have been developed for the
new diagnostics.
Commissioning of NBI#2 injector (ion source, titanium pumps, cooling system) can be
highlighted as a major technical activity of the year.
II.2. Engineering.
The engineering activities carried out in 2005 can be grouped in two clusters: actions
dealing with the TJ-II device and tasks supporting external projects.
The internal activities dealing with TJ-II proper have been: a) the routine technical
operation of the machine, b) new designs and developments in support of diagnostics
and heating systems (air cooled chiller for the helium compressor of the pellet injector
cold head, upgraded cooling circuit to accommodate the electron Bernstein wave
heating), c) safety related issues (supervision of the general revision of the TJ-II
electrical system performed by an external company).
The main engineering activities supporting external projects have been; a) participation
in JET diagnostics design, b) involvement in ITER tasks, c) contributions to DEMO
tasks and collaboration with W-7X through the supervision of one of the major
contracts awarded to a Spanish company.
II.3 ECR Heating
The activities carried out in this area can be grouped in three broad areas: technical
improvements, physics studies performed in TJ-II and work performed in support of
external projects.
The main technical improvements have been. a) installation of AC/DC converters and
filters in the gyrotron filament power supplies, b) new remote-controlled switches for
the connection of the gyrotrons to the HVPS, c) improvements in the control of several
systems (power supplies for the gyrotron magnets, movable internal mirrors), d)
software improvements of the gyrotron power measurement system. e) development of
a gyrotron magnet with high critical temperature superconductor, f) partial
commissioning of hardware for the electron Bernstein wave heating project (28 GHz
gyrotron, transmission line, cooling system)
The physics studies that cab be highlighted are: a) experiments and modelling of second
harmonic ECRH breakdown in TJ-II, b) proof of principle of the possibility of
generating a controlled modulation of the gyrotron power by using a low power signal
reflected from a chosen object.

The participation in external projects has been focused in two topics: a) theoretical
studies of gyrotron stabilization by an external cavity, in collaboration with the Institute
of Applied Physics (Russian Academy of Science), Nizhny Novgorod, Russia, and b)
participation in the testing of the remote steering upper launcher of the ECRH system
for ITER, in collaboration with the EURATOM-FOM Association, Nieuwegein, The
Netherland
II.4 Neutral Beam Injection
During the year 2005 the work on the Neutral Beam Injectors has been focused along
three main lines: operation of injector #1, improvement of injector #1 parameters, and
installation and refurbishment works on injector #2. The NBI Group has furthermore
participated in the study of the NBI power coupling to the plasma and the transport of
neutral gas inside the machine.
Injector #1 has been operative during the experimental campaign, while in parallel a
number of upgrades were being carried out, especially during campaign breaks. The
improvements in Power Supplies protections or Control reliability allowed us to
increase injection parameters, although in a limited range.
Work on injector #2 has proceeded in accordance with the accessibility to the
experimental hall. Progress has been made on the vacuum tightness of the beam boxes,
the alignment of the acceleration grids, the installation of the titanium getter pumps, the
completion of the water-cooling system and on the High Voltage and low voltage power
supplies.
II.5 Data acquisition
The ‘Data acquisition’ term covers, in our case, three different aspects related to a)
remote participation tools and security, b) advanced real- time data acquisition systems
and c) pattern recognition techniques applied to data analysis.
As regards the first topic mentioned, the TJ-II remote participation system was
completed with new software to provide service to remote and local users. Also, the TJII stellarator was operated from Cadarache.
As to the second issue, real-time data acquisition systems and distributed data
processing by using PXI systems have been developed. The development has been
applied to a TJ-II bolometer array.
Concerning the third aspect, pattern recognition techniques have been applied to the TJII environment for automation and classification. On the one hand, the data analysis
process of the Thomson scattering were automated; on the other hand, different
classification techniques were analysed in order to apply them to the TJ-II databases.
II.6 Plasma Wall
Two tasks have been undertaken in relation to density control in ECRH plasmas. The
first one has been the characterization of new fuelling scenarios by using the new
alternative puffing locations put in operation at the end of 2004. Similar plasmas were
produced using, either the standard puffing valve, or the limiter puff. Also, the injection
through two long tubes directing the gas, either to the middle of the chamber, or near
the groove region was tested
The second related task has been the monitoring of wall loading evolution during the
operational day. For that purpose, detailed particle balance analysis has been carried
out, by using the mass spectrometer and the calibrated flow-measuring manometers. It
was found that a fast evolution of wall inventory takes place during the first 10-15
discharges, leading to wall saturation conditions at values of ~5.1020 particles.

II. TJ-II ENGINEERING AND OPERATION
This chapter covers the description of all the activities related to TJ-II operation during
2005, including the highlights of the experimental sessions, the main engineering
activities, the work done by the plasma heating groups and the research and
developments implemented by the data acquisition, electronics and diagnostic control
and plasma wall groups. It is organised according to the following structure:
II.1 Operation of TJ-II during 2005
II.2 Basic Machine Engineering
II.3 ECRH Heating
II.4 Neutral Beam Injection
II.5 Data acquisition
II.6 Electronics and Diagnostic Control
II.7 Plasma wall activities

II.1 Operation of TJ-II during 2005
Introduction
This section describes the main activities related to the operation of TJ-II carried out
during 2005. This year, contrary to the usual trend, only the spring experimental
campaign took place because, during the summer maintenance shutdown, a major
breakdown occurred in the pony motor of the main generator, which resulted in the
complete loss of the autumn campaign.
The 2004-05 winter technical shutdown was a "light" one in the sense that there were no
interventions affecting the vacuum vessel and it remained closed and pumped. The
reason for this was the delay in the readiness of diagnostics and systems planned to be
installed during the Christmas pause. So, the shutdown was delayed and the spring
campaign was interrupted by a short and intense aperture of the vacuum vessel, timed to
include the Easter pause and motivated by the need of modify and calibrate some
diagnostics and equipments deemed urgent.

II.1.1 2005 spring campaign: 26 January-10 March and 27 April-16
June 2005 (38 experimental sessions, 1191 shots)
A summary of the experimental sessions performed, along with the number of shots
allocated to each item, is listed below:
• Start-up, commissioning of control, data acquisition and diagnostics: 3 sessions, 42
shots
• ECRH start-up: breakdown and tuning experiments with ECH power modulation: 5
sessions, 126 shots
• NBI plasmas (experiments devoted to optimize the coupling of the neutral beam to
the ECH target plasma: working gas, magnetic configuration and plasma volume
scans, ECH providing on or off axis heating, electrode biasing, etc): 11 sessions,
275 shots
• Plasma rotation measurement: 3 sessions, 92 shots
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•
•
•
•
•
•
•
•
•
•

Influence of low order rationals on electric fields and supra-thermal generation:
1session, 36 shots
Rotational transform scan: 2 sessions, 73 shots
Divertor-type configurations. Experiments with ethylene injection: 3 sessions, 92
shots
e-ITB´s, low order rationals and associated coherent modes: 4 sessions, 119 shots
Comparison of the fuelling trough toroidal cross sections with different magnetic
field ripple: 2 sessions, 74 shots
Remote participation tests: 1session, 3 shots
Alfven modes characterization: 1 session, 29 shots
Ion temperature measurements in NBI plasmas: 1 session, 31 shots
Plasma volume scan at constant rotational transform: 1 session, 42 shots
Electrode biasing and MHD modes: 1 session, 41 shots.

As usual, some technical problems have appeared during the experimental campaign
and, in some cases, they have produced loss of operation time. The total amount of lost
operational time for this reason has amounted to 36 hours, roughly corresponding to 4
days of operation, that is, 10% of the operation time planned for the whole experimental
campaign. As for the reliability statistics, one can note that the ECH power supply
failed in 39 discharges and as a consequence, about 3% of the plasma discharges were
lost. This fact, together with the confirmation that it cannot supply all the energy needed
for both gyrotrons working at full power, forced us to decide the complete renewal of
such a strategic component. The new ECH HV power supply is planned to be
operational at the end of the 2006 autumn campaign.

II.1.2 Intermediate shutdown: 14 March-April 2005
Along the first months of the year a number of new diagnostics and systems got ready
to be installed in the vacuum vessel. Some in-vessel maintenance and reparation work
was needed as well. The tasks accomplished are listed below:
-Installation of graphite tiles inside the vacuum vessel, from the B6SIDE port, to protect
the vessel against the NBI#2 shine-through losses
-Motorisation and remote control of the internal mirror of the ECH quasi-optical
transmission line QTL2.
-Installation of new bolometer arrays in the A7TOP and D7TOP ports.
-Repair of bolometer array in the C2BOT port.
-Installation of flange and gate valve in the B2BOT port for a new advanced fast
reciprocating probe
-Installation of flange and gate valve in the D3SIDE port for a new fast particle detector.
-Reinstallation of the A3BOT limiter after refurbishing and fitting of new Langmuir
probes.
-Absolute calibration of the ECE diagnostic. It implied the disassembly and subsequent
reinstallation of the full diagnostic, which is located in the C5BOT port.
-Assembly of the external support structure for the new tangential CX diagnostics.
-Assembly of the external support structure for the new diagnostic NB injector.
-Replacement of a damaged turbo pump in the differential quadrupole vacuum system
Pumping of the vacuum vessel started on 8th April, after having finished the installation
of the planned diagnostics. The vacuum group proceeded with arduous leak detection
and repair for two weeks. Finally, on April 27th a pressure value of 2.5 x 10-7 mbar was
II.1.2

achieved and we continued with the boronization of the vacuum vessel. Plasma
operation started this same day.

II.1.3 Summer-autumn shutdown: June-December 2005
As usual, the long summer shutdown was the period in which major maintenance
activities of the main TJ-II auxiliary systems (main generator, ECH HV power supply,
main cooling system) took place. Besides a number of new diagnostics and systems
ready to be installed in the vacuum vessel, some in-vessel maintenance and reparation
work happened as well. Finally, a number of activities not involving the vacuum vessel
but requiring free access to the experimental hall were also undertaken .
The diagnostics and systems installed in the vacuum vessel have been:
-New flange and valve for the pellet injector in the B2SIDE port
-Beam duct of the NBI#2 installed at C1TANG
-Installation of new slits and realignment of the tangential CX.
-Installation of a target calorimeter (intermediate cavity plus moving graphite
tiles holder) for NBI#1, in the A8SIDE port.
-Installation of the new advanced fast reciprocating probe in B2BOT port
-New flange installed in D6SIDE port for the Electron Bernstein Wave (EBW)
system.
-Installation of flange and gate valve in the A7SIDE port for the new diagnostic
NB injector
-Installation of flange and gate valves in the B1TANG port for the two new CX
spectrometers
-Installation of new quadrupole filament and pressure gauge in the A6TOP port
-Installation of new pressure gauge in the B5TOP port
The maintenance in-vessel works performed have been:
-Disassembly of the bi-dimensional particle detector located in the B4SIDE port
for maintenance purposes followed by its reinstallation.
-Motorisation and remote control of the internal mirror of the ECH quasi-optical
transmission line QTL1 (in B3BOT).
-Disassembly of the internal mirror of the ECH quasi-optical transmission line
QTL2 for maintenance purposes (in A6TOP).
-Disassembly, maintenance and reinstallation of the fast reciprocating probe in
D4TOP port.
-Replacement of the sector C turbo pump of the TJ-II vacuum system (its noise
anticipated a rotor crash).
-Programmed revision and maintenance of the rotary pumps of the main vacuum
system
The technical activities carried out in the experimental hall along the shutdown can be
summarised as follows:
Main power supply
-Annual maintenance of the motor generator set
In September 2005 the maintenance work in the DC pony motor of the
main power supply had finished. During the first speed-up acceptance
tests, an accidental short circuit occurred in the collector (see section
II.2.3.2), which produced severe damage in its insulation. It was
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necessary to send it for two months reparation works to the supplier
factory and, as a consequence, the planned autumn experimental
campaign was lost.
ECH/EBW systems:
-Acceptance tests of the liquid nitrogen automatic filling system for the
ECH gyrotron magnets.
-Maintenance of the high voltage ECH power supply
-Installation of new switch breakers for the high voltage ECH power
supply
-Installation and alignment of the 28 GHz gyrotron inside the EBW
Faraday shield area.
-Tests of the new ECH/EBW cooling system
NBI system:
NBI#2
-Leak tests in the bending magnet
-Installation of thermocouples in the neutraliser
-Cooling system:
Installation of flexible connectors
Hydraulic tests
-Titanium pumps:
Installation of wires
Leak tests
Hydraulic tests
-Ion source
Installation in the injector
Leak tests
-Installation of the repaired turbo molecular pump
Diagnostics: Vacuum, electronics and remote control
-Installation of eight new power supplies (120V, 0,5 A) for the limiter
probes
-Remote control of the advanced fast reciprocating probe position
- Diagnostic NBI:
-Vacuum system and pneumatic system for the gate valve
-Wiring and optical fibre installation
-Remote control of the support structure of the diagnostic NBI
-Remote control of the two movements of the support structure of the
new CX
-Vacuum system of the new CX
-Modification of the support structure of the fast ion detector
-Remote control of the second Li beam diagnostic (in A5TOP)
-Installation of a new capacitance manometer.
-Remote control of the movable sample holder (in D5TOP)
The last flange was closed on 24th November and pumping of the vacuum vessel
started. First commissioning discharges, with low coil currents, were performed on
December 21st in preparation for the plasma operation, which was due to start in the
third week of January 2006
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II.2. Basic Machine Engineering
II.2.1 Introduction
The activities carried out by the engineering group over the year 2005 have been
concentrated, on the one hand, in the TJ-II device and on the other hand, in different tasks
from projects outside the Laboratory.
The activities on TJ-II have been:
• Technical operation of the TJ-II.
• Maintenance of the TJ-II main components and auxiliary systems needed for the
experiments.
• Modifications of several systems and components to accommodate them for the
new elements introduced in the TJ-II experiment.
• Collaboration with activities on the diagnostic and plasma heating systems (see
description elsewhere).
• Safety of personnel and installations.
The activities on other projects have been:
• Participation on JET engineering activities
• Tasks for ITER (see chapter VI).
• Tasks for DEMO (see chapter VI).
• Collaboration with Wendelstein-7X.

II.2.2 Technical operation of TJ-II
The technical operation of TJ-II in 2005 was developed in three parts as regards the
engineering activities. The first part started at the end of January and lasted until mid June;
it was dedicated to the normal operation of TJ-II with plasma experiments. The three
central days of the week are fully dedicated to the experiments and on Monday and Friday
small maintenance tasks and modifications are performed. The time available for the
experiments is from 9.30 h in the morning until 5.30 h in the afternoon.
After finishing the normal operation, a period of three weeks started to develop tests for
the operation of TJ-II in a more centralized mode. Up to now, the reference values of the
coil currents were introduced by the operator in the power supplies local control system.
The new method under test will allow the operation in such a way that the reference values
for the current in the coils are generated and sent directly from the central TJ-II control
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system. During the test period the communications between control systems were checked
and several pulses with low magnetic fields were done.
At the beginning of September, during the tests of the pulse generator a fault of insulation
between the brushes of the rotor in the DC pony motor together with a bad operation of
the power supply produced a ground fault in the windings. The motor has been wound at
the factory and the experimental campaign was reduced to the test of the power supply and
to a dedicated operation for NBI during the end of November and December.

II.2.3 Buildings
The electrical distribution in the torus hall is divided in four sectors around the TJ-II,
named A, B, C, and D. Each sector has an independent electrical distribution board. All the
power loads of the diagnostics, primary vacuum pumps, insulation valves, etc. are supplied
from these boards depending on the sector in which they are installed. This arrangement
has been established in connection with the ground loop detection system.
The supply of the four electrical boards of the sectors was the same in a central
distribution point. Due to a new plasma heating system being installed (electron Bernstein
waves), the additional diagnostics to be installed, and to prevent overcharging of the
present supply, a new electrical distribution point has been equipped and the diagnostics of
sectors A and B are now supplied from it.
The substitution of the local distribution boards for the four sectors will be done in the
next future. They are reaching close to the limit in some sectors and some improvements
will be necessary.

II.2.4 Maintenance of the TJ-II and auxiliaries
The maintenance activities of TJ-II have been done during the year to guarantee the
operation of the machine. Special works had to be done in the power supply because a
serious fault in the DC Pony Motor.
II.2.4.1 TJ-II main components
The maintenance program of the different components of TJ-II has been developed during
the year. The maintenance is, as usual, concentrated in coils and structures. Apart from the
daily measurements in all the coils and the weekly -more detailed- measurements and
mechanicals checks of the TF coils, special attention has been paid to the electrical
terminals of the central coils.
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Additional displacement measuring sensors have been added in one of the terminals of the
HX coil for better monitoring of its behaviour.
II.2.4.2 Power supply
The 132 MVA impulse generator is driven by a DC motor. This motor has a maximum
mechanical power of 1.5 MW and operates at a variable speed between 1200 and 1500
rpm. It is fed by a bidirectional thyristor current converter, and this converter is connected
to the public grid.

Fig. II.2.4.2-1: Burned areas in the collector of the DC motor

In the summer, several maintenance works have been done in the DC motor, like the
replacement of bearings and all the brushes. During the first speed-up after these
operations, a short circuit occurred in the collector of the motor, which provoked some
damage in the insulation of the collector and in the induced winding heads. Fig. II.2.4.2-1
shows some of the damages in the collector.
The cause of the fault was not clear enough. The loss of graphite powder from the new
brushes together with some aging in the surface insulation and a miss-operation of the
converter power supply in cutting the fault derived in the insulation fault.
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The motor was sent to the factory (INDAR M.E. S.L., Guipúzcoa, Spain), where it was
concluded that it was necessary to manufacture a new induced winding and to repair the
different damages in the collector. After two months of reparation, the motor was
successfully tested at factory and afterwards at Ciemat.
II.2.4.4 Cooling system
The normal maintenance of the whole system was carried out during the year, regarding
the cooling towers, pumps and other hydraulic components. In addition to those routine
tasks a number of turbines of the flow meters in the cooling circuits of the Toroidal Field
Coils were replaced.
The Toroidal Field Coils were built in two halves and for this reason each turn is an
independent cooling circuit. There are 288 circuits and there is a flow meter for each one.
The instruments consist of a free running turbine placed in a special shape chamber. The
blades cut a beam of IR light following a pulse output signal. The frequency of these
pulses, proportional to the flow, is monitored to verify that water is passing through the
coil cooling circuit. Sometimes, although the water flow is not interrupted, the axis of the
turbine blocks due to air bubbles or to water dirtiness. After several years of operation,
several frequent-failing turbines have been identified, and this year during the summer
break all these anomalous elements were changed.

II.2.5 Power supply
II.2.5.1 Improvements in the control system of the TJ-II main power supply
The mission of the control system is to guarantee the correct operation of the power
supply system and also to protect the equipment in case of an abnormal situation. The
main power supply components are the motor generator set and the seven thyristor
converters. These converters feed the seven coils independently with a maximum DC
current up to 32 kA. Depending on the discharge scenario, the converters can start to drive
the current in different times respect to time zero but these times are strictly fixed. Any
time delay that can occur due to any reason should be minimized. A lot of improvements
in the software have been already done in order to remove these delays. Finally, the tests
with the modifications in the software of the power supply control system were successful,
and a maximum delay shorter than 1ms was achieved.
The control system of TJ-II power supply contains 3 computers and 4 workstations linked
by LAN. In the last years many improvements and programs were included in the software
because of the new operation modes and new equipments. Therefore the information
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interchanged between the computers and the workstations was increased notably and in
some occasions the system became overloaded. In this case the operator had to shut down
the motor generator set and reboot the control system. As a result, the power supply of TJII had to stay out of service during more that 1 hour. In order to avoid this long stop, the
control system was modified in such a way that allows rebooting the system without the
shutting down the generator.
II.2.5.2 Reactors for limiting the short circuit current in the NBI circuits.
The operation of the NBI circuits, in case of breakdowns in the ion source, has shown
abnormally high currents in the AC circuits at 15 kV and variable frequency. In order to
limit these currents, a set of reactors has been
introduced between the 15 kV cabinet and the
autotransformer. The reactors have been installed
in the same room where the circuit breaker
cabinets are.
Each phase reactor is enclosed in an individual
metallic cabinet. The elements have been
manufactured with two taps for an insulation level
of 24 kV, according to the specification of other
components in the system. One of the taps is
chosen depending on the desired voltage drop in
the circuit. The maximum value of the reactance is
4% related to the phase to ground voltage, and the
minimum is around 3%. Each single reactor is
connected in parallel with a surge arrester to avoid
transient over-voltages in the circuits, in case of a
Fig. II.2.5.2-1: NBI short circuit current
limiting reactor
fault happens and some energy is trapped in the
reactors.
Fig. II.2.5.2-1 shows one-phase reactor. The surge arrester has been installed below it.

II.2.6 Cooling systems
II.2.6.1 NBI cooling system
During the second half of 2005, the installation of the flexible tubes connecting the NBI
cooling system and the Beam Line #2 has been concluded. The water supply to the
Injector beam line is done through 10 parallel circuits. After the installation, a pressure test
in each circuit was performed and the water flow adjusted in each channel. The
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instrumentation installed in each individual circuit (e.g. flow switch, flow meter, differential
temperature transducer) and in the common pipes and manifolds (e.g. pressure,
temperature, flow) have been checked by means of the local control system. The hydraulic
connection for the ion source components will be installed next year, during its assembly
process.
II.2.6.2 ECRH cooling system.
The ECRH cooling system has been upgraded in order to provide water to the Electron
Bernstein Wave Heating system (EBW). This contract was launched in 2004 and the
commissioning of the system has been done in the final quarter of 2005. The acceptance
tests of the system have been delayed due to problems appeared with the turbine flow
meters installed in the individual return circuits of the gyrotron components. The pick-off
of all the meters delivered had to be replaced because of a defect in the fabrication of a
single electronic component.
Before the acceptance tests the connection of the flexible pipes to the gyrotron
components (excluded in the referred contract) were done.
II.2.6.3 Pellet injector cooling system
The installation of a pellet injector in TJ-II is foreseen during 2006, probably in the middle
of the year. For the operation of this diagnostic, a water-cooled helium compressor is
required for the cooling of the cold head.
The cooling requirements specified by the manufacturer of the diagnostic have been
studied and different alternatives for the cooling supply to the compressor have been
considered. The adopted solution has been a chiller, air cooled, fully devoted to the
compressor of the diagnostic. The acquisition of the equipment was performed within this
year. The equipment will be located in the cooling plant hall.

II.2.7 Control system
II.2.7.1 UPS for the control system of TJ-II.
During the last years a number of blackouts in the electrical network of CIEMAT have
caused damages in the power supplies of several electronic equipments, and even in critical
boards of the control system. These faults have had some incidence in the TJ-II operation,
reducing the availability of the experiment.
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In order to avoid as much as possible the aforementioned situation, to provide run time
during unwanted electrical power disturbances, an uninterruptible power supply (UPS) has
been installed to supply the control system of TJ-II. The basic characteristics of the UPS
are:
On-line operation
Power: 20 KVA
Input/output: 400 V AC/400-240 V AC (three phase-single phase)
Buck-up time: 10 minutes
With the installation of the UPS, in addition to the benefits of the independent operation
from the network, a notable reduction of the noise of the system and an improvement of its
performance have been reached.
II.2.7.2 Measurement of the currents in the coils of TJ-II
The control system carries out a number of protection tasks in the coils of TJ-II. High
current shunts are inserted in the coil DC lines, being the coil connection room close to the
torus hall. The value of the current is processed by some control programs to check for
over-current, over-heating, or just to measure the actual value. The current signals are sent
to the control system by means of fibre-optic transmission lines. Voltage/optical
converters are located at both sides of those lines. Measurement drifts due to temperature
variations have been detected in the old converters yielding apparent current values higher
than the real ones. This effect sometimes produced failures in stopping the current pulse
through the coils during operation, particularly when operating close to the maximum
currents.
In order to improve the coil currents measurement during the pulse, a set of analogue to
digital converters has been installed. These devices transmit the analogue signal by fibreoptic link providing the necessary galvanic isolation. Power supplies with a ripple as low
as 1mV rms, with isolation level up to 3.75 kV AC, have been developed to supply the
components directly connected to the shunts. The measurement chains have been
calibrated for an accurate operation.
II.2.7.3 Other control-related tasks
In addition to the continued effort in improving and upgrading the TJ-II control system,
the following tasks can be highlighted:
• A set of four VME bus processor boards has been installed and tested. The
MVME5500 is a single board computer with the MPC7455 PowerPC processor
plus a gigabit Ethernet interface. The real time operating system VxWorks has
been installed and tested in order to replace the existing operating system OS9.
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An RMS/DC converter module, with a precision of 0.02% has been developed for
the new grounding system.
• Project, detailed design and manufacture of 40 fully differential instrumentation
amplifiers to be used in the feedback signals for the control loop to operate the
OH coil rectifier. They are prepared to operate in a highly noisy environment.
• Periodic checks and preventive maintenance tasks of some systems have been
conducted, e.g. calibration and test of whole system channels.
•

II.2.8 Safety of personnel and installations.
A revision of all the electrical systems was done in 2005 by TÜV, a specialized company.
All the equipments located in the TJ-II torus hall and the auxiliary buildings and
laboratories were verified:
• Low voltage boards of the normal distribution system in 230 V and 380 V
• Diagnostic racks and supply lines to the low voltage boards, with special attention
to the new equipment (NBI diagnostic racks and structures)
• ECRH high and low voltage circuits
• NBI high and low voltage circuits
• Complete power supply building, high and low voltage circuits
• Auxiliary systems (cooling, vacuum, etc.)
• TJ-II main grounding system and measurement of all the ground poles.
• Lightning protection systems
• Fire protection systems.

II.2.9 Engineering-related international collaborations
II.2.9.1 Introduction.
Besides the activities in TJ-II additional tasks have been carried out in the European
Fusion Program frame. Those activities have been developed either inside contracts for
specific tasks, mainly for ITER and DEMO, or within collaborations with no fixed ending
date, like the ones for JET and Wendelstein-7X.
II.2.9.2 JET activities
An engineer has joined the JET group and is currently working in Culham since
November 2005 in the diagnostic integration group for the EP (JET ITER-like wall
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project). The work carried out is related to the installation of a fast camera by CIEMAT.
The specific tasks have been:
• Support structure design:
• Preliminary design for the integration with elements in the port
• Detail design in the 3D CATIA V5 CAD system
• Stress analysis and materials selection.
• Integration of the whole diagnostic in collaboration with CIEMAT taking into
account the JET quality rules, for the optical design, and control and data
acquisition system.
II.2.9.3 Monitoring of the ENSA contract for IPP.
The engineering Unit of the Association has continued supporting IPP during 2005, in the
supervision of the fabrication of the ring support structure for the coils of W-7X. The
manufacturing of this component was contracted to a Spanish company, Equipos
Nucleares (ENSA), located in Santander. In order to make the follow-up of the contract, at
least two visits per month are performed to ENSA, in order to check the work progress. A
weekly report is sent to IPP.
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II.3 ECR Heating
II.3.1 ECRH system routine operation
The TJ-II experimental campaign started in January 2005 and the ECRH system was
working with two gyrotrons. A maximum power of ≈ 400 kW was achieved when both
gyrotrons were working at the same time (due to current limit restrictions in the high
voltage power supply).
The high voltage power supply continued with some problems due to the spurious
overcurrent interlocks that appear at the beginning of the pulse. Although the maintenance
was carried out during the summer pause, the problem was not found. The isolation of
some monitoring signals and the extension of the protection range were implemented.
Some problems due to the internal mirrors made lose some TJ-II operation days. The motor
of the QTL1 launcher poloidal movement was broken and during some months it had to be
moved manually.
The ECRH cooling system was upgraded and improved in order to fulfil the requirements
of the new Bernstein heating system. The new system can be remote operated from the
control room and the new instrumentation permits a more reliable operation (see section
II.2 for more details).

II.3.2 Improvements in the ECRH system.
High voltage anode modulators
During the last TJ-II campaigns it had been observed that the output power of the gyrotrons
was sometimes strongly modulated at a frequency of 50 Hz at some operation gyrotron
regimes. Moreover, the ECE diagnostic signals are disturbed by a small amount of the
gyrotron power at higher frequencies (probably due to higher resonant modes in the cavity).
The assumption of a disturbance of the electron beam of the gyrotron by the stray magnetic
field of the cathode heater filament is justified. The filament for heating the cathode of the
gyrotrons is powered by a 50 Hz ac-supply and the possibility of rectifying and filtering
this supply was found as a good solution, on one hand, to avoid the 50 Hz- modulation, and
on the other hand, to improve the stabilization of the electron beam.
The 50 Hz-supply had a current regulation via a magnetic amplifier and a feed-back loop
adjusted for an ohmic load of around 1.5 ? (the resistance of the hot filament). The design
of a ac-dc converter should conserve the ohmic behaviour.
The ac-dc converter design consists of a bridge rectifier and a multistage low-pass filter for
the rejection of the 100 Hz and higher harmonic frequency components of the rectifier
output voltage. The chosen design consists of three LCR stages where the RC branch
compensates the inductive part of the impedance.
The dc current to the ohmic load (cathode heater) is nearly free of ripple (<1% pp). The rms
value of the ac-current at the input of the rectifier is about 20% higher than the requested
for the operation without the rectifier. The excessive power which is in the ac-component is
dumped by the RC elements of the filter.
For the selection of the components it had to be considered that the electrolitic capacitors
must sustain the ac-current (100 Hz) and that the inductances could operate at the dc current
requested level without saturation of their magnetic core.
The designed, fabricated and installed circuit is shown in the figure II.3.2.1
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Figure II.3.2.1-1. circuit of the ac-dc converter for the gyrotron filament heating

Automatization of the gyrotron high voltage connection
The gyrotron are connected to the high voltage power supply through the anode
modulators. Two manual switches allowed connecting one or two gyrotrons to the HVPS.
The handling of these switches was very uncomfortable, because it was necessary to go into
the TJ-II experimental hall each time one of the gyrotrons should be disconnected or
connected. Moreover, from the security point of view, the manoeuvre was dangerous.
In order to avoid risks and perturbations in the TJ-II operation, two new automatic switches
have been installed. In the figure II.3.2.1-2 the old and the new system can be seen.

Figure II.3.2.1-2. Left: old manual switches of the HV connection. Right: new remote controlled switches.

The new switches can be remote controlled from the ECRH control room. A security signal
has been implemented in the HVPS control system to avoid the manipulation of these
switches in case that the HV is on.
Remote control of the current power supplies for the gyrotron magnets
The superconductive magnets of the ECRH gyrotrons are supplied by two Oxford PS120-3
(3V and 120 A) power supplies. Till now, these current power supplies are installed in the
ECRH control room and for the next campaign it is foreseen to move them inside the TJ-II
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hall next to the gyrotrons. A control and monitoring system of both power supplies, as well
as the precision multimeters that measure the real current in the coil has been developed.
All these controls have been programmed with Labview 7.0 and the communication
between the computer and the devices are through RS-232 (serial communication). The RS232 has been installed since a fast transmission is not needed. Each measure is refreshed
every second.
In the figure II.3.2-2 the screen of the computer through which the current power supplies
are controlled.

Figure II.3.2.1-3. control and monitoring system of the superconducting coils current power supplies

Improvement of the launchers
Both internal mirrors were taken out during the summer pause and recalibrated. In order to
have both movements controlled by the same system, the motors and the control system of
the mirror of QTL1 were changed (see section II.6 for more details). In the present situation
both mirrors are moved from the ECRH control room
Modifications in the gyrotron power measurements
Two systems to measure the microwave power of the gyrotrons are placed at the beginning
of each transmission line. The system consists of a metallic cylindrical water load into
which the gaussian beam is matched. The water is heated by the microwave power and
calorimetric measurements can be carried out. New improvements in the software program
of the system have been made in order to be able to measure the power of both gyrotrons at
the same time. This situation allows us to measure more frequently between TJ-II pulses to
verify the output power.

II.3.3 Second harmonic breakdown experiment.
The existing second harmonic ECRH breakdown models for stellarators [ 1,2] share a
common hypothesis: at the beginning of the discharge, where no plasma still exists, an
average uniform electric field is created inside the vacuum vessel of the device, due to the
multiple wall reflections of the ECRH injected power. The energy source term, issued from
non- linear wave-particle interaction theory (essential to understand ECRH breakdown at
second harmonic), is calculated with this randomized field, for which all the information
about polarization is lost. However, the experiments performed in Heliotron J [3] show a
clear dependence of plasma breakdown on polarization and the model developed in [2, 4],
which only takes into account the energy provided by non- linear wave-particle interactions,
demonstrates that those are indeed necessary but not sufficient to explain the complete gas
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ionization. Therefore, the hypothesis about the initial energy source is probably failing
before full ionization around the torus is completed. Nevertheless, if the plasma is being
produced simultaneously around the torus, it is still reasonable to think that the initial
behaviour of the discharge (the first miliseconds after ECRH switch-on) should not depend
on the polarization even though the final breakdown time does. The experiment carried out
in TJ-II intend ed to determine whether or not this hypothesis can still be used for modelling
the initial phase of the plasma breakdown.
For this experiment only one gyrotron was used in order to clarify the interpretation of the
results. All the shots were performed with constant power PECRH ˜ 260 kW and similar
initial netural hydrogen pressure p0 ˜ 0.01 mTorr. The ECRH beam linear polarization was
varied from X- mode to O-mode and plasma breakdown behaviour was investigated by
means of seven Hα monitors distributed around the perimeter of the device and a fast CCD
camera. For each shot, the local breakdown time (τbd ), defined as the time elapsed between
the ECRH switch-on and the time position of each of the Hα emission peaks, is measured
(see figure II.3.3-1). Moreover, the initial growth rate of the discharge (γ, local also) can be
determined by fitting the first part of the signals to an exponential function. In addition, τh ,
the time delay between the ionization peak and the heating peak (detected by those of the
Hα monitors whose viewing chord points to the vacuum vessel wall) can also be
determined (figure II.3.3-1)

Figure II.3.3-1. Measured parameters.

Six polarizer positions were used, corresponding to four levels of power coupled in the Xmode (see figure II.3.3-2).

Figure II.3.3-2. Breakdown time and initial growth rate obtained from HαA1 TOP

II.3.4

The viewing chord of the Hα detectors differs between machine sectors. In particular, HA1 TOP
is mainly receiving volume integrated radiation. The figure II.3.3-2 shows the breakdown
time measured at this sector and the initial growth rate as deduced from the HαA1 TOP signal,
for each position of the polarizer (the equivalent power level in the X- mode is also shown).
Both parameters depend clearly on the polarization. The smaller breakdown time (higher
growth rate) is obtained for 100 % of the power in X- mode. The determination of γ (by
fitting ln( HαA1 TOP) with f (t) ≅ ln(I) = γ t+ln(I0 )) is illustrated in the figure II.3.3-3 for two
different levels of power coupled to the X- mode.

-

Figure II.3.3-3. Linear fit of the HαA1 TOP signal logarithm (γ =1.75× 103 s 1 for 100% X-mode and
γ=1.31×103 s 1 for 75% X-mode). Fit is started when the signal to noise ratio is significant.

The emission detected by the Hα’s array when all the power is coupled to the O-mode is
represented in figure II.3.3-4. A shift of the breakdown time (breakdown propagation) is
observed. In particular, the time delay of channel i in respect to channel1 (∆τbd(i)), is shown
in figure II.3.3-5 for maximum and minimum X- mode coupled power.

Figure II.3.3-4 Hα signals obtained with the
15-channel array for 100% O-mode.

Figure II.3.3-5 Time delay in respect to the central
channel

For 100% X- mode, the saturation of the Hα signals hinders the determination of the peak
position. This is reflected in the la rge error bars of the central channels. In spite of this, it
can be seen that no delay occurs between these channels (C1, C2, C3 and C4;covering
around 1.5 cm of plasma). This is consistent with the beam size at the resonance crossing
point. The rest of channels show an increasing delay as we move towards the edge. The
maximum delay occurs for the last channel in the O-mode case (∆τbd(15)≈1.5 ms). Finally,
figure II.3.3-6 shows τbd for each sector and three levels of power in the X- mode. Gyrotron
power is launched through the B3 port and breakdown is detected in the toroidal direction
almost simultaneously, within the time resolution, in all the measuring ports. The figure
II.3.3-7 represents the heating peak position dependence on polarization. As expected,
heating is delayed for O-mode injection and thus the linear polarizer behaves as expected.
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The lack of symmetry observed in the figures II.3.3-2 and II.3.3-7 is probably due the not
so constant pressure conditions.

Figure II.3.3-6. Breakdown time around the torus.

Figure II.3.3-7. Time position of the HαC4 heating peak

The main result of the experiment [5] is that the wave polarization has a strong influence
on the breakdown performance; not so strong, however, as in Heliotron J, where no
breakdown was reached for O- mode injection [3]. The different behaviour is probably due
to the different magnetic configurations of both devices. Nevertheless, the discharge growth
rate obtained from signal fitting is not exactly the initial one since, due to the Hα detectors
sensitivity, no measure of the emitted photons is available at the very beginning (see figure
II.3.3-3) and a possible effect of the polarization during this phase can not be seen.
Anyway, even if the hypothesis of an energy source produced by an average electric field
could still be sustained during the first miliseconds, there is a clear evidence demonstrating
that the energy source described in the models has to be modified to consider non- linear
wave particle interaction with polarization effects and linear heating processes at the beamresonance crossing point, at least if a complete simulation of the breakdown process is
desired. Valuable information about breakdown propagation in the direction perpendicular
to the field, which can be useful to include a spatial dimension in the models, has also been
obtained from the Hα’s array and the CCD camera observations. Careful analysis to convert
integrated line radiation into local radiated photons is needed to pursue the studies in this
direction. In relation to the parallel propagation of breakdown, and from the result
presented in the figure II.3.3-6, any toroidal delay that could help us to determine if
breakdown is being produced simultaneously along the torus or if it is produced first in the
gyrotron sector and then propagates along the torus, is masked by the fact that the detectors
are viewing the plasma along different chords.

II.3.4 Electron Bernstein Waves heating project
The Electron Bernstein Waves heating system was completely designed (see reference [ 6]
for more details) and most of the components are already manufactured.
Gyrotron
The 28 GHz- gyrotron and its magnet were installed in the TJ-II hall in their supports (see
figure II.3.4-1). The gyrotron can deliver 300 kW during a maximum pulse of 100ms.
The cooling system pipes were connected. The automatic system for the liquid nitrogen
filling of the cryostat is also ready.

II.3.6

Figure II.3.4-1. Position of the gyrotron inside the Faraday cage

High voltage power supply
The high voltage power supply (HVPS) was assembled in October 2005 and some
components were tested in November 2005. A picture of the position of the cabinets and
the transformer rectifier are shown in figure II.3.4-2.

Figure II.3.4-2. Cabinets of the high voltage power supply inside the Faraday cage in the TJ-II hall and
transformer rectifier.

After the TJ-II experimental campaign in June 2006 the final tests for the comissioning will
be carried out. The control and monitoring system and the interfaces and connections with
the main TJ-II control system are still under development.
Transmission line
The 300 kW maximum power will be transmitted by an oversized corrugated waveguide
[ 7], which is already manufactured. After the gyrotron, two elliptical mirrors and two
polarisers are used to match the gaussian beam into an oversized waveguide with minimal
losses and the proper polarization state for EBW excitation through the O-X-B mechanism.
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The elliptical mirrors, that correct the astigmatic beam radiated by the gyrotron, have been
fabricated (see figure II.3.4-3).

Figure II.3.4-3. Elliptical mirror of the matching optics in its final support.

To obtain the required polarisation for maximum efficiency of the absorption two
corrugated mirrors actuate as polarisers, one rotates the polarization plane and the other
produces the elliptical polarisation. The polarizers are already fabricated (see figure II.3.44. The corrugations are smoothed in order to avoid arcking at high power level.

Figure II.3.4-4 . Polariser: twister.

The oversized corrugated waveguide has an inner diameter of 45mm and operates at
atmospheric pressure. The corrugation depth is 2 mm. It has been manufactured by General
Atomics (San Diego, USA). The straight horizontal distance between the input and the first
bend is around 7,7 m and around 2,8 m vertically between the bends.
Two continuous curvature bends are needed and the losses are less than 0.5 %. Due to the
lack of space next to the machine, one of the bends must be shorter and was made of
copper. In figures II.3.4-5 and II.3.4-5 a picture of both bends can be seen.
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Figure II.3.4-5. Thick-wall continuous curvature bend

Figure II.3.4-6 . Thin-wall continuous curvature bend. The aluminum housing maintains proper curvature

An internal straight part of stainless steel is required in order to focus the beam with the
internal mirror with minimal diffraction losses. The length of the internal waveguide part is
645 mm. In the figure II.3.4-7 the stainless steel waveguide, which inserts into the vacuum
vessel can be seen.

Figure II.3.4-7 . Stainless steel waveguide, which is inserted in the vacuum vessel.
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The vacuum window is made of fused silica and is mounted in a corrugated waveguide
with an arc detector fiber optic output on the atmosphere side. In the figure II.3.4-8 the
vacuum window can be seen.

Figure II.3.4-8 . Vacuum window. The connections for the water cooling and the arc detectors can bee seen.

Inside the vacuum vessel an elliptical mirror launches the beam towards the required
position with the optimum direction. The beam focusing has been optimised to have the
better transmission efficiency through the O-X conversion layer. The size of the mirror is
the maximum size that can be installed inside the vacuum vessel: 20 x 22 cm2 . The internal
mirror has been fabricated at Ciemat. The support structure for the motors is still under
design.
In order to measure the transmitted power, a calorimeter based on Teflon pipes cooled by
water has been installed at the output of the gyrotron window (see figure II.3.4-9).

Figure II.3.4-9 . Calorimeter placed at the output of the gyrotron window.
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The power will be measured by calorimetry. The sensors for the water temperature and all
the electronic components, as well as the software program are ready and tested. The
interface of the program can be seen in figure II.3.4-10.

Figure II.3.4-10 . User’s interface of the power measurement system. A calibration signal is shown.

The power monitor (figure II.3.4-11), that consists of a leaky waveguide will be mounted
between the two waveguide bends, next to the TJ-II (this calorimeter has to be calibrated
with the one at the output of the gyrotron).

Figure II.3.4-11 . Gap calorimeter.

Finally, a 5 kV DC break will be installed (see figure II.3.4-12). A 2.5-mm gap between
waveguide sections withstands a 5 kV potential difference. A 94% Al2 O3 ring over the gap
spreads the power radiated out the gap. A larger insulating G-11 ring provides alignment of
the waveguides.
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Figure II.3.4-12 . 5 kV DC Break

EBWH cooling system
The cooling requirements of several components of the EBWH system have been fulfilled.
The ECRH cooling system has been upgraded and both sys tems share a heat exchanger of
35 kW. Each system has an independent pump (see figure II.3.4-13). More details about the
installation can be found in the section II.2.

Figure II.3.4-13. New hear exchanger and vertical pumps of the cooling system.
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II.3.5 Electron Bernstein waves emission measurements
Measurement of the thermal EBW emission from the plasma allows the EBW mode
conversion efficiency to be determined, and also has the potential to offer a diagnostic for
measuring electron temperature profile evolution in overdense plasmas. A dual-polarized
quad-ridged broadband horn with a focusing lens will be used to measure the EBW
emission at 28 GHz on TJ-II . A focused beam is needed to achieve efficient coupling at
the mode conversion layer. Emission from the plasma is reflected from the steerable
internal mirror, which is also used for heating, propagates through a glass lens, and is
focused on the horn. The field pattern from the horn- lens combination has been measured
as a function of horn- lens spacing and lens focal length with a 3-D scanning system in an
effort to minimize the beam waist at the plasma edge. Beam waist sizes have been
measured at distances of up to 80 cm from the lens [ 8].
The system will be installed on the D6 top flange of the TJ-II as it is shown in figure II.3.51.

Figure II.3.5-1. Layout of the emission radiometer.

This work has been carried out in the frame of the collaboration with the Oak Ridge National
Laboratory, Oak Ridge, TN USA

II.3.6 High voltage modulation of the power by weak reflections
The modulation of the gyrotron power and the change of its mean value by the reflected
power of the radiation from the plasma has been experimentally found. These results
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permited to consider the possibility of generating a controlled modulation of the gyroton
power by using a low power signal reflected from a chosen object. Low power experiments
were succesfully performed [ 9] and high voltage power modulation experiments have been
carried out during 2005 .
A system of mirrors and supports was installed above the shielding of the QTL2 and the
movable mirrors of the power measurement system were used to get the reflected beam. In
the figure II.3.6-1 the experimental lay-out of the system is shown.

Figure II.3.6-1 . Picture of the lay-out of the system for high power modulation. 1-2:mirrors of the QTL2
transmission lines, 3-4: mirrors for power measurements, 5-water load, 6 – mica plate, 7 – loudspeaker, 8gyrotron, 9-horn antenna.

As a reflecting object, a vibrating metallic foil (specifically, a foil fixed on the face of a
commercial loudspeaker) was used. A mica plate with a reflection coefficient of 3--6%
served as a beam splitter, with which a small fraction of the gyrotron radiation, transmitted
in the form of a Gaussian beam through a mirror transmission line, was diverted to the
reflecting foil. The phase of the reflected wave was controlled either by displacing the
loudspeaker along the direction of propagation of the reflected wave, or by applying the
phase modulation at a frequency f mod = 0.1÷2.0 kHz to the metal foil. In the latter case, the
amplitude of vibrations ∆x was equivalent to a displacement of the loudspeaker and, at the
same time, ensured a more reliable measurement of the gyrotron reaction to the external
action at a fixed modulation frequency for the phase:
2π∆x
ϕmod =
λ0
,
where ?0 is the microwave wavelength and ? ? = ? ?0 sin (ωmod) .
Controlling the phase of the weak reflected wave returned to the gyrotron, an optimum
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phase (and, accordingly, the distance up to loudspeaker and vibrational amplitude ∆? of the
foil) can be determined, associated wit h the deepest modulation in the gyrotron power
amplitude.
The figure II.3.6-2 illustrates the Fourier spectra of the oscillations in the gyrotron power
signal for two different positions of the loudspeaker. Both spectra show distinct peaks at the
modulation frequency (400 Hz) and a low- frequency pickup detectable in the absence of
modulation (50 Hz). It is evident from this figure that the gyrotron spectrum is affected by
the small reflected wave and the modulation depth in the gyrotron power varies according
to the position of the loudspeaker.
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Figure II.3.6-2. Fourier spectra and amplitudes of harmonic f mod for two different coordinates of the reflecting
object and the reference signal without modulation.

The obtained results have demonstrated that the proposed method for mechanically
modulating the reflected microwave radiation with the help of a metallic membrane
oscillating at frequency around can be successfully implemented in practice.
This work has been carried out in collaboration with the Institute of Applied Physics
(Russian Academy of Science), Moscow, Russia

II.3.7 Studies of gyrotron stabilization by an external cavity
The stabilization of the gyrotron frequency might be useful for a number of applications, in
particular, for some plasma diagnostics [ 10]. By analogy with known schemes the gyrotron
can be stabilized by a partial reflection from an external resonant load .
The gyrotron cavity represents a section of slightly irregular waveguide where the field
f ( z ) satisfies the inhomogeneous string equation
f ' '+ h 2 f = u ( z ) ,

(1)
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h 2 = ω 2 / c 2 − κ 2 , κ (z ) is the transverse wave number, u(z) is a source. At the gun side, in

below-cut-off neck, the field can be put zero
f

At the collector end ( z = 0 ) , where

z= − L

= 0.

(2)

h' << h 2 ,

(3)
the boundary condition corresponds to the external wave incidence and to free radiation
from resonator:
f z′ z =0 = (− ihf + 2ihb ) z =0 ,
(4)
where b is the incident wave amplitude.
Let us consider the excitation of the only lowest single- humped mode. The field can be
expanded into the series
f ( z) = ∑ a s f s ( z)
(5)
s

of functions representing solutions of Eqs. (1), (2) at u ( z) ≡ 0 , b = 0 and
f z =0 = 0 ,
(6)
where z is put zero at the output waveguide cross section corresponding to zero of the
main mode of empty cavity excited with the wave incident from the outer direction.
Accordingly


−1


a s = c ∫ u (z )
ω −
f s dz  .
(7)
∫
−L

−L

The boundary condition (4) for the single-humped mode f = a 0 f 0 ( z ) can be described with
0

2

f s∗ (z )dz 

(

ω s2

2

)

0

an equivalent source placed near the cross section z = 0 :

[

u ( z) = − a 0 ih0−1 (df 0 dz ) − 2b

]

z =0

(dδ ( z − 0)

2

dz ) .

(8)

At b = 0 , the combination of (7) and (8) gives the radiation decrement of the main mode:
 1 df 2 
0
ω0′′ = c 

h
dz

 0
2

−1

0


 2ω ′0 ∫ f 0 2 dz  .



−L

z =0

(9)

If a stationary flow of a medium (a stationary electron beam) is injected into the cavity, the
stimulated RF current can be described by a term a0 g (a 0 , z ) to be included into u (z ) :

[

u ( z) = a 0 g + − a 0 ih0−1 (df 0 dz) − 2b

Accordingly, Eqs. (7)-(10) can be combined into

]

z= 0

(dδ ( z − 0)

(

dz) .

)

a 0i (ω − ω ′0 − iω0′′) = −iχa 0ω0′ / 2Q − ibω 0'' h0 / df0 dz z= 0 ,

(10)
(11)

0

where χ = χ 1 + iχ 2 = i ∫ gf0∗ dz is the injected flow susceptibility, and the wave is reflected
−L

from resonator with the coefficient
R=

′
″
ω − ω 0 + iω 0 + ω 0′ (χ 1 + iχ 2 ) / 2Q
.
′
″
ω − ω 0 − iω 0 + ω 0′ (χ 1 + iχ 2 ) / 2Q

(12)

The gyrotron stabilization by the external high-Q resonator is exemplified with the figure
II.3.7-1, where a partial reflection from a quasi-optical cavity is provided with a shallow
mirror corrugation. If the gyrotron operates at a mode with non-zero azimuthal index, a
proper azimuthal corrugation of the gyrotron output horn may be necessary to couple the
reflected wave to the cavity mode.
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Figure II.3.7-1. Gyrotron stabilized by partial reflection from external mirror cavity.

This work has been carried out in collaboration with the Institute of Applied Physics
(Russian Academy of Science), Nizhny Novgorod, Russia

II.3.8 Development of a High Critical Temperature Superconductor.
The purpose of this activity is to design and manufacture a cryogen free magnet made of
HTS (High Critical Temperature Superconductor) tape. It will be eventually used to
substitute one of the magnets of the TJ-II ECRH gyrotrons. The present magnets are all
made of LTS (Low Critical Temperature Superconductor) wire and keep cooled by means
of liquid helium.
The first step was to select the most adequate material and the manufacturer between the
different available options. The material finally selected was a tape (flat cable) made of
Bi2 Sr2 Ca2 Cu3 O10 ceramic fibers inserted into a silver matrix. It was selected because it has
greater current density than other materials at the given working conditions (∼2.5 T, ∼20 K)
and because of its availability in long lengths. Tapes from a number of vendors were
characterized at a liquid and subcooled nitrogen bath, finally selecting EAS tape, with a
critical current density of 85 A/mm2 at 77 K and self- field conditions.
Concerning the cooling system, a survey was realized to choose a cryocooler suitable for
this application. The final election was a two stages Gifford-McMahon machine by
Leybold. It uses helium gas as refrigerant into a regenerative Stirling cycle. It has a cooling
power of 25 Watts at 80 K in its first stage and 5 Watts at 20 in its second stage.
In parallel with these two tasks, the design of the magnet has been made. Due to some
boundary conditions as the available lengths and the intrinsic fragility of the tapes, the only
feasible configuration is a solenoid-type magnet made by stacking many flat double
pancake coils. As the main goal is reproducing the magnetic field profile of the present
magnet, an optimization by means of genetic algorithms has been made. The design
variables were the spacers thickness and the outer radii of the coils.
Two main tasks are ongoing. The former is the characterization of the selected tape at
variable temperature (down to 20 K) and magnetic field (up to 2.5 T) and the estimate by
means of this information of the performance and operating limits of the magnet [ 11]. The
latter is the design and construction of a cryostat to test coils and tapes by means of the
cryocooler [ 12].
This work has been carried out in collaboration with the Superconductivity Unit of
CIEMAT.
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II.3.9 Participation in the testing of the remote steering upper launcher of
the ECRH system for ITER.
An ECRH launching system for the ITER upper ports is being designed. The aim of the
system is to inject Electron Cyclotron Waves in the ITER plasma in order to stabilize
neoclassical tearing modes. Each of the four upper-port launchers consists of six mm- wave
lines capable of transmitting high power up to 2 MW per line at 170 GHz. In order to
exploit the capability of ECW for localized heating and current drive over a range of
plasma radii in ITER, the ECH&CD upper port launcher must have a beam steering
capability. The Remote Steering principle consists of a long, corrugated, square waveguide
having the steerable optics placed outside of the first confinement boundary of the vacuum
vessel (see figure II.3.9-1)

Figure II.3.9-1 . An overview of the layout of the 6-beamline remote-steering dog-leg launcher

A full-scale model of the entire mm- wave part of the proposed ITER ECRH upper-port
launcher has been designed in all details. All components have been procured and
assembled at the FOM institute (The Netherlands). In figure II.3.9-2 the following elements
can be identified.

Figure II.3.9-2 . The set-up for the low-power measurements at the FOM institute in Nieuwegein

On the top left side a taper transforms the small rectangular waveguide size of the lowpower source into the “standard” ITER circular waveguide size of 63.5 mm. Following the
taper some corrugated circular waveguides can be identified, amongst them two miter
bends. These miter bends can be used in two configurations. Either grooved plates are
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included to allow for an elliptical polarization of arbitrary orientation and ellipticity. Or flat,
water-cooled plates can be incorporated that can handle a power of 2.2 MW for cw
operation for future long-pulse testing purposes. From here, the mm-wave beam enters the
vacuum vessel, where the mirror-steering mechanism is located
An x-y-z scanner was located after the square waveguide to measure the beam at a number of
frequencies in each position. As an example, the measurement performed at a scanning angle of 12º
is shown in figure II.3.9-3 [ 13].

Figure II.3.9-3 . The set-up for the low-power measurements at the FOM institute in Nieuwegein

To carry out the high power tests, the whole set-up was transported to FZK in Karlsruhe,
Germany where the system was connected to a high-power gyrotron in order to perform
tests at ITER-relevant power le vels. These tests are very close to the ITER conditions, at a
frequency of 170 GHz, evacuated system, diamond window included in the test set-up. Due
to the non-gaussian output of the gyrotron, the tests were not as successful as expected and
have to be repeated.
This work has been carried out in the frame of the collaboration with the EURATOM-FOM
Association, Nieuwegein, The Netherlands
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II.4 Neutral Beam Injection
During the year 2005 the work on the Neutral Beam Injectors has been focused along
three main lines: operation of injector #1, improvement of injector #1 parameters, and
installation and refurbishment works on injector #2. The NBI Group has furthermore
participated in the study of the NBI power coupling to the plasma and the transport of
neutral gas inside the machine.
Injector #1 has been operative during the experimental campaign, while in parallel a
number of upgrades were being carried out, especially during campaign breaks. The
improvements in Power Supplies protections or Control reliability allowed us to
increase injection parameters, although in a limited range.
Work on injector #2 has proceeded in accordance with the accessibility to the
experimental hall. Progress has been made on the vacuum tightness of the beam boxes,
the alignment of the acceleration grids, the installation of the titanium getter pumps, the
completion of the water cooling system and on the High Voltage and low voltage power
supplies.

II.4.1 Operation of Injector #1
Injector #1 has provided TJ-II plasmas with a heating H0 beam aiming tangentially in
the Co-direction[1]. As the ion source conditioning was improved along the campaign,
the injected power increased from 200 kW to 360 kW (port-through), and the beam
energy was raised from 26 kV to 31 kV.
Those injection parameters are still far from the nominal values of 40 kV beam energy,
900 kW injected power. The reason for it is the difficulties that have arisen at beam
conditioning. The low power is related to the low energy on one hand (since beam
current and beam energy are related through the perveance as I = P V3/2 ), and to the
observed low beam transmission.
The difficulties faced during the ion source conditioning belong into two different
categories: power supplies reliability and grid conditioning. And correspondingly,
extensive work has been done along those two lines.
During the first semester Power Supplies reliability was the limiting factor when trying
to increase beam parameters. The maximum attained energy and current were 26 kV,
40 A. After a period of time fully devoted to tetrode conditioning (and the replacement
of one of the tetrodes), the tetrode reliability improved, allowing us to raise the voltage
at the tetrode anode up to 50 kV in vacuum.
That voltage at the tetrodes anode should allow beam energies up to 35 kV with 70 A
current, nevertheless the maximum attained beam energy was only 31 kV.
Further attempts to increase the beam energy failed, a few breakdowns at the grids near
38 kV in vacuum were enough to reverse the grid conditioning.
[1] M. Liniers et al., Neutral beam injection system for TJ-II, Fusion Technology 1 (1998) 307
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At two different periods of time, a great number of dedicated grid conditioning pulses
were made, in which two kinds of strategies were tried:
1. A high voltage – low current conditioning of the grids
2. Different pulse timing sequences aiming to condition the grids during the
pulse
Table II.4.1-1 shows the injection parameter enhancement achieved during the May and
June campaign.
Table II.4.1-1: progress in injection parameters during May-June 2005

Date
(year.month.day)

Beam Energy
(kV)

Extracted Current
(A)

05.05.12
05.05.26
05.06.01
05.06.08
05.06.09

26.8
27.6
29
30
30

52
54
52
54
55

Port-Through
Power
(kW)
290
330
340
350
360

At the end of the year it was made clear that the main hurdle lied at the grid
conditioning side. Failure to raise the Acceleration voltage was accompanied by a series
of experimental observations:
1. Poor beam transmission
2. A strong asymmetry in the temperature measured by thermocouples placed
symmetrically around the neutralizer exit.
Although no beam profile measurement was available at the time, these circumstances
pointed in the direction of bad grid alignment. We finally decided to stay at 30 kV, 60 A
until the campaign break in summer 2006, when the grids will be disassembled and realigned. Until then, the aim will be to operate the beams with maximum reliability.
To ensure beam reliability an optimized operation strategy has been found: between two
injection pulses several accel/decel conditioning pulses are performed. This calls for
Motor-Generator pulses especially dedicated to NBI, but the delay introduced between
plasma pulses is not great (10 minutes instead of 8 minutes), and is overly compensated
by the improved reliability.

II.4.2 Improvements on Injector #1
The main improvement to the electrical system has been the crowbar installed upstream
of the switching tetrodes. A new Control User Interface has been designed, the software
related to the “Basic Mode “ of the injector is now fully operative.
During NBI operation, electrical arcs can occur between the Ion Source grids. The
current surges they generate are detected and the tetrodes are normally capable of
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opening the high voltage circuit to protect the Ion Source. In the event tetrodes would
fail, a Crowbar has been installed to absorb the current surge by shorting the electrical
circuit during the time it would take to open the HV 15 kV circuit breakers (about
60ms).
The Crowbar System consists of three parts: the Monitoring Unit, the Crowbar
controller, and the thyristors. The Monitoring Unit checks the current flowing into the
return path of the high voltage circuit. If it detects a current superior than 200A during
more than 150us, the unit does two things:
1. Sends the order to open the HV 15 kV circuit breakers and
2. Sends a 10us wide pulse to the Crowbar Controller which in turn
provides the necessary light intensity to trigger each of the 18
thyristors that form the power side of the system.
First tests were carried out in May 2005. As it appeared to be too sensitive to the arcs’
electrical noise a few modifications were made to the system. The original trigger
copper link between the Monitoring Unit and the Crowbar Controller was replaced by a
fibre optic link. Line filters and isolating transformers were mounted into the mains
supply of both the Monitoring Unit and the Crowbar Controller. Tests made in June
and July 2005 to check the system reliability were positive. The Crowbar was put into
service in November 2005 and has been in use since then.

HV Circuit
Breakers
+
R
L
AC Power
Supply

LSCR

DC Power
Supply

x18

Crowbar
Controller

Modulator
Deck &
Neutral
Beam Ion
Source

LSCR

I Probe
Monitoring
Unit
Fibre optic link
Copper link

Figure VII.4.2-1. Crowbar NBI-1 Circuit Diagram
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A new, JAVA based, Control User Interface has been designed and partly installed. It
is intended to allow monitorization and control of all the NBI subsystems: vacuum,
cooling, Power supplies, Titanium pumps, Safety, and mechanical systems such as the
V-calorimeter and the Gimbal.
The NBI User Interface consists of three main panels, related to the three modes of
operation:
1. Basic Mode: gives access to the control of the vacuum, cooling, Ion
Source auxiliaries, and the operation of the titanium getter pumps
2. Test mode: allows to test all the subsystems and perform beam pulses
on the V-calorimeter
3. Injection mode: allows to inject beams into TJ-II with the interlocks
and protections imposed by the machine.

Figure VII.4.2-2. Basic Mode Panel of the NBI User Interface
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Permission to access different control panels is restricted depending on the injector
mode.
The first operative panel has been the one related to the basic mode. Figure II.4.2-2
represents the “Basic Panel”. On the left side are the keys to the different subsystem
panels: vacuum, cooling, Titanium Pumps, Ion Source, etc. The keys not highlighted
belong to subsystems not accessible in the basic mode.
Other elements that have been added to the electrical system of injector #1 along the
campaign are:
•
•
•

Zener diodes as voltage limiters at the screen of the Accel switching
tetrodes
Equalizer networks at the rectifier diodes of the Accel HV Power Supply
Limiting reactances at the HV Power Supplies

The main upgrades carried out on the NBI #1 Water Cooling system are:
•

Replacement of the stems of the needle valves installed in the cooling
circuits: the stems formerly installed had the purpose of a fine regulation of
the flowing water, not needed in our circuits. All of them have been replaced
with stems of a design compatible with a normal (gross) regulation of the
flow. This action has reduced dramatically the pressure drop in the
component.

•

Replacement of the tetrodes flexible pipes with higher quality pipes,
withstanding higher pressure.

•

Improvement of the hydraulic connectors between the pipes and the tetrodes.

In the Ion Source , in order to improve the behaviour of the Accel system, the following
actions have been taken:
• The tetrodes have been conditioned up to 55 kV with a low power High
Voltage Power Supply (Glassman LT100P20), in continuous mode.
• The Ion Source Grids have been conditioned up to 40 kV with a low
power High Voltage Power Supply (Glassman LT100P20), in continuous
mode.
Repairs have been performed on the following components:
• Titanium Pump Power Supplies
• Decel Power Supply

Maintenance operations include:
• vacuum pumps oil exchange
• deionised water cartridges replacements
• Ion Source filament replacement
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•
•

electrical insulation checks
titanium wire replacement, etc.

Preparation work on some components not yet installed include:
•

•
•

Design, construction and installation of the Target Calorimeter. It
consists of an array of Carbon Composite Plates mounted on a retractable
frame, that in the inserted position intercepts the full beam power. It will
enable measurement of power density profiles, beam aiming angle, and
beam power.
Preliminary tests on the current regulator of the Ion Source Filament
Power Supply.
Preliminary work and tests of the Core snubbers to be installed on High
Voltage line.

II.4.3 Installation work and tests on Injector #2
II.4.3.1 Vacuum and cooling systems
The secondary vacuum system was ready since the previous year and first vacuum tests
had then been performed. Following first leak tests, several major vacuum pieces, such
as the ion source bellows and the ion source isolation valve had undergone heavy repair
work. In January, new leak tests unveiled a bad leak at the Bending Magnet. The leaks
were first located on the weld seam of the right side coil (see figure
II.4.31)

Figure VII.4.3-1. Detail of the cross section of one of the Bending Magnet coils
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It was decided to try an “in situ” repair of the coil, due to the extent of the work required
to dismount the complete Bending Magnet. First, a trial at re-welding the seam was
attempted. TIG welding inside a very restricted space with difficult access was not
successful. The leak did not get worse after the trial either. We then tried to repair the
leaks with a vacuum epoxy. After several attempts using vacuum inside the coil and
medium temperature heating of the surface, the best results were obtained with
atmospheric pressure and room temperature. Special care was taken with the surface
cleaning and preparation. Successful healing of two leaks on the seam was finally
achieved.
New leak tests on the Bending Magnet revealed a “rosary” of leaks on the welding as
well as on the lower weld to the tube of the right side bellow (see figure II.4.3-2)

Figure VII.4.3-2. Bending Magnet Bellows

This time we tried a penetrating epoxy, applied from inside the bellow, which can be
accessed from the top lid of the beam box. The curing process of the epoxy took many
weeks, the leak is now greatly reduced allowing commissioning of the injector to
proceed, but it cannot be considered a safe repair. We are therefore in the process of redesigning the coils, our purpose is to build new coils for a refurbish operation of the
injector in the near future.
Among the vacuum components fabricated and installed during 2005 is the duct
coupling piece, a spool piece that makes the transition between the rectangular injection
port and the circular beam duct. It is equipped with two graphite protection plates, and a
rectangular window for infrared measurements.
The panels of the four Titanium Getter Pumps were already pre-assembled. Assembly
of the titanium wires was undertaken during the summer. We have introduced a
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modification on the upper and lower fixtures of the wires, aimed to “shadow” the
ceramic insulators from the titanium deposited during evaporation (see figure II.4.3-3)

Figure VII.4.3-3. Detail of the titanium wires lower fixtures

The assembly and installation of the pumps was completed in December. They are now
vacuum leak checked, and electrical insulation tested.
The installation of the flexible tubes connecting the NBI cooling system and the Beam
Line #2 components has been concluded.
• Pressure tests in the individual circuits were performed
• Adjustment of the water flow in each channel.
• The instrumentation installed in each individual circuit (e.g. flow switch,
flow meter, differential temperature transducer) and that in the common
pipes and manifolds (e.g. pressure, temperature, flow) have been checked
through the local control system.

II.4.3.2 Electrical system
The following tasks were carried out:
1. Modulator Deck power supplies: tests and repair work
2. Modulator tetrodes: tests and replacement
3. Tetrode conditioning up to 55 kV with low power High Voltage power Supply
(Glassman LT100P20), in continuous mode
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4. Repair work on the insulation transformer of the tetrode filaments
5. Commissioning of the Titanium Pumps Power Supplies
6. Low Voltage auxiliary installation: tests and upgrades
7. CROWBAR installation
8. Ion Source filaments power supply: tests and repair work
9. Ion Source Magnet power supply: tests and repair work
10. Commissioning of Control elements belonging to the cooling system, Titanium
pumps and bending Magnet
11. Installation of Zener diodes as voltage limiters on the SCREEN of the tetrodes
12. Installation and tests of the limiting reactances on the High Voltage Line.
II.4.3.3 Ion Source
In order to prepare the ion source for operation on injector #2, the first task was to leak
check the complete body of the source, including the cathode and anode chambers, and
the grids. Ad hoc flanges were built with the aim of pumping the source and connecting
the leak detector. Two different kinds of measurements were performed:
1. Vacuum inside the source body, leak check of the vacuum seals: a single
leak was found at the Ground Grid seal. It was successfully removed.
2. Vacuum inside the source, leak check of the cooling circuits: with
Helium at 6 bar inside each of the cooling circuits, no leak was found.

Figure VII.4.3-4. Disassembled Ion Source: Anode chamber (back) and Grid Assembly (front)

When the leak tests were finished, the ion source was disassembled in order to inspect
the grids, both visually and with optical alignment equipment. Figure II.4.3-4 shows the
disassembled anode chamber and the grid assembly. Three alignment parameters were
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checked: Grid curvature, Grid spacing (Gaps) and Grid in-plane alignment (hole
alignment) [2].
Grid curvature: ideally, the three grids of our ion source are spherical caps of curvature
radius 4000 mm. The curvature was checked on a 3D precision table at the General
Shops of Ciemat. The shape of the three grids diverged from sphericity with a varying
degree. Moulds exist for each of the grids shaping. The three grids were re-shaped to
match sphere caps of 4000 mm curvature radius.
Grid spacing: once the three grids reshaped, they were assembled in their final positions
and the assembly placed on a level table with anode1 lying on the table surface as
shown in figure II.4.3-4 below. The Accel and Decel gaps were measured by means of a
calibrated probe. The Accel Gap was found to be 0.270” within 10% accuracy. The
Decel Gap is 0.080 ± 0.005 inch

Figure VII.4.3-5. Sketch of grid assembly on the level table for grid spacing measurement

Grid alignment: the precision alignment of the grid holes has a strong impact on the
quality of the beam optics and transmission properties. The measurement is performed
with an optic collimator focused onto the rear-illuminated grids. Fig II.4.3-6 shows an
image of what should be five properly aligned holes. When a misalignment occurs, it
can be corrected by means of built-in alignment screws, shown in figure II.4.3-7.

[2] X. Sarasola, Internal Report, Sept. 2005
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Figure VII.4.3-6. Image observed with the collimator when five holes are properly aligned

Figure VII.4.3-7. The Ground Grid with its aligning screws

II.4-11

II.4.4 Recent results with NBI plasmas in TJ-II stellarator
Target plasmas are created by ECR heating, with the two gyrotrons of 200 kW power,
and using the movable mirrors placed inside the vacuum chamber to vary the ECH
power deposition region from the plasma core (on-axis) to the outer regions near ρ=0.5
(off-axis). The plasma temperature and density profiles obtained with on-axis or off-axis
ECRH are seen to differ widely, allowing us to study the neutral beam absorption in two
qualitatively different plasma target scenarios.
Other factors affecting the plasma profiles have also been investigated, such as the
magnetic configuration or the OH-driven current.
In most NBI discharges the central plasma density increases continuously from ECH
typical values below 1.1 x 10 19 m-3 up to 6.5 x 10 19 m-3, as the beam is injected, until a
thermal collapse that terminates the discharge is reached. So far, density control with
NBI plasmas has not been achieved, although an improved behaviour is observed with
wall cleaning.
The thermal energy content of the plasma has been used as the key parameter reflecting
the behaviour of NBI plasmas. Neutral Beam Injection computer simulations have
allowed us to obtain the absorbed power and hence the energy confinement time for a
number of different plasma profiles and magnetic configurations. A clear difference is
seen in the confinement properties of ECH and NBI plasmas.
II.4.4.1 NBI Plasmas
Figure II.4.4-1 shows the time traces of two typical NBI discharges. The target plasma
is created with off-axis ECH, which is maintained all through the NBI shot. In a) the
line average density stays at 0.6 x 1019 m-3 at the ECH phase, then, after the NBI onset,
it starts a slow rise with increasing slope, through cut-off, finally reaching
4.5 x 1019 m-3 before collapsing. The collapse is signalled by the rapid fall of both the
soft X-rays signal and the diamagnetic energy, that reaches a maximum value of 2 kJ,
roughly a factor 4 the ECH phase value.
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Figure VII.4.4-1 a) and b). Two typical NBI plasma discharges with off-axis ECH.
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Figure II.4.4-1 b) shows a discharge in which a density plateau is maintained during 100
ms with the same injection parameters and the same target plasma as in the case shown
in a). This behaviour is only observed, occasionally, immediately after Helium glow
discharge cleaning of the vacuum chamber but disappears after a number of plasma
shots.
The combination of wall conditioning plus off-axis ECH seems to be an essential factor
for achieving density control in TJ-II with the current NBI parameters but the relative
importance of both elements has still not been determined.
Another consistent observation is the behaviour of the Hα signals: in the uncontrolled
density discharges, the steep density rise is accompanied by a clear decrease in Hα
signal, whereas the discharges with density plateau are associated with steady Hα time
traces.
Ion temperature, as measured by the Neutral Particle Analyzer is seen to evolve from
ECH plasma values around 90 eve to near 130 eve for the NBI phase.
II.4.4.2 NBI absorption studies
In order to study the beam power absorption we have used the Monte Carlo simulation
code FAFNER. The beam trapping profiles are obtained, as well as the corresponding
shine through losses. In addition to the shine through losses, there are fast ion losses due
to bad orbits and losses due to charge exchange of the fast ions with the neutral gas
molecules present in the vacuum chamber.
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Figure II.4.4-2 a) through c) shows the plots of the power lost through different loss
mechanisms as a function of the line averaged density. Figure II.4.4-2 d) shows the plot
of the fraction of absorbed power. The red circles correspond to “experimental” cases,
where FAFNER simulates the interaction of the beam with real plasma targets, with
profiles obtained by Thomson scattering. The blue triangles represent the best-fit curve
that will be later used for fast analogous estimates of the beam plasma interaction.
II.4.4.3 Energy content of NBI plasmas
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Fig. II.4.4-3: Energy content vs. line density for the
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issues and finally get a reliable estimate that allow us the comparison with previous
results obtained in pure ECH plasmas [3].

[3] E. Ascasíbar et al., Magnetic configuration and plasma parameter dependence of the
energy confinement time in ECR heated plasmas from the TJ-II stellarator, Nuclear Fusion 45
(2005) 276-284.
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II.5 Data acquisition
The ‘Data acquisition’ name covers three different aspects related to (1) remote
participation tools and security, (2) advanced real- time data acquisition systems and (3)
pattern recognition techniques applied to data analysis.

II.5.1 Remote participation tools and security.
The TJ-II remote participation system was completed with new software to provide
service to remote and local users. Also, the TJ-II stellarator was operated from
Cadarache.

II.5.1.1 Overview of the TJ-II remote participation system.
The TJ-II remote participation system (RPS) arose as a consequence of the need to
upgrade the data acquisition system of the TJ-II stellarator. The challenge was to use the
most advanced and up to date tools in order to develop an open and scalable architecture
powerful enough to be applied to very demanding environments as well as being
suitable for remote participation. The TJ-II approach to remote participation was not
focused on aspects concerning inter- user communications: videoconference tools,
instant messaging or shared displays. The new development was going to be used from
the TJ-II local area network daily and therefore, attention was centred on experimental
systems [1]. The emphasis was put on developing a working environment for allowing
users to configure measurement systems, to monitor/program diagnostics control
systems, to access the TJ-II operation logbook and to read/write information in the
databases [2].
The design was performed taking into account several issues: system administration,
easy and fast access, multiplatform developments, growth capabilities, security,
software deployment and cost.
II.5.1.1.1 TJ-II remote participation system design.
The aim of the TJ-II data acquisition system upgrade was real-time operational tracking
not only from the local area network but also from remote locations. This implied
providing remote access to measurement systems, diagnostics control systems and data
servers. Therefore, the working environment to be developed had to provide participants
with tools to compensate for the lack of direct personal interaction.
The TJ-II RPS is based on web technologies (fig. II.5.1.1.1-1). At present, a web server
is the most standard platform. It can act as a communication front-end between remote
participants and the TJ-II elements. Moreover, web technologies let us easily configure
a very scalable system architecture that depends on several web servers, rather than on a
single one. This implies that one can add new web servers when needed. System
administration is also simplified with the TJ-II remote participation model. All external
access is sent through a single protocol (http) and a well-known communication port,
thereby avoiding a continuous reprogramming of the firewall rules.
The interplay existing between the user and the remote participation system has been
founded on Java Technology due to its open character, security properties, platform
independence and technological maturity. From the server side, network services are
provided through resources supplied by Java Server Pages (JSP pages). The client part
makes use of web browsers and ad-hoc Java applications. Regarding software
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deployment, ready-to-use solutions, based on the Java Network Launching Protocol
technology, in particular the Java Web Start application, are used [3]. Web Start works
like an application container, offering runtime support to applications beyond the
automatic download and installation from a web site and related updates.
Web browser
Java applications

Web browser
Java applications

INTERNET
http protocol
Port 80
Web server

Web server

Web server

• Java technology
• JSP pages
• Java Network Launching Protocol (JNLP)
• Security
• PAPI system

Fig. II.5.1.1.1-1. Design of the TJ-II remote participation system.

Obviously, security is an essential element in this development. The operation requires
the use of a distributed authentication and authorization system. The characteristic of
‘distributed system’ is a basic requirement taking into account the distributed nature of
web technologies. The PAPI system is used here [4, 22].
II.5.1.1.2 Software architecture .
All software running in the TJ-II remote participation environment was developed
following a three tie r model [5] (fig. II.5.1.1.2-1).
1

2
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m

Web server

jsp(1)

jsp(2)

Relational database

jsp(n)

CLIENT TIER
User interface
code only
MIDDLE TIER
Resources to
perform
authentication,
authorization and
query executions

DATA TIER
Information
management

Fig. II.5.1.1.2-1. Software architecture for the TJ-II remote participation system.
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One tier is devoted to providing user interface code only. Web servers provide resources
to perform authentication, authorization and query executions. Finally, a database server
manages the information. A multi- tier architecture like this tries to avoid build-time
dependencies between tiers so that one can update the software on one tier without the
need to update the software on its neighbouring tiers, which can be essential for remote
applications.
Client tier applications are remote applications (web browsers or Java applications to
monitor/program acquisition or control parameters) but also applications running in the
experimental systems themselves that are in charge of data acquisition or control
processes.
This software architecture reflects the fact that the operation control is in the local area
network whereas the interface for user interaction can be far away. It permits building
very modular developments incurring minimum overload on experimental systems since
the systems do not have to provide access control, database resources or graphic user
interface capabilities. In addition to this, a high degree of security is achieved because
direct user/experimental system communications never take place, but rather via the
data tier.
II.5.1.1.3 TJ-II remote participation system architecture .
Figure II.5.1.1.3-1 sums up the TJ-II RPS architecture. The architecture is a
consequence of the PAPI system which considers two independent elements: the
authentication and the authorization servers.
Client: web browser,
Java, C, C++, 4GL
http
Web server
APACHE

PAPI
Authentication

User
database

Authorization

Web server
LabVIEW IT

Web server
LabVIEW IT

DB (CV)

DB (CV)

Web server
TOMCAT-JSP
Web server
LabVIEW IT
RDB (CS)
RDB (PD)

DB (CV)

Fig. II.5.1.1.3-1. TJ-II RPS architecture. CS: channels system. PD: physical data. DCS: diagnostic control systems.
CV: control variables .
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A client can be a web browser or any executable application (Java, C, C++, LabVIEW
or script files). The client uses the HTTP protocol to communicate with the front-end
web server (Apache). The authentication server validates the user whereas the
authorization server manages the actual access control. Currently, the TJ-II remote
participation system uses four web servers, one dedicated to operation tracking and data
acquisition tasks, the others assigned to the diagnostic control systems (DCS). It should
be remarked that the former uses Tomcat as the application server through JSP pages,
and the latter are HTTP servers provided by the LabVIEW Internet Toolkit (IT) [6]. The
tasks linked to data acquisition and operation tracking use two different relational
databases (RDB) based on Microsoft SQL Server. One database manages all
experimental system configurations and data acquisition channels (CS), while the other
takes care of both the operation logbook and physical data from discharges (PD).
II.5.1.1.4 TJ-II RPS operation environment.
Communication flows during TJ-II operation are shown in fig. II.5.1.1.4-1. The
complete experimental environment is on top, the communication mechanisms are in
the middle, and the users (local or remote) are at the bottom. Meanwhile, the web
servers are on the right-hand side. They are configured according to the distributed
architecture explained previously (fig. II.5.1.1.3-1). Web servers are devoted to on- line
synchronous communications between users and the TJ-II environment. Web servers
always respond to queries of client applications but never initiate a communication. On
the left a message system appears. It is a message oriented middleware based on a Java
application program interface (API) and it allows on- line asynchronous communications
between both ends [7]. It is used to broadcast operation messages in order to maintain
on- line information about TJ-II operation. The message system only requires that one
port is maintained for external communications, just as it occurs with web servers.
Therefore, communications are fully transparent to firewalls. Last, but not least, there is
an event broadcaster. It is a software development for synchronizing software programs
with the TJ-II operation [8, 9]. It is only used within the local area network to prevent
establishing rules in the firewall. The software is based on the Berkeley sockets API and
hence, different port numbers are assigned for communication purposes between
applications.
Experimental environment
TJ-II
TJ-II
control system
DA systems
TJ-II
DC systems

TJ-II
data servers

Message system
Event broadcaster
On-line
Web servers
On-line
Remote or local participants

Fig. II.5.1.1.4-1. TJ-II communication flows during operation.

II.5.4

II.5.1.1.5 TJ-II web pages and Java applications.
The entry point to the TJ-II RPS resources is the web page http://tj2web.ciemat.es. It
provides a list of options for all users, not only for validated ones. After username and
password validation, the list changes and shows a set of choices in accordance with the
user profile (i.e. the set of resources available during a session). Among them, there is
an option to download Java applications through the JNLP protocol. It is very important
to point out that the possibility of software download does not ensure the unlimited
execution of the software. When an application starts, execution permission can always
be verified by PAPI.
The proper ways of starting the execution of a Java application is from Web Start or the
corresponding web page. In both cases, the system verifies the presence of a new
version of the application in order to download it previously to the start. This scheme
ensures an automatic and unattended software distribution.
At present, there are three Java applications available in the TJ-II environment. First, the
operation logbook appears. It can be executed with write permissions only by the
physicist in charge of operation. Second, there is an application for on- line following of
the different states (READY, ARMED, SENDING DATA and so on) that digitizer
channels go through during operation. The information is displayed according to colour
codes. Third, there is an application to perform visual data analysis of temporal
evolution signals. The signals can be automatically refreshed after a discharge. All
applications use the message system of the experimental environment for asynchronous
communications.
Other options available from the user profile are provided by web pages. Synchronous
communication mechanisms are used in this case. Users can access to the system in
order to monitor/program over 1000 digitizer channels from several acquisition cards,
grouped in different acquisition systems belonging to diverse instrumentation standards.
Participants do not know the exact location of a signal. They only provide a signal name
and the system displays the set- up of the corresponding acquisition card. Moreover,
users can visualize and program 20 diagnostic control systems, with a programmable
refresh time. Also, some web pages provide users with relational searching capabilities
in the databases. As a general rule, everybody has access in read-only mode but only the
owner is capable of changing settings.
A very detailed description of procedures to coordinate computer processes can be
found in [10].
II.5.1.1.6 TJ-II model features.
The TJ-II model for remote participation provides local and remote participants with the
same general tools for system monitoring, system programming and visual data
analysis. In this way, execution of multiple developments for the same purposes is
avoided, thereby ensuring easier maintenance.
In addition, a unified system interface gives access to all resources in the same way,
regardless of systems or operation conditions.
The PAPI system provides a very flexible distributed authentication and authorization
system by means of which different user profiles can be defined with as high granularity
as needed. Authentication is carried out only once per session without having to provide
username and password for each available resource.
The use of web servers and Java technologies greatly simplifies system administration
requirements. The issue of firewall rules is resolved since all interactions are through a
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single protocol (http) and a well-known communication port. Software distribution and
version control are also related to administration tasks. These may be a big problem in
local area networks, so their negative effects can be highly amplified outside the local
environment. The TJ-II remote participation model solves these drawbacks through web
pages and the JNLP protocol for Java applications. In both cases, the system provides
instant availability to the most recent version of the software without user intervention.
Furthermore, web and Java technologies permit the development of a real multiplatform
environment. This has two effects. On the one hand, the RPS does not impose specific
working platforms and, therefore, participants can use their own computation
environments. On the other hand, software development is solved once and for all,
without having to repeat the same functionality for different platforms.
The mechanisms of software download and installation procedures are easy enough to
allow users to perform unattended installation by themselves. All software needed is
accessible on- line.
System scalability is one of the essential points of the TJ-II model. The growth
capability is connected not only with channels and systems but also with the possibility
of integrating new technologies. The integration of new elements can be achieved easily
without affecting previous developments in operation.
Finally some words concerning cost. TJ-II model is based on the currently most
extended technologies and therefore, cost is reduced to a minimum.

II.5.1.2 Applying a message oriented middleware architecture to the
TJ-II remote participation system.
In order to achieve an effective remote participation in fusion experiments the remote
users need to have as much as possible on-line information about the conduction of
experiments. Information about the acquisition of experimental data, incidents in
diagnostic systems or simple raw data visualization are basic needs for following
experiments. Web technologies have proved useful for data access, data acquisition
programming and the control of diagnostic systems [11, 2, 6], and are used in the TJ-II
Remote Participation System (TJ-II RPS) [1, 2]. While the use of web servers and Java
Server Pages (JSP) is well adapted to the synchronous access to local resources, the online (asynchronous) distribution of information can be better accomplished by using an
Message Oriented Middleware (MOM) architecture. MOM architectures present some
other characteristics that are interesting for remote participation. They usually permit a
publish-subscribe communication scheme, which is very useful when the same
information has to be distributed to many clients, as can be the case in remote
participation. They also usually support the transport of messages over HTTP protocol,
which helps in the integration of distributed systems across the internet.
A MOM software has been introduced into the TJ-II laboratory [7].
II.5.1.2.1 The TJ-II MOM general description.
We decided to use the Java Message Service (JMS) [12] as the Application Program
Interface (API) for message interchange. JMS is a library of java interfaces that abstract
the access to different MOM products. JMS has became a de facto standard and a
variety of implementations supporting JMS specification (open source and commercial)
are available at present. This allowed us to test and start our developments using a cheap
and simple MOM and to switch in the future to another JMS server if better
performance or extra functionalities are needed. Its Java nature ensures the
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multiplatform portability and a good integration into the TJ-II RPS JSPs and Java
applications. We chose OpenJMS [13] as the messaging server. It is an open-source
(free) JMS implementation that has been available for a long time. It can be used both
as a standalone server or integrated with a Servlet container, it is easier to install and
configure than other alternative products and provides many connectors, HTTP, HTTPs
among them. A centralized architecture, with OpenJMS integrated with Jakarta Tomcat
(HTTP connector) is used, with MySQL [14] as the messaging support database. For
the integration of JMS functionalities into non-java applications we have developed
several libraries. A library of C++ classes (tj2MS) has been developed to provide a
bridge for C++ applications. A second bridge library (tj2C2MS) has been developed for
C applications. A third library of Virtual Instruments (tj2VI2MS) has been created to
make easier the link between LabView applications and the messaging libraries.
II.5.1.2.2 The bridge libraries for non-java applications .
The tj2MS library contains one C++ proxy class for each JMS Java class. The proxy
class has the same data members and methods as its Java counterpart, and allows a C++
program to instantiate and manipulate (using JNI [15]) a live Java object as if it was a
C++ object. The library has been developed as a dynamic link library (DLL) for
Windows platforms using JACE [16] development tool. No major problems should
appear to port it to other platforms.
The tj2C2JMS library has been developed to provide C programs basic JMS
functionalities, i. e. management of text messages to send/receive them to/from topics
and queues (only synchronous reception). The library contains a set of C functions that
allow to instantiate the JMS proxy classes of the tj2MS library, while hiding the objectoriented structure to the calling program. The classes are instantiated as global objects,
which allows us to avoid the continuous creation of resources (JMS sessions and
connections). The library provides functions to load the java virtual machine library, to
create/destroy global objects, to create/destroy the basic JMS objects, to set/get the text
body and the property JMStype in a message and to send/wait for a message to/in a
topic or a queue. All the functions support being called from FORTRAN codes. This
library also allow the integration of JMS in 4GL environments, like LabView, IDL, PVWAVE or Matlab. The library will be extended in the future by adding new functions. It
has also been developed as a DLL for Windows platforms, but no major problems
should appear to port it to other platforms.
The tj2VI2MS library contains a set of VI’s that make easier to call the tj2C2MS
functions within LabView applications, thus allowing them to send and receive JMS
text messages. This library is used in LabView TJ-II DAQ [17] applications and can be
reused in future developments.
II.5.1.2.3 The data acquisition monitoring tool.
This is a software development that allows to monitor the operation of TJ-II
autonomous data acquisition systems (PCI, PXI and VXI based) [17]. JMS
functionalities are used to provide the user with on- line information about the data
acquisition systems. Three software applications are involved in this tool: the
Monitoring Interface (MI), the DAQ Mediator (DM) and the LabView DAQ
applications (LVDAQ). The information is distributed in text messages with an
eXtensible Markup Language (XML) [18] structure. Several different types of messages
have been defined, which permits to filter the type of messages to receive. There are
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messages carrying information about the status of data acquisition applications
(STATUS), with information about the acquisition modules installed in a system
(SHARDW), with information about the signals acquired on each channel (SALLOC),
about signal data availability (SSTAT), about the beginning of a new TJ-II discharge
sequence (NEWSHOT) and the end of standard systems (CAMAC and VXI) data
integration (NEWSHFILE). The messages are distributed in a general topic (publishsubscribe scheme).
The MI presents in a GUI the data acquisition systems, with their acquisition modules
and channels (fig. II.5.1.2.3-1). The user can see which signal is acquired on each
channel, the different status of channels (ARMED, READY, SENDING) being
indicated by different colour codes. At start-up, the MI receives a summary of the DAQ
status (sent by the DM) via a temporary queue. After this, the MI receives on- line the
information published by the LVDAQs by the general topic, updating the GUI
accordingly. The application has been developed in java language and is distributed to
the users from the TJ-II data acquisition web site using Java Netwo rk Launching
Protocol (JNLP) [3].

Fig. II.5.1.2.3-1. The GUI of the Monitoring Interface (MI).

The DM is a background application, developed in Java, that maintains up-to-date
information about the status of data acquisition systems to provide it to the MIs. It
receives information, that it maintains up-to-date in memory, from LVDAQs via the
general topic. It uses a SQL Server database to store information about the experimental
data that are pending of integration into TJ-II raw database [19]. This application also
monitors the operation of the data acquisition systems to detect failures, reporting the
incidences by publishing messages in the general topic. The DM is also connected to the
Asynchronous Event Distribution System (AEDS) [8] and distributes event notifications
as JMS messages via the general topic.
The LVDAQ applications controlling the data acquisition in autonomous systems [17]
have been upgraded to incorporate the bridges to the TJ-II messaging sys tem (tj2MS,
tj2C2MS and tj2VI2MS libraries). These are the basic source of information about the
status of data acquisition systems. At the start- up, the application publishes in the
general topic SHARDW and SALLOC messages. After this start- up phase the
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application publishes STATUS messages corresponding to the states it goes through
(waiting new shot, armed, waiting data integration, ...). On each discharge, once the
channels have acquired data, the application publishes SSTAT messages to inform
about signal status (SENDING or READY).
II.5.1.2.4 Monitor signal visualization tool.
This tool allows the users visualize “monitor signals”, i.e. a list of signals previously
defined as representative of global aspects of the discharge, automatically updating the
plots as soon as new data are available in the TJ-II database. It is based on two software
applications: the TJ-II Data Dispatcher (DD) and the Java Application for Signal
VIsualization (JASVI). Both applications are written in java language.
The DD distributes the data corresponding to the pre-defined monitor signals after each
TJ-II plasma discharge to the JASVI instances. At start-up, it loads the list of predefined
discharge monitors from a configuration file and sends it to a queue from which it can
be recovered by the JASVI instances. After this, it waits in the general topic for
messages (from LVDAQs) notifying the availability of experimental data of monitor
signa ls in the TJ-II raw database [19]. When such a message is received, the
correspond ing data are read from the database, they are compacted using our
compaction tools [20], and published in a data topic. In order to read data from the TJ-II
raw database a new java package has been developed, that allows to call TJ-II RPC
functions [21] from java applications using JNI. This package also provides methods for
compaction/decompaction of time traces.

Fig. II.5.1.2.4-1. Java application for signal visualization.

The JASVI is a simple application with a GUI (fig. II.5.1.2.4-1) that allows the user to
distribute the monitor signal plots (time traces) in several drawing areas. At start-up it
reads a JMS queue to find the list of pre-defined monitor signals. After this start-up
phase it waits in the data topic for messages carrying monitor signal data. When such a
message is received the corresponding plot is updated with the last shot data.
II.5.1.2.5 Architecture, performance and security issues.
MOM architecture helps in the integration of applications, the complexity in message
handling residing in the middleware software. This is useful for both the local and the
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remote environments. The use of JMS ensures the multiplatform portability and the
implementation independence but also makes easy the scalability of the system. It is
easy to distribute different topics or queues in different machines according to the
necessities. The developed bridge libraries for non-java programs ensure the JMS
implementation independence. A performance cost has to be paid due to the JNI
interface to call JMS classes. The transport of compacted data allows to decrease the
network traffic, thus increasing the performance of the data transfers.
In order to avoid administrative problems in redefining institutional firewall rules the
use of only one server port is he lpful. The presence of proxies or NAT devices between
the client application and the JMS server can also be an issue. Both issues can be
overcame by using HTTP tunnelling. The last version of OpenJMS offers this feature,
but not all the JMS implementations do. We have also tested an alternative approach:
using the MOM software locally and intermediate JSPs to connect remote clients to it.
This option worked well in our tests.
The security of accesses is an issue in remote participation. In future developments we
plan to integrate the JMS applications into the general authentication and authorization
system used in the TJ2RPS [4, 22]. The use of intermediate JSP pages could be helpful
to this end.

II.5.1.3 Synchronization resources in heterogeneous environments:
time-sharing, real-time and JAVA.
The Asynchronous Event Distribution System was built to provide synchronization
resources within the TJ-II local area network [8]. Computer processes can suspend their
execution and remain waiting until a specific eve nt (or a timeout) happens. An event is
defined as any occurrence that can arise in the TJ-II environment, knowledge of which
is necessary for synchronizing actions related to data acquisition, diagnostic control
systems, database reading/writing, execution of software codes, TJ-II control systems
and device operation. AEDS can be seen as an event broadcaster, i.e. an event source
delivers a message to one computer and the system distributes the message to the whole
environment.
Event distribution is carried out according to a two- layer model: one layer (remote
processes layer) being devoted to communications between processes on different
computers (synchronization clients), the other one (local processes layer) being
dedicated to local inter-process communication.
The remote processes layer is based on the TCP/IP protocol with Berkeley sockets as
the application program interface. These elements were chosen because they provide
full compatibility between platforms. The synchronization resources of the local
processes layer depend exclusively on the specific synchronization mechanisms of each
particular computer operating system. Therefore, portability between operating systems
is impossible and different programming primitives have to be used to achieve the same
functionality.
The first version of AEDS only provided software libraries for synchronization clients
based on Windows environments. This article describes the software developments for
other operating systems in the TJ-II local area network: Unix/Linux, Java, OS-9 and
VxWorks [9]. In this way, we have available the same synchronization methods in the
experimental environment regardless of operating system.
II.5.1.3.1 UNIX/Linux systems .

II.5.10

The aim is to provide Unix/Linux environments with mechanisms of asynchronous
event notification and inter-process communication similar to the ones that exist in
Windows platforms.
The WaitFor() methods are synchronization mechanisms in Windows systems that
allow the synchronization of Windows objects. WaitFor() blocks the calling thread until
either a timeout occurs or one/all of the objects that it is waiting for is/are ‘set’.
The local processes layer implemented in Unix/Linux systems has two parts. The first,
the event handler (see fig. II.5.1.3.1-1), is based on functions and primitives realized in
C code and the POSIX threads library. These emulate the existing mechanisms in the
API of Windows WaitForSingleObject and WaitForMultipleObjects on Solaris
platforms [23], but only for inter-thread communication. The eve nt handler makes use
of the 'subscription model', where a thread subscribes to an object and goes to sleep
until signalled. This model is implemented with the POSIX threads library [24],
supported by the majority of UNIX/ Linux systems.

Fig. II.5.1.3.1-1. Synchronization between heterogeneous environments.

The main features of the event handler are:
• More than one thread can be waiting at any one time on the same handle.
• Spurious signals must not be sent to threads.
• No polling.
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•

If a thread that is waiting for an event is killed, it must not lock the event handler
system.
A handle is a composite object list containing mutex and condition variables. Mutex
variables are normally used to serialize access to shared resources. Condition variables
are objects that allow threads to suspend execution until an associated predicate is true.
The second part of the local processes layer is based on UNIX sockets. This gives an
inter-process functionality, necessary to communicate with other client threads.
The result is a client program which runs locally passing events from a remote server to
local processes which are waiting on them.
This model has been tested in different unix families like HP-tru64, Sun-solaris and
Linux kernel 2.6 (Suse 9.1 and Red Hat Enterprise WS).
II.5.1.3.2 Java environments.
As done for time-sharing environments based on Unix/Linux systems, a java
synchronization client gives native support for computers that have the java virtual
machine installed.
The remote processes layer here also uses TCP sockets. The difference is in the local
processes layer, where the WaitFor() methods are emulated by the java 'synchronized'
keyword and 'wait/notify' methods. The keyword makes a code block which accesses
shared resources thread-safe. The wait() method causes a thread to wait and can only be
invoked from within synchronized code. When wait() is called, the thread becomes
disabled for scheduling and goes to sleep until another thread invokes the notify()
method for this object. The event handler has been implemented on java platforms using
a combination of the java threading model [25], the synchronized keyword, and the
wait and notify methods. Local client threads communicate by means of localport
sockets. The synchronization client creates a localport server socket. Client threads wait
on events with the read() method, and receive events passed on with the write() method.
Summarizing, synchronized methods have been used to control concurrent access to
objects and variables. Inter-thread communications have been implemented using the
safe and efficient wait/notify mechanism. Localport sockets have been used for local
communications between processes, and Berkeley TCP sockets for communications
with the server event dispatch program.
II.5.1.3.3 Real-time systems .
The common link between the code previously discussed and the realtime system code
is TCP sockets, used to implement the first layer of AEDS model. The second layer is
unique for each of the real-time systems OS9 and VxWorks. Let's see the details.
II.5.1.3.3.1 OS-9.
The emulation of win32 WaitFor() methods in OS-9 systems uses OS9-events which
are 32-byte global variables maintained by the system. OS9 events are multiple- value
semaphores and are wonderfully versatile. They synchronize concurrent processes that
access shared resources, provide facilities to create, delete and suspend them, and as
well as facilities for various means of signalling. One or more client threads can
suspend themselves while waiting for an event, and be reactivated when the
synchronization client signals that the event has occurred. OS-9 takes care that only one
process updates an event's variable at a time [26].
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II.5.1.3.3.2 VxWorks.
The semLib semaphores library was used for the synchronization client for VxWorks. A
semaphore can represent a condition or event that a task is waiting for. Initially, the
semaphore is unavailable (empty). A task signals the occurrence of the event by giving
the semaphore with semGive(). Another task waits for the semaphore by calling
semTake(). The waiting task blocks until the event occurs and the semaphore is given.
This model of event processing is recommended for real-time applications [27].
Broadcast synchronization allows all processes that are blocked on the same semaphore
to be unblocked atomically. The routine semFlush() unblocks all tasks pended on a
semaphore. This inter-process communication mechanism was used to realise the
VxWorks synchronization client.
II.5.1.3.4 Application to the TJ-II experimental environment.
AEDS is an essential element in the TJ-II operation during the pre-pulse and post-pulse
phases. At present, the experimental environment of TJ-II manages over 1000 digitizer
channels (VXI, CAMAC, PCI and compactPCI based). PCI and compactPCI cards
work under Windows and Linux operating systems and they are programmed in
LabVIEW [5].
AEDS distributes to the experimental local area networks the start of pre-pulse phase.
LabVIEW applications receive the event and then, the channels are armed and remain
waiting for the hardware trigger to begin digitization. When the systems finish the data
capture, the data must be sent to the central database. However, the data transfer cannot
begin until the ‘discharge file’ is created. Therefore, the data acquisition software
remains suspended until AEDS broadcasts to the local area networks the existence of
the ‘discharge file’.
The TJ-II Thomson Scattering data analysis has been recently automated by applying
intelligent classification techniques [28]. Image acquisition processes are commanded
from a central workstation (UNIX based) and the application software remains
suspended until AEDS notifies the start of pre-pulse phase. When it happens, a set of
tasks are executed and after finishing, the application software is again suspended until
the next shot. It should be noted that AEDS is also used at any moment for the Thomson
Scattering system (not only during discharges) to acquire images for tests or calibration
purposes.
The TJ-II environment for operation tracking has been based on web servers and Java
technologies, thereby allowing remote participation from INTERNET [1]. Some Java
applications are devoted to the on- line monitoring of data acquisition systems and
automated signal visualization [7]. The on- line information distribution is accomplished
by using message oriented middleware architecture. A background application (Java
based) receives AEDS events to broadcast the events out of the TJ-II local area network.
In addition, some TJ-II control systems (OS-9 and VxWorks real-time operating
systems based) and TJ-II diagnostic control systems (LabVIEW based) need to integrate
data into the TJ-II central database after discharges. Therefore, they have to know when
the ‘discharge file’ exists. Data transfer processes remain suspended until AEDS
distributes the availability of data integration.
Finally, AEDS is also used in user programs during discharge production.
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II.5.1.3.5 Conclusions .
AEDS synchronization clients have been successfully developed for the following TJ-II
platforms:
• UNIX (Sun-Solaris and hp-tru64).
• LINUX kernel 2.6.4 (SuSe and Red Hat).
• JAVA (J2 sdk 1.4.2_07).
• OS-9 (M68k-VME).
• VxWorks (PPC-VME diskless, MVME5500).
The synchronization capabilities are provided through a set of functions grouped in a
software library (one library for each operating system). With AEDS, polling is avoided
and computational resources are saved.

II.5.1.4 An authentication and authorization infrastructure: the PAPI
system.
PAPI is a system for providing access control to restricted information resources across
the Internet [4]. It intends to keep authentication as an issue local to the organization the
user belongs to, while leaving information providers full control over the resources they
offer. The authentication mechanisms are designed to be as flexible as possible,
allowing each organization to use its own authentication schema, keeping user privacy,
and offering information providers data enough for statistics. Moreover, access control
mechanisms are transparent to the user and compatible: with the most commonly
employed Web browsers ( i.e., Netscape/MSIE/Mozilla/Lynx), with any HTTP based
java application solution, and any operating system. This solution is being successfully
used in different research organizations in Spain and Europe as a control access system
to restricted resources in a transparent and single sign-on way. It is allowing mobile and
external users to access to resources that are internal to organizations, contributing to
remote participations in results of experiments and inter-institutional resource
collaboration.
The most currently generalized access control method, called IP filtering, that is based
on the IP source of the connection that is trying to access the protected resource. This
type of solution is the simplest to configure but has many serious problems. For
example, there are technologies, not always known at user level, that hide or change the
source IP address of the connections: NAT, proxy, etc, and make useless IP filtering.
Another big problem of this access control solution is the management of the set of IP
address allowed to access to the different resources that are being protected. Many times
there are users and organizations with different access rights that share the same range
of IP addresses: people that are working in a organization in a temporal situation,
organizations with offices operating in other organizations, etc. Finally it is very
important when an access control system is evaluated to take into account the mobile
users because they have special requirements like dynamic IP address assignment each
time they get a connection to Internet, or the necessity of using external infrastructure,
not of their own, for accessing to resources.
PAPI is a distributed authentication and authorization infrastructure that came up trying
to solve the problem of libraries accessing to private information providers resources,
almost all of them protected by IP filtering, and over the last years have being applied
into very different environments with very good results. Notable characteristics of PAPI
are: distributed architecture that implies scalability and good integration with installed
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systems, transparency and good usability for users, mobile users support, and
implementation based on open technologies [22].

II.5.1.5 TJ-II operation tracking from Cadarache.
Nowadays, remote access to fusion devices has become a crucial point. Remote
participation methods must provide participants with tools to compensate for the lack of
direct personal interaction. The tools can be classified in two different groups. First, we
have the set of means related to audio-visual media, i.e. collaborative tools for
videoconference, instant messaging and shared displays in order to follow meetings and
seminars as well as participating in the control room atmosphere. Second, people need
resources for the interplay with experimental systems, computers and databases. Typical
capabilities of this group allow people the monitoring/programming of experimental
systems (data acquisition and diagnostic control systems), data visualization, data
integration/retrieval, operation logbook access and real-time operation tracking. Of
course, these tools depend exclusively upon the experimental environment of the fusion
device and, therefore, they are generated necessarily from ad-hoc developments:
digitizer programming software, data access libraries, interaction with diagnostic
control systems and logbook software.
The TJ-II remote participation system was designed to follow the TJ-II discharge
production, even allowing the physicist in charge of operation to be in a remote location
[1]. The system has been based on both web servers and Java technology. These
elements were chosen due to its open character, security properties, platform
independence and technological maturity. Web pages and Java applications permit users
to access experimental systems, data servers and the operation logbook. Security
resources are provided by the PAPI system, a distributed authentication and
authorization system [4, 22].
The TJ-II remote participation tools have allowed us to command and follow the
stellarator operation from Cadarache [29]. Over 1,000 digitizer channels and more than
20 diagnostic control systems were remotely available from web pages for
monitoring/programming purposes. One Java application provided on-line information
about the acquisition status of channels and acquisition cards. A second Java application
showed temporal evolution signals that were refreshed in an automated way on the
screen aft er each shot [7]. A third Java application provided access to the operation
logbook. In addition to these tools, we used the VRVS videoconferencing system
(FUSION community, X-Point room) and the EFDA Messenger Service for instant
messaging (Jabber client).

II.5.2 Advanced real-time data acquisition systems.
This section describes real-time data acquisition and distributed data processing by
using PXI systems. The development has been applied to a TJ-II bolometer array.

II.5.2.1 PXI-based architecture for real-time data acquisition and
distributed dynamical data processing.
Nowadays, the use of embedded systems based on PXI (PCI eXtensión for
Instrumentation) is one of the solutions for data acquisition systems used in fusion
devices. This is the option chosen for some TJ-II diagnostic systems. Each PXI chassis
includes several data acquisition cards, which allow acquiring samples from a number
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of system channels. These PXI systems only take samples in a specific time interval,
sending the raw data to the central servers that save and process -off line- the samples.
The processing capability of each PXI system is limited to the performance of the
controller that must share its CPU resources between the data processing and the data
acquisition tasks. The possibility of adding new elements that increase the processing
capability of the systems, desirable in real time, does not exist in a current commercial
PXI system. Real time processing is a very desirable feature in fusion environments
such as ITER and other fusion devices with long duration discharges, that would allow,
for example, real time feedback of some plasma configuration parameters (plasma
position, density control, disruption prevention or transport barrier control), and data
acquisition in steady-state operation.
In fusion devices with long duration discharges (or even with steady-state operation), it
would be very interesting to have the capability of real time data processing in addition
to have the possibility of managing any data processing or control algorithm without
disrupting the execution of the data acquisition tasks or the rest of the system data
processing algorithms. This way, the remote participation in fusion devices could
improve greatly, allowing the remote users to download and to control their own
processing algorithms (even modifying or replacing them on- line).
II.5.2.1.1 System architecture .
The developed model introduces distributed local data processing architecture. This
means that one or more processing cards would be added to each PXI chassis, as well as
some software modules that allow planning the distribution of the data from each
channel that is being acquired in the system, among the PXI controller and the
processing cards. In this sense, the new model presents a multiprocessor PXI
architecture, providing scalability to the system, adding or removing processing cards in
peripheral slots [30].
The developed architecture includes the following hardware elements: one standard PXI
chassis with a standard controller, several data acquisition cards, one or more processing
cards (CC8-BLUES from EKF Systems) in peripheral slots and one server to provide
operating system (through etherbootXXX) to the processing cards. The software
development includes, first, the operating system Red Hat Linux 9, kernel 2.4.22, with
real time capabilities (ADEOS patch; RTAI 24.1.12) in the system controller and the
processing cards [31]. Second, the COMEDI project data acquisition drivers. Finally,
the LabVIEW Linux version for data processing purposes.
The data acquisition and the distribution of the acquired data processes in the system are
controlled by several real time tasks (RTT). These tasks run in the PXI controller as
well as in the processing cards. They have been developed under RTAI and use API
functions from COMEDI project [31, 32, 33]. The performance test of this architecture
shows that the enhancement of the processing capability is approximately 115% of the
controller’s processing capability for each processing card that is added to the system
[34].
II.5.2.1.2 Real time acquired data distribution.
A specific high level LabVIEW application has been developed to allow configuring the
data acquisition parameters (sampling frequency, number of channels, number of
samples, trigger parameters, etc.) as well as the acquired data distribution among the
processing cards included in the system and the PXI controller. This application
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communicates with the real time tasks of the system. Thus, it is possible to define where
the samples of each cha nnel must be sent. The application is completely flexible,
allowing any configuration for all the system channels. It is even possible, in the
advanced configuration, to send the samples of any channel to more than one processing
card.
The data flow in the system is represented in figure II.5.2.1.2-1 and a full description
can be found in [30].

Fig. II.5.2.1.2-1. Data flow in the system.

II.5.2.1.3 Dynamical data processing system.
The previous paragraphs describe the process of distributing the samples of each
channel to the different processing cards included in the PXI system. So each
processing card can focus its activity, and almost all its resources, to data processing
tasks.
A dynamical data processing system has been developed using LabVIEW. This
platform allows users to manage dynamically their own data processing algorithms from
remote locations [30]. The data processing algorithms can be downloaded to the system
at any time from a Web page. The dynamical data processing system incorporates a
TCP/IP server that interfaces with a synchronization system to receive configuration
commands as well as manage command. Users can start, stop, modify, and replace their
data processing algorithms disrupting neither the data acquisition process nor the rest of
the data processing algorithms. It is possible that two or more data processing
algorithms, from the same or even from different users, work concurrently with the
same physical channel data, without “collisions” among them.
The dynamical data processing system also incorporates a collapse prevention system
that avoids that a data processing algorithm with any problem (internal error, heavy data
processing, etc.) might collapse the system and disrupts the rest of the data processing
algorithms.
The system performance test shows that the system processing capability only decreases
around 5% when introducing the dynamical data processing system.

II.5.2.2 Real-time data acquisition and parallel data processing
solution for TJ-II bolometer array diagnostic.
The data acquisition architecture of TJ-II bolometry diagnostic is based [35] in a
standard PXI system with PXI6070E National Instruments data acquisition cards. The
system acquires 60 channels from three detectors arrays –identified as BO101-BO120,
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BO201-BO220 and BO301-BO320-, using a sample rate of 50kS/s. The acquired data
are stored in a PXI controller RAM memory. When the discharged has finished the data
are sent to the central host. With these stored data the scientist proceed to execute a
processing that estimate the plasma global radiated power and some asymmetry factors
related to radial electric field-driven particle drifts. The processing is done in three
separate stages. The first one estimates the signal to noise ratio of BO110 and BO216
signals, the second computes a specific signal averaging of every array, and the third
obtains the in-out asymmetry factor from the signal set BO201-BO220 [36].
The execution of this diagnostic’s processing in the PXI embedded is not possible
because it exceeds the CPU capacity. Therefore, in order to achieve a real time
performance, a new solution based also in a PXI platform has been developed.
II.5.2.2.1 System architecture .
The developed architecture includes the following hardware elements:
• One standard PXI chassis, with a National Instruments NI-8176 embedded
controller (SCPU).
• Four National Instruments PXI6070E data acquisition cards with 16 analog
input channels, 12 bits of resolution and up to 1.2MS/s of sample rate.
• Two processing cards (CC8-BLUES from EKF Systems), named PCPU1 and
PCPU2, allocated in peripheral slots.
• One Linux server to provide operating system (through etherboot) to the
processing cards.
The basic software development includes:
• The operating system Red Hat Linux 9, kernel 2.4.22, with real time capabilities
(ADEOS patch; RTAI 24.1.12) in the system controller and the processing cards
[34]. Using Linux ensures the access to the application’s code, enhancing the
adaptation of the software to a custom platform.
• The COMEDI project data acquisition drivers.
• The LabVIEW Linux version for data processing purposes.
• Specific software allows the data acquisition and the distributed processing
among the system controller and the peripheral CPUs (see figure II.5.2.2.1-1).
These operations are controlled by several real time tasks (RTT). These tasks
run in the PXI controller as well as in the processing cards. They have been
developed under RTAI and use API functions from COMEDI project.
Figure II.5.2.2.1-1 shows how the RTTs DAQ 1-4 acquire the DAQ data and store them
in the embedded PXI controller RAM memory. Every RTT DAQ acquires 15 channels.
A specific software configuration tool allows the data distribution to PCPUs -using the
Bridge RTTs- and to SCPU.
II.5.2.2.2 Bolometry array diagnostic implementation.
The processing operations accomplished in the bolometry array diagnostic are [36]:
• The signal to noise ratio estimation (S/N) of B0110 and BO216 signals.
• Signal average for the three arrays of detectors.
• In-out asymmetry factor computation.
Figure II.5.2.2.2-1 shows the signal set for array 2 (BO201-BO220) in a TJ-II 200 ms
discharge. Figure II.5.2.2.2-2 shows the result signal obtained computing the in-out
asymmetry factor.
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Fig. II.5.2.2.1-1. Complete system data flow.

Fig. II.5.2.2.2-1. Time domain signals BO201-BO220.

Fig. II.5.2.2.2-2. In-out asymmetry factor obtained with BO201-BO220 signals .

II.5.2.2.3 Dynamical data processing.
A dynamical data processing system (DDPS) [30] has been developed using LabVIEW.
This platform allows users to manage dynamically their own data processing algorithms
from remote locations.
The SCPU (fig. II.5.2.2.1-1) executes the signal average of BO301-BO320. The PCPU1
executes the signal average of BO101-BO120 and the S/N estimation of BO110. The
PCPU2 executes the average and the in-out factor of BO201-BO220 signals and the S/N
estimation of BO216. By mean of an intelligent tool the user can specify the channel to
be used by the LabVIEW processing applications.
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II.5.2.2.4 Results.
The obtained results point out that it is possible to implement the TJ-II bolometry
diagnostic in real time using four PXI6070E DAQ cards and two additional PCPUS in a
PXI standard system. Figure II.5.2.2.4-1 shows the performance, in CPU load, in a
standard PXI system and with the platform developed. This way of processing
implementation is applicable to the analyses in long pulse devices.

Fig. II.5.2.2.4-1. Performance of the bolometry diagnostic implementation.

II.5.3 Pattern recognition techniques applied to data analysis.
Pattern recognition techniques were applied to the TJ-II environment for automation
and classification. On the one hand, the data analysis process of the Thomson scattering
was automated. On the other hand, different classification techniques were analysed to
be applied to the TJ-II databases.

II.5.3.1 Application of intelligent classification techniques to the TJ-II
Thomson Scattering diagnostic.
The TJ-II Thomson Scattering (TS) diagnostic [37, 38] has been upgraded to increase
its automation level as a previous step to work in a unattended manner. On the one
hand, the diagnostic control program was integrated into the TJ-II asynchronous eve nt
distribution system (AEDS) [8] to synchronize the diagnostic operation with the
discharge production. On the other hand, we have developed a specific mechanism to be
able to execute automatic analysis processes after a laser shot.
TS images are 2D spectra, with the horizontal and vertical axes displaying respectively
scattered wavelength and position along a plasma chord. The type of image captured
determines the kind of analysis to perform. TJ-II TS images can be essentially of five
different types. These classes correspond respectively to CCD camera background (fig.
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II.5.3.1-1a), measurement of stray light without plasma or in a collapsed discharge (fig.
II.5.3.1-1b), image during ECH phase (fig. II.5.3.1-1c), image during NBI phase (fig.
II.5.3.1-1d) and image after reaching the cut off density during ECH heating (fig.
II.5.3.1-1e).

(a)

(b)

(c)

(d)

(e)

Fig. II.5.3.1-1. Image patterns in the TJ-II Thomson scattering.

II.5.3.1.1 Classification process.
The aim of objects classification is to find a rule, based on external observations or
training elements, that allows assigning each object to anyone of several possible
classes. There are two big stages to implement in a classification process: features
extraction and objects sorting [39]. The first one consists of performing some preprocessing on the objects trying to extract specific differentiating features. The second
stage groups the objects into a set of classes.
In the TJ-II Thomson Scattering case, the objects to classify are images. Each image has
(385x576) pixels, i.e. 221760 possible attributes. Two different set of features were
considered. Firstly, we took into consideration a general classification scheme based on
a wavelet transform (WT). Secondly, we tried to take advantage on some physical
knowledge about the images and we tested several sets of reduced characteristics.
Support Vector Machine (SVM) has been used for pattern recognition.
II.5.3.1.1.1 Wavelet transform.
Analysis of bi-dimensional signals is getting great improvements by using Wavelet
based methods. Due to the fact that the WT decomposition is multi-scale, images can be
characterized for a set of approximation coefficients and three sets of detailed
coefficients (horizontal, vertical and diagonals). The approximation coefficients
represent coarse image information (they contain the most part of the image’s energy),
whereas the details are close to zero, but the information they represent can be relevant
in a particular context.
We have found that the best coefficient to characterize the TJ-II Thomson images is the
vertical detail, when selected the Haar Wavelet at level 4. With these setting, the
attributes are reduced from 221760 to 900 (0.4% of the initial attributes).
II.5.3.1.1.2 Reduced characteristics.
TJ-II TS images follow a general pattern shown in figure II.5.3.1.1.2-1. We defined
different sets of features based on statistical properties of the images and relevant bands:
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sum(pixel intensities), standard deviation (intensities), intensity profiles of rows,
intensity profiles of columns, intensity centre of gravity (by rows or columns),
background subtraction and so on. Each set has approximately 10 attributes (0.005% of
the initial characteristics).

Fig. II.5.3.1.1.2-1. General pattern of the TJ-II Thomson scattering images.

II.5.3.1.1.3 Support vector machines.
SVM is a very effective method based on kernels for general purpose pattern
recognition [39, 40, 41]. In a few words, given a set of input vectors which belong to
two different classes, the SVM maps the inputs into a high-dimensional feature space
through some non- linear mapping (kernel functions), where an optimal separating
hyper-plane is constructed in order to minimize the risk of misclassification. The hyperplane is determined by a subset of points of the two classes, named support vectors.
TJ-II event
server

New discharge
Thomson scattering control application

TCP/IP
BSD sockets

Classifier

Waiting for event

Wait for image
Arm cameras and wait for shot
Features computation
MATLAB

Image storage in TJ-II central server
SVM classification
Data record (Access DB)
Send result

TCP/IP
BSD sockets

Image classification
Process execution based on classification

Fig. II.5.3.1.2-1. Analysis automation.

II.5.3.1.2 Thomson scattering diagnostic upgrade .
To incorporate both synchronization with the TJ-II operation and image pattern
recognition, we have developed several software applications [28]. First, the set of
functions related to image feature extraction, learning system and pattern recognition.
All of them were programmed in MATLAB. Second, a server program is in execution
on a Windows 2000 computer that is in charge of receiving images (not only during TJII discharge production) and returning the classification. Moreover, the program
maintains a relational database with the classification results. It is a C++ program based
on BSD sockets for network communications that invokes the corresponding MATLAB
functions to perform the classification process. Third, we have several C programs for
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the TS control workstation. On the one hand, the program that controls the diagnostic
during TJ-II operation and, on the other hand, a set of tools for off- line interaction with
the classifier system: off- line image sorting and debugging wrong classifications. Figure
II.5.3.1.2-1 shows the analysis automation during operation.
II.5.3.1.3 Results.
The WT+SVM technique is very robust and success rate was 92.7% in the last TJ-II
experimental campaign (over a 98% in earlier campaigns). The classifier did not know
to assign a class in a 5.5% of the cases and the rate of wrong classifications was 1.8%.
SVM allows us to improve our system by introducing other kernels. Success rate with
reduced characteristics and SVM was 50% (95% in preceding campaigns). However,
this technique is less robust than the previous one and the learning process is
extraordinarily dependent on the set of training images.

II.5.3.2 Information retrieval and classification with wavelets and
support vector machines.
Fusion plasma experiment generates hundreds of signals. In analyzing these signals it is
important to have automatic mechanisms for searching similarities and retrieving of
specific data in the waveform database. Wavelet transform (WT) is a transformation
that allows mapping signals to spaces of lower dimensionality, that is, a smoothed and
compressed version of the original signal. Support vector machine (SVM) is a very
effective method for general purpose pattern recognition. Given a set of input vectors
which belong to two different classes, the SVM maps the inputs into a high-dimensional
feature space through some non- linear mapping, where an optimal separating hyperplane is constructed. This hyper-plane minimizes the risk of misclassification and it is
determined by a subset of points of the two classes, named support vectors (SV). In
[42], the combined use of WT and SVM is proposed for searching and retrieving similar
waveforms in the TJ-II database. In a first stage, plasma signals will be pre-processed
by WT in order to reduce the dimensionality of the problem and to extract their main
features. In the next stage, and using the new smoothed signals produced by the WT,
SVM will be applied to show up the efficiency of the proposed method to deal with the
problem of sorting out thousands of fusion plasma signals.

II.5.3.3 Searching patterns in TJ-II temporal evolution signals with
Support Vector Machines.
Most experimental signals in fusion are devoted to study the time evolution of plasma
properties. Diagnostics translate their observations into electrical signals that are
digitalized and stored for off- line analysis. Different plasma physical behaviours are
shown by the different signals generated by the diagnostics. In general, a linear mapping
can be established to connect the time evolution of a physical phenomenon with the
kind of signal that it generates. Therefore, it is possible to speak about patterns. To
analyse plasma properties, pattern search can be very helpful. However, an experimental
database of a fusion device contains thousands of signals, so automatic pattern
recognition methods are required. Pattern recognition is a computational technique used
to find patterns and develop classification schemes for data in very large data sets [41].

II.5.23

Here it is described an automated technique to search for and retrieve similar time
evolution signals to a reference waveform [43].
The procedure is divided in three stages. Firstly, the reference waveform is processed to
extract signal features, i.e. a set of reduced properties to encode the waveform.
Secondly, a classification system performs a coarse filter to reduce the search space.
Thirdly, similarity query methods are used to retrieve the most similar waveforms to the
input signal. The technique has been applied to time evolution signals from different
sensor of the TJ-II stellarator.
II.5.3.3.1 Feature extraction.
A nuclear fusion environment is very hostile to experimental measurements from the
electromagnetic point of view. Signals are digitalized during a discharge; therefore they
contain thousands of samples. Before applying classification and similarity procedures,
it is necessary to reduce the noise and the dimensionality of the signals. Different
methods can be applied, i.e., dis crete Fourier transform (DFT) [44] and discrete wavelet
transform (DWT) [45].
The wavelet transform is a very powerful computational tool whose application allows a
high level of compression without losing information [46].
Our procedure uses the DWT approximation for extraction of characteristics. When
signals are processed by DWT with the Haar mother wavelet, and coefficient of
approximation at level 8, a signal with 16384 samples is reduced to 64.
II.5.3.3.2 Support vector machines.
After feature extraction, the search process begins. The search procedure can be divided
into two steps. The first one is used to narrow down the search space, i.e., to limit the
search of the signals to a proper subset of the database. This is carried out by means of a
classification system which is previously trained to distinguish among different kind of
signals. The training process is accomplished with TJ-II database signals whose features
are the DWT coefficients.
We use the support vector machine (SVM) method for the classification system because
the DWT + SVM combination has shown to be powerful enough for pattern recognition
in the TJ-II environment [45].
II.5.3.3.3 Similarity query methods .
Having reduced the search space by the use of the classification system, the last step
consists of finding the most similar signals to the input signal. Two different methods
can be applied for this purpose: Euclidean distance and bounding envelope.
II.5.3.3.3.1 Euclidean distance.
A simple approach to determine possible similarities between two time series is to
compute the Euclidean distance between them. Then, both series will be similar if the
distance is less than some user-defined threshold. With our approach, waveform
similarity is taken to mean similarity of characteristic values (features), and
comparisons are made using these values. For example, DWT will be applied to extract
the characteristics of waveform data and the first 0 ∼ k coefficients obtained are
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regarded as its characteristic values. So the multi-dimensional Euclidean space length L2
between two points, X and Y, is a measurement of their similarity
L2 (X-Y) = |X(0,…,k)-Y(0,…,k)|2

II.5.3.3.3.2 Bounding envelop.
A bounding envelope is based on the construction of two bounds around a signal (upper
and lower bounds). A simple way to obtain these bounds consists adding a user-defined
threshold (±∆y) to each sample of the signal. To search for signals in the database most
similar to the reference signal, we count the numb er of samples which are outside the
bounds. The signal with a minimum number of samples outside the bounds will be the
most similar signal. Fig. II.5.3.3.3.2-1 shows an example.

∆y

−∆y

samples

Input signal
Signal A : 4 samples out of the band
Signal B : 1 sample out of the band

Fig. II.5.3.3.3.2-1. An example of bounding envelop.

After SVM has performed a coarse filter to reduce the search space, feature extraction
methods were used to apply the bounding envelope technique.
II.5.3.3.4 Application to the TJ-II database.
This procedure has been applied to two different kinds of signals. On the one hand, we
have been chosen raw data. The selected waveforms are described in Table II.5.3.3.4-1.
On the other hand, processed signals are considered. In particular, we chose elaborated
data connected with the thermal collapse, a universal behaviour in plasmas close to their
density limit.
Class

Description

HALFAC3
DENSIDAD2_

Hα
Line averaged electron density

BOL5

Bolometer signal

RX306

Soft x-ray

Table II.5.3.3.4-1. Class of signals from TJ-II database.

The radiative collapse signatures can be recognised using a few pre-processed radiation
signals: the ratios of three line integrated plasma emissions S1, S7 and S8 (see Fig.
II.5.3.3.4-1).
The increase of the edge radiation and its propagation to the centre is seen as the
decrease of the ratio S1/S8 followed by the decrease of S1/S7 together with the increase
of S7/S8. The ratios are calculated from the raw signals.
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S1 S7 S8

3,5

emission ratio (a.u.)

3

T.I.

S1/S7
S1/S8
S7/S8

2,5
2
1,5
1
0,5

collapse

heating power
0
1150 1160 1170 1180 1190 1200 1210 1220
time(ms)

Fig. II.5.3.3.4-1. An example of processed signals .

II.5.3.3.5 Results.
This method has been used with processed signals to classify collapse and non-collapse
signals. The hit rate is about 80%.
Secondly similarity query methods are used to find the most four similar signals to a
reference one from the database. Fig. II.5.3.3.5-1 shows the results when bound ing
envelope method is used.

number of samples = 64, ∆y = 1
Bounds

BOL5 10125 - 7 points out of the band

BOL5 10108 (input signal) - 0 points out of the band

BOL5 10112 - 10 points out of the band

Fig. II.5.3.3.5-1. Bounding envelop results.

From the analysis of results the bounding envelope method seems a more robust
technique than Euclidean distance. This is due to the accumulated error with Euclidean
distance, in the weights it gives to more distant points. The bounding envelope method
considers more distant points as outliers independent of their values.
This work can be extended by a multi- resolution technique where an input signal can be
analyzed on different levels, following a tree model.

II.5.3.4 Automated clustering procedure for TJ-II experimental
signals.
Diagnostics provide temporal evolution signals that translate plasma physical
properties. In general, similar signals correspond to similar plasma behaviours and,
therefore, it is possible to state the existence of patterns. Each kind of signal (density,
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temperature, soft x-rays, bolometry, etc.) allows the analysis of partial aspects of the
plasma. Thus, a method for finding similar waveforms for each kind of signal would be
very helpful to reveal, in an automated way, the set of discharges that show comparable
behaviours. This is a pattern recognition problem. The goal of the problem is to classify
waveforms into a number of categories (or clusters) and to apply proximity measures to
evaluate the similarity between waveforms. The clustering method is responsible for
‘revealing’ the organization of signals into ‘sensible’ clusters. This is called
unsupervised clustering (UC).
The application of pattern recognition techniques to fusion databases can help to build
very useful tools for automated analysis and also for fast data search and retrieval [44,
45]. The first reference is based on Fourier analysis and recognises slow varying
waveforms or even waveforms with, at most, one major frequency component. The
second reference shows a waveform pattern recognition technique based on wavelet
transforms and support vector machines.
Several clustering criteria have been analysed [47]. In this reference, it is not discussed
similarity measures, however. We have used temporal evolution signals of the TJ-II
stellarator. All computations were performed by developing several software tools
based on MATLAB.
II.5.3.4.1 Feature extraction.
A classification process begins choosing the set of characteristics to represent the
signals (features). Temporal evolution signals in the TJ-II database have a very high
number of samples (tens of thousands). In a first approximation we can use the samples
themselves as features. However, to avoid such high dimensionality, which can lead to
computational problems, some signal pre-processing is required.
Actually, the pre-processing procedure consists of two phases: signal conditioning and
feature extraction. The first one selects the same discharge interval for all waveforms
and generates signals with the same number of samples and equal sampling period. This
step is accomplished by using a cubic spline interpolation method. The second phase
extracts only the important information of the signals while discarding noise and
removing correlations. In this paper we have used two popular feature extraction
techniques for time series: the Discrete Fourier Transform (DFT), with time complexity
O(nlog n), and the Discrete Wavelet Transform (DWT), with time complexity O(n)
[48].
A simple and commonly used wavelet is the Haar wavelet [49]. It has been chosen for
the following reasons: (1) it allows good approximation with a subset of coefficients,
(2) it can be computed quickly and easily, requiring linear time in the length of the
signal and simple coding, and (3) it preserves Euclidean distance.
II.5.3.4.2 Clustering methods .
After feature extraction, the cluster analysis must group the signals into subsets
(clusters). Two or more signals belong to the same cluster if they are ‘close’ according
to a given similarity criteria, for instance, geometrical distance.
Our signals were analysed with the different techniques explained below.
II.5.3.4.2.1 Hierarchical.
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Given a set of N items to be clustered, and an N*N distance matrix, the basic process of
hierarchical clustering [50] is:
1. Start by assigning each item to a cluster, so that if you have N items, you now have N
clusters, each containing just one item. Let the distances (similarities) between the
clusters be the same as the distance (similarities) between the distances they contain.
2. Find the closets (most similar) pair of clusters and merge them into a single cluster,
so that now you have one cluster less.
3. Compute distances (similarities) between the new cluster and each of the old clusters.
4. Repeat steps 2 and 3 until all items are clustered into a single cluster of size N.
Of course there is no point in having all the N items grouped in a single cluster but, once
you have got the complete hierarchical tree, if you want k clusters you just have to cut
the k-1 longest links.
II.5.3.4.2.2 K-means .
K-means [51] follows a simple and easy way to classify a given data set through a
certain number of clusters (assume k clusters) fixed a priori.
The algorithm is composed of the following steps:
1. Place K points into the space represented by the objects that are being clustered.
These points represent initial group centroids.
2. Assign each object to the group that has the closest centroid.
3. When all objects have been assigned, recalculate the positions of the K centroids.
4. Repeat Steps 2 and 3 until the centroids no longer move. This produces a separation
of the objects into groups from which the metric to be minimized can be calculated.
II.5.3.4.2.3 Adaptative resonance theory.
Adaptative Resonance Theory (ART) is applied to artificial neural network to develop a
kind of competitive learning neural net. In this case when the information is presented
to the input just one output neuron is activated. The idea is to resonate the input
information with prototypes of classes those the net recognizes. The algorithm for a
neural network of type ART is described below [52]:
1. Input information is presented to net
2. Input layer send to output layer through all connections
3. All output neurons compete until just one is activated
4. The neuron with the least Euclidean distance to the prototype of class will be the
winner.
5. The prototype of class is compared with input information to obtain a similarity
relation.
6. If similarity relation is less than a vigilance parameter (defined by the user) then the
prototype of class is appropriate for the input information. Or else the input
information will be a new prototype of class.
A drawback of ART neural network is its sensibility to the order in which input
information is presented. However its simplicity and no requirements about the number
of clusters are very important advantages.
II.5.3.4.2.4 Grand tour.
The grand tour (GT) of a multi-dimensional data set is an interactive visualization
technique for examining structure of high dimensional data using dynamic graphics.

II.5.28

The idea is to project the n-dimensional data to a plane and to rotate the plane through
all possible angles, searching for ‘structure’ in the data. ‘Structure’ is defined to be
departure from normality [53] and includes such things as clusters, linear structures,
holes and outliers.
II.5.3.4.3 Results.
Unsupervised clustering techniques were applied to four different kinds of signals from
the TJ-II database. We selected waveforms of 194 discharges corresponding to H?
emission, line average electron density, bolometer and soft x-ray signals. All the signals
were pre-processed in order to be able to analyze the data within the same time window
(258 ms) with identical sampling period (10 microseconds).
First of all, we tried to perform the classification process without feature extraction, i.e.
by using all signal samples. However, computation time is extremely high in the GT
method.
Feature extraction with DWT was carried out with the Haar wavelet and a
decomposition level of 8, which generates a set of 64 coefficients. With the DFT, the set
of characteristics was made up of the 24 first Fourier coefficients.
Therefore, each clustering process was initiated with 194 waveforms of the same signal
(Halpha, density, bolometer or x-ray signal) and 64 or 24 features each signal,
depending on the characteristics extractor.
Each method (hierarchical, K-means, ART and GT) gives a set of clusters in each UC
process. However, we considered only the clusters that included at least a 5% of the
waveforms (10 signals). Clusters with less than 10 points are grouped together in a
miscellaneous cluster.
Signal Type Hierarchical WT FT

ART

WT FT

G. Tour

WT

FT

K-means

WT

FT

Bolometer

1st Cluster
2nd Cluster
3rd Cluster
Miscellan.

1st Cluster
2nd Cluster
3rd Cluster
Miscellan.

47%
33%
12%
8%

54%
23%
10%
13%

1st Cluster
2nd Cluster
3rd Cluster
Miscellan.

60%
23%
11%
7%

58%
24%
12%
6%

1st Cluster
2nd Cluster
3rd Cluster
4th Cluster
Miscellan.

32%
23%
14%
10%
21%

22%
21%
17%
15%
25%

Density

1st Cluster 74% 78% 1st Cluster
2nd Cluster 10% 8% 2nd Cluster
Miscellan. 16% 14% 3rd Cluster
Miscellan.

50%
28%
10%
12%

53%
36%
---11%

1st Cluster
2nd Cluster
3rd Cluster
Miscellan.

70%
12%
8%
10%

68%
19%
----13%

1st Cluster
2nd Cluster
3rd Cluster
4th Cluster
Miscellan.

24%
21%
16%
16%
23%

24%
21%
20%
12%
23%

Soft x-ray

1st Cluster 80% 89% 1st Cluster
2nd Cluster 14% 5% 2nd Cluster
Miscellan. 6% 6% Miscellan.

82% 80% 1st Cluster
13% 15% 2nd Cluster
5% 5% Miscellan.

77% 81% 1st Cluster
19% 7% 2nd Cluster
4% 12% 3rd Cluster
4th Cluster
Miscellan.

36%
20%
13%
10%
21%

41%
16%
15%
10%
18%

Hα

1st Cluster 55% 60% 1st Cluster
2nd Cluster 29% 29% 2nd Cluster
Miscellan. 16% 11% Miscellan.

50% 50% 1st Cluster
35% 39% 2nd Cluster
15% 11% 3rd Cluster
Miscellan.

79%
11%
8%
2%

1st Cluster
2nd Cluster
3rd Cluster
4th Cluster
Miscellan.

24%
19%
15%
14%
28%

25%
17%
17%
13%
28%

60%
12%
11%
17%

58%
22%
12%
8%

72%
14%
11%
3%

Table II.5.3.4.3-1. A comparison of the unsupervised clustering methods with feature extraction.

Table II.5.3.4.3-1 summarizes the results of the above unsupervised clustering methods
with feature extraction: wavelets (WT) and Fourier coefficients (FT). The table shows
the number of clusters found and the percentage of signals included in each one. First of
all, it must be pointed out that equivalent results are obtained without feature extraction.
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In particular, using Hierarchical, ART and GT the percentage obtained are very similar,
not only in the main clusters but also in the miscellaneous cluster. It can be noted that at
least the 50% of signals belong to the same cluster.
Our signals were also analysed using another clustering method called Projection
Pursuit [53]. To determine the number of clusters using this method is a very difficult
task. Nevertheless, to identify those signals which are very different from the rest can be
accomplished wit h low effort.
The inspection of the K-means results shows that it produces a different behaviour:
more number of clusters is generated. Besides, the number of signals in each cluster is
smaller. Analyzing the signals that constitute these clusters it can be concluded that the
signals for two or three clusters (depending on the experience) in the K- means method
are integrated into a bigger cluster for the other three methods.
II.5.3.4.4 Conclusions .
Clustering results in TJ-II show that, typically, most waveforms of a signal family are
grouped into one big cluster, but there also appear a reduced number of clusters with
few signals. The several methods group the same signals into the same clusters,
independently on features. Thus, the problem for finding the most similar waveforms to
a given one can be solved very efficiently: a pattern recognition system classifies the
initial signal into one of the known clusters and the most similar signals can be obtained
by means of proximity measures.
In addition, the results can simplify the search of interesting data in TJ-II. Roughly
speaking, all families provide two clusters. Firstly, the big one symbolizes that most
signals translate an average physical behaviour of the measured plasma property.
Secondly, the rest of the waveforms can be integrated into a single cluster. The latter
includes non-average behaviours and, therefore, signals classified in this group reveal
non-standard plasma properties. This fact helps diagnosticians because they can find, in
an automated way, interesting data to be analysed, instead of having to search for them
manually.
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II.6 Electronics and Diagnostic Control
During the year 2005 the Electronics and Diagnostic Control Group has continued the
development of the electronics and control tools for the new diagnostics to be installed
in TJ-II, as well the improvement and maintenance of those systems already existent.

II.6.1 Diagnostic Control System architecture
The Diagnostic Control System (DCS), see Figure II.6-1, is integrated in the "TJ-II
Remote Participation System ", and it currently consists of 19 systems, namely:
-8 PLC´s Simatic S5 and S7 (Siemens)
-4 I/O Ethernet (National Instruments and W&T)
-7 Positioning Control Units (Maxon).
The access to monitoring/programming of every diagnostic can be obtained through any
web browser, that is, from different computer platforms. After introducing the
corresponding username and password the user is allowed to the web page where the
diagnostic status is visualised on line. To act over the diagnostic it is enough to act on
the parameter that has to be modified. The changes will appear in the corresponding
panel.

Figure II.6-1: Diagnostic control system architecture

II.6.2 New diagnostics included in the DCS during 2005
• Internal mirror of the ECH quasi-optical transmission line QTL1.
This last mirror, located inside the vacuum vessel, at the B3BOT port, has two
degrees of freedom, poloidal and toroidal. The electronics control and the chosen
motor allows an angular resolution of 0,1 degrees.
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• New tangential charge exchange diagnostics (CX).
The two differential vacuum systems of this diagnostic (B1TANG PORT) have been
integrated in the general DCS of TJ II, with strict compliance with the TJ-II vacuum
system protocol.
• Neutral beam injection diagnostic (A7SIDE port)
This diagnostic includes a differential vacuum system, a gas injection system and
the beam trigger. All these systems are remote controlled.
• Langmuir probes in the A3 limiter head
A new ad-hoc measuring system has been designed and implemented. It provides
three different types of measurements for the three types of probes: floating,
saturation current and triple probe.
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II.7 Plasma Wall Activities
II.7.1 Density control
Two tasks were undertaking in relation to density control in ECRH plasmas. The first
one was the characterization of new fuelling scenarios by using the available puffing
locations put in operation at the end of 2004. Similar plasmas were produced using
either the puffing valve at A8 (standard) or the limiter puff (C3). Also, the injection by
two long tubes directing the gas either to the middle of the chamber or near the groove
region, in the middle of two TF coils at the C4 sector, was tested (see Figure II.7.1-1).
The main effects seen under the different fuelling configurations are summarized in the
table below. A remarkable finding was that puffing through the long pipes (35 cm) was
effective in keeping the density rise free of sudden changes in fuelling efficiency,
typically leading to cut-off, and continuous evolution of this parameter up to the ECRH
cut-off limit could be achieved. Another important fact is that puffing through the
limiter could lead, under some conditions, to enhanced concentration of neutrals at the
plasma core, thus providing a possible method for perturbative ion energy confinement
studies. Finally, no change between locating the fuel at the groove (high BT side) or
elsewhere could be detected. The masking of the recycling contribution to the fuelling
of the plasma could be partially responsible for this effect.

Puffing Mode

Fuelling
Rate (e/s)

Effect

Diffuse puffing

0.5-5.0x1020

Transition to EPC
dep. on wall
conditions and rate
Ne, crit~ 6.1012 cm-3

Slow Puffing

<2.1020

Limiter Puffing

4x1020

Smooth Ne evolution
No significant
difference of poloidal
location
Enhancement of
central neutral density
and plasma
parameters

Wall Recycling

5-10x1020

Cut-off limit: loss of
density control. EPC
at Ne critical

The second related task was the monitoring of wall loading evolution during the
operational day. For that purpose, detailed particle balance analysis was carried out, by
using the mass spectrometer and the calibrated flow-measuring manometers. It was
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found that a fast evolution of wall inventory takes place during the first 10-15
discharges, leading to wall saturation conditions at values of ~5.1020 particles, as
displayed in fig. Figure II.7.1-2. For a typical C/B:H film, this implies an effective
interaction area of ~3000 cm2, significantly smaller than previously assumed. More
investigation in this important issue will be devoted in the future. It was also found that
collapsing plasmas can significantly increase the implantation of H, as experimentally
found in the routine operation of the machine (see Fig. II.7.1-3). This can be interpreted
as a shallower implantation range of the low energy particles produced during the cold
plasmas emerging as the ECH waves are reflected at densities above the cut-off limit.
Finally, the evolution of particle recycling inferred from the gas balance analysis is in
very good agreement with that obtained from the normalized Ha evolution in a shot to
shot basis.

II.7.2. New manometer
A new capacitance manometer, MKS model 627B, with a measuring range from 0.1 to
2.10-5 mbar has been installed and tested. It is intended for the recording of the real time
evolution of total pressure during the discharges. Several tests of its performance during
plasma operation have been carried out. To date, it has provided no reliable data due to
the interference of the residual fields of TJ-II in its operation.

Figure II.7.1-1. Set-up of the new gas injection system for localized puffing studies
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Executive summary
III.

TJ-II PHYSICS STUDIES

The magnetic topology is a very important ingredient of plasma confinement in
magnetic traps. In particular, internal transport barriers (ITBs) close to rational magnetic
surfaces have been found in tokamak plasmas. Two different explanations for the
appearance of ITBs have been considered up to now. One of them attributes the
formation of ITBs to a rarefaction of resonant surfaces in the proximity of low order
rationals, which is expected to decrease turbulent transport. The other explanation relies
on the fact that the electric field profile is strongly modified close to the rational
surface, driving sheared flows which can modify anomalous transport. The flexibility of
stellarator devices like TJ-II makes them ideal laboratories to investigate the link
between magnetic topology, electric fields and transport.
Transition to improved core electron heat confinement (e-ITBs) triggered by low order
rational magnetic surfaces has been investigated in TJ-II. Experiments show a
dependence of the threshold density (and also of the barrier quality) to trigger e-ITBs on
the order of the rational (n/m= 3/2, 4/2, 5/3).
TJ-II global energy confinement time follows the ISS04 scaling, with strong
dependence on plasma radius, density, heating power and iota. Local electron heat
diffusion analysis shows that heat diffusivities decrease in the regions close to low order
rational (e-ITBs) and increase with heating power. The investigation of plasma
potential and radial electric fields reveals a direct link between electric fields, density
and plasma confinement. The behaviour and values of proton and impurity temperatures
are compared with those expected from electron-ion collisional heating and the need of
anomalous mechanisms to explain the observed behaviour is discussed. Also, the effect
of suprathermal electrons on impurity ionization states has been investigated with
possible implications on the deduced impurity transport coefficients.
Plasma flows play a crucial role on transport in magnetically confined plasmas and
clarifying the role of neoclassical / turbulence on parallel and perpendicular flows is a
key open issue. In particular, in large scale devices like ITER (where the available NBI
power is limited and the energy of injected neutrals must be high to reach the core
plasma region) the NBI driven rotation will be limited. From this perspective, it is
important to study the possible role of other mechanisms which can drive plasma
rotation. The investigation of moment um transport physics is an active area of research
in TJ-II. In particular, impurity poloidal rotation measurements show a link between
plasma density (and so to the structure of radial electric fields) and rotation.
Experiments in the TJ-II stellarator have shown that the generation of spontaneous
perpendicular edge sheared flows requires a minimum plasma density. As sheared flows
are developed turbulence structures become stretched which can be interpreted as a
modification in the perpendicular degree of turbulence anisotropy. These results can
provide a critical test for the basic prediction of the shear decorrelation model (put
forward more than 15 years ago).
The issue of tritium retention in carbon-based plasma facing materials has triggered the
development of several techniques of different applicability to the in-situ, nonperturbative control of the tritium inventory in ITER. Among these techniques, the
scavenger concept offers the possibility of inhibiting the formation of co-deposits

during plasma operation. Its application to Asdex Upgrade by Ciemat scientists has led
to a significant reduction of the carbon re-deposition. Experiments aimed at
understanding the underlying mechanism have been carried out at the Ciemat. For the
removal of carbon deposits in plasma facing areas, glow discharges in active gases,
seems to be an efficient approach and experiments at the Ciemat have also been aimed
at this issue. Configurations having rational numbers that result in island chains at the
edge have been exp lored for possible application in “divertor-type” plasmas.
The improvement in plasma diagnostics (diagnostic beam injector, two colour infrared
interferometer, fast ion detector, Thomson scattering, etc.,) is providing a route to a
better understanding of TJ-II confinement properties and as a way to provide new
physics.
The improvement in plasma modelling tools allows a better study of the complex
coupling between profiles, plasma flows and turbulence. In particular, the statistical
description of transport processes (a new way of thinking in the fusion community) in
terms of probability distribution functions replaces the calculation of effective transport
coefficients and this is an active are of research in Ciemat. A probabilistic model of
particle transport, based on the use of probability distributions for individual particle
motion, leading to a Master Equation describing collective motion, has been developed.
The model offers a framework to combine neoclassical and turbulent transport in a
natural fashion. A toy model based on these ideas, incorporating a critical gradient
mechanism, showed a range of properties very similar to the behaviour of actual fusion
transport experiments. The resulting system is quite complex and demonstrates that a
straight- forward approach based solely on average transport coefficients cannot hope to
capture the essence of this type of systems.

III TJ-II PHYSICS
III.1 Transitions and magnetic topology.
As it has been previously reported, transitions to improved core electron heat
confinement (e-ITBs) can be triggered by positioning a low order rational magnetic
surface close to the plasma core region [1]. Besides, quasi-coherent modes are observed
where the ErxB shear flows develop at the e-ITB onset [2]. New experiments show the
influence of the ECH power deposition profile on the e-ITB achievement and the effect
of the order of the rational (4/2, 5/3,...) on the characteristics of the transition [3].
To study the influence of the ECH conditions on the barrier formation, experiments
have been performed changing the ECH power deposition profile. The power deposition
profile can be changed from ‘on-axis’ to ‘off-axis’ heating conditions, by moving the
last mirror of the two ECH quasi-optical transmission lines Power deposition profiles
focused at different plasma radius (from ρ = 0.0 to 0.4) have been considered in these
experiments. Besides, to ensure that the rational surface 3/2 crosses the plasma central
region, the rotational transform profile is modified dynamically during the discharge by
the induction of a small ohmic current. The experiments show no indication of e-ITB in
plasmas heated with power deposition profiles focused at ρECH > 0.2. The formation of
e-ITB requires a centered ECH power deposition profile for the available net heating
power. The spread of the ‘off-axis’ ECH profile reduces the power density and therefore
the outward ECH-induced electron flux. In these conditions, the enhancement of the
electron flux due to the 3/2 rational is not high enough to trigger the onset of the e-ITB.
Experiments have been performed to study the influence of the order of the rational on
the characteristics of the transition. e-ITBs triggered by the 4/2 rational have been
obtained in a magnetic configuration with vacuum rotational transform above two:
ι/2π(a)=2.2 and ι/2π(0)=2.1, by inducing a negative plasma current by ECCD. Figure
III.1.1 shows an example of e-ITB triggered by the 4/2 rational: a discharge with ECCD
is compared with a reference discharge with similar line density and in the same
magnetic configuration but without ECCD. The profiles measured by the Thomson
scattering diagnostic are displayed in figure III.1.2.a (temperature) and 2.b (density). To
estimate the modification of the rotational transform profile in these discharges we
consider that both, ECCD and Bootstrap current, contribute to the plasma current
density profile. The modification in the ι-profile due to the Bootstrap current is small in
the whole plasma radius; however, the driven current density profile modifies
considerably the ι-profile in the plasma core due to the associated high current density
and consequently, the rational surface 4/2 enters in the rotational transform profile.
e-ITBs triggered by the 4/2 rational are sustained up to relatively high line densities: 0.7
- 0.9 1019 m-3. Increasing further the plasma density the barrier disappears in a time scale
comparable to that of its formation (of the order of 50 µs). An example is displayed in
figure III.1.3. In this case the plasma density is modulated along the discharge - (0.6 1.1 - 0.6) 1019 m-3 - evidencing the existence of a maximum density above which the eITB disappears and a minimum density below which the e-ITB forms. The central
[1 ]T. Estrada, L. Krupnik, N. Dreval, A. Melnikov et al. Plasma Phys. Control. Fusion 46 (2004) 277
[2] T. Estrada, A. Alonso, A. Chmyga, N. Dreval et al. Plasma Phys. Control. Fusion 47 (2005) L57
[3] T. Estrada, D. López-Bruna, A. Alonso, E. Ascasíbar et al. Fusion Sci and Technology (2006) In press
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electron temperature vs. line density diagram (see figure III.1.4) shows the hysteresis
loop in the e-ITB formation. In these examples, the e-ITB produces an increase in the
electron temperature at the plasma centre of about 30% at relatively high line densities:
0.7 - 0.9 1019 m-3. Comparatively, the increase in the central temperature in e-ITBs
triggered by the 3/2 rational is less pronounced - close to 15% - at similar densities: 0.7
- 0.8 1019 m-3 [1]. Several experiments have been carried out to study the influence of the
5/3 rational on the e-ITB formation. The results reveal that the effect of this rational
surface is weaker or negligible: generally, no barrier develops and only eventually a
very weak barrier is observed. In summary, the influence of the order of the rational
surface on the e-ITB formation could be understood if the modification of the radial
electric field induced by the rational depended on the width of the magnetic island.
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III.2 Transitions and magnetic topology: Electrode biasing
experiments.
A 2-D Carbon composite mushroom shaped electrode (radial extension of 12 mm and a
diameter of 25 mm) has been developed and installed in a fast reciprocating drive to
carry out edge polarization experiments. The electrode was inserted typically 2 cm
inside the LCFS and biased with respect to one of the two TJ-II limiters. Edge
parameters were measured by a multi-array Langmuir probe.
The modifications in the plasma properties induced by electrode biasing depend on
several parameters as the biasing voltage, the electrode location and the plasma density.
The latter is very important on TJ-II as the edge parameters depend strongly on it, in
particular previous experiments showed that the development of the naturally occurring
ExB velocity shear layer in TJ-II requires a minimum plasma density [1,2]. The plasma
response to bias is therefore different at densities below and above the threshold value
to trigger the spontaneous development of sheared flows. At low densities, the edge
plasma potential is fully controlled by external biasing. In this case, strong increase in
plasma density and reduction in edge fluctuation level and Hα signals is observed during
biasing. At higher densities edge plasma potential profiles are determined not only by
external biasing but also by the electric fields spontaneously developed. Although an
improvement in particle confinement has been observed for both polarities, a larger
increase is observed for negative electrode bias, probably as a consequence of the larger
reduction in the turbulent particle transport.

III.2.1 Biasing in plasmas with density below the threshold value
Figure III.2.1 shows the temporal traces of bias current and voltage, line-average
density ne, average Hα emission and ratio ne/Hα and edge parameters measured using the
multi-array probes located at r/a≈0.8 (floating potential, phase velocity of fluctuations,
fluctuations induced particle flux, ion saturation current, Isat, fluctuation level and root
mean square, RMS, of the poloidal electric field, Eθ) for positive applied bias voltages.
The ratio ne/ Hα (which is roughly proportional to the particle confinement time τp)
increases substantially (~100%) during biasing. The floating potential increases by more
than 100 V, confirming that both the plasma potential and the edge radial electric field
can be strongly modified. Both the turbulent transport and the fluctuation level of the
edge quantities are strongly reduced after the bias is applied. Observations are therefore
consistent with a local reduction of the anomalous particle flux, as a result of a
reduction of the electrostatic turbulence. Spectral analysis of the probe signals shows
that the reduction in turbulent transport results mainly from a decrease in the poloidal
electric field fluctuations.
It has been observed that the increase of emission intensity from several impurities lines
(e.g. B, C and O) is generally proportional to the variation in the line-averaged density,
so that the density rise can be attributed to better particle confinement, as opposed to
increased ionization by impurity penetration.
In summary, experiments show that for low plasma density, the edge plasma potential is
fully controlled by external biasing. It is important to note that in this case the effect of
negative electrode bias is small as the current collected by the limiter is less than 10 A.
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III.2.2 Biasing in plasmas with density above the threshold value
19

-3

Above the threshold density (~0.6 x 10 m for the configuration used), the floating
potential inside the LCFS becomes strongly negative and the plasma rotation reverses
sign. Positive bias will tend to increase the edge floating potential at the electrode
location and therefore reverse the plasma rotation direction.
For densities above the threshold
value, it is expected that negative
voltages are easier to impose
when compared with positive
ones as the forced rotation is in
the same direction of the natural
plasma rotation. As the bias is
applied, a strong reduction in the
Hα emission is observed
associated with an increase in the
density. A stronger reduction of
recycling is observed for
negative bias, when compared
with that observed for positive
bias at similar plasma density,
resulting therefore in a larger
increase in the ratio ne/
Hα(~70%). Spectral analysis of
the probe signals shows that the
reduction in turbulent transport
results from a decrease in both
the density and the poloidal
electric
field
fluctuations,
contrary to observed for positive
bias where no significant
reduction of density fluctuations
was observed.

Figure III.2.2.1 Time evolution of the main plasma
parameters for a discharge with positive electrode bias at
low density.

In summary, at higher densities
edge plasma potential profiles
are determined not only by
external biasing but also by the
electric
fields
spontaneous
developed.

[1] C. Hidalgo, M. A. Pedrosa et al., Phys. Rev. E 70, 067402 (2004).
[2] M.A. Pedrosa et al., Plasma Phys. Controlled Fusion, 47 (2005) 777.
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III.3 Plasma potential evolution study by HIBP diagnostic
during NBI experiments in the TJ-II stellarator.
The Heavy Ion Beam Probe diagnostic is used in the TJ-II stellarator to study directly
the plasma electric potential with good spatial (up to 1cm) and temporal (up to 2 µs)
resolution. Singly charged heavy ions, Cs+, with energies of up to 125 keV are used to
probe the plasma column from the edge to the core. Both ECRH and NBI heated
plasmas (PECRH= 200 - 400 kW, PNBI = 200 - 400 kW, ENBI = 28 keV) have been studied.
Low-density ECRH [n = (0.5-1.1)×1019 m–3] plasmas in TJ-II are characterized by
positive plasma potential in the order of (1000 - 400) V. A negative electric potential
appears at the edge when the line-averaged density exceeds 0.5×1019 m–3. Further
density rises are accompanied by a decrease in core plasma potential, which becomes
fully negative for plasma densities n ≥ 1.5×1019 m–3. NBI plasmas are characterized by a
negative electric potential across the whole plasma cross-section from the core to the
edge. In this case, the absolute value of the central potential is of order of - 500 V.
These results show a clear link between plasma potential and density in the TJ-II
stellarator.

III.3.1 Plasma potential in NBI and ECRH plasmas.
HIBP measurements in ECRH plasmas.
Radial plasma potential profiles have been obtained in TJ-II by the HIBP diagnostic in
low-density ECRH plasmas (ne<1x1019 m-3). The plasma potential increases up to 1 kV
near the magnetic axis with the core radial electric field in the range of +50 V/cm.
Density control in NBI plasmas.
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Figure III.3.1.1. Plasma potential profiles in
ECRH and NBI plasmas. In the ECRH phase the
potential is positive, in NBI phase the potential is
negative.

Different combinations of gas puffing,
ECH heating and wall conditioning
strategies have been investigated with the
aim of optimizing power coupling and
density control in NBI plasmas. Density
control in NBI discharges has so far
proven to be difficult. On the contrary,
plasmas created by off-axis ECH and
with ECH maintained during the NBI
phase, together with wall conditioning
techniques, are promising. In this way
NBI plasma discharges with density
control (up to 130 ms) have been
obtained.

HIBP measurements in NBI plasmas.
NBI heated plasmas show flattened core electron temperatures in the range 200 to 300
eV and bell-shaped density profiles with ne(0) ≤ 6×1019 m-3. In comparison, TJ-II ECRH
plasmas show flat or hollow density profiles with steep temperature profiles.
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In addition, the plasma potential changes dramatically, when the discharge evolves from
ECRH to NBI phase. The ECRH phase, when plasma ions and electrons are decoupled,
is characterized by a positive plasma potential profile whilst a negative one is
characteristic of the NBI phase (Fig. III.3.1.1).

III.3.2 Link between plasma potential and density.
The evolution of core plasma potential with plasma density in both ECRH and NBI
phases is shown in Fig. III.3.2.1. These results suggest that, independently of the
heating method, the plasma potential is negative once the density increases above 1 ×
1019 m-3. Such a tendency - the higher the density, the lower plasma potential - is known
from tokamak experiments [1].

!0 (V)

Furthermore, this was also found in the NBI experiments performed on the CHS
stellarator, the positive potential hill transformed to a negative well due to the density
rise [2]. In the TJ-II heliac, a
similar
dependence
was
observed during limiter biasing
#13536
1200
experiments [3]. It was found
that on a slow scale, i.e. over
800
several milliseconds, plasma
400
potential modifications induced
#13456
by biasing were linked to the
0
#13543
plasma density evolution. In the
#13668
#13542
observed density range the
-400
#13501
dependence was linear: Δϕ ~ #13496
0
1
2
3
kΔne, where k ~700 V·cm3 for
ne (1019 m-3)
≈ 0.2 [4]. In the NBI
experiments presented here, k ~
Fig. III.3.2.1 Core plasma potential versus plasma density in
1000 V·cm3 for
≈ 0.1, i.e. it
ECRH and NBI plasmas.
has the same order of
magnitude.
The upgrading of the HIBP signal dynamic range allows reliable radial profiles to be
obtained from the plasma centre to close to the edge (0.1<ρ<0.9), where they can be
overlapped with Langmuir probe data. This data show that the origin of the negative
potential is at the plasma edge, the negative well then spreads across the whole plasma
radius as the density increases. Both diagnostics, i.e. the HIBP and edge probes show
the same critical value for negative potential formation, ncr ~ 0.6 ×1019 m-3. Furthermore,
the HIBP data shows that the negative Er increases as the density rises above this critical
value.
[1] V.I. Bugarya et al., Nucl. Fusion 25, (1985) 1707
[2] A. Fujisawa et al., Phys. Plasmas 7 (2000) 4152
[3] A. Melnikov et al., Fusion Science and Technology 46 (2004) 299
[4] A. Melnikov et al. 14th ISW proceedings, in CD-rom (2005)
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III.4 Momentum
techniques.

transport

studies

and

spectroscopic

III.4.1 Comparison of impurity poloidal rotation in ECRH and NBI
discharges of the TJ-II Heliac.
The poloidal rotation of C V ions has been deduced, in the TJ-II stellarator, from
spectral line shifts measured using a high spectral resolution spectrometer and a nine
fiber-channel system [1]. Analysis of the data obtained has shown that a change of sign
of the poloidal rotation direction occurs that depends abruptly on plasma density but
independent of the heating method. Whereas in low-density plasmas the poloidal
direction corresponds to a positive radial electric field, at higher densities negative
radial electric fields are deduced from the measured poloidal rotation. These
measurements are in qualitative agreement with neoclassical theory calculations that
predicts a change in the sign of the radial electric field mainly because of a change in
the ratio of the electron to ion temperature.
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On the left figure, results of C V poloidal rotation and ion temperature are plotted for
two reference ECRH discharges (ne=0.63 and 0.67x1019 m-3 –open triangles-) as well as
for two ECRH+NBI discharges with increasing line-averaged-density (0.94 and 1.72
1019 m-3 -full circles and squares-, respectively). On the middle figure, where peak C V
rotation (full points), corresponding to the upper plasma half, is plotted as a function of
the line-averaged electron density. In the same figure, the central Thomson scattering
temperature is depicted (open triangles). From this, it is apparent that for ECRH
plasmas with densities below 0.7 - 1x1019 m-3, the exact value dependent on the
experimental sequence, the radial electric field is positive.
In order to highlight the dependence of the calculated electric field on the ion
temperature profile, and its comparison with experimentally deduced data, the right
figure shows the results obtained by choosing the local temperature profile deduced
from C V measurements (TCV) and CX neutral analyzer (Tp). The use of ion temperature
profiles deduced from C V data gives a radial electric field profile peaking more toward
the plasma center and hence in better agreement with our experimental results.

[1] B. Zurro, A. Baciero, D. Rapisarda, V. Tribaldos Fusion Science and Technology (2006) in press.
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III.4.2 A numerical procedure to simulate cord-integrated passive
spectroscopy measurements in TJ-II.
A local model capable of simulating the cord-integrated emission of spectral lines in the
TJ-II stellarator has been developed for inferring local parameters. The procedure was
implemented on a numerical code, that starting from given analytical profiles of local
emissivity, ion temperature and toroidal rotation, calculates the cord-integrated emission
spectra along a selected line of sight. Additionally, the procedure is capable of
simulating the toroidal and poloidal velocity contributions for a selected spectral line
taking into account TJ-II magnetic topology. Results show a good agreement for the
integrated intensity and ion temperature, and a still improvable integrated toroidal
rotation velocity, being strongly dependent on the emissivity profile. This work will be
published in Fusion & Science and Technology in a volume dedictated to the last
International Stellarator Workshop.

III.4.3 Turbulence and edge momentum redistribution.
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Experiments in the TJ-II stellarator have shown that the generation of spontaneous
perpendicular sheared flow (i.e. naturally occurring shear layer) requires a minimum
plasma density. Near this threshold density, the level of edge turbulent transport and the
turbulent kinetic energy significantly increase in the plasma edge. Above this threshold
value, the level of turbulence decreases with a concomitant development of ExB
sheared flow that can be observed as a sharp change of the floating potential (Fig.
III.4.3.1). It has been also pointed out that there exists a link between the development
of sheared flow and plasma edge turbulence in TJ-II [1].
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Fig. III.4.3.1 (a) Radial profiles of the perpendicular phase velocity for different plasma density. (b)
Behaviour of the perpendicular radial velocity as a function of the density. The open square corresponds
to biasing experiment and closed one to naturally obtained improved confinement regime. Line is a
guide for the eye.

The reversal in the ExB rotation has been recently 2-D visualized by means of Ultra
Fast Speed cameras (Fig. III.4.3.2). A Princeton Scientific Instruments intensified
camera with CCD sensor (PSI-5) with Hα filter, recording up to 250.000 frames per
second, 64 by 64 pixels resolution and 1.2ms total recording time at maximum speed
was used. The view plane is in a near-poloidal cross-section with optimized B-field
perpendicularity. Neutral recycling at the poloidal limiter is used to light up the outer
plasma region (r/a≈ 0.8-1). Bright, long-living structures are frequently seen with a
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spatial extent of few centimetres. These “blobs” show predominant poloidal movements
with typical speeds of 103 - 104 m s-1 in agreement with the expected ExB drift rotation
direction. In addition it has been shown that the degree of order (quantify as the root
mean squared value in the orientation of turbulent blobs) increase once sheared flow is
fully developed [2].

Fig. III.4.3.2. Poloidal movement and position of located blobs (big scale-green squares, medium scaleblue circles, small scale-light blue pluses).

The link between the development of sheared flows and plasma density in TJ-II has
been observed in different magnetic configurations and plasma regimes. Preliminary
results show that the threshold density value to develop the sheared flow increases with
the plasma stability (iota) and also increases as edge ripple (plasma volume) decreases.
HIBP measurements in ECR heating plasmas show that the plasma potential increases
up to 1 kV near the magnetic axis (i.e. radial electric fields are radially outwards) [3]. In
addition, the plasma potential shows a strong dependence on the plasma density. At
plasma densities near the threshold value evidence of radially inwards edge radial
electric fields has been observed, whereas in the plasma core the radial electric field
remains positive. This result implies the simultaneous development of two sheared
flows at the threshold density: one located in the proximity of the LCFS (r/a ≈ 1) and
the other one near r/a ≈ 0.6.
The reversal in the perpendicular phase velocity is also seen in the reflectometer signals
[4]. Measurements also show that when the velocity shear layer develops at the plasma
edge, simultaneously, a second velocity shear layer appears at ρ
≈0.8 that moves
to inner radial locations when the plasma density further increases.
Whether there is a common physics to explain the sensitivity of edge plasma potential
and flows to plasma density (e.g. turbulent versus neoclassical mechanisms) remains as
an open question.

[1] C. Hidalgo, M. A. Pedrosa et al., Phys. Rev. E 70, 067402 (2004); M.A. Pedrosa et al., Plasma
Phys. Controlled Fusion, 47 (2005) 777
[2] A. Alonso et al., Proc. 32nd EPS Conf. (2005)
[3] L. Krupnik et al., Proc. 31st EPS Conf. (2004)
[4] T. Estrada et al., Plasma Phys. Control. Fusion (2006)
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III.5 Bolometry and soft x-rays based studies.
In a previous investigation on TJ-II plasmas [1], fast transitions in confinement regimes
were found to be associated to changes in the electron distribution function as well as to
changes in the direct losses. Those were the result of the enhanced ECRH driven
convective flux of ripple-trapped suprathermal electrons at the heating region. Below
there is a summary of different experiments performed during the 2005 campaign in
which suprathermal electrons are invoked to explain radiation measurements.

III.5.1 Spatial distribution of lost ripple-trapped suprathermal
electrons.
The spatial distribution of electron losses to the vacuum vessel and to the graphite
limiter has been followed through the bremsstrahlung emission in the range of the soft
x-rays. Electron losses are monitored with the SXR tomography diagnostic, using thick
Be filters to reduce the contribution of plasma emission, and a planar Ge detector to
obtain the spectra [2], see Figs. III.5.1.1 and III.5.1.2.
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Figure III.5.1.1. lhs) chords of interest of soft x-ray detectors. rhs) Time traces of shot #12957:
ECE central emission, average electron density, soft x-ray plasma emission (8 µm Be filter - black
curve) and bremsstrahlung emission at the wall (33 µm Be filter - green curve).
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Figure III.5.1.2. lhs) setup to detect electron losses at the limiter. rhs) soft x-ray spectra: redplasma emission; blue- bremsstrahlung at the limiter.
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Three distinct losses regions were observed at the inboard side of the vessel wall (see
lhs of Fig III.5.1.1. The emissions coming from each of them behave differently with
electron density, heating method (ECR on-axis vs. off-axis) and Zeff. Variation in
electrons pitch angle and/or radial electric field could explain the existence of these
bands and their dependence with the heating conditions (all details are given in Ref. 3).
The experiments were carried out, in steady state plasmas as well as in plasmas showing
transitions between different confinement regimes. During fast transitions in the plasma
core, the behaviour of the direct losses signals (green curve in rhs of Fig. III.5.1.1) is
analogous to the central ECE channel but opposite to the central SXR channel, as
corresponds to a decrease in electron density. The SXR spectra in TJ-II at the plasma
core usually present a suprathermal component, with characteristic energies ranging
from two to four times the central Te, when measured in the range of 4 keV to 10 keV.
This ECRH generated suprathermal electrons have now been detected at the vacuum
vessel and at the limiter, and their emission spectra show only the suprathermal
component. The thermal component that, at plasma core, dominates the spectra in the
range of 1 keV to 4 keV is absent (see Fig. III.5.1.2).

III.5.2 Up-down and in-out radiation asymmetries and radial electric
fields.
In an early TJ-II work [4], calculating losses and trapping of test particles, it was
concluded that both in-out and up-down asymmetries exist at all toroidal angles. The
effect of an increasing electric field is a decrease in particle losses while the angular
distribution of losses at the plasma exit as well as the impact patterns on the vacuum
vessel showed the expected poloidal rotation induced by the electric field.
Asymmetries in the convective particle losses have been studied through their
fingerprint in total plasma radiation. As convective transport is much faster than
diffusive, perturbative experiments affecting mainly the convective channel were
performed. Namely, electrode biasing, to induce radial electric fields near the boundary
and switching on-off ECRH power experiments, to modify the electron energy
distribution function.
1220

1200

1180

1160

1140

1120
-1.0

-0.5
(in)

0.0

Reff

0.5

1.0

(out)

Figure III.5.2.1 Emissivity contours as a function of the
plasma radius. Electrode bias is switched on at t = 1135 and
off at t = 1205 ms, when a clear in-out asymmetry is seen.

Signals from identical broadband
radiation
detectors,
singlechannel and arrays, located at
equivalent toroidal positions
showed in-out and up-down
asymmetries in response to the
fast modification of electric
fields (find details in Ref. 5). As
a general conclusion, it has been
found that radiation asymmetries
are better observed in plasmas
with high electron densities. That
is, when the ECRH-induced
deformation of the electron
energy distribution function is
weak. Under such circumstances,
the mean energy of escaping
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particles is lower. Hence, the fast change in the poloidal component of their drifts,
induced by the sudden change of the electric field, leads to a higher modification of the
total drift velocity and affects more markedly to the redistribution of plasma emissivity
(Fig. III.5.2.1 displays the time evolution of emissivity along a horizontal plasma
diameter. Although asymmetry is present since bias is switched on, at the switching off
time a marked in-out asymmetry is seen).

2.0

shot #10672

RAF-B7

1.5

RAF-C2
V (0)

1.0

Top-Out/Bot-Out
ne (x10 19 m -3

0.5
ECE (0)
0

1040

1080

1120
time(ms)

1160

1200

Figure III.5.2.2. Time evolution of radiation asymmetry
factors (RAF’s), central plasma potential (V(0)) and
mean electron density (ne) during low frequency input
power modulation, in phase with ECE (0) signal (see
Ref. 6).

Low frequency input power
modulation also affects plasma
radiation distribution. At the
times of switching on/off one of
the gyrotrons (see Fig. III.5.2.2),
the fast change in absorbed power
density leads to a sudden
increase/decrease of the electron
pump-out that results in an
immediate increase/decrease of
plasma central potential [6].
Thus, the radial profile of the
electric field is rapidly modified
and the trapped particle transport
affected.
The
radiation
asymmetry factors, defined as the
ratios of identical single detectors
signals or as comparisons of
emissivities from outer and inner
halves of stellarator-equivalent
plasma cross-sections, are shown
in Fig.III.5.2.2 (see Ref. 5).

III.5.3 Effect of suprathermal electrons on impurity ionization state.
Iron impurities were injected in ECRH plasmas using the laser ablation technique.
Experiments were performed in plasmas with different magnetic configurations and
input power densities. In most of the configurations explored during this campaign, the
temporal evolution of signals from different radiation detectors presented some
unexpected behaviour immediately after injections. The high-energy photon (HXR,
MXR and SXR 2-10 keV) fluxes increased and some of the global radiation signals did
not show the standard response to an impurity injection pulse. As is shown in the lhs of
Fig. III.5.3.1, the radiation signal of one detector located close to the microwave
injection region (Pnear) rises, then falls and rises again to joint its equivalent signal,
Pfar (from an identical detector located far from the gyrotron port), that had started
rising 200 µs later. The changes in the low-energy region of the x-ray photon spectrum
produced after iron injection, and the temporal evolution of some VUV spectrometer
signals can be seen in the rhs of Fig. III.5.3.1, (up) and (down) respectively. On one
hand, the iron Kα-line clearly appears at 6.4 keV and the intensity of higher energy
photons increases. On the other hand, the 97.4 nm emission line from Fe XVIII reached
its maximum intensity before the 83.4 nm line from Fe XVII did. These behaviours can
be understood taking into account that in TJ-II first, at the absorption region there is a
strong deformation of the electron energy distribution function and, second, near
III.5.
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rational surfaces there are accumulations of fast electrons [7, 8]. Briefly, the ingoing
iron was highly ionized (over-ionized) near the plasma periphery due to collisions with
high-energy electrons, either suprathermal trapped in the magnetic field ripple, or fast
passing linked to the 8/5 rational surface. This occurrence gave rise to an anomalous
(sudden) increase in electron density, radiation and impurity ion charge at specific radial
12
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Figure III.5.3.1. lhs) plasma response to an iron injection at t=1117 ms. Subscripts near and far in
radiation labels refer to the detectors position with respect to the gyrotron port. rhs) X-ray spectra
before and right after iron injection (up); normalized intensities of two iron ion lines (down).

positions. All these observations have been interpreted as evidence of a shift to higher
charge-states of iron caused by non-Maxwellian electron distributions (see experimental
details and discussion in Ref. 9). The interest of these finding is that non-Maxwellian
distributions that are generated in most of the devices under a wide variety of
circumstances (transient events, such as magnetic reconnections, minor and major
disruptions or starting-up phases, or long-lasting electron suprathermal tails induced by
the auxiliary heating), may locally affect impurities ionization and recombination rates.
New photodiode arrays have been installed in equivalent modules of sectors A and D
for future TJ-II experimental campaigns. Thus, it should be possible to obtain data with
improved spatial resolution. This will help to assess the relative importance of the
different suprathermal population contributions as well as to establish whether rational
surfaces may play a significant role in impurity transport or not.
[1] M A Ochando et al, Plasma Phys. Control. Fusion 45 (2003) 221
[2] F Medina et al, RSI 70 (1999) 642
[3] F Medina et al, Proc. 32nd EPS (Tarragona 2005)
[4] J Guasp and M Liniers Nucl. Fusion 40 (2000) 411
[5] M A Ochando et al, 15th ISW (Madrid 2005), accepted for publication in FST
[6] F Medina et al, Proc. 31st EPS (London 2004)
[7] M A Ochando et al, 12th ISW (Madison 1999)
[8] F Medina et al, RSI 72 (2001) 471
[9] M A Ochando et al, Proc. 32nd EPS (Tarragona 2005), submitted to PPCF
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III.6 MHD studies.
Magneto-hydro-dynamic instabilities in TJ-II stellarator have been analyzed in various
plasma parameter regimes and heating scenarios. Magnetic field fluctuations data are
collected using several Mirnov coil sets distributed at different toroidal sectors of the
vacuum vessel, two straight sets with twelve coils each, which measure the three
cylindrical components of the magnetic field at four positions located along a vertical
line over the plasma column (with frequency resolution up to 1MHz), and one poloidal
array with fifteen coils that cover a poloidal angle of π and measure the poloidal field
component (frequency resolution of 100 kHz).

III.6.1 ECRH plasmas.
Low frequency (below 80 kHz) coherent modes have been detected for different plasma
conditions of density, heating power, magnetic configuration and toroidal current. For
these modes, Singular Value Decomposition (SVD) [1] and correlation analysis
techniques have been applied to the measurements of the poloidal field coil set in order
to infer the poloidal structure and rotation direction of the modes. Poloidal mode
number fitting, though, is a complicate task due to the complexity of the magnetic field
structure of TJ-II, and this type of analysis presents a large degree of uncertainty.
Taking this into account, SVD techniques have been used to filter effectively the signals
of the poloidal array set to perform better cross correlation analysis and obtain the mode
rotation directions and angular velocities.
We have observed that mode rotation is in the ion diamagnetic drift direction as long as
the line average plasma density does not exceed a value about 1.4 x 1019 m-3, and it
reverses to the electron drift direction when the density exceeds that value (Fig.
III.6.1.1). This result is in qualitative agreement with the findings of previous
experimental studies in TJ-II aiming to characterize and quantify the plasma rotation [2,
3].
The appearance of ECRH low
frequency
modes
strongly
correlated with the plasma
density. Modes occur for
densities larger than 0.55 x 1019
m-3, being statistically negligible
when density is below 0.5 x 1019
m-3. It can be concluded that a
certain threshold density –most
likely a certain density gradientis needed for the coherent mode
to appear (Fig. III.6.1.2).
Figure III.6.1.1. Angular velocity of mode vs. line density.
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The effect of magnetic configuration and plasma current has been also studied [4].
Detailed configuration scans show that the presence of low order rational surfaces in the
outer plasma region appear to be an essential ingredient to trigger the instability, whose
signature is the observed coherent mode. Its mere presence is not enough; it must be
located in a relative narrow range, in the density gradient region. Plasma current
modifies the rotational transform profile. We have studied the correlation between
appearance of coherent modes and plasma current for a configuration scan having a
rational surface crossing the iota profile. The result shows the correlation between the
appearance of these instabilities and the presence of the low order rational inside the
iota profile.

III.6.2 NBI plasmas.
In NBI heated plasmas, high frequency modes (150-300 kHz) are found in standard
magnetic configuration with a clear plasma density dependence 1/n1/2 (Fig. III.6.2.1).
Due to the TJ-II small magnetic shear, they are good candidates for Global Alfven
Eigenmodes (GAE’s) [5].

Figure III.6.2.1. High frequency mode in NBI discharge.
[1] T. Dudok et al, Phys Plasmas 1 (1994) 3288
[2] A. Alonso et al., to be published in FS&T 2006
[3] B. Zurro et al., to be published in FS&T 2006
[4] R. Jiménez-Gómez et al, to be published in FS&T 2006
[5] A. Weller, D.A. Spong, R. Jaenicke et al, Phys. Rev. Lett. 72 (1994) 1220
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III.7 Plasma Wall Interaction studies in TJ-II.
III.7.1 Deposition and erosion of carbon films from hydrocarbon
puffing in TJ-II.
Following previous studies on impurity screening in TJ-II, injection of H2 and C2H4
through the mobile limiter at C3 was performed into different magnetic
configurations in ECH plasmas [1]. Little plasma contamination by ethylene was seen
under most conditions. This small fuelling efficiency is consistent with previous
reported data for other hydrocarbons. When the emission intensity of Hα is
normalized to the available H in each molecule, a factor of 7 less Hα emission than in
H2 puffing is produced from ethylene cracking. A comparison between ethylene and
hydrogen puffing effects is shown in Table III.7.1.1. In addition to this, strong
hydrogen built up in deposited layers associated with ethylene injection was deduced
from the particle balance analysis that was made through mass spectrometry. The
locally deposited carbon layers drive enhanced contamination when the limiter C is
inserted at the plasma edge. This can be seen in figure III.7.1.1, where the shot by
shot evolution of edge parameters, carbon contamination and plasma density is shown
as each limiter is moved in turn. Also shown is the effect that a change to a divertorlike configuration has in the contamination efficiency, possibly due to a combination
of screening and confinement associated changes.
All these observations point to prompt cracking and ionization of injected hydrocarbon
which leads to local carbon layer deposition. Studies of the erosion of that layer by the
TJ-II plasmas under different impigning atom/ion ratio are foreseen for 2006.
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Figure III.7.1.1. Scan of limiter insertion and its effect on plasma carbon contamination.
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ethylene

hydrogen

Electron/molecule

14

2

Molec/pulse

7 1018

8.7 1018

Densityincrease/pulse (total 1.2 1018
electrons)

1.5 1018

H/molecule

4

2

Halph. increase/pulse (a.u.)

3

10

H outgas/H in

0.10

0.25

Table III.7.1.1. Comparative fuelling parameters by ethylene and hydrogen.

III.7.2 Test of the C-R model used in the He beam by LIF and
attenuation studies.
A fairly strong effort has been devoted to the improvement of the supersonic He beam
diagnostic and its interpretation during 2005. On the instrumental side, a completely
new set-up for the detection of the He lines has been built and tested. Modifications
were required in order to get a more reliable alignment of the optical system and to
avoid the vignetting effect of some parts of plasma. In addition, the characterization of
beam geometrical parameters, in particular its divergence, was carried out in situ.
Respect to the model validation, two important aspects were addressed. First, the selfconsistency of the profiles, tested through the attenuation of the beam according to the
reconstructed profiles, was checked [2]. Figure III.7.2.1 shows one example of this test.
As seen, a reasonable agreement between predicted and observed attenuation of the
beam was found. Moreover, the density and temperature profiles found are in very good
agreement with other edge diagnostic data in TJ-II (reflectometer, Langmuir probes, Li
beam…)
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As previously mentioned in former reports, the Laser Induced Fluorescence technique is
been implemented for the direct detection of excited states in the He beam. The
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validation of the C-R model by this method, however, is far from trivial, mostly due to
the large number of states involved in it and their mutual collisional coupling. A method
was envisaged, that combines the information from both diagnostics [3]. So, the
parameters obtained through the atomic beam emission spectroscopy are used in the
modelling of the time evolution and amplitude of the laser perturbed populations for
some selected transitions. In particular, laser pumping of the 31P (501 nm) and 33D
(507.7 nm) states followed by detection of the Δn=0 collisional induced emission lines
(Figs. III.7.2.2 and III.7.2.3) was simulated in order to test the sensitivity of the method
to the assumed rate constant values. A procedure to fully test the assumed values of the
main rate constants involved in the population of the excited states monitored in the He
beam diagnostic was produced after extensive modelling of the expected LIF signals.
Contrary to other proposed schemes for He CR model validation, the one proposed here
doesn’t rely on the data provided by other edge diagnostics and represents an internal
test of the model.

Figure III.7.2.2.

Figure III.7.2.3.

III.7.3 Edge optical characterization
Spectroscopic plasma imaging with a digital intensified CCD camera system is under
development and the first results are expected for 2006. Also, an edge plasma probe
looking as a miniaturised pumped limiter has been designed and constructed. The probe
will be inserted into TJ-II plasma edge and is equipped with different diagnostics: three
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focussing collimators coupled to optical fibres for spectroscopic analysis, two Langmuir
probes, two sample holders, a pressure gauge and a gas injection system. The objective
is the experimental measurement of atomic reaction rate coefficients and sputtering
yields in a large range of edge plasma parameters.

III.7.4 Divertor configuration studies in TJ-II.
Activities related to the development of possible divertor configurations have been
continued [4]. As candidates for that, configurations with natural islands at the
periphery have been explored. In figure III.7.4.1 there are two examples of island
divertor type configuration where the limiter position is at ι/2π=2 and also, as a
comparison, there are two examples of standard configurations with nested magnetic
surfaces until the LCFS.
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Figure III.7.4.1 Divertor and standard configurations.

The contamination efficiency of injected impurities (ethylene as a carbon source) at the
edge has been established as a method to test the possible divertor effect, which should
lead to enhanced screening. The main results can be summarized as following:
1.- Good agreement between the calculated magnetic topology and the achievement of
iota=2 island at the edge has been verified by the correlation in toroidal transport of
plasma fluctuations between the two poloidal limiters, located in opposite toroidal parts
of the machine.
2.- Enhanced screening of injected impurities have been found as well as low intrinsic
impurity contamination mainly due to low plasma-wall interaction. As it is shown in
figure III.7.4.1, there is a rapid effect in the contamination efficiency due to a change to
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a divertor-like configuration.
3.- Experimental results show worse confinement performance than for standard
configuration (probably due to an unavoidable lost of plasma volume).
4.- Concerning density control in NBI TJ-II plasmas, often leading to a radiation
collapse, the island divertor in TJ-II could in principle be a good candidate to solve this
problem. However, experiments need to be carried out to answer questions like what are
the effects of the island divertor on NBI plasma performance, is it compatible with
improved confinement scenarios and if is there any possible active particle pumping for
particle control. Work in this direction will be carried out in TJ-II in the next campaign.

III.7.5 Plasma-wall ITER-relevant studies.
III.7.5.1 Scavengers.
Activity in the field of in-situ inhibition of re-deposited CH films by scavenger injection
has been mainly devoted to the characterization of the underlying mechanism. For this,
experiments at the CIEMAT in a Glow Discharge reactor were undertaken. A new
method to discriminate the reactive species coming out from the plasma in the presence
of methane, nitrogen and hydrogen was developed. It is based in the condensation of the
pumped gases in a liquid nitrogen trap, with subsequent thermal release under
programmed heating. Good discrimination between HCN and ethylene, with strongly
overlapping mass spectra, was possible by this simple method. The results indicate a
very important contribution of ethylene and acetylene to the reaction products, in stark
contrast with the conspicuous formation of HCN and C2N2 molecules driven by strong
ion bombardment. Also, some shots were carried out in Asdex Upgrade in July 2005
aimed at comparing the performance of Ne, as a film etcher, and Nitrogen, as a film
scavenger. Unfortunately, the lack of good reference shots made the comparison
inconclusive.

III.7.5.2 Oxidation and isotope interchange.
It is quite clear at present that alternatives to direct oxidation of the carbon films created
in ITER under carbon divertor scenarios by pure oxygen are strongly needed. This is
mainly due to the required high temperatures found for fast oxidation, well above the
maximum 540 K allowed by the water circuit to be used for machine heating. Some
alternative concepts have been tested at CIEMAT, in collaboration with two groups
from the CSIC, the Catalysis and Petrochemistry group and the Surface Engineering
group, both at Madrid. Carbon films produced at CIEMAT in a glow discharge reactor,
with a H/H+C ratio of 0.4, and flakes from the ALT limiter at TEXTOR and from the
divertor region of Asdex Upgrade were analysed and exposed to reactive gases.
Oxidation by NO was tried as alternative to Oxygen and direct or catalysed isotope
interchange, using hydrogen peroxide as a catalyst, was attempted. While no conclusive
statement can be made at this stage, it was found that exposing the flakes (with intrinsic
high porosity) to pure hydrogen in a continuous flow reactor can lead to the release of
deuterated species at temperatures slightly higher than those required for the full
oxidation of the films with pure oxygen, thus alleviating the side effects of unwanted
oxidation of the reactor components and time consuming plasma recovering.
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III.7.5.3 Glow Discharge removal of C films.
For carbon areas exposed to the main plasmas, glow discharge in He/O2 mixtures has
proven effective. Nevertheless, there are some scenarios, likely to be found in real
operation in the presence of several types of first wall materials, under which the
removal by this technique becomes very slow or impossible. This is the case originated
by material migration into gaps (as those present in the macrobrush design of the
divertor modules) or the space between plasma-exposed components, making tritium
release impossible by direct ion impact. In order to find alternative solutions for this
problem, a metal grid with 1mm gaps of 4 mm depth was built. A heater element
(Thermocoax) in winded at the bottom of the gaps, and it is first exposed (unshielded)
to a carbon deposition plasma. The removal of the carbon by a He/O2 glow discharge
plasmas under this geometry, aimed at simulating the macrobrush structure, was
investigated by thermal desorption spectrometry. Gas pressure, composition and
temperature were scanned during the experiments [5]. Figure III.7.5.3.1 shows some of
the results. As seen, efficient removal of the carbon film at the bottom of the gaps can
be achieved by a 30’ exposure to a He/O2 GD. A fast rate, of the order of 50 times
higher than previous reports, was seen in the unshielded films. Also, the removal rate
was insensitive to the plasma current. These facts suggest that atomic species, rather
than ions, are responsible for the film erosion. A higher atom concentration could have
been produced in these conditions due to the presence of large metallic areas, as
opposed to the previously reported test run in full carbon machines, which will favour
the survival of atomic species. Since the scenario to be found in ITER, with a full
beryllium wall, is similar to the condition here reported, these findings could represent a
relieve for problem posed by the presence of gaps, and work will be devoted in the
future.

Fig. III.7.5.3.1 TDS of hydrogen and methane after oxidation of carbon films in 1mm gaps by GD in a
He/O2 mixture.
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III.7.5.4 ICRH first wall conditioning discharges .
In the presence of magnetic fields Glow Discharge Conditioning can not be operated
and, as alternative, Radio-Frequency conditioning discharges have been studied in the
last years. The Asociación Euratom-Ciemat in collaboration with KFA-Jülich and CEACadarache is implied in this commitment. ICRF wall conditioning has been found to be
a very promising technique for future superconducting devices such as ITER.
Experimental work and theoretical studies have been done in 2005 and are actually in
progress [6, 7]. Collaboration with LHD is planed for 2006.
nd

[1] F.L. Tabarés et al.32 EPS, Tarragona 2005
nd
[2] A. Hidalgo, F.L. Tabarés and D. Tafalla, 32 EPS, Tarragona 2005
[3] A.Hidalgo, F.L Tabarés and D. Tafalla. Plasma Phys.Control.Fusion 48 (2006) 527
[4] I.García Cortés, F,L Tabarés et al. Fusion Sci. Technol. In press
[5] JA Ferreira, F. L. Tabarés, and D. Tafalla. Proc. ICFRM 05. J.Nucl. Mater. In press
[6] E. de la Cal and E. Gauthier, Plasma Phys. Control. Fusion 47 (2005) 197
[7] E. de la Cal, submitted for publication in Plasma Phys. Control. Fusion.
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III.8 Diagnostic Developments.
III.8.1 The diagnostic neutral beam injector (DNBI) for TJ-II.
Background: A dedicated diagnostic neutral beam injection (DNBI) system as well as a
charge-exchange spectroscopic diagnostic have been developed and have begun operation on
the TJ-II. For several decades heating neutral beam injectors (NBI) have been exploited as
plasma diagnostics while dedicated low-divergence quasi-stationary neutral beams, are now
common in most middle and large-scale devices. Such a system was installed on the TJ-II
during 2004 [1]. This installation will permit localised charge-exchange recombination
spectroscopy (CXRS) and neutral particle analysis (NPA) measurements to be made in the TJII. In this way, spatially resolved measurements of ion velocities and temperatures, with
spatial resolution of the order of 1 cm, can be obtained for studies on confinement, plasma
poloidal and toroidal rotation, as well as rotation and ion temperature about islands.
Ion source type
Extracted ion current
Optimized beam energy (E)

Arc
Up to 4 A
10 - 30 keV

Beam focal length

1.7 m

1/e beam radius at focus

21 mm

Beam divergence
Beam components (by current)
Neutralization efficiency for beam
components (E, E/2, E/3).

~0.7º
90% H+; 5% H 2+, 5% H 3+
0.72; 0.87; 0.88

Commissioning: The DNBI selected
for TJ-II was a compact DINA-5
(manufactured by the Budker
Institute of Nuclear Physics in
Novosibirsk, Russia). Its main
parameters are listed in the table.
The completed DNBI, together with
its power supplies and control
systems, was delivered to CIEMAT
in May 2004, when experts from
Novosibirsk reassembled and tested
the complete system (on a test bed)
during a two-week period.

During 2005, a mobile cradle and
support structure were manufactured
and installed on TJ-II for the DNBI
Table III.8.1.1. Principal parameters of the TJ-II DNBI. †Two
ion source and neutraliser. The
5 ms long pulses with ≥50 ms separation can be produced.
design and installation of the
vacuum and control systems, as well as of the vacuum coupling to TJ-II, were undertaken at
CIEMAT. Finally, a dedicated power supply cabinet was installed for the system in
preparation for commissioning in early 2006.
†Pulse duration

≤5 ms

CXRS diagnostic: Work on the definition, specification, design and procurement of
components for a charge-exchange recombination spectroscopy (CXRS) system was
completed during this period. This diagnostic includes focussing lenses and fibre bundles for
collecting and transferring charge-exchange emissions to the input of a high-throughput
spectrograph equipped with a back-illuminated CCD camera [1]. The focussing lenses were
installed outside vacuum window assemblies on the top and bottom viewports of sector A7
during 2005. Multiple fibre-optic arrays were positioned at the focal plane of these lenses.
These 12-way fibre bundles, which connect to a single 36-way fire bundle, guide the light
collected to the spectrometer input. The spectrometer chosen was a high-throughput model
equipped with a high-dispersion transmission grating. In addition, a high-efficiency (~95% at
529 nm) back-illuminated CCD camera was fixed at the focal plane of the spectrometer.
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Finally, other components such a narrow bandpass filter, a fast shutter and multiple slits were
also procured, or manufactured, and subsequently installed. This system was tested and
operated during autumn 2005 as a passive diagnostic. The system permits multiple spectra

Figure. III.8.1.1: Sketch of cross-section of sector TJ-II showing portholes, neutral
beam, lines-of-sight of CXRS as well as the CXRS diagnostic.

centred about the C VI emission line at 529 nm to be collected every 50 ms along a TJ-II
discharge. Operation as an active system, in conjunction with the DNBI, begins in early 2006.
Details of this system and preliminary measurements are to be presented at the 16th High
Temperature Plasma Diagnostics conference [2] and the 33rd European Physics Society
conference [3]. Finally, details of a second related diagnostic, the compact neutral particle
analyser, are provided in the next section.
Beam & CXRS simulation code: In parallel, work continued on developing a code to
simulate the neutral beam interaction across the TJ-II plasma. This code, when combined with
a calibrated CXRS spectroscopy diagnostic, will permit absolute ion density distribution
profiles to be obtained in TJ-II. To date, subroutines have been written using beam and
plasma parameter to predict the beam path, its attenuation, charge-exchange processes and the
spectral line emissivity for a wide range of TJ-II plasma configurations. In its present state,
the code does not include the effect of beam halo. This work was presented at the 32nd EPS
conference [4]. In addition, global temperatures of C VI impurity ions were obtained using a
vacuum ultraviolet spectrometer in order to obtain reference measurements for the CXRS
diagnostic. It was found that anomalously high ion temperatures (due to non-thermal
velocities) are observed for low electron densities [5].
Future activities: Operation of the DNBI and CXRS diagnostic began in early 2006. While
the initial phase of its operation will be dedicated to trouble shooting and fine-tuning the
injector and diagnostics it is hoped to make preliminary localised impurity ion Doppler
velocity measurements across the plasma radius in the spring. Later it is intended to start
investigating plasma flow around magnetic islands.
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III.8.2 New additions to Neutral Particle Analyser Diagnostics.
Background: A compact neutral particle analyser (CNPA) has been developed for TJ-II in a
collaboration with the Physical Technical Institute of the Russian Academy of Science and
the Saint-Petersburg State Polytechnic University. Until recently, two Acord-12 neutral
particle analysers were operating on TJ-II. Traditionally neutral particle analysers use gasstripping chambers to ionise the neutral particles escaping from the plasma in order to allow
the analysis of their mass and charge by means of electrical and magnetic fields. This CNPA
is a novel spectrometer whose reduced size is achieved by firstly, using very thin carbon foils
(50 Å) on diamond supports to ionise the incident neutral particles and secondly, by replacing
the high field coils with a permanent magnet to produce the necessary analysing magnetic
field. The CNPA is designed to study the high-energy tail distribution function of escaping H0
atoms with energies in the range from 0.8 to 40 keV.
In parallel, a single Acord-24 NPA, previously installed on the W7-AS device, has been
loaned to Ciemat under a collaboration agreement with Max-Planck-Institut für Plasmaphysik
(Garching, Germany).
Preparatory installation work: The CNPA and Acord-24 are installed on a tangentially
viewing port located in sector B1 of the TJ-II. From this location their lines-of-sight, which
are almost tangential to the plasma magnetic axis, intersect the neutral beam produced by the
DNBI located in sector A7. For this, and in order to provide scanning capabilities, a dedicated
support structure was designed, fabricated assembled during 2005. This structure allows
movement of the analysers in both the vertical and horizontal directions in order to facilitate
scanning the plasma in the poloidal direction while following the trajectory of the DNBI
beam. First measurements with the CNPA, that showed distinctive ion behaviour for different
plasma density conditions, were presented at the 32nd EPS conference and 15th International
Stellarator Workshop [6, 7].
Future activities: At present, work is continuing to complete the Acord-24 control and data
acquisition systems.

III.8.3 A hydrogen pellet injector for TJ-II.
Background: It is intended to provide a pellet injection system and associated diagnostics
systems for TJ-II. Such a system consists of a cryostat and cold finger for creating hydrogen
pellets, propulsion mechanisms for accelerating the resultant pellets, guide tubes for directing
and delivering them and inbuilt diagnostics for determining the size and velocity of the pellets
entering the plasmas [8]. The injector is being built in collaboration with the Fusion Energy
Division at Oak Ridge National Laboratory (ORNL). The provision of this active diagnostic
will provide a new tool for studying several key physics issues of interest for the TJ-II
programme. These are stability and transport, magnetic configuration, and non-thermal
electron studies.
Preliminary studies and modelling: Preliminary studies were carried out during 2004 to
evaluate the benefits of installing a pellet injector in the TJ-II and to define the pellet sizes
and velocities best suited to ECRH and NBI plasmas in TJ-II. The ranges selected then were
pellet diameters between 0.4 and 1 mm and velocities between 150 and 1000 m s-1. During
2005 the manufacture, or procurement, of key components including the vacuum containment
vessel, the copper cryostat components, the bellows interface for the cryocooler, two external
propellant valves, two sets of temperature instrumentation and diodes, and barrel tubing was
completed at ORNL. At Ciemat, a cryocooler, with 4 watts at 10 Kelvin cooling capacity and
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a closed circuit cooling system for the cryocooler controller were procured.
Future activities: ORNL will continue to build and test the pellet injector in its laboratories
during 2006. CIEMAT will procure outstanding items, prepare the TJ-II vacuum ports,
couplings, the experimental floor area and other items for the installation of this diagnostic
and will interface with ORNL in order to ensure the compatibility of all items. Work on the
definition, design and build of the diagnostic system for following and analysing the resultant
pellet through the TJ-II plasmas will also be undertaken in this period. It is expected to install
this diagnostic on TJ-II during early 2007.
[1] K. J. McCarthy et al, Rev. Sci. Instrum. 75 (2004) 3499
[2] J. M. Carmona, K. J. McCarthy et al., to be presented at the 16th High Temperature Plasma Diagnostic
Conference, Williamsburg, Virginia, USA (2006).
[3] J. M. Carmona et al., to be presented at the 33rd European Physics Society Conference, Rome, Italy (2006).
[4] J. M. Carmona, et al., 32nd European Physics Society conference, Tarragona, Spain (2005).
[5] J. M. Carmona, et al., 15th International Stellarator Workshop, Madrid, Spain (2005).
[6] R. Balbín et al., 32nd European Physics Society conference, Tarragona, Spain (2005).
[7] R. Balbín et al., 15th International Stellarator Workshop, Madrid, Spain (2005).
[8] K. J. McCarthy et al, 21st IEEE/NPSS Symposium on Fusion Engineering, Knoxville, Tennessee, (2005).

III.8.4 Thomson scattering diagnostic for TJ-II.
The main goal of Thomson Scattering diagnostic continues to be providing Te and ne profiles
for the experimental campaigns of the TJ-II stellarator. Most planned activities detailed below
should contribute this purpose.
Near-Term activities:
Test the system performance with the recently installed notch filter for stronger stray light
suppression. Preliminary tests look rather promising, showing an important reduction of stray
light in comparison with the old notch filter. These tests should be ready not later than
January 2006.
Update calibration files (after installation of new notch filter) to produce Te and ne profiles
for next experimental campaigns; should be ready by Jan. 2006.
During 2005, a successful proof-of-principle of automatic Thomson Scattering image
classification has been done (See EPS 2005 poster by Vega, Pastor et al) Further refinement
of this technique should help generate Te and ne profiles from raw data without (or with very
little) human intervention. The leader of this task is Dr. Jesús Vega from the Data Acquisition
Group of TJ-II.
We plan to change the old workstation controlling the system for a new one with extended
memory and more computing power along 2006. It is necessary to migrate the data
acquisition software from the old workstation to the new one, and for this task it is important
to count with the help of our colleagues of the FOM institute for plasma physics (The
Netherlands) since they developed the software. Contacts between CIEMAT and FOM are
underway to help complete this task
Medium-Term activities (2006-2008):
Informal contacts between CIEMAT and the Department of Optics of Complutense
University of Madrid have been kept in order to explore in the laboratory the idea of double
(or multiple) pass of a laser beam through the scattering volume, hence increasing the signal
to noise ratio. Provided an agreement is reached among the two parties, passive (Faraday
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rotators) and active (based on Pockels’ Cell) optical set-ups will be explored to control the
polarization of a laser beam, and make it pass twice or more times through a scattering
medium. It is important to note that in this preliminary phase, tests will be done with pulsed
lasers (Nd-YAG or N2 pumped dye lasers) of substantially less power than needed in TS
experiments: the goals should be to test the concept, and overcome technical challenges like
aligning rather long optical cavities, observe possible damages in the optical parts, timing, etc,
before making the leap to a system able to withstand the harsh conditions of real TS
experiments. It is possible that a mature proposal in this direction could ask for funding as a
CICYT project or similar.
Long-Term activities (2006-2010)
Thomson Scattering group at TJ-II is considering the feasibility of high spatial and spectral
resolution TS at Near Infrared wavelengths, to be more precise around YAG-Nd laser λ =
1.06 µm. Recent advances in NIR technology has opened to the civil market 1-D and 2-D
detectors of very high sensitivity (at least according to suppliers!) and fast data transfer rates,
so it is possible to think in a system combining high spectral and spatial resolution with a
moderate temporal resolution offered by the YAG-ND laser, capable of firing up to 100 Hz.
This proposal has not been developed in detail, but it is clear that to pursue it, important
economical, technical and human investments are needed in order to obtain results relevant to
actual TS systems. Preliminary exploration of such ideas in the lab would be mandatory in our
opinion.

III.8.5 Two colour infrared
improvements and operation.

interferometer

diagnostic

in

TJ-II,

The double colour heterodyne interferometer system described in [1], that uses a phase
measurement based in an Analogical to Digital Converter (ADC) presented in [2], has
permitted to obtain the electronic density line integral in TJ-II stellarator machine[3] since
the 2003 Autumn campaign. From the beginning several improvements have been introduced.
The most important has been the detection and correction of a thermo-optical effect in the
ZnSe Windows [4]. Also in the last campaign an under-sampling technique has been tried [5]
to reduce computer time in phase measurement and prepare the system for on-line signal
processing and real time. Even though the main task for this diagnostic is the measurement of
the line average density during NBI discharges (ne >5 1019 m-3 ), it is desirable to extend to
low density (ne ~5 1018 m-3 ) ECRH operation. In this scenario the system serves as a backup
diagnostic to the microwave interferometer in case of fringe losses. When this wavelength is
used at low densities in a device of moderate dimensions as TJ-II (a=approx 20cm), very high
accuracy in the phase measurement is required.
To improve the accuracy several actions have
been done to eliminate different sources of
noise and non-linear effects.
Under-sampling Trials. Because the high
sampling rate, 8 MS/s and the time recorded,
800 ms, the number of samples each pulse are
25.6 MS and the computer time is long, about
four minutes. To improve these circumstances,
we applied the under-sampling technique. It is
widely used in digital radio and other

Fig.III.8.5.1. Shot 12421 electron density
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technologies. It uses in an advantageous way the aliasing phenomena. It is not in contradiction
with the Nyquist criterion because if all the information is into a frequency bandwidth B
around a frequency fn, the Shannon criterion is applicable. If the sampling frequency is bigger
than two times B, it is enough to reconstruct the signal. Trials have been done with different
sampling frequencies, from 1.25 MS/s to 200 KS/s. Very good results have been achieved in
all cases, nevertheless at 200 KS/s, the noise is high and, at the moment, out of our objectives.
The Fig. III.8.5.1 shows the <ne>for the 12421 pulse, obtained with the Infrared
Interferometer (black), using a 800 KS/s sampling rate, and the Microwaves Interferometer
(red). The noise is about 1/300 of CO2 laser fringe.
Source noise identification and reduction. Along the 2005 operation campaigns, a
systematic study to find the noise sources and its causes has been done. Also we have
intended to find the way to minimize the noise. One of the causes of some noisy pulses is due
to the CO2 laser wavelength instability. When the laser is in an unstable situation its
wavelength change and also a mixture of transversal modes exist. This provokes a lot of low
frequency noise. The laser instability is related with the relation between the room
temperature and the cooling water temperature. To avoid it a cooling water temperature
optimization has been done and this effect has been reduced very much. A thermal isolation
piece have been designed and manufactured and also the selection of a new stabilized laser
has been done, and the purchasing process is going ahead.
Using LabView, a noise signal analysis has been done. In Fig.III.8.5.2 can be see the signal
power spectrum corresponding to the 14902 pulse.

FIG. III.8.5.2 Power spectrum corresponding to shot # 14902 pulse.

It can be seen four frequency peeks: 40 Hz, 150 Hz, 320 Hz and 450 Hz. The three last
frequencies have been identified as vibrations of several vacuum pumps. The 40 Hz frequency
is not a noise but a signal component corresponding to the gyrotron modulation. The Fig.
III.8.5.3 shows the average line density <ne> corresponding to the 14902 pulse obtained with
the microwaves (red) and infrared (blue) interferometers diagnostics. To reduce the
mechanical noise from the pumps, a correction program has been developed. The program
detects the frequency and bandwidth of the noise and inserts several stop-band filters. The
final result is very encouraging and noise level below 1/500 is obtained as general rule for all
the pulses. This is very interesting if we take into account that under-sampling technique, at
800 KS/s, is being applied. Nevertheless this technique has the handicap that modifies the
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signal because a small part of the frequency
spectrum is removed. An Independent
Component Analysis (ICA) technique would
be more convenient for extract the noise. It
must be done in the future.
Non-linear
effects:
detection
and
suppression. As it was exposed in previous
reports, several non-linearities have been
identified:
cross-talk,
thermo-optical
dispersion windows effect, different time
response of the two interferometers…
The best, as in noise problem, is to reduce or
eliminate the problem, but if it is not possible
a correction of the data could be the
temporary solution. Respect to the cross-talk,
we have reduced the problem so much and
there are not necessary to correct the signal
for this subject. Referring to thermo-optical

FIG. III.8.5.3 <ne>(1019 m-3 ) for 14902 pulse.
800 kHz under-sampled signal

windows behaviour, we have developed
software to correct the signal using an auxiliary
signal from a bolometer that measures the
ECRH microwaves power density on the walls.
We achieve a good signal that matches very
well to the MW interferometer diagnostic, but
it introduces an uncertainty in the correctness
of the measured signal. Into ours plans it is
contemplate to eliminate one of the two ZnSe
windows including the mirror into the vessel.
Also to change the second wavelength to that
corresponding to the Nd-YAG laser, 1064 nm.
In this sense we have: designed and
manufactured the mechanical system to
support the mirror, it can be seen in the Fig
III.8.5.4. It will be changed in the next TJII
stop. We have defined the Nd-YAG laser and
other elements to be changed and they are in
purchase process.
On the other hand the correction software has
been improved across the study of the pulses
behaviour in all the campaign. Other effects
are in observation.
With reference to the modification and
optimization of the intermediate frequency,
several works have been done: rebuilding of IF
hardware with plug-in components and designing a new concept to produce the intermediate
frequency using the acusto-optics modulators frequency difference. It will be done when the
Nd-YAG would be installed.
Fig. III.8.5.4 Mirror and mechanical support.
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[1] Acedo P. et al., Rev.Sci.Instrum. 75 (2004) 4671
[2] Sánchez M. et al., 15th Topical Conference on High-Temperature Plasma Diagnostics. San Diego 2004.
[3] Sánchez M et al., Rev. Sci. Instrum. 75 (2004) 3414
[4] Sánchez M. and Sánchez J., Rev. Sci. Instrum., 76 (2005) 046104
[5] Sánchez M.and Sánchez J., Proceedings of the 32nd EPS Conference on Plasma Physics”. Tarragona 2005

III.8.6 Reflectometry studies.
A two-dimensional full-wave numerical code [1] in the extraordinary mode of propagation has
been used to study three different reflectometry aspects.
The code has been used to investigate the asymmetry predicted from electromagnetic wave
equations in magnetised plasmas with density gradients [2]. This asymmetry has been clearly
demonstrated for the case of small-scale helicon plasmas. In this case noticeable effects were
seen for strongly focused beams with their corresponding large angular spectrum and the
small radius of curvature of the cylindrical plasma. In contrast for the design of an x-mode
Doppler reflectometer in TJ-II asymmetry effects are not important. The frequency spectra
and the corresponding total reflected power are found to be almost independent of the polarity
of the magnetic field.
The code has also been used to reproduce the experimental results obtained using the
reflectometer in operation at TJ-II [3]. The system is a broadband fast frequency hopping
heterodyne reflectometer designed for measuring plasma turbulence. Several plasma layers
can be probed within a short time interval during the discharge. The asymmetric turbulence
spectra measured using the reflectometer allow us to measure changes in the perpendicular
rotation velocity of the turbulence and its dependence on plasma conditions. Besides,
reflectometry measurements show that a velocity shear layer develops and moves radially
inwards when the plasma density increases beyond a critical value. Numerical results
reproducing the experimental measurements demonstrate the capability of the reflectometer to
measure the velocity shear layer with good spatial resolution.
Finally, the code has been used to study the viability of the Doppler reflectometry technique
in determining the perpendicular rotation velocity of the density fluctuations [4]. We have
studied the influence of parameters like plasma curvature, probing beam characteristics,
turbulence wave-number spectral width, and antenna tilt angle.
To study the effect of the plasma curvature on the Doppler signals we have considered high
directivity Gaussian beam antennas and two extreme plasma curvatures: high curvature
plasma typical of small to medium size devices and flat plasma characteristic of large devices
like ITER. The spectral resolution of the simulated signals obtained modifying the Gaussian
beam waist is shown in figure III.8.6.1. This result shows that Gaussian beams with relatively
narrow beam waist are suitable for high curvature plasmas while Gaussian beams with wide
beam waist are appropriate for slab plasmas.
We have also studied the effect of the width of the turbulence wave-number spectrum on the
Doppler reflectometer results. The relation between the wave-number spectral width and the
wave-number probed by the reflectometer kw/k⊥ is the relevant parameter. Values of kw/k⊥ > 1
imply that the wave-number range probed by the reflectometer, k⊥±Δk, lies within the nearlyflat region of the wave-number spectrum of the turbulence. Conversely, values of kw/k⊥ < 1
imply that the amplitude of the spectrum changes within the range k⊥±Δk. Simulation results

[1] E. Blanco, S. Heuraux, T. Estrada, J. Sánchez and L. Cupido. Rev. Sci. Instrum 75 (2004) 3822
[2] E. Holzhauer and E. Blanco. Nuclear Fusion 46 (2006) in press
[3] T. Estrada, E. Blanco, L. Cupido, M.E. Manso and J. Sánchez. Nuclear Fusion 46 (2006)in press
[4] E. Blanco, T. Estrada and J. Sánchez. Plasma Phys. Control. Fusion 48 (2006) 699
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obtained changing the ratio kw/k⊥ from 0.3 to 2, for standard gain horns and for Gaussian beam
antennas are shown in figure III.8.6.2 (left). These results show that probing a region of the
turbulence wave-number spectrum with nearly constant intensity (kw/k⊥ > 1), a Doppler
reflectometer with moderate spectral resolution still provide acceptable results. However, if
the amplitude of the wave-number spectrum changes within the wave-number range probed
by the reflectometer (kw/k⊥: 0.6 - 1), the spectral resolution should be improved to minimize
the error in the determination of the Doppler frequency; accurate results are obtained using
Gaussian beam antennas with optimum spot size. Finally, when kw/k⊥ < 0.5 the errors are large
using standard as well as Gaussian beam antennas.
Our simulations also indicate that the efficiency of
the Bragg backscattering process, estimated as the
amplitude of the Doppler shifted structure, depends
on the antenna tilt angle, that is on the probed wavenumber. Figure III.8.6.2 (right) shows the amplitude
of the Doppler shifted structure, as a function of
kw/k⊥, for Gaussian beam antennas. The amplitude
decreases as the ratio kw/k⊥ drops below 0.6. In these
cases the probed wave-numbers are larger than the
spectral width of the turbulence and consequently
have a very low intensity. More interesting is the
Figure III.8.6.1: Spectral resolution of the
comparison between the Doppler structure
simulated spectra vs. the Gaussian beam
amplitudes obtained for different probed wavewaist, for high curvature and slab plasmas
numbers with constant kw/k⊥ ratio. Keeping kw/k⊥
close to 1, the amplitude of the Doppler shifted structure decreases in a factor larger than five
when the antenna tilt angle changes from 18 to 30º, that is, when the normalized probed
wave-number changes from k⊥/k0 = 0.6 to 1. From these simulations we conclude that even
though Doppler measurements at large tilt angles -high probed wave-numbers- are able to
give accurate results on the Doppler frequency, the amplitude of the Doppler shifted structure
and therefore the efficiency of the Bragg backscattering process depends on the probed wavenumber. This dependence calls into question the accuracy of the turbulence wave-number
spectra measured using this technique.

Figure III.8.6.2. Left: Doppler shift of the simulated signals vs. the turbulence wave-number
spectral width. Standard gain horns with θ = 18º (squares). Gaussian beam antennas with optimum
spot size with θ = 18º (black circles) and θ = 30º (white circles). Right: Amplitude of the Doppler
shifted structure.
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III.8.7 Novel passive spectroscopy system for absolutely referenced rotation
measurements in clean plasmas.
A novel method for measuring absolutely calibrated rotation velocities in fusion plasmas by
means of passive spectroscopy, using a single plasma view, is presented. The method consists
of simultaneously recording the emission lines from the plasma and from a calibration lamp
by means of a double fiber-fiber guide. A software simultaneously analyzes the plasma and
calibration lines, which are obtained with a high-resolution spectrometer equipped with an
intensified linear detector array, and provides absolute rotation measurements. Experimental
results of carbon impurity ion rotation measured in the TJ-II stellarator are reported,
demonstrating an accuracy of better than 0.3 km/ s. A detailed report of this work has been
published in The Review of Scientific Instruments 77, 033506 (2006).

III.8.8 Absolute response of luminescent screens to low energy ions.
The development of a fast ion detector for the TJ-II stellarator demands to know the absolute
response of luminescent powder screens to low energy ions where data cannot be found. The
construction of this detector has been terminated recently and the tests needed before
installation into the TJ-II will be performed in the next months. The ionoluminescence of four
selected screens, made of Y2O3:Eu (P-22), Y3Al5O12:Ce (P-46), Y2O2S:Tb (P-45), Y2SiO5:Ce
(P-47) and deposited by the sedimentation method, has been studied in a lab setup built for
this purpose. The materials are excited by Ar+ ions with energies in the range of 1 to 30 keV,
similar to those expected to be impinging in the TJ-II fast ion detector, and the
ionoluminescence produced is absolutely quantify by means of a very sensitive detection
system. The results obtained will be presented at the High temperature Plasma Diagnostics
Conference and their consequences to the development of fast ion detectors in a medium size
machine will be discussed. A more detailed report of this work has been presented by David
Jiménez at the UNED for obtaining his DEA certificate.
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III.9 Modelling of plasmas using a probabilistic approach
(The text below is a reproduction of Ref. [1].)
On the 100th anniversary of the publication of the famous article by A. Einstein [2] in
which the relation between Brownian motion and macroscopic diffusion was
established, it is appropriate to review the basic concepts of diffusion in the light of
recent developments. The idea that diffusion is the macroscopic manifestation of
predominantly random microscopic motion (Brownian motion) was generalised in the
mid twentieth century in what is known as the Continuous Time Random Walk
(CTRW) formalism [3]. Within this framework, a much wider range of types of random
motion is allowed than only the standard (Gaussian or Brownian) random walk [4]. In
fact, the starting point is the statement that a particle, located at the space-time point
(x',t'), has a certain probability to move to a new point (x,t), with t > t', given by the
probability density function (pdf):
(1)
This pdf is normalised to guarantee conservation of probability:

(2)
As a side remark, we note that in this context, the word 'particle' is used in a generic
sense. Depending on the problem at hand, it may refer to real particles (e.g. electrons or
impurities) or to any spatially localised entity liable to be transported such as fluid mass
or energy packets.
The CTRW formalism does not enter into the details of the physical processes
that cause the particle motion. It merely ascribes a probability to the result of the
physical interactions taking place. In simple cases, when a detailed physical model is
available for the microscopic motion (the kinetics), these probabilities may be
estimated. However, even when such detailed knowledge is unavailable or too complex
to even yield approximate solutions, the CTRW framework can be of use. In such cases,
CTRW models can be constructed using probability distributions that are consistent
with the symmetries of the system, with additional input from incomplete experimental
and theoretical knowledge. If the latter is feasible, the resulting CTRW model will
provide an approximate statistical description of the transport process, in spite of the
lack of detailed knowledge of the microscopic reality, on occasion resulting in
extremely useful and practical models that help clarifying global transport and scaling
behaviour as well as specific complex phenomena. CTRW models are generalisations of
the phenomenological laws associated to the names of Fick and Fourier, while allowing
the modeling of transport in systems with a complexity far beyond the usual limits, on a
mathematically sound basis and complying with all basic conservation requirements (of
particles, energy, etc.).
In the context of magnetically confined plasmas, the combination of neoclassical and turbulent transport falls precisely in this category of complexity.
Therefore, in our opinion, the CTRW framework may provide a novel and useful
approach to the transport problem in such plasmas. Initial steps in this direction have
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already been taken, and are reviewed in the current paper. However, the scope of the
CTRW modeling framework is of an extraordinary amplitude. In the current article, we
cannot hope to present a comprehensive review and merely present some specific
results, corresponding to different levels of approximation, which we feel could be
relevant for the study of transport in fusion plasma physics, without any pretence of
completeness. The work presented here is unfinished, and at present the ultimate goal of
a fully fledged probabilistic transport model is still far away, although many necessary
elements seem to be available now.

III.9.1 Assumptions and starting points
In the present work we will assume that ξ is space-time separable, and we will limit
ourselves to Markovian particle motion. The latter implies that no memory of past
events is retained in the individual motion, so that the distribution of waiting times
between successive particle 'jumps' is an exponential law, with characteristic time
τD(x’), which may depend on x'. Thus, ξ can be written:

" (x # x', x';t # t',t') =

% t # t' (
p(x # x';x',t)
exp'#
*
$ D (x')
& $ D (x') )

(3)

We will also assume that no (external) forces are operating on the individual particles,
so that p(Δx; x, t) = p(–Δx; x,t). These choices are quite restrictive and we note that the
!
CTRW framework allows for other possibilities with interesting consequences. By way
of example, a non-Markovian choice for the waiting time distribution leads to
subdiffusion [5–7], which can be associated to the physical process of particles sticking
to topologically singular sites (e.g. localized eddies). However, in the following it will
become clear that these particular choices are rather appropriate for the type of transport
dynamics we are concerned with.
The symmetric particle step distribution p can take on a variety of forms, always
subject to the normalisation requirement. We assume that p describes motion on
mesoscopic spatial and temporal scales, i.e. on a range of scales between those
pertaining to the microscopic movement and the maximum scale set by the system size
and the life of the system. This is an important assumption, since it allows one to
decouple the model somewhat from the microscopic motion. The model will therefore
'average out' the details of the microscopic kinetics, and retain only effects larger than
this mesoscale. Thus, we assume that the mesoscopic particle 'jumps' described by the
distribution p are in fact the result of the sum of many microscopic random movements.
In this case, the central limit theorem predicts that p must be a limiting distribution of
the Lévy class [8].
The Gaussian distribution is only a specific element in the Lévy class of
distributions, and arises from the additional requirement that the width (or standard
deviation) of p be a finite number. For many physical situations this is a reasonable
requirement, but in recent years it has become clear that in many branches of science
non-Gaussian Lévy distributions do indeed occur in practice (cf. Ref.[9] and references
therein). We therefore specifically wish to leave open the possibility that on a mesoscale
level, transport may involve non-Gaussian Lévy distributions, without however
claiming that this necessarily must be so. In the following, we will discuss the
consequences of this possibility for such important topics as the scaling of transport
parameters with machine size.
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III.9.2 The Generalised Master Equation
From the definition of the particle motion pdf, equation (3), one may derive the time
evolution equation of the particle density n(x,t), i.e. the particle density distribution
function multiplied by the total number of particles in the system [10–12]. The
mathematically rigourous derivation presented in the cited papers extends previous
similar results [13–16] to the situation in which p is a (possibly nonlinear) function of
both space and time. This extension opens up the CTRW framework to a host of
possibilities that are of relevance to the study of transport in fusion plasmas; namely,
situations in which the diffusion coefficient depends on certain system parameters (the
relation between p and the diffusion coefficient will be given below). An example of
this is the well-known local temperature dependence of the diffusion coefficient in
fusion plasmas.
Without entering into the details of this derivation here, the resulting equation,
given here for an unbounded system, is known as the Generalised Master Equation
(GME):

(4)
This integro-differential equation is the main product of the CTRW approach, under the
assumptions mentioned above. It is the also basis of the remainder of this work. In the
appropriate limit of local transport and in the fluid limit, discussed below, it reduces to
the usual diffusion equations (typically of the form ∂n/∂t = D ∂2n/∂x2), while allowing
the use of Lévy distributions and the modelling of inhomogeneous and non-linear
systems. In spite of the apparent complexity of this integro-differential equation, its
interpretation is easy. It states that the rate of change of particles at location x and time t
is given by adding the new particles that arrive and subtracting those that leave, per time
unit. The arriving particles originate from another location x' by a process with a
probability given by p(x-x',x',t), while the time scale governing the process is given by
τD(x').

III.9.3 The fluid limit
To clarify the meaning of the GME, it is useful to consider its fluid limit [11, 17, 18].
Note that the integral in equation (4) is a convolution.
Therefore, we proceed to Fourier space to obtain:

(5)
where p(k,x';t) is the Fourier transform of p(x,x';t).
Fourier-transforming this equation with respect to k, and noting that

(6)
we obtain:
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(7)
For simplicity, let's assume that the particle step distribution p is a Gaussian, so that its
Fourier transform is [10]:
(8)
The distribution p can be approximated by a Taylor expansion in k-space, assuming
small σk:
(9)
This approximation will therefore be valid in the limit of small σ (local transport) and
small k (fluid limit).
Inserting this into equation (7) and Fourier-inverting, we obtain:

(10)
where we have defined D(x,t) = σ(x,t)2/τD(x) as is common practice.

III.9.4 Diffusion in a homogeneous system
In a homogeneous system, D is constant by definition and does not depend on (x,t).
Then equation (10) becomes:

(11)
Using particle conservation ∂n/∂t = – ∂Γ/∂x, this leads to Fick's law [19], which states
that the particle flux Γ is proportional to the density gradient:
(12)
(where ΓF is the – Fickian – particle flux). Fick's law is a phenomenological relation
which has proved useful in many (nearly) homogeneous systems. Its success at
modelling diffusive transport in such systems has been so general that often it is even
applied to inhomogeneous systems, without however providing any detailed
justification. We note that (fusion) plasmas, which are usually very strongly heated and
fuelled, are far from equilibrium and far from homogeneous. The question whether
Fick's law may be applied to such systems is not unjustified [20–23], and we will
address this point in the next section.

III.9.5 Diffusion in an inhomogeneous system
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The diffusion equation for the case that D is a function of (x,t) is equation (10). We
note that this implies the existence of a flux
(13)
Observe the difference with equation (12). Equation (13) has long been known to
describe the diffusion of a population of tracers subject to spatial inhomogeneities, and
is known as the Fokker-Plank diffusion law [23, 24].
Curiously though, Fick's law is very often adhered to even in inhomogeneous
systems. As a consequence, it is then observed that the experimental data do not fit the
theoretical model (e.g. sometimes the observed fluxes go in the direction of the
gradient, i.e. uphill). To remedy this problem, a convection or drift is added to the
Fickian flux, i.e.:
(14)
This equation is usually sufficient to fit the data. However, often the interpretation of
this drift is difficult, since its experimental value turns out to be much larger than can be
accounted for by external forces and system asymmetries.
However, when comparing equation (14) with the Fokker-Planck equation (13),
it is obvious that
(15)
i.e. according to Fokker-Planck, V is related to the inhomogeneity of D. Thus, in
strongly inhomogeneous systems such as fusion plasmas, a (possibly large) part of the
observed convection ("pinch") may be due to the FP contribution. Of course, this does
not preclude other physical mechanisms, corresponding to the mentioned external forces
and asymmetries [26], to also contribute to the total convection (e.g. the Ware pinch in
fusion plasmas [27]).

III.9.6 An experimental approach
We will now proceed to test the existence of the FP pinch experimentally. Consider a
one-dimensional system with co-ordinate x ∈ 〈–∞, ∞〉. The system is characterized by
two system parameters τD = constant and σ(x) = σL + Θ(x)(σR- σL), where Θ(x) is the
Heaviside function. The subscripts "L" and "R" refer to left and right, respectively.
Since D = σ2/τD, the diffusion coefficient D has a discontinuous jump at x = 0 (D = DL
for x < 0 and D = DR for x > 0). Initially, we set n(x,0) = n0. The boundary conditions
are that ∂n/∂x = 0 for x → ± ∞. We attempt to find solutions to the diffusive transport
equations.
First, consider the standard diffusive equation:

(16)
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This equation does not evolve away from the initial state n(x,0) = n0, since evidently
∂n/∂x = 0 everywhere, so ∂n/∂t = 0. This is consistent with the idea that Fick's law does
not produce any flux in absence of gradients in the transported quantity. We note that
this situation is problematic. Namely, consider the point x = 0. Particles some distance d
to the left of x = 0 have a certain probability to reach the right system half in a given
time interval, as specified via DL. Likewise, particles at the same distance d to the right
of x = 0 have a probability to reach the left system half (given via DR). This probability
not being equal, there is a net flux right (or left) of particles originating at the same
distance d left and right of x = 0. This situation persists (with the same sign) for all
distances d from x = 0, so a net flux through x = 0 must necessarily be generated. This
intuitive result is at variance with the naive form of Fick's law.
Second, consider the Fokker-Planck diffusion law:

(17)
An analytical solution of this equation with the initial condition n(x,0) = n0 is:

(18)
(for x < 0) and

(19)
(for x > 0), where erf(x) is the error function. Continuity of the flux ∂(Dn)/∂x has been
imposed at x = ± ε for ε → 0. These solutions are shown graphically in figure 1a with
n0 = 1, DL = 1.2 and DR = 2.9, for several values of t.
Finally, we consider the numerical solution to the Generalized Master Equation,
equation (4). This equation was solved directly, applying reflecting boundary
conditions at x = –1 and x = 1 to avoid particle loss effects at the boundary. The result is
shown in figure 1b for a case with n0 = 1 and DL/DR = 1.2/2.9. Both the times t and the
distances x indicated in the figure are in arbitrary units. The initially flat concentration
profile (n(x,0) = constant) is seen to evolve a gradual transition.

Figure 1 - (a) Analytical solution to the fluid limit approximation of the Generalized
Master Equation, equations (18) and (19), with n0 = 1, DL = 1.2 and DR = 2.9. (b)
Numerical solution to the Generalized Master Equation with the same parameters.
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We have actually carried out this experiment in practice, using liquids of
different viscosity with tracer particles [23], showing that the GME provides a very
accurate description of diffusive transport in this inhomogeneous system. The FokkerPlanck diffusion equation provides a reasonably good approximation to the
experimental results in those places where the inhomogeneity is not too strong (i.e.
everywhere except near the discontinuity in D at x = 0).
This simple experiment clearly points in the direction that the Fokker-Planck
diffusion equation is preferable to Fick's law for the modelling of diffusion in
inhomogeneous systems. Evidently, the relevance of this simple experiment to the
complexity of a fusion plasma may be questioned. However, the recent experiments
performed at JET [28], in which tritium was used as a tracer to study transport
coefficients, provided independent and spatially resolved information on both D and V
(using equation (14) as a transport model), and the resulting profiles are in reasonably
good accord with the FP prediction V = –∂D/∂x, both in sign and value (as shown in
figure 2).

Figure 2 - Radial profiles of D (solid line) and V (dashed line) as obtained from the trace
Tritium experiments at JET [28], with errors (shaded areas), and an estimate of D
calculated from the Fokker-Planck prediction V = –∂D/∂x (chain line), in good
agreement with the measured D.

III.9.7 More complexity: Lévy distributions and fractional differential
equations
Up to this point, the models emanating from the basic GME can still be considered
'classical' diffusion equations, and the merits of the CTRW/GME approach are mainly
those of clarifying the assumptions behind and the limitations of the modelling
framework. However, as noted before, the GME allows for far more complexity, and
this we will explore in the following, always with an eye on its possible useful
application in (fusion) plasma physics.
Why would one bother with Lévy distributions at all? The main reason for
considering Lévy distributions for transport modelling is to capture some remarkable
scaling phenomena of transport in fusion plasmas. As noted before, the Lévy
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distributions form a general class of which the Gaussian distribution is only a particular
member. More precisely, the Lévy distributions encompass all limit distributions of
sums of independent, identically distributed random variables. Whereas the Gaussian
distribution decays rapidly, i.e. exponentially, for large x (namely, p(x) ~ exp(–x2/σ2)),
and thus generates local transport (as expressed by the FP equation), the non-Gaussian
Lévy distributions decay slowly, i.e. algebraically, for large x (namely, p(x) ~ σαx–(1+α)
with 0 < α < 2), and thus generate non-local transport, in which some "transport event"
has a small but non-negligible probability of traversing a large part of the system, and
thus affecting the system at a large distance from its origin. Such non-local transport
phenomena may have been observed in fusion plasmas [29–35], although there is
always some margin for alternative interpretations.
Another indication comes from the fact that the scaling with system size (L) of
experimental transport is typically not diffusive, e.g. the confinement time τ does not
scale as L2. If transport were dominated by a Lévy distribution with index α, then τ ~ Lα.
Transitions between one and the other scaling behaviour as a function of the system
drive are also possible, as shown in the example below.
Finally, Lévy distributions have been detected in numerical turbulence
simulations [36], and experimental indications for their existence have been obtained
[37, 38]. In combination, these indications inspire us to leave open the possibility of
using Lévy distributions in the modelling of transport, which is easily accommodated in
the CTRW/GME framework.
We note that the use of non-Gaussian Lévy pdfs does not impede one from
making a fluid limit approximation in the same sense as discussed before. With Lévy
pdfs however, this leads to fractional differential equations (FDEs) [18] (and references
therein). The study of FDEs is quite advanced [39], but a discussion of this issue is
outside the scope of the current paper.

III.9.8 More complexity: Criticality
A fundamental element of transport in fusion plasmas is the concept of criticality. The
basic idea is that turbulence is activated when the gradient of e.g. pressure or some other
relevant quantity exceeds some threshold, thus enhancing transport significantly. Such
mechanisms would lead to the "clamping" of the gradients to their critical values,
provided the drive is sufficiently large, thus producing "stiff" profiles, in accordance
with the observed "profile consistency" [40]. There are many experimental indications
that such mechanisms are indeed operative in (fusion) plasmas [41, 42].
We note that this idea is evidently related to the central ideas of the SelfOrganised Criticality (SOC) paradigm [43], which provides an interesting alternative
viewpoint of the transport problem [44–49]. Here also, unusual (i.e. non-diffusive)
global scalings of the transport parameters are obtained, which bear some similarity to
the effect of having Lévy distributions. Thus, from the global scaling behaviour of
transport alone it will be difficult to distinguish between a critical mechanism and the
action of Lévy distributions, unless the system can be driven to a fully supercritical state
(where the criticality is deactivated); or the Lévy distributions can somehow be
deactivated (perhaps by going to a high collisionality régime).

III.9.9 A toy model
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The above ingredients lead us into largely uncharted terrain. To get a grip on the
consequences of the cited mechanisms for transport, in previous work we have designed
a one-field, one-dimensional toy model [10, 12]. The details of the calculations can be
found in the cited references; here, we will merely cite the main results.
First, the GME is defined for a finite system. Without loss of generality, we set
0 ≤ x ≤ 1. Particles that jump from a position within this range to a position outside, are
considered lost. This implies that the system suffers continuous edge losses, which must
be compensated by a source term S, which we choose independent of time since here we
intend to study steady-state only. For simplicity, we use a constant waiting time τD. The
time evolution equation is therefore

(20)
To capture the typical critical gradient behaviour, we choose the step distribution p in
such a way that transport is 'local' (Gaussian) when the density gradient is below a given
threshold, and 'non-local' (Lévy) when the gradient is above it. When the source drive is
sufficiently strong and the profile would rise above the critical value, the increased
(Lévy-driven) transport will bring the gradient back to the critical value, thus 'clamping'
the profile. We define p as:

(21)
where Psym(x,α,σ) is a Gaussian distribution when α = 2 and a Cauchy distribution when
α = 1. The function ζ defines the criticality condition:

(22)
where Θ(x) is the Heaviside function. As discussed in more detail in the cited
references, this simple model has a number of remarkable properties.
First, with homogeneous fuelling S(x) = S0, the mentioned profile clamping is
observed for a range of values of S0. At low fuelling levels, the system is subcritical
everywhere and behaves as a standard diffusive model, and the particle confinement
time τ scales with system size L as τ ∼ L2, as expected. As S0 increases, the profile is
clamped to the critical value, first only at the edge, and as S0 increases further, an ever
larger part of the profile becomes critical. As a consequence, the confinement time τ
drops; this effect is remarkably similar to the "power degradation effect" observed in
many fusion plasma experiments.
Second, as S0 increases, the scaling of τ with system size makes a simultaneous
transition from τ ~ L2 to τ ~ L, which is reminiscent of the transition Bohm → gyroBohm observed in fusion plasmas [50].
Third, still with homogeneous fuelling, the stiffness of the profile produces an
extremely rapid propagation of perturbations, some three orders of magnitude faster
than one might expect from the diffusive time-scale, very similar to what is observed
with pulse propagation studies in fusion experiments [29, 51–53].
Fourth, with an off-axis fuelling profile S(x) = S0 f(x), where f(x) is a positive
function with unit integral and with peaks at x = 0.3 and x = 0.7 [12], the density profile
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is initially flat in the core region (at low values of S0), but peaks as the fuelling level S0
is increased. Again, this is strikingly similar to what is observed in some actual
experiments (e.g. [54]), and very unexpected from local diffusive models. As discussed
in our previous work, the explanation of this peaking is essentially linked to the
criticality of the transport model.
An interesting observation, in view of recent discussions regarding density
profile peaking, is that the profile peaking in the toy model depends on the relative
importance of the sub-critical (diffusive) transport channel in overall transport. In other
words, the peaking is reduced and the profile becomes less stiff when the diffusive
transport channel is enhanced. This is in accord with recent observations in fusion
plasmas [55, 56] that the peaking decays as the collisionality parameter νeff is increased.
In conclusion, this very simple toy model, based on the CTRW/GME framework
and incorporating transport mechanisms that are inspired, on the one hand, by physics
that is commonly suspected to be operative (critical gradients) [57], and on the other, by
processes whose relevance is not yet proven (Lévy distributions), produces very
interesting behaviour that bears a striking similarity with the behaviour of actual fusion
plasmas.

III.9.10 Towards a full transport model
The toy model presented in the preceding section is limited in various aspects. The first
limitation that needs to be overcome is the one-field aspect of the model (only the
density, n, is modelled). Plasmas are characterised, to first approximation, by at least
two fields; namely, density (n) and temperature (T).
To extend the model in this sense, it is useful to recall that the GME (equation 4)
expresses the principle of conservation of density. Thus, it is natural to assume that a
similar GME might need to be introduced for any other conserved quantity, such as the
plasma energy E = 3/2 nT. This immediately leads us to postulate the following
equation:

(23)
Indeed we now have a set of two equations, describing the evolution of two fields
(namely, n and E, or, equivalently, n and T). Note the appearance of a second step
probability distribution, pE. All the physics of energy transport is expressed via this
distribution, just like the physics of particle transport was expressed via p.
The crux of the matter is now to choose p and pE in such a way that reasonable
models for particle and energy transport are obtained. Such choices must be motivated
by the (kinetic) theory of transport and the theory of plasma instabilities. Thus, it may
be expected that both ∇p and η = ∇(ln T) / ∇(ln n) play a role in the definition of
critical gradients. Work in this direction is currently underway.

III.9.11 Conclusions
In this work, we have reviewed certain aspects of the CTRW modelling framework, and
suggest that the corresponding GME might provide a useful tool for the numerical
modelling of diffusion of particles and energy in magnetically confined plasmas.

III.9. 10

In the appropriate limit, the GME corresponds to the well-known Fokker-Planck
diffusion equation in inhomogeneous systems, which reduces to Fick's law under the
additional assumption that the system is homogeneous. Since fusion plasmas are
strongly inhomogeneous, this suggests that the Fokker-Planck diffusion equation may
be more appropriate than Fick's law for modelling transport. Part of the observed inward
convection ("pinch") may then simply be ascribed to the inhomogeneity of the system.
The ample scope of the GME also permits a mathematically sound approach to
more complex transport issues, such as the incorporation of critical gradients and nonlocal transport mechanisms (using Lévy distributions). A toy model incorporating these
ingredients was shown to possess behaviour that bears a striking similarity to certain
unusual phenomena observed in fusion plasmas. It is hoped that a suitable extension of
the current GME framework will eventually lead to a full-fledged transport model for
fusion plasmas. As mentioned before, its construction should partly be guided by the
kinetic theory of particle motion and partly by the theory of plasma instabilities. These
theories should delimit, in a statistical sense, the probability distributions needed to
represent the underlying microscopic dynamics correctly. Further adjustment of the
obtained model should then be possible by direct comparison with experimental results.
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IV THEORY AND SIMULATION

Chapter IV.
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IV.1 Transport
This section deals with the intense transport theoretical activities developed during 2005,
some of them devoted to TJ-II plasmas. Special attention is paid to the influence of
magnetic topology on transport. The analysis of perturbative experiments and the some
studies of transport barriers and diffusion reaction are also presented. The organization of
this section is as follows:
IV.1.1 Perturbative Transport Estimations.
IV.1.2 Low order rationals and Transport.
IV.1.3 Magnetic shear and transport.
IV.1.4 Reaction diffusion Models and Transport Barriers.

IV.1.1 Perturbative Transport Estimations

ne (10 19 m-3 )

1. Introduction
Perturbative experiments have been carried out in the TJ-II stellarator by the injection of a
single pulse of different gasses (N2, H2…) to study the particle transport for obtaining the
diffusive and convective contributions to the particle flux. The same method is applied to
the transport analysis of spontaneous transition to an enhanced confinement mode [IV.1.11], observed under certain experimental conditions.
1.0
The time evolution of the radial density profile is
t=1142 ms
obtained by making use of several diagnostics in
0.8
TJ-II, since none of them is capable of providing
the time evolution of the full density profile. For
0.6
instance, we show in Figure IV.1.1-1 several
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density profiles obtained using the interferometer at
different times in discharge #5742, together with
t=1130 ms
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the Thomson scattering density profile for the same
discharge.
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Figure IV.1.1-1: Density profiles of shot
#5742 every 2 ms, obtained by the
reflectrometry system (solid lines) together
with the profile before the gas pulse
injection obtained by Thomson Scattering
(dots).

2. Solving for transport
Particle diffusion coefficient and pinch are obtained
by solving the inverse problem for the density
balance equation:

dn
+ " # $ = S( r,t )
dt

where n is the electron density, Γ is the particle flux and S is the particle source, which is
localized in the edge and originates from recycled neutral particles in ECH plasmas. Since
parallel transport is several orders of magnitude faster than the radial one, we can assume
that density is constant on magnetic flux surfaces, and then the problem is solved in
cylindrical geometry. The particle flux includes both diffusive and convective
contributions,

" = #D(r)
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r
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Figure IV.1.1-2: Particle source term.
The dots correspond to the experimental
results obtained in several reproducible
discharges (3 discharges, 9-10 points per
discharge). The solid line corresponds to
the best fit to the points
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Figure IV.1.1-3: Time evolutions of the line-averaged electron density
measured by the microwave interferometer and of the Hα signal in the A8
toroidal sector (the time evolution of the source term is obtained from this
signal). Each vertical grey line represents the time at which the density profile
is measured by the reflectometer system (displayed in Figures IV.1.1-4,
IV.1.1-5 and IV.1.1-6). Here (a) corresponds to the short gas puffing
experiment (#5742) and (b) to the transition to enhanced confinement mode
(#5196).
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density profile has been
has finished.
obtained using the X-ray
tomographic reconstruction system The model described in the previous section has been
used to study particle transport physics in two examples of evolving discharges: one
perturbed by a short gas puffing (shot #5742, PECH=300 kW, magnetic configuration
n (x10 ) m-3

!

The convective term shows an explicit
dependence on r/a to take into account the surface
variation with the radius that occurs in cylindrical
geometry. The source term, which is needed as an
input to the transport equations, is given by
S ( r,t ) = I H" ( t ) S0 exp(r /r0 )
and is obtained from experimental results. The
estimated source term can be seen in Figure
IV.1.1-2. The diffusion coefficient is parametrized
as a polynomial plus an exponential function as
follows: D(r) = pol(Di r) + De exp( r /" ) , where
Di,, De and Δ are free parameters. The same
process has been followed to adjust the pinch
velocity: V (r) = (r /a)V0 ( pol(Vi r)) , where Vi, are
!
free parameters. The polynomial degree in each
experiment have been adjust in order to have the
same freedom degree that in the diffusivity
!
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100_40_63, ι(0)/2π=1.51) where the evolution is fast and the changes occur within 8 ms,
and another that presents a transition to an enhanced confinement mode (shot #5196,
PECH=300 kW, magnetic configuration 100_58_68, ι(0)/2π=1.61) where the evolution is
slower and the results showed cover 45 ms. The average line density increases slightly
during the gas pulse and then it returns to steady state (Figure IV.1.1-3a). Three density
profiles are obtained just before the gas pulse and four during the injection.
In the case of the transition to an enhanced confinement mode, the average line density
increases continuously after the transition, even without any external increase in the puffing
rate (Figure IV.1.1-3b). The density profile evolution obtained from reflectometry, is
displayed in Figures IV.1.1-5a and IV.1.1-6a.
The profile evolution is very different in both cases for external radii (ρ>0.5) (see Figure
IV.1.1-4a). The final gradient after the injection is smaller than the original one for ρ<0.6.
In the case of enhanced particle confinement, the profile is also broadened but the gradient
increases continuously during the evolution. The transport coefficients and the pinch
velocities in both cases can be seen in Figures IV.1.1-4b, IV.1.1-5b and IV.1.1-6b. Figures
IV.1.1-4a,
IV.1.1-5a,
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Figure IV.1.1-4: a) Time evolution of density profiles measured (symbols) experimental profile and
and calculated (continuous lines) in a short gas puffing experiment (#5742), the calculated one is
and b) diffusivity (continous lines) and pinch velocity (dashed line) obtained very good in the case of
by the adjustment of experimental data, used in the evolution.
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Figure IV.1.1-5: a) Time evolution of density profiles measured (symbols)
the
perturbative
and calculated (continuous lines) for the shot that presents a transition to
enhanced confinement mode (#5196). b) diffusivity (continuous lines) and experiment a pinch that
pinch velocity (dashed line) obtained by the adjustment of experimental data, decrees strongly when
used in the evolution. The results that are shown correspond to the first phase the radii decrees is
of the transition, when the transport suffers more severe changes.
present. The case of
enhanced confinement
shows that the diffusivity is reduced approximately by a factor 2 for radii ρ≈0.5 while the
inward pinch is strongly increased (by a factor 3) for radii ρ >0.6.
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IV.1.2 Influence of the magnetic topology on transport and radial electric
fields in the TJ-II stellarator
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Introduction.
We have investigated the influence of the
magnetic topology on confinement and electric fields
in ECH plasmas in the stellarator TJ-II, taking
advantage of the flexibility of this almost shearless
device. A wide range of rotational transform values
can be attained (ι/2π=0.9 to 2.1) and the rotational
transform profile can be tailored by inducing currents
using both ECCD and two sets of OH coils. In this
way it is possible to introduce rational surfaces inside
the plasma and to modify the magnetic shear to
examine their effect on confinement and related
magnitudes.

0.4

Low order rationals effect.
We have positioned low order rationals close to
40
the plasma core both by a magnetic configuration
scan and by inducing current in order to modify the
30
rotational transform profile. The formation of
20
electron internal heat transport barriers (e-ITBs) [1],
10
characterized by an increase in the core electron
0
temperature and plasma potential, has been found. e-1
-0.5
0
0.5
1
!
ITBs are triggered by positioning a low order
Figure
IV.1.2-1.
HIBP-measured
rational surface close to the plasma core region (for
temperature, potential and beam
effective radius ρ≈ 0.2-0.3), while they disappear
intensity profiles, with (red) and
when the rational surface is positioned at outer
without (black) e-ITB.
positions [2]. For the available power, there are no
indications of barrier formation in plasmas whose magnetic configurations do not contain
low order rationals. The measured radial electric field Er in plasmas that present e-ITB is in
the range of 10-15 kV/m, three times that of plasmas without barriers, which is in the range
of 4-5 kV/m. The rotation velocity in the plasma core is three times faster in the case with
e-ITB, in agreement with the ion-momentum balance equation. The estimated ErxB
shearing rates in the discharges with low order rationals (105-106 s-1) are consistent with the
interpretation that positioning a rational surface close to the ECH deposition profile can
enhance the outward electron flux creating an ambipolar Er able to reduce heat transport as
will be explained below. The formation of the ITB has been observed with positive and
negative magnetic shears. We are showing in Fig. 1: a) the temperature profiles in plasmas
with and without barrier; b) the potential profile measured by HIBP for the same cases as
before, demonstrating that a stronger positive radial electric field appears in the core; and c)
the total beam intensity measured by HIBP, which is proportional to plasma density,
showing that the density is lower in the case with barrier in this discharge.
We have also obtained the first experimental evidence of coupling between the
development of sheared flows and the structure of turbulence close to the plasma LCFS [3].
60
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Itotal (nA)
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2 105

The resulting shearing rate is comparable to
the one required to trigger a transition to
1 105
improved confinement regimes with
5 104
reduction of edge turbulence, suggesting that
0
spontaneous sheared flows and fluctuations
4
-5 10
keep themselves near marginal stability (see
(d)
Fig. 2). While these results support the
4000 (c)
importance of turbulence to understand the
3000
observed interplay between magnetic
topology and transport in the edge, the time
2000
scales of the perturbation in density and
1000
s) measured by
0.35 0.4 0.45 0.5 0.55 0.6
0.7 0.75 0.8 plasma potential (50-300
Line Average Density (x1019 m-3)
HIBP [1] and its localization within the ECH
deposition profile, support the idea of the
dominant role of ECH convective fluxes in the formation of e-ITBs in the plasma core of
TJ-II.
Finally, OH-coils [4] have been used to
Figure IV.1.2-2. Shearing rate vs. line density
induce
positive and negative currents up to
without (a) and with (b) polarised electrode and
their corresponding turbulence levels (c,d).
|Ip|< 10 kA. It is shown that the negative shear
(provoked by negative current) correlates with
improved confinement, causing that the profiles become wider in a long time scale, while a
non-monotonic behaviour of plasma confinement versus shear is observed for positive
currents, as can be seen in Fig. 3. As plasma current evolves, the rotational transform
profile crosses several low order resonances whose signature can be seen in the line density
evolution as well as in other thermal signals.
(a)

(b)

E!rms/B (m s-1)

Shearing rate (s-1)

1.5 105

Kinetic effects.
Fast changes of emissivity profiles
correlated with changes in the electron
distribution function, as deduced from soft Xray spectra, take place at well defined radial
positions, close to low order rational surfaces.
These emissivity changes have been
identified as signatures of transitions between
high and low direct losses regimes that are
also manifested in a more hollow density
profile (see Fig. 4). Here, rational surfaces Figure IV.1.2-3: Effect of plasma current on
seem to be modifying the trapping/detrapping line density.
rate of ripple-trapped suprathermal electrons
[5]. But also magnetic topology affects the radial transport of fast passing electrons, that
can be confined near rational surfaces more than 50 ms [6]. All these facts and the ones
shown above point to kinetic effects induced by ECH and the presence of rational surfaces
as the key ingredients to explain the transport modification.
The electron flux in the vicinity of rational surface, which is much larger than the ion
one, is given by: "e ( Er ) = "eNC ( Er ) + "eTURB ( Er ) + "eECH ( Er ) + "eISLAND ( Er ) . In this expression, the
neoclassical, the turbulent, the ECH-induced fluxes and the induced by the rational surface
are considered. The experimental results of TJ-II show that the cooperation of the third and
fourth terms
! is necessary to create the radial electric field able to reduce heat transport.
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The estimation of the flux through the magnetic surface needs a detailed knowledge of
magnetic topology and an approach based on Langevin equations has been recently
developed to estimate the ECH induced flux [7]. We have estimated the linear
instantaneous ECH-induced flux (created when ECH is switched on in a hot plasma)
0.4
0.8

11

Te (keV)
ne x 1019 (m-3)

Ln(Intensity) (a. u.)
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Figure IV.1.2-4. Electron density and temperature profiles for the cases with (blue) and without (red)
enhanced losses (Top). SXR spectra show a superthermal tail in the case without enhanced losses.
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assuming that all the particles that enter the loss cone are lost and disregarding the
evolution of distribution function (assumed Maxwellian), the effect of collisions and
viscosity. The flux and its divergence
are plotted in Fig. 5. This extra flux
2 10
4 10
causes the onset of an electric field that
1.5 10
3 10
tends to stop the particle flux and to
Div(!)
increase the heat confinement. As a first
1 10
2 10
step to estimate the time evolution of the
!
5 10
1 10
flux and the field, we evolve the coupled
equations:
m d" dt = #enE # p';
0
0
Div(!)

-1

dE dt = (e " ) #;

( 3 / 2)( dp' dt ) = "( q' ' +q' / r " q / r 2 ) + w' . Here p

!
!

-5 10 2 6
-0.2

-1 10 2 5
-0.15

-0.1

-0.05

0
r(m)

0.05

0.1

0.15

0.2

!
is the plasma pressure,
and q is the heat
flux ( q = (5/ 2)(p / n)" # $p' ). In absence of collisions and viscosity and keeping constant the
distribution function, an oscillating behaviour of particle flux and electric field with the
plasma frequency appears, therefore the typical time scale for the modification of the field
! is τ~1/ωp, according to this model.
Figure IV.1.2-5: ECH-induced electron flux and its divergence
The experimental results show a
much longer typical time (100
µs)[8].
Conclusions.
All the mentioned TJ-II results offer wide and valuable information to assess multiple
mechanisms based on neoclassical/turbulent bifurcations and kinetic effects as candidates
to explain the impact of magnetic topology on radial electric fields and confinement.
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IV.1.3 Magnetic shear and transport.
TJ-II plasmas heated by Electron Cylotron Resonant (ECR) waves respond in a controllable
and systematic way to the induction of a plasma loop voltage. The general behaviour is that
heat and particle confinement improve when the induced plasma currents decrease the
rotational transform, but tend to degrade in the opposite case [1]. This effect was studied in
more detail to find out at what extent it could be ascribed to the parallel (to the magnetic
field) induced electric field, which would point to particle orbit effects, or to something
related with the plasma current instead. These two magnitudes, parallel electric field and
plasma current, correlate in sign with the observed effects and were thus chosen to be
discriminated in new experiments [2]. The capability of ECR heating to drive plasma
currents without changing the plasma loop voltage was used to study the plasma response
to the process of ohmic induction. Comparable discharges were taken to steady state before
applying a same loop voltage by linearly ramping currents in external transformer coils.
This process was to ensure that the discharges shared a same parallel electric field.
However, and changing the orientation of the mirrors that guide the ECR heating waves
into the plasma, ECR driven currents were provoked in some of the discharges to add or
substract plasma current and thus set different levels of plasma current for a same loop
voltage. As a consequence of these experiments, we concluded that the changes in
confinement in TJ-II when the plasma loop voltage is changed externally are due to
something related with the plasma current, if not the plasma current itself. Therefore, the
induced electric field was discarded as the main explanation for such changes in plasma
confinement.
A further step in these studies has consisted of doing a local analysis. The reason is that
previously used magnitudes, like the net plasma current or the line averaged density, have
an integral nature and provide limited information. To evaluate transport profiles
(diffusivities) we have made use of experimental data to obtain the time evolution of several
profiles: electron density, electron temperature and radiation. Several integral magnitudes
have also been taken from the experiments, like average density, magnetic perturbations,
soft X-ray and Hα emisions, net plasma current etc. The particle and heat sources have been
taken as constant, which should not be a bad assumption for the set of discharges chosen
for the analysis. A more demanding duty has been estimating the time evolution of the
rotational transform, ι/2π, and shear: first, we based ourselves on detailed calculations
using the geometry of TJ-II to ensure the validity of the loop voltage diagnostic and the
plasma loop voltage, Vp. In the first case, it consists of the electromotive force induced in
the circuit of the diagnostic; in the second one, it is the voltage per toroidal turn induced in
any magnetic flux surface after following a magnetic field line along a large number of
turns [3]. We could state that both magnitudes are equal within error bars well below the
experimental error. Owing to these calculations and making used of the measured Vp and Ip,
[1] J. A. Romero et al., Nucl. Fusion 43, 386 (2003).
[2] D. López-Bruna et al., Nucl. Fusion 44, 645 (2004).
[3] A. López-Fraguas, D. López-Bruna, J. A. Romero, Informe Técnico CIEMAT (2005).
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we have found that the plasma conductivity in TJ-II can be cast in the form of Spitzer’s
formula corrected by the fraction of passing particles. Even though the calculations
mentioned above are valid only for steady state plasma currents, the calculated and
measured time evolution of Vp are very similar (Fig. IV.1.4-1). These results and
measurements have been used to calculate the evolution of ι/2π during the loop voltage
induction process. As seen also in Fig. IV.1.4-1, changes in ι/2π at the magnetic axis are
large, especially when considering that vacuum values of ι/2π at the core range from
around 0.9 to some 2.2 extending all the considerable flexibility of TJ-II. This evolution
can be noticed by several diagnostics, both in the core and edge plasma.
TJ2 #7045
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1.20
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1.30

Figure IV.1.3-1. Time evolution of measured (dots) and calculated loop voltage (red line) for a discharge
with negative induction. The modification of the rotational transform at the plasma core is large even in
comparison with the vacuum range of the rotational transform in TJ-II.

A clear advantage of these experiments with induced plasma currents is that the changes in
ι/2π are considerably larger than the modifications due to the bootstrap current, a reason
why we can exclude this contribution from the calculations. The calculations on the
evolution of the rotational transform have allowed us identifying several signatures in
diagnostic time signals as provoked by the presence of certain low order rational values of
the rotational transform. Importantly, however, such identification does seem to be linked
with the smooth changes in particle and heat transport typically observed in the
experiments with ohmic induction. Therefore, we leaned towards disregarding the effect of
low order rationals on transport and focused instead on the effect of something that may be
changing smoothly with the increasing loop voltage. Since the induced electric field had
already been discriminated as a direct cause for these changes [2], we have chosen another
smoothly changing magnitude that reverses sign in discharges with ohmic induction: the
magnetic shear. Fig. IV.1.4-2 shows the results of transport analysis for two discharges
performed in comparable conditions except for the induced loop voltage. The magnetic
shear is obtained from the evolving rotational transform starting with the vacuum profile,
which, in TJ-II, corresponds to an almost null shear everywhere in the plasma. Positive
induction creates increasing and positive magnetic shear throughout the plasma and
conversely. In Fig. IV.1.4-2 we can see that, except for the development of a peak near the
plasma core that does not affect confinement times, the positive shear does not have a clear
influence on transport profiles, but the tendency is to increasing diffusivities. On the
contrary, negative shear correlates with decreasing heat diffusivity. Something similar is
found for particle transport. This kind of analysis has been performed in a larger group of
discharges. In Fig. IV.1.4-3 we plot the relationship found in several discharges with ohmic
induction between particle diffusivity and magnetic shear in the normalized radial position
ρ=0.7. The choice of this position responds to two requisites: that it be (i) far enough from
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the plasma edge, where errors are larger; and (ii) in the density gradient zone, more or less
where we have estimated that trapped particle modes might have some influence on
transport.

Figure IV.1.3-2. Time evolution of the electron thermal diffusivity and the magnetic shear for discharges
with positively (left) and negatively (right) induced loop voltage.

The results in Fig. IV.1.4-3 indicate that there is a clear correlation between negative shear
and particle (and heat) transport, but only a weak effect towards increased transport in
positive shear cases. These results should help in advancing theories of anomalous transport
for stellarators, where the magnetic shear has been discounted as an important magnitude
for many years in favour of the so called local shear. Further work is necessary to check the
importance that the modification of particle orbits may have in these experiments.
Likewise, the changing magnetic symmetry due to the increasing shear –this most likely
narrows the radial extent of chains of magnetic islands associated to rational values of the
rotational transform—can affect transport in these discharges, and possibly in a smooth way
as well.

Figure IV.1.3-3. Relationship between the particle diffusivity and the magnetic shear at normalized radius
ρ=0.7. Each symbol corresponds to one discharge.

IV.1.4 Reaction diffusion Models and Transport Barriers
A basic fluid model (Refs. [4]) for the evolution of a turbulence field, when coupled to a
diffusive field (e. g. plasma density) through the transport coefficient, conforms a reactiondiffusion system able to display many features in qualitative agreement with experimental
findings: transport barrier formation, hysteresis [5], bursty behaviour and ELMy activity

[4] P. H. Diamond et al., Phys. Rev. Lett. 72, 2565 (1994).
[5] D. E. Newman et al., Phys. Plasmas 5, 938 (1998).
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[6], non-local features under pellet injection [7], etc. This phenomenology arises from the
three possible stationary states inherent to the model: high turbulent transport, low turbulent
transport and an intermediate or marginal state where nonlinear features are most prominent
[8]. Such description of transport has a notable interest because (i) it has room for
describing all sorts of phenomena outside the purely diffusive paradigm and (ii) it does not
involve essentially new approaches –like, e. g., kinetic level calculations- to the problem of
transport but, rather, it simply extends traditional fluid-like transport models. However,
these systems face two serious difficulties: the corresponding equations pose a complicated
problem from the numerical point of view and the models that enter the evolution of the
added fast, or turbulent, fields are far from trivial.
IV.1.4.1 Basic model. Propagating solutions in the linear approach.
The essence of the description of transport according to the paradigm proposed in Ref. [4]
is that the flux of a diffusive field kept by a fixed source P0, "t N = P0 + " x (D" x N) , is
subject to a transport coefficient that obbeys the fast dynamics of turbulence, i. e., D scales
with a turbulence field ε governed by timescales typical of microinstability growth rates γ.
For transport barrier phenomenology, it is mandatory that the conditions for increasing
! at some stage, force a drop itself.
turbulence drive (let γ = ∂xN = N’ be for simplicity) can,
This happens within the frame of ExB shear suppresion physics [9]. Let us consider that N2
can be associated to a pressure term. The radial derivative of the pressure gradient divided
by N (a term representing the ExB velocity shear) would behave as N’’. Therefore, the
forced evolution γε = N’ε, a non-linear saturation term that we write as αε2 and a
suppresion term Ω=α2(N’’)2/γ. This expression ensures that the condition for turbulence
suppresion is that the growth rate and the shearing rate are equal independently of the sign
of the latter: "t# = ($ % &# % ')# + D##'' .
The (constant) diffusivity in this equation limits spatial scales in ε. The parameter α2
controls the strength of the suppresion mechanism. A direct linearization of this system
! respect to N, N’, N’’, ε, ε’ and ε’’ can be simplified considering that perturbations in
with
the second derivatives evolve faster than perturbations in first derivatives. The resulting
linear system –in an infinite domain- allows for propagating solutions with velocity V ∝ N’’
whenever Ω and γ are comparable (marginal state). According to this, the second spatial
derivative of the diffusive field dictates the direction of propagating fronts. The previous
analysis is very simple and, if any, should be valid in the first, linear stages on the
development of marginal solutions. If, on the other hand, this feature seeds the non-linear
stages becoming indeed present, then we should be able to find it making the system evolve
in the marginal state.
IV.1.4.2 Numerical calculations
In the previous section the model has been written in planar geommetry. The next examples
are based on the same paradigm but have added levels of complexity. In the first case we
show the evolution of the ratio Ω/γ in cylindrical coordinates. An explicit numerical scheme
[6] P. H. Diamond et al., Plasma Phys. Control. Nucl. Fusion Res. 3, 323 (1994),
[7] D. López-Bruna et al., Proc. 30th EPS Conf., ECA Vol. 27, P-2.123 (2003).
[8] D. del-Castillo-Negrete et al., Physica D 168-169, 45 (2002).
[9] P. W. Terry, Rev. Mod. Phys. 72, 109 (2000).
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is used here. The calculations are done with parameters that make the system stay in the
marginal state characterised by effective competition between driving and suppresion
mechanisms. The radial region 0.1 < r < 0.3 has N’’ > 0 and there the pulses propagate
outwards (Fig. 1); but where there is a marginal region with N’’ < 0, the pulses propagate
inwards (Fig. 2). In this second case, Ω is large enough in the region 0.65 < r < 0.8 (where
N’’ < 0) and a transport barrier develops (ε vanishes in the region). A second calculation
(Fig. 3) is performed with real tokamak parameters and a rather complete transport model
where, aside from ε, there are evolution equations for particle density, ion and electron
temperatures and poloidal magnetic flux. The same property of propagation of the pulses
towards the zones of smaller gradients is observed. This calculation has been done with the
ASTRA transport shell [10].

Figure 4.1.4-1. Time evolution of the ratio Ω/γ
starting from a steady state with N’’ > 0. Values
range from zero (purple) to 0.5 or higher (red).

Figure 4.1.4-2. Same as Fig. 4.1.5-1 for a
case where N’’ < 0 in the region 0.4 < r < 0.6.
the term Ω overcomes γ as of t ≈ 50 (arb.
units).

A potential consequence of these results is that there is a preferred location for the
formation of transport barriers: ExB velocity shear layers sided by steeper gradients. In
more intuitive words, if we consider the pressure gradient to be the drive of turbulent
transport and the plasma is close to conditions of ExB shear suppression, the turbulent
bursts created by the reaction-diffusion system will tend to converge where there is a
flattening of the pressure profile. Such a region may be expected around rational values of
the safety factor.
It should be recalled, however, that for the dynamics of barrier formation to take place, the
feedback mechanism that simultaneously increases gradients and suppresses turbulence
must be fulfilled. Therefore, other transport mechanisms that limit the thermodynamic
gradients independently of the level of turbulent fluid advection –like stochasticity in the
lines of force- can in turn limit the process of barrier formation and sustainment. In any
case, if the paradigm proposed in Refs. [4] and [5] is to represent transport physics of
magnetically confined fusion plasmas, marginal states with propagating bursts should be
found. These bursts would show preferred directions of propagation and here we suggest
that they should move towards regions of flatter turbulence driving gradients.

[10] G. V. Pereverzev et al., Rep. IPP 5142, Garching (1991).
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Figure 4.1.4-3. Evolution of the ratio Ω/γ in the frame of a tokamak transport system of equations with i
model of anomalous diffusion. The simulated plasma is driven to marginality with 28 MW of heating power
and a configuration of plasma current that reverses the magnetic shear in the plasma core. A radial grid of 200
points in the range 0 < r < a is used for the calculations. The arrows indicate the direction of propagation of
the pulses.
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IV.2 Kinetic Theory.
This section is devoted to the kinetic effects on transport induced by ECRH and to the
theoretical of ion orbits and ion confinement in TJ-II device.
IV.2.1 Outward particle flux induced by ECRH.
IV.2.2 Ion orbits and confinement in TJ-II

IV.2.1 ECRH-pump out in magnetic confinement devices.
Introduction and Motivation
An outward particle flux appears in TJ-II stellarator when Electron Cyclotron
Resonance Heating (ECRH) is applied. This extra flux, usually called pump-out, is
manifested experimentally through hollow density profiles that are accompanied by peaked
temperature ones [1]. Pump-out, can be explained in terms of the increasing of the amount
particles that enter the loss cone in momentum space due to the enhancement of their
perpendicular momentum. The enhanced electron flux will create a positive electric field.
The Langevin Equations
The enhanced electron flux is due to the
combined
effect of heating and transport.
1,5 10
ECRH can be understood as particle
1 10
diffusionr in momentum space along the
vector d = Ysê" + N // u " ê// , where Ys " s# c #
5000
r r
and u " p mc . The estimation of this flux
0
implies the resolution of the 5D kinetic
-5000
! space and 3D in
equation (2D in momentum
!
real
space)
[2].
The
problem
admits an
!
-1 10
-0,04
-0,02
0
0,02
0,04
alternative
approach
based
on
Langevin
u
equations, which give the microscopic
Figure IV.2.2-1: Particle flux in momentum
space through the loss cone
dynamics of particles in phase space [3]. As
the heating is usually performed in the
quasi-perpendicular regime it is clear that the diffusion in momentum space is mainly in the
perpendicular direction. Therefore, the fraction of particles than enter the loss cone is
increased, resulting in an enhancement of outward radial flux. The ambipolar condition
implies the onset of a radial positive electric field that is able to stop the electron flux and to
reduce the heat flux, appearing a peaked temperature profile. The trajectories in momentum
space of particles embedded in a wave field are given by the
r
r
equations: "u i "t = Fi ( u) + Dik ( u)# k , i,k = $, //; # k (t) = 0, # i (t)# k (t + % ) = & ik& (% ) .
These equations are composed of a deterministic and a stochastic part. The
deterministic one is:
r
# Dcy ' 1
!
1 $ # Dcy
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The stochastic one is the product of a random vector, whose components vary between
–0.5 and 0.5, times the following symmetric matrix:
D=

2
Ys2 + ( u " N // )

2

# Y2
2
s
D1/
cy %
%Y u N
$ s " //

# d2
Ys u " N // &
2 1
"
= 2 D1/
2(
cy r %
(
u
N
( " // ) '
d $ d " d //

d " d // &
(
d //2 '

The coefficient Dcy comes from the quasi linear diffusion in momentum space and is
proportional to the wave power density, w, and to spectral density Γ(N||).
!

Transport estimates: Linear approximation.
The outward particle flux due to the pushing of electrons into loss cone is related to the
flux in momentum space through the expression:

r r
& %n )
" # $eECH = ( +
=
' %t * ECH
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δ is the border of loss cone in momentum
space and f is the electron distribution
function. We can introduce some
1.5 10
3 10
approximations in order to do a quick
Div(!)
calculation that allows us to extract the
1 10
2 10
!
main properties of the ECRH induced
5 10
1 10
particle flux. We consider that the
momentum distribution function of the
0
0
electrons is Maxwellian, i. e., the
-5 10
-1 10
deformation of the distribution function is
-0.2 -0.15 -0.1 -0.05
0
0.05
0.1
0.15
0.2
r(m)
small (we perform a linearization of the
problem); second, we assume that all the
Figure IV.2.2-2. ECH-induced electron flux and its
particles that enter the loss cone escape
divergence.
from the magnetic surface; and third, the
structure of the loss cone is simple (given by a cone) and does not change during the
process. We also disregard the effect of collisions that tend to diminish the particle flux
inside loss cone, therefore we are overestimating the flux. Figure IV.2.2-1 shows the
structure of the flux in momentum space versus the parallel momentum. The electron
trajectories along the surface of loss cone are inwards for momentums lower than resonance
condition and outwards for larger momentums. Despite of this fact that total flux in
momentum space is positive because the particle density decreases strongly with
momentum. Assuming a temperature, a magnetic field and a power deposition profiles the
total flux can be estimated: " = 1 r $ r' dr' ( #") ECH . Figure IV.2.2-2 shows the divergence of
the flux that gives the local contribution to the integrated flux, which is also plotted. The
divergence of the flux can change its sign along from LFS (flux directed inwards) to HFS
(outward flux). The !
total integrated flux is, not surprisingly, directed outwards and the most
important contribution comes form the plasma core, where the absorbed power is
maximum. The high value of the flux that has been obtained can be explained considering
that collisions are disregarded and, especially, that we have obtained an instantaneous flux
that appears before the electric field is established. In absence of collisions and viscosity, an
oscillating behaviour of particle flux and electric field will appear. The frequency of the
oscillations is just the plasma frequency, therefore the typical time scale for the
2 102 7
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modification of the field is τ~1/ωp that is much shorter than the observed experimentally (of
tens of micro seconds).
References
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IV.2 Ion orbits and ion confinement studies on ECRH plasmas in
TJ-II stellarator
IV.2.1.- Introduction.
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It has been observed that the ion
temperature profile of several ECR heated
stellarator plasmas is almost flat and it is
even possible to find energetic ions well
outside the last closed magnetic surface,
provided that plasma density is low
enough. These phenomena have been
found, for instance, in TJ-II Flexible
Heliac [1,2] and in LHD Heliotron [3]. Of
course, the heat diffusivity obtained for
such ion temperature profiles is very high
and transport cannot be described by
Fick’s law.
The neutral fluxes and their
corresponding energies were measured for
ECR heated plasmas in TJ-II by means of
two charge–exchange neutral particle
analysers. These plasmas are characterised
by having low densities (under the cut off
of microwaves), hot electrons in the core
and cold ions. The absolute fluxes of hot
neutrals go down as the minor radius
increases, but their mean energies remain
roughly constant even outside the last
closed magnetic surface. The hypothesis
that was advanced to explain such findings
was that the ion orbits are wide enough to
communicate distant parts of the plasma
radius, thus giving a flat ion temperature
profile, for the low density plasmas
considered in that experiment. The present
work is devoted to estimate directly the ion
fluxes and distribution function by
calculating ion trajectories with different
energies, pitches and starting points.

0.4

0.2

0

0

0.2

0.4

!

0.6

0.8

1

Figure 2. Measured plasma density profile
in TJ-II.

2.- Wide ion trajectories and transport
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The usual neoclassical transport codes, like DKES (Drift Kinetic Equation Solver)
[4], work under the hypothesis that diffusion coefficients only depend on local quantities, i.
e., considering that the plasma background characteristics that a given particle sees when
travelling in the plasma do not change strongly along the trajectory during the time between
two collisions. The monoenergetic neoclassical coefficients, which depend on collisionality
and electric field, are estimated with this assumption and, after a convolution with the
Maxwellian distribution function, the final neoclassical coefficients are calculated. The
fluxes are then obtained from density and temperature profiles as functions of the electric
field. The final electric field is obtained by applying the ambipolarity condition and forcing
electron and ion flux to be equal. Then the fluxes and the neoclassical transport coefficients
for the particular plasma conditions are estimated.

Figure 3. Left panel: Radial coordinate and magnetic field along a trajectory of a passing
ion. Right: The same for a trapped ion.
The problem appears when the typical radial width of the orbits of the particles is
large enough to visit far regions of the plasma with very different collisionalities and
electric fields. In such a case, only the global fluxes make any sense (see e. g. [5]) since the
transport coefficients should depend on the electric field and collisionality values that the
particle suffers along the trajectory.
The trajectories of ions in TJ-II are computed by considering the actual 3D
geometry and the usual drifts due to electric field and gradient of magnetic field. The TJ-II
magnetic configuration has been described by a tridimensional grid [6].
The perpendicular electric field that has been introduced for the estimation of the
trajectories can be seen in Figure 1. It is pretty similar to the experimentally measured by
Heavy Ion Beam Probe (HIBP) [7] for effective radii ρ < 0.9 and by Langmuir probes for ρ
> 0.9 [8].The electric field influences the ion trajectories strongly, therefore the results are
strongly dependent of electron density and potential profile in this collisionless regime.
The flux can be directly estimated just adding the contributions of all the single
particles. For the calculations presented here, 30 x 106 hydrogen ions are launched with
energies, pitches and positions randomly chosen. The energies of the particles are
distributed following a Maxwellian distribution function with T=100 eV, which is of the
order of the measured ion energy in TJ-II, and their pitch distribution is uniform. The
physical positions of the particles are also chosen randomly distributed according to the
measured TJ-II density (see Figure 2).
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Figure 3 shows the
orbit of a passing ion that
starts close to magnetic axis
with energy E=100 eV. It can
be seen that the radial
excursion in one collision time
is Δρ ≈ 0.4. The orbit of a
trapped ion with the same
energy is also shown in Figure
3, where Δρ ≈ 0.6. From these
pictures, it is clear that thermal
ions describe wide radial
excursions at these low
densities before suffering a
collision, and the transport
can be hardly described in
Figure 4. Distribution function of parallel velocity at
terms of particle and heat
ρ≈0.6. Triangles: Maxwellian; line: without electric
field; dots: with electric field.
diffusivities
in
these
conditions. Moreover, ions of
different energies are mixed at every radial position and, therefore, energy spectra will be
similar and temperature profile will be approximately flat, unless ion collisionality
increases and the size of radial excursions of ions is limited. The experimental data show
that ion temperature shows a gradient in NBI plasmas in TJ-II. In fact, in the NBI phase,
plasma density increases and so does the collisionality. In this situation, electron
temperature decreases and is more similar to the ion one. The more equal the ion and
electron temperatures, the more efficient the
energy transmission between the two species
is, therefore, ion orbits will play a less
important role in transport and more peaked
ion temperature profiles are expected and
found experimentally.
The value of the electric field is also a
key ingredient for governing ion confinement
as far as ions suffer rare collisions. The
evolution of trajectories in Fig. 3 shows two
clear different zones. The inner one, where the
ion is in the electron root zone and where
Figure 5. Total radial flux integrated
the confinement is poor due to the effect of by the magnetic surfaces, with
the postive electric field that tends to push
electric field (dots) and without it
the ion outwards. The outer zone that is in (line).
the ion root, with negative and weaker
electric field, in which the higher ripple is the responsible of confinement degradation. The
trajectories of the ions have been estimated using a fourth order Runge-Kutta method.
Those trajectories are followed during two typical collision times in order to extract the
importance of collisonless evolution. The integrated radial flux divided by density is
obtained just adding the ion velocities that are in a radial corona at a given time and
dividing by the total number of particles. The integrated toroidal flux, that is roughly null as
expected is also estimated by adding the velocities of the particles that are located between
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two toroidal planes. Finally, the distribution function is obtained by dividing the velocity
space in perpendicular and parallel intervals for a given plasma volume and counting the
particles inside.
4.- The results
All the ion orbits are followed during a time interval equivalent to two collision
times in the centre. Then, it is possible to see the relative importance of orbits in
confinement, by evaluating all the relevant transport quantities in a collision time. In
particular, if the radial excursions are wide enough, ions are able to communicate distant
zones in the plasma.
The distribution function is estimated just counting particles of different parallel and
perpendicular velocities at every magnetic surface (or plasma radial corona). NonMaxwellian features appear although no heating or collisions with electrons are considered.
The deviation of the Maxwellian can only be attributed to the TJ-II geometry effects.
Obtaining the distribution functions in this way is equivalent to solving Drift Kinetic
Vlasov Equation. Although collisions will tend to reduce the deviation of Maxwellian, a
strong effect of geometry on the evolution of distribution function can be expected. The
distribution function of parallel velocity at ρ=0.6 can be seen in Figure 4 that shows a
strong deviation of the bulk distribution function as well as the appearance of a tail at
moderate energies. Figure 5 shows the radial particle flux with and without electric field
integrated on every magnetic surface. It can be seen clearly that the flux increases strongly
close to the edge.
In absence of collisions, ion
transport give rise to inhomogeneous
density on every magnetic surface, as can
be seen in Figure 6. This is, indeed a
source of parallel and perpendicular
transport. Non-Maxwellian features are
found due to the magnetic structure and
the dependence of confinement properties
on pitches and energies. As far as
collisions are rare, this gives some
asymmetries and plasma inhomogeneities.
The effect of collisions must be included
in order to solve the DKE in TJ-II
plasmas and see what of the transport features observed in the collisionless regime are still
occurring in different collision regimes.
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IV.3 Magnetohydroninamics and Equilibrium.
The studies of Equilibrium and MHD in tokamaks and stellarators are included in
this section that is organised as follows:
IV.3.1 Tokamak equilibrium and structural stability.
IV.3.2 Modelling of ELMs. (E. Rodríguez-Solano)
IV.3.3 Equilibrium estimations using PIES (A. Salas)
IV.3.4 Diamagnetic energy measurement and toroidal plasma currents..
IV.3.1 Tokamak equilibrium and structural stability
The study of criticality of the Grad-Shafranov equation [1] lead to a local criterion for
critical equilibria, when the number of solutions of the equation could change, characterised
by the local condition
JJ()0!"#"="
here J is the toroidal current density,
J= R p’(Ψ)+FF’(Ψ)/(µ0R)
Ψ is the poloidal magnetic flux measured from the plasma axis, p is the pressure, F the
poloidal current density, and prime is the poloidal flux derivative, p’=dp/dΨ.
If F’ has opposite sign to p’ (diamagnetism), the toroidal current density reverses in the
high field side. This is common in the edge of H-mode plasmas just before an ELM [2]. A
detailed reconstruction of a JET plasma equilibrium just before a large Type I ELM in JET
is shown in Figs IV.3.1.1 and IV.3.2.3, clearly exhibiting negative toroidal current density
in the plasma high field side (HFS). Unfortunately, the present resolution of the
reconstruction does not distinguish between that equilibrium and an equilibrium exhibiting
edge criticality, such as the one sketched in Fig. IV.3.1.2.
JJ!!"="JJ!!"="

Small modification of original equilibrium

J(!(R,Z),R)

! along equator

Fig. IV.3.1.1 toroidal current density and its
component for JET reconstructed equilibria,
shot 58837, at 21.4 s

Fig. IV.3.1.2 sketch of toroidal current density,
only slightly different from reconstructed,
exhibiting criticality inboard and outboard.
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Even if it is not yet possible to prove equilibrium criticality by measurement, it is important
that negative J opens up the possibility of criticality localised to the , equatorial HFS, (or
near the X-point, see next section), and not only in the outer equator. Further, the loss of
total plasma current at each ELM would not be so large, due to the partial cancellation of
HFS and LFS current densities.
Large edge currents (negative or positive) are more likely to be present in plasmas with
high edge temperatures. Therefore equilibrium criticality and plasma peeling might
dominate over ballooning, LFS instabilities, in such cases.
[1] E. R. Solano, , Plasma Physics and Controlled Fusion, Vol.46, No.3, March 2004, p.L7L13
[2] L. Lao, et al., Nuclear Fusion vol.30 no.6 June 1990 p.1035.

IV.3.2 Modelling of ELMs
Experimental observations in JET indicate that type I ELMs are associated with rapid
movements of strike points ([1, 2 ,3 ,4 ], and Chapter VI.1.1). In [1] strike positions were
identified with 2 different diagnostics: as the position with maximum ion saturation current,
measured with divertor target Langmuir probes, and as the position of highest temperature
and/or heat flux measured with an infrared camera. The apparent strikes often shift as much
as 20 cm in 100 µs or less (limit of temporal resolution), but in the next data point the
strikes settle nearer their original position, displaced toward the plasma centre by 2-5 cm
from the pre-ELM position. Here we present a possible explanation for the apparent sudden
strike jumps [5], and discuss some novel separatrix instability mechanisms that may be
associated with ELMs.
Vertical instability of current-carrying X-point, and strike movements:
In an H-mode plasma strong edge pressure gradients indicate the likely presence of nonzero current density at the separatrix. This means that at the X-point there is a flux tube
with toroidal current, which we assume to be co-parallel to the core plasma current. A new
instability mechanism for the plasma can then be considered, associated with position
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Fig. IV.3.2.1.a) Plasma, no filament
b) Filaments at Zf= ±1.4 m.
c) Filament at Zf=±1.77 m,
inside separatrix.
outside separatrix

stability of the current-carrying X-point toroidal current filament. If the X-point current
carrying flux tube is displaced towards the private flux region, it will be accelerated further
in that direction, as the attractive j×B force from the core plasma decreases while the force
from the divertor coils increases. This flux tube would then tear, opening up the separatrix.
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Transiently, a new X-point would form, closer to the core plasma, as the externally imposed
diverting fields are increased by the field produced from the detached current carrying flux
tube. Plasma would flow along previously closed
field lines, both in public and private scrape-off
highest: Z s= -1.58 m
layer regions. As the current in the private flux
region reaches the targets, it would dissipate,
final: Zs =-1.60
leading to yet another new equilibrium, with a
1.4
1.6
1.8
-1.62
new X-point forming at an intermediate position
L: Zs =-1.62 m
between the previous two.
-1.64
We consider the stability of a current carrying
filament in a diverted plasma in a magneto-static
-1.66
model of the tokamak. The divertor is represented
-1.68
by straight circular coils of radius 0.1 m, placed at
H: Zs =-1.68 m
(R,Z)=(±0.2, ±2.0) and (±0.3,±1.8) (metres),
Fig. IV.3.2: Strike position vs. filament
position: from L-mode to H-mode, to
divertor target tiles are assumed to be vertical, at
extra high, to final.
R= ±0.2 m, plasma centre at R=0. Initially the
double null plasma is modelled as a straight circular coil of radius 0.5 m, immersed in the
divertor field, leading to an X point height of ZX= ±1.47 m, and strikes at ZS=±1.618 m, as
shown in Fig. IV.3.1a. At the X-point the force on a current filament would be zero, such
equilibrium is vertically unstable. Removing 5% of the plasma current and placing it in 2
filaments (1 cm radius) at ±Zf, above and below the plasma centre, leads to a displacement
of the strike points, as shown in Figs. IV.3.2.1b, 1.c and Fig. IV.3.2.2.
As the X-point is approached from inside, the strikes are pushed away from the plasma
centre, “down”, the evolving H-mode. Beyond a critical value, Zs =±1.68 m, strikes are
swept “up”, as filaments cross into the new private region, the transient ELM phase. For
Zs= ZX2, the highest strike position, ±1.58 m is reached, equivalent to a “peeled” plasma
with extra divertor current. Whenever current in the private flux region dissipates, strikes
would move to the “peeled” position without extra divertor current, Zs=±1.60 m. About 10
cm of the divertor target area are swept in this process. Qualitatively, this is as we expected:
if X-point current filaments were to be displaced from the main plasma towards the divertor
coils, they would “fall” vertically in a fast time-scale until the secondary X-point is
reached. There the filaments would drift horizontally towards inner or outer target plates:
we must study in more detail the magnetic topology in the divertor region.
With different tools [6], we studied a JET equilibrium reconstruction of shot 58837, at
21.39 s. Peeling from it 5% of current, we computed
induced eddy currents (from instantaneous current
loss), and added current to divertor coils to
represent filament current (but not computing eddy
currents for this change). The strikes move as
follows: before peeling, ZSin=-1.69, ZSout=-1.65;
after peeling, with extra divertor, ZSin=-1.58, ZSout=1.54; after peeling, no extra divertor, ZSin=-1.61,
ZSout=-1.60. The behaviour very much matches what
the naïve tokamak model shows.
For realistic tokamak geometry and current profile
details we should search for an equivalent
instability associated with progressive transfer of
Fig.IV.3.3: Reconstructed
equilibrium, region with Chapter
negative IV.
current density marked in red; JET
58837, 21.4 s
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current density from plasma core to edge, and then to SOL, as probably occurs when
pedestal pressure gradients increase before an ELM, and when the ELM energy is moved to
the SOL.
Toroidicity effects
When toroidal effects are taken into account, the toroidal plasma current density in a
tokamak equilibrium can reverse in the high field side, as discussed in IV.3.1. Shown in
Figs. IV.3.2.3 is the area of the plasma (from the equilibrium of Fig. IV.3.1.1) with
reversed toroidal current density.
Increasing βpoloidal and triangularity increases diamagnetism and reduces the toroidal current
density at the X-point, increasing the stability of the current-carrying X-point. At extreme
triangularity and βpoloidal, the toroidal current density at the X-point might reverse, thereby
completely modifying its stability conditions (from “pulled” to “pushed” at field null). This
reduces the role of X-point instability as an ELM trigger. Conversely, at low triangularity
and βpoloidal the X-point instability could become dominant.
The toroidal negative current in the HFS may itself de-stabilize the separatrix, as opposing
currents repel each other, and might contribute to peeling of the outer surfaces, initiated in
the plasma HFS.
Summary
The criticality theory-based hypothesis that an ELM is a peeling of flux surfaces near the
boundary, which open into the scrape-off layer, and that a new separatrix forms, inside the
previous one and with shifted strike points is compatible with experimental observations, as
discussed in Chapter VI.1.1. In the transitional phase, the strike points may sweep a large
area while current that became trapped in the new private flux region drifts deeper into it
and dissipates, possibly explaining the transient behaviour observed in jET experiments.
The stability of a current-carrying X-point may play a role in ELM dynamics, as shown
with a simple model. Toroidicity effects may relate βpoloidal and triangularity to X-point
stability.
[1] J. Lingertat et al, Journal of Nuclear Materials vols.241-243 February II, 1997, p.402.
[2] Emilia R. Solano et al., 30th EPS Conf. on Contr. Fusion and Plasma Phys., St. Petersburg, 7-11 July 2003
ECA Vol. 27A, P-1.106.
[3] E. R. Solano, Y. Corre, F. Villone et al., Proc. of 16th Plasma Surface Interactions, Portland, USA. May
24–28, 2004, P1-57, to be published in Jour. Nucl. Matt.
[4] Emilia R. Solano, S. Jachmich, F. Villone, et al., “ELMs, strike point jumps and SOL currents”, Proc. 20th
IAEA Fusion Energy Conference, 1-6 Nov. 2004, Vilamoura, Portugal, IAEA-CN-116/EX/P1-3. http://wwwpub.iaea.org/MTCD/Meetings/PDFplus/fusion-20-preprints/EX_P1-3.pdf
[5] Emilia R. Solano, F. Villone, “Separatrix instabilities and ELMs”, 31st EPS Conf. on Plasma Phys.
London, 28 June-2 July 2004 ECA Vol.28G, P-1.171 (2004)
[6] R. Albanese, F. Villone, Nuclear Fusion, Vol. 38, no. 5, pp. 723- 738 (1998).

IV.3.3 Equilibrium estimations using PIES.
Introduction
The TJ-II stellarator is very well suited for investigating confinement properties in different
magnetic configurations, as it covers an ample range of rotational transform profiles. In
addition to this, a set of coils designed to induce toroidal plasma currents, Ip, can be used to
change the rotational transform profile during a discharge. This has been used in past
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experiments to study the confinement in TJ-II under positive and negative induced plasma
currents [1], using the magnetic configuration called 100_44_64. The main result found in
those experiments was that Ip< 0 causes an increase in density, probably due to an
improvement of confinement, in a very reproducible way. The equilibria in these
experiments were analyzed with the VMEC code, which showed the appearance of lowand medium-order resonances in the discharges [2]. However, it has been suggested that
magnetic islands can have an impact on the confinement [2,3], and VMEC assumes that the
configuration is formed only by nested flux surfaces. The PIES code [4], which does not
suffer from this limitation, is able to study configurations with islands and stochastic
regions and has already been used in the past to study TJ-II equilibria with large islands [5].
The present report presents the first, preliminary free boundary results obtained with the
PIES code for TJ-II configurations with net toroidal current corresponding to the mentioned
experiments.
PIES runs
The standard way to run the PIES code, which is the one we have used in this work, is to
run first VMEC, which is faster, and then to use the VMEC output as input for PIES. But,
owing to the complexity of the TJ-II configurations, neither the VMEC runs nor the PIES
runs were simple routine application of the codes. We first made some tests with free
boundary PIES applied to configuration 100_44_64 with β=0 to get an idea of the number
of modes and radial surfaces needed, which confirmed what we already knew from past
experience with TJ-II configurations, i.e., that in order to get meaningful results we needed
a large number of modes, larger than for most other machines (see Fig. 1, which shows that
a reasonable choice for the maximum poloidal and toroidal numbers might be M=16,
N=11).
These runs, with finite β and toroidal current, have 60 radial zones and M=16, N=11. But it
was a challenge to get the codes working with so many modes, and actually the VMEC
runs have been made with fewer modes, M=8, N=12. In order to have PIES handle the large
numbers of modes required several improvements have been made to the code, specially to
increase the speed. Several subprograms have been converted for using splines instead of
the previous, slower, Fourier description. The mapping routines have been sped up also.
Now finally the code seems to be running smoothly for three different cases with the same
magnetic configuration (100_44_64), the same average β (0.23%) and pressure profile, and
different total toroidal currents, Ip = -4 kA, 0 kA, and +4 kA, respectively, but with the same
relative radial profiles. The Poincare plots at φ = 0 and the rotational transform profiles
(with negative ι) are shown in Fig. 2 for iteration number 115, which was the last one
available at the time of this writing. Notice that the Poincare plots go well beyond the inner
surface of the vacuum vessel wall, which is also shown in the plots and that in the real
experiments acts as a limiter. Typically PIES is run for 500 iterations to achieve reasonable
convergence, so that these should be considered provisional results.
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Fig. IV.3.3-1: Poincare plots for TJ-II vacuum equilibrium configuration: calculated with PIES with (M,N) =
(12,7) [top left], (14,9) [top middle], and (16,11) [top right]; obtained following field lines with HL [bottom
left]. Comparison between the iota profiles obtained for the same configuration with PIES, M=16, N=11
(solid line) and with HL (diamonds) [bottom right].

It is clear that the rotational transform and therefore also the island distribution are changed
considerably by the toroidal current. From the Poincare plots shown in Fig. 2, and from
other Poincare plots at different values of φ that we have not shown, it appears that the
volume of the islands inside the limiter is larger for Ip = +4 kA than for Ip = 0, but that it is
also larger for Ip = -4 kA than for Ip = 0. Thus, a simple model which should take into
account only the volume of the islands and stochastic regions and associate them with
degraded confinement would indicate better confinement for Ip = 0 than for Ip = +4 kA, as
expected, but worse confinement for Ip = -4 kA than for Ip = 0, against the experimental
results. Of course, the model we want to apply [3] is more complex, and our conclusions
will have to wait for a more detailed analysis. Finally we would like to mention that an
obvious candidate for why negative current is better is bootstrap current, because it causes
the shear to be negative, and negative shear is known to decrease island widths. But we
have looked at the bootstrap current and we think that this effect should be small in the
shots we are looking at. However, PIES does have a bootstrap model and we may take up
this issue in the future.
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Fig. IV.3.3-2: TJ-II equilibrium configurations with total toroidal current -4 kA [left], 0 kA [middle], and +4
kA [right], after 115 PIES iterations.

Future plans
As already stated this is ongoing work. Our future plans are the following, although some
of them may take some time or not be executed at all: (1) proceed further with the current
runs (more iterations), perhaps making adjustments for current and pressure profiles as
mentioned below, and make other runs with slightly different pressures and currents to
simulate the changing conditions of the experiments; (2) refine the current profile with
more precise experimental data; (3) refine the pressure profile also, although this is much
less important (in the current runs we have used 〈β〉=0.23%, which is somewhat higher than
the value of 〈β〉 in the experiments); (4) use the PIES output to make a study of the stability
due to the effect of the toroidal current, following the model of Mikhailov and Shafranov
[3]; (5) improve the limiter model to take into account the actual shape of the physical
limiter; (6) speed up the code further, for the case of many modes.
[1] J.A. Romero et al, Nucl. Fusion 43 (2003) 386-391
[2] D. López-Bruna et al, Nucl. Fusion 44 (2004) 645-654
[3] M.I. Mikhailov and V.D. Shafranov, Nucl. Fusion 30 (1990) 413
[4] A.H. Reiman and H.S. Greenside, Comput. Phys. Commun. 43 (1986) 157; J. Comput.
Phys. 75 (1988) 423; J. Comput. Phys. 87 (1990) 349. H.S. Greenside, A.H. Reiman and A.
Salas, J. Comput. Phys. 81 (1989) 102
[5] A. Salas et al, “Application of the PIES code to configurations with large magnetic
islands”, 1992 Sherwood, Santa Fe, April 1992. Lopez Fraguas et al, “Study of magnetic
surfaces with islands using the PIES code”, 19th EPS, Innsbruck, June-July 1992. Salas et
al, “Study of configurations with large magnetic islands using the PIES code”, 34th APSDPP, Seattle, November 1992
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IV.3.4 Diamagnetic energy measurement and toroidal plasma currents.
Introduction. We have analyzed the peculiarities of plasma equilibria in helical axis
stellarators that are essential for the determination of the plasma energy from the non-local
magnetic measurements. Admittedly, the key problem here is the understanding of the role
of plasma currents. As one might expect, this problem is of a profound interest for a
stellarator with a large vacuum rotational transform as is the case for the TJ-II heliac. It is
reasonable to start with preliminary analytical analysis of situation that could suggest the
strategy of numerical simulations. We hoped to find a definite correlation of the numerical
and analytical results. It is pertinent to note that it is hardly probable to find a close
analytical approximation (that mean not only qualitative but also quantitative agreement)
for the complex equilibria in TJ-II. Nevertheless, we searched for a rather simple relation
between numerical and analytical results that would give us a convenient method for the
estimation of current profile influence on the results obtained from the magnetic
measurements and to improve the method for the determination of the plasma energy
content. In particular, we are to propose a method for the experimental calibration of the
energy in the experiments performed using an externally imposed ohmic current. The
intuition suggests that for stellarators with a large vacuum rotational transform the largest
influence of the current density profile on the diamagnetic signal follows from ∆Φp - the
change of the toroidal magnetic flux through the plasma cross-section. To avoid confusion
let us clarify some concepts. There are several possibilities in a scenario with a zero net
current. For example, if the only longitudinal plasma currents are Pfirsch-Schlüter currents
generated by the toroidal (2-D) and local (3-D) curvature of the magnetic field lines, the net
current through the cross-section of any magnetic surface is zero. We shall use the term
zero net current in the cases where there can be currents (additional to Pfirsch-Schlüter
ones) flowing but the net current though plasma cross-section is zero but that is not true
necessarily for the inner surfaces. Examples of zero net current configurations with
different physical nature can be easily imagined for TJ-II, namely the bootstrap current,
whose profile is strongly dependent on plasma temperature and density distributions and
self-consistent electric field, can produce such scenario. Zero net current configurations
may appear for different combinations of bootstrap current, ohmic current and electron
cyclotron driven current. We have divided this section into several parts. Firstly, the
physics of diamagnetic measurements in conventional stellarators with planar magnetic axis
will be briefly outlined. We shall discuss whether it is fruitful to use for the analysis of ∆Φp
the general expression for an arbitrary 3-D stellarator that can be derived using a flux coordinate system with straight magnetic field lines. Then we shall present some simple
analytical estimations. After this, we will present the results of numerical simulations.
Briefly we shall discuss the simplest case where the only longitudinal plasma currents are
Pfirsch-Schlüter currents. The problem of net currents and zero net current will be analyzed
in more detail. Examples will be presented for which ∆Φp is zero for net current and nonzero for zero total current. Finally we shall discuss possibilities for solving the problem of
plasma energy determination for TJ-II under the particular experimental conditions.
General considerations. One of the key problems of any experiment is the determination
of the plasma energy from the magnetic measurements. Nowadays, diamagnetic
measurements are used to determine the total plasma energy or <β> in conventional
stellarators with planar magnetic axis provided that the size of the plasma boundary is
known (postulated or calculated). Here β is the ratio of the plasma pressure to the magnetic
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field pressure and the brackets denote a volume average. The main purpose of this section
is the clarification of some peculiarities of plasma equilibria in a magnetic confinement
device with spatial axis (particularly a strongly helical magnetic axis) and a complicated
structure of magnetic surfaces. We have taken TJ-II as a case study, it presents the
peculiarity of having a large vacuum rotational transform µ∗> 1 and a beam-shaped crosssections of magnetic surfaces. The TJ-II Flexible Heliac, is a medium sized stellarator with
four field periods, low shear and presents a magnetic well through all the plasma in most of
the magnetic configurations. Its flexibility is given by the presence of an additional helical
coil (HC), with a multipolarity l = 1 (formed by two conductors whose currents can be fed
independently), and the fact that these currents can be varied independently from that of the
circular coil (CC), typical of a heliac device. Its major radius is R = 150cm, has an average
minor radius ap = 21cm and the magnetic field at the magnetic axis is B0 ≈ 1.0T. The
theoretical aspects of the problem of the determination of the plasma energy content in the
case where the only longitudinal plasma currents are Pfirsch-Schlüter currents and for
spatial axis stellarators has been widely investigated and showed that the diamagnetic
signal is practically independent of the plasma pressure profile. However, the net toroidal
currents require a more careful attention. The dependence of the diamagnetic signal on the
net toroidal current value, Ip, and direction has already been investigated. It resulted that at
a given thermal energy and toroidal current value, the change of the flux through the crosssection of the diamagnetic loop is different for the cases where current was aligned in coand counter- directions with respect to longitudinal magnetic field. These experimental
results have been already explained using a straight cylindrical approximation with toroidal
corrections. This phenomenon has a rather descriptive physical explanation. In stellarators,
the longitudinal currents, that have an oscillating behaviour with respect to the longitudinal
coordinate, flow through 3-D magnetic surfaces that are, in leading order, created by the
vacuum magnetic fields. This gives a non-zero averaged contribution in ∆Φp of the order of
∼ µ∗µJA−2, where µJ is the rotational transform produced by the longitudinal current and A is
the aspect ratio. At µ∗ >> µJ this effect, specific for a stellarator, is significantly larger than
the paramagnetic effect typical for an axisymmetric plasma. It must be noted that from the
experimental point of view it is convenient to extract the change in diamagnetic flux
subtracting the signals of two loops, one of those may not encircle the plasma (it is the socalled compensation loop). The number of turns of the conductors in such loops is selected
so that the result of the subtraction of signals in the vacuum case is zero. For the
conventional stellarator with a planar magnetic axis the plasma-induced flux through the
cross-section of the magnetic loop encircling the plasma is nearly equal to ∆Φp. The main
reason is that the plasma-induced three-dimensional magnetic field is small. A measurable
effect of their influence can be found only for a local, compensating loop of a determined
shape. It is easy to understand that the problem of the determination of the plasma energy
for spatial axis stellarators with net current is much more complicated than that for
conventional stellarators. The main reason is that for conventional stellarators the
diamagnetic loops are located in a plane φ = constant, where φ is the longitudinal
coordinate. Therefore, the largest part of the plasma-induced magnetic field (poloidal field
of net current) cannot contribute to the flux through such a loop. In the case of a spatial axis
stellarator and a loop that encircles the plasma we can separate three origins of the
diamagnetic signal. The first is ∆Φp, the flux through plasma cross-section. This part is
invariant with respect to changes in the loop geometry. The plasma-induced flux through
the region located between plasma boundary and the boundary of the loop consists of two
parts. The non-zero contribution is given by the intrinsically three-dimensional plasmaChapter IV. 28

induced fields. Another part is given by the rough integral effect: a non-zero contribution
may come from the poloidal field produced by a current that is inclined with respect to the
loop plane. This effect can be illustrated with a simple example. Let us consider a straight
linear current and a symmetric circular loop that is perpendicular with respect to the
current. The flux through the loop is obviously zero. Let us incline loop with respect to the
current and after this operation let us shift the origin of the loop in this new plane. With this
operation we obtain a current-loop geometry with non-zero flux through the loop crosssection. Naturally the case of a spatial axis plasma configuration and a loop of arbitrary
geometry needs a numerical study. It is prudent to mention that this fraction of the flux can
be minimized varying the shape of the loop and its position. However, the freedom in this
respect for a given device is not usually very large. For example, for TJ-II the possible
variations are quite narrow and are constrained by the central conductor from one side and
the limiter (of a complex shape) form the other. We must clarify that all the data presented
here has been calculated for the so-called ”standard” configuration (the most typical
vacuum configuration for TJ-II experiments). Its vacuum rotational transform can be
approximated as follows:
µ∗ = 1.5 + 0.06x2 + 0.03x4

(IV.3.5-1)

where x = a/ap, a is the average radius of magnetic surface, ap is the average radius of the
outmost magnetic surface. Strictly speaking, there are several possibilities to investigate the
∆Φp behaviour for a complicated three-dimensional geometry like TJ-II. The problem can
be solved numerically using a 3-D equilibrium code, VMEC. However, numerical
calculations are rather labour intensive and demand a large preliminary work on the
determination of the accuracy of the method, convergence properties, etc. Below we shall
compare analytic results to the results of numerical simulations. In principle, it is quite easy
to derive the analytical expression for ∆Φp using coordinate system with straight magnetic
field lines and metric coefficients of such a system. We shall briefly discuss this possibility
below. It is pertinent to note that a qualitative (but obviously not quantitative) assessment
can be presented as follows: suppose that we consider a shearless (µ∗= constant)
conventional stellarator and neglect all the toroidal corrections. Under these assumptions
the leading order expression can be separated into three parts: diamagnetic and
paramagnetic terms, that have the same form as for an axisymmetric pinch, and a
stellarator specific term:
1

∆Φp /∆Φv = −<β>/2 + (µJ(1))2/2A2 + 2 µJ(1)µ∗

"
0

1

Jφx3dx / [A2

"

Jφxdx] (IV.3.5-2)

0

Here, ∆Φv is the flux of the vacuum magnetic field through the plasma boundary cross
section, Jφ(x) is the density of the longitudinal current, µJ(1) is the rotational transform
! plasma boundary.
!
produced by the plasma current at the
The three terms of the equation
IV.3.5-2 are, in order from left to right, the diamagnetic (proportional to −<β>), the
paramagnetic and the stellarator term. At µ∗=0 is just the equation for the linear pinch. For
conventional stellarators it has been shown by 3-D numerical simulations (and also by an
averaged approach) that for the cases where the only longitudinal plasma currents are
Pfirsch-Schlüter currents the cylindrical approximation is rather adequate. The theory of
plasma equilibrium in conventional stellarators is well developed, therefore it is pertinent to
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clarify only a few details. A numerical analysis of ∆Φp for different pressure profiles have
demonstrated that ∆Φp/∆Φv = -<β>/2 ≡ −<p>µ0/<Bv2>, where p is the plasma pressure, µ0 is
the magnetic constant of the vacuum in the International System, Bv is the vacuum
magnetic field. The value of <Bv2> may differ for the variety of vacuum configurations in
TJ-II by ∼ 10%. Then, the results of numerical simulations are similar to that governed by
Eq. IV.3.5-2. We will briefly discuss the possibility to derive an analytical expression for
∆Φp for TJ-II similar to Eq. IV.3.5-2. We have performed such an analysis using a
coordinate system with straight magnetic field lines and its corresponding metric
coefficients. The only limitation that is necessary for the derivation of the analytical
formula is that the plasma-induced corrections to the longitudinal magnetic field are small
compared to the vacuum magnetic field. This gives the possibility to perform analytic
iterations with respect to this parameter only for an arbitrary 3-D configuration. The
analogues to the first two terms of Eq. IV.3.5-2 (i.e. diamagnetic and paramagnetic terms)
can be obtained explicitly. However, for the practically shearless configuration of TJ-II all
the information on the third term is hidden as combinations of plasma-induced corrections
together with the metric coefficients. For a high shear configuration the effect can be shown
in an explicit form. Therefore, the general formula is useless for practical purposes.
Analytic solutions for different current profiles. Situation with net current is much more
complicated. Firstly, it is necessary to mention that Eq. IV.3.5-2 can be obtained by an
averaging method that uses as a small parameter µ/N where N is the total number of field
periods. Therefore, for TJ-II where this parameter is ∼ 0.5 such an expression is not strictly
correct. However, running ahead we can claim that the analysis of the current term can shed
light on ∆Φp/∆Φv behaviour versus current profile. Such an analysis is rather actual as
currents are governed by different physical mechanisms. For example, ohmic current,
bootstrap current, ECRH driven current. The bootstrap current in TJ-II has rather
complicated structure. The matter is that for the majority of TJ-II experiments in the central
part of discharge plasma is lowly collisional. In this case the major role is played by the
toroidally trapped particles and the current density is ”tokamak”-like. Closer to the plasma
edge the collisions are more frequent and the characteristic length for free-particle motion
decreases drastically. In this case, it takes more relevance the effect of particles trapped in
the local minima of the three-dimensional magnetic field and the current density for
bootstrap current can change sign. Therefore, depending on the situation, the total current,
Ip, may be positive, negative or zero. It is necessary to mention that the last term in the right
hand side of Eq. IV.3.5-2 may be non-zero even for an alternating (positive and negative)
current density with Ip = 0. In this case, both nominator and denominator are zero but their
ratio is finite. It can be easily seen from Eq. IV.3.5-2 that, if the current density profiles can
be presented as a power series, the integrals can be presented using beta- and gammafunctions and in turn, for a broad variety of current profiles the ratio of the integrals can be
reduced by recursion relations to a rather simple form. Naturally, the analytical analysis is
presented only due to the fact of its good agreement with numerical simulations. Let us
consider first the most simple case and estimate the role of the ohmic current. The electron
temperature in TJ-II is rather peaked, that is:
Te = (1 − x2)n, n ∼ 3 − 4. Therefore, even not taking the effect of trapped particles into
account (whose number increase towards the boundary together with the effective ripple)
we obtained a rather peaked current profile that can be presented in the form: Jφ ∼ (1 −x2)m,
m ≥ 1.5n. Substituting this expression into Eq. IV.3.5-2 we obtain that the last term can be
presented in the form: C µJ(1) µ∗A−2 where C for different current profiles from this family
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has the form C = 2/(m + 2). As it was expected a priori, the effect of the current decreases
with the peaking parameter, m. We can also estimate the input of quasi-tokamak bootstrap
current. In this case we can use the following formula Jφ ∼|p´|∼ x(1−x2)l−1 where l > 1 and C
= 6/(3+2l). To finish with the effect produced by current density profiles of a given
(definite) sign, it is appropriate to estimate the maximum possible C value. To do this we
may choose current density profile that has the maximum closest to the plasma boundary:
Jφ = xm(1 − xk),

C = 2(m + 2)(m + k + 2) / [(m + 4)(m + k + 4)]

(IV.3.5-3)

The maximum value of C governed by Eq. IV.3.5-3 is 2. At this value and for realistic
experimental conditions of TJ-II ( <β> ∼ 10−3, Ip ∼ 1kA) the contribution of a net current in
the value of ∆Φp is of the same order than that of the plasma pressure profile. If it were the
normal situation, the regular determination of the plasma energy would be not possible.
Finally, we present estimations concerning current density profiles that change sign with
the increase of average radius of magnetic surfaces. One of the simple example of such a
profile can be constructed as follows Jφ ∼ J0x(1 − x2)(K − x2). Here J0 and K are constants.
To have a change of sign of current density inside the plasma column the latter constant
must satisfy the condition 0 < K < 1. For this family of current profiles C(K) can be
presented in the following form: C(K) = 2(9K − 5)/(7K − 3). Let us suppose that J0 is
positive. At K → 0 a current with negative current density flow all over the plasma volume.
At K = 3/7 the total current Ip and the rotational transform produced by the plasma current
at the plasma edge µJ(1) are zero. In order to show that ∆Φp is non-zero at µJ(1) = 0 let us
suppose that K > 0 and rewrite the stellarator contribution in the equivalent form:
C µ∗µJ(1)/A2 = C+ µ∗µJ+/A2, C+ = (2/3) K-3/2 · (9K − 5) / (7 − 3K)

(IV.3.5-4)

where µJ+ is the rotational transform at the magnetic surface where current density change
sign. This example demonstrate that the stellarator contribution remains finite at K = 3/7.
At K = 5/9 the stellarator term is zero at non-zero Ip.
Finally, we present results for the current density profile similar to the bootstrap current
profile estimated using the experimentally measured profiles of density and temperature in
TJ-II. Such profile can be roughly approximated as follows:
Jφ ∼ x(1 − x2)m−1(K − x2)

with

m >> 1, K < 3/(2m + 3)

(IV.3.5-5)

After some algebra we obtain:
C = [6 / (5 + 2m)] · [K(5 + 2m) − 5] / [K(3 + 2m) − 3]

(IV.3.5-6)

Thus, supposing that Eq. IV.3.5-2 is adequate for TJ-II one can conclude that for ohmic
current at realistic experimental plasma profiles diamagnetic term is much larger than the
stellarator term. The same can be concluded for the bootstrap current profile considered
above. Therefore, experiments at large ohmic current definitely show that the leading effect
is the inclination of plasma current with respect to diagnostic loop. However, we have not
taken into account the following possibility. As we have discussed below, for large
rotational transform TJ-II additional corrections are of the order of µ∗/N. It is rather
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intriguing whether such a corrections are increasing or decreasing the effect. Therefore,
numerical calculations have been performed for the standard configuration of TJ-II.
Numerical simulations. In the previous part we have presented various dependencies of
∆Φp/∆Φv versus current density profile. At the same time we have stated that the analytic
results may pretend only on the qualitative correct insight to the problem. In order to clarify
the situation here we are comparing the analytical results to the results of computation
performed using the 3-D code VMEC. Plasma equilibria in a ”standard” configuration of
Flexible Heliac TJ-II was considered. It is pertinent to note that for the plasma parameters
relevant to the modern TJ-II experiments the results of computation may not be highly
accurate. The question is that VMEC is an equilibrium code where the result of calculations
is the total magnetic field, i.e. the sum of the vacuum magnetic field and the plasmainduced magnetic field. The plasma-induced magnetic field is significantly smaller than the
vacuum magnetic field. Therefore, in low <β> simulations the accuracy of the plasmainduced magnetic field calculation may be significantly decreased. The accuracy can be
improved by increasing the plasma parameters in the range where the ∆Φp/∆Φv value is
linearly dependent on <β> and Ip. In particular if we increase the plasma parameters by a
factor of 10 the accuracy of calculations improves notably. These parameters obviously are
inside the region where ∆Φp/∆Φv is near linearly dependent on <β> and Ip. The matter is
that shifts of magnetic surfaces are small due to the large vacuum rotational transform,
paramagnetic effect that is ∼ Ip2 is also small. In so doing the constant of proportionality
can be found for the parameters of TJ-II experiment. Within the first set of calculations
equilibria were considered where the only longitudinal plasma currents are Pfirsch-Schlüter
currents. In this case plasma parameters were <β> = 1%, Ip = 0 and different pressure
profiles we considered. In all the cases ∆Φp/∆Φv = − <β>/2 with the definition of <β> that
is used in VMEC and is the same as the one discussed before. Therefore, ∆Φp/∆Φv is
independent of plasma pressure profile at given <β>. Another series of calculations was
organized as follows. The value of <β> = 0 was taken and different families of current
density at two values of net current Ip = 10kA (µJ(1) = 0.08) and Ip = 40kA (µJ(1) = 0.32)
were chosen for calculations. The latter case was considered in order to get a rather visible
effect of the paramagnetic term. Let us remind that the paramagnetic term can be calculated
analytically for a general 3-D configuration. For example, peaked current density profiles
with Jφ ∼ (1 − x2)m and m being in the rage of 1 ≤ m ≤ 4, were considered. Calculations
demonstrated that the functional dependence of ∆Φp/∆Φv on m at Ip = 10kA is the same as
that of Eq. IV.3.5-2 but the value of ∆Φp/∆Φv at a given m is two times (exactly a factor of
2.2) smaller than that following from Eq. IV.3.5-2. The same result was obtained for the
non-monotonic current profiles with the maxima located at the vicinity of plasma boundary.
It can be noted that the calculation of ∆Φp/∆Φv is more difficult for the bootstrap current
profiles typical for TJ-II. They are strongly peaked in the vicinity of the magnetic axis
where the accuracy of the equilibrium decrease abruptly. Therefore it was necessary to
construct a family of plasma current that can be easily implemented in the code. Different
profiles from this family must be responsible for the effects considered analytically. Thus,
we constructed a family of current density profiles that may change sign along the average
radius of the plasma:
Jφ ∼ (1 − x2)(K − x2),

C = (2K − 1) / (3K − 1)

(IV.3.5-7)

and the analytic calculation yields,
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C = (2K − 1) / (3K − 1)

(IV.3.5-8)

The numerical simulations demonstrated the same dependence on K value, but the
numerically calculated value for ∆Φp/∆Φv is smaller than the analytical one by a factor of 2
(it is an approximate value as the factor is not completely constant along the obtained
curve). In particular calculations demonstrated a zero of ∆Φp/∆Φv at K = 1/2. Generally
speaking numerical simulations give a more favourable prognostication for plasma energy
determination than analytical calculations. The reason of such a difference has already been
discussed above.
Discussion. We have analyzed plasma-induced changes of the toroidal magnetic flux ∆Φp
for plasmas confined in the TJ-II device presenting a strongly helical magnetic axis. It is
shown that for the cases where the only longitudinal plasma currents are Pfirsch-Schlüter
currents generated by the toroidal (2-D) and local (3-D) curvature of the magnetic field
lines ∆Φp is practically independent of the plasma pressure profile. The problem of net
toroidal currents has been analyzed in much more detail. It is shown that that ∆Φp is
strongly dependent on the current profile. We have found current profiles that give, at
typical plasma parameters of TJ-II, the same contribution in ∆Φp/∆Φv as <β>. In particular,
if one considers two current profiles, one of whose is peaked and the second has the
maximum near the plasma boundary, then for typical plasma parameters of TJ-II ( <β> =
0.1%, Ip = 1kA) two current profiles can be constructed giving an uncertainty in ∆Φp
higher than 50%. There are also examples for which the part of ∆Φp that is dependent on
the toroidal current is zero for non-zero net current and the opposite, non-zero for zero total
current. Under such circumstances a formal (mathematical) conclusion can be stated, that
is: the determination of the plasma energy content from the diamagnetic measurements is
impossible for a device with large rotational transform. However, formal solutions at real
experimental circumstances may be incorrect. It is necessary to point that the electron
temperature in TJ-II (ERCH only) discharges is very peaked and obviously leads to peaked
ohmic currents, and most probably to a peaked bootstrap current profile. The data on the
electron temperature profile and the calculation of the popuilation of trapped particles make
it possible to determine the profile for the ohmic current. The situation with the bootstrap
current determination is much more complex but we may definitely conclude that the
current density at a/ap ≥ 0.5 is rather low. Therefore, the uncertainty in ∆Φp is diminished.
As an approximate relation between numerical and analytical calculations was found, we
have performed a study on a variety of peaked current profiles. The difference in the value
for ∆Φp for realistic current profiles never exceeded 20%. We have already mentioned that
in the case of a spatial axis stellarator and a diamagnetic loop that encircles the plasma we
can distinguish mainly two reasons for the origin of the diamagnetic signal. The first is ∆Φp
through the plasma cross-section. This part is invariant with respect to the changes in loop
geometry. The plasma-induced flux through the region located between plasma boundary
and the boundary of the loop is given mainly by the rough integral effect: the contribution
of the current that is inclined with respect to the plane of the loop. A comparison of the
calculations and the measurement of the diamagnetic energy show that the latter effect is
significant. However, the real experimental situation at TJ-II makes it possible to exclude
this effect by calibration using the data on the discharges with a large ohmic current Ip ≤
6kA. In this case the leading effect is the non-perpendicularity of a very peaked current. A
calibration coefficient (i.e. the coefficient of proportionality between the measured flux and
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current) can be found and is applied to low-current cases. Let us note that experiments with
an ohmic current are performed at a practically constant thermal energy. The fast changing
of the rotational transform produced by such a current during the discharge cannot change
the conditions for electron cyclotron heating .The ohmic heating for such plasmas it
negligible. However, the uncertainty in the bootstrap current density profile may lead to an
error in the determination of the plasma energy of ∼ 10 −20%. Such an error is an
unavoidable fate of any stellarator device with large rotational transform.
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V

Materials Programme under EFDA

During 2005 the association has been involved in three main materials fields:
Ceramic insulators for heating and current drive and diagnostic systems.
Radiation tolerance assessment of standard components for remote handling.
Structural reduced activation and advanced materials, and blanket/tritium cycle.

V.1 Irradiation Effects in Ceramics for Heating and Current
Drive, and Diagnostics.
Within these tasks CIEMAT is responsible for 7 deliverables related to;
Radiation enhanced tritium diffusion in CVD-diamond, and KU1 and KS-4V quartz glass.
Radiation enhanced surface electrical and optical degradation.
Radiation induced conductivity in low pressure gases.
Thermally generated voltage/current for selected MI cable coils.
Response to ionizing radiation of high-quality mirror coatings.
Screening of large insulator materials for NBI.
Alternative resistive-bolometer substrates with platinum tracks.

V.1.1 Tritium diffusion in diamond and fused quartz windows
Introduction
The objective of this task is the assessment of the potential diffusion of tritium through the RF
diamond windows and the diagnostic quartz windows as well as the study of the potential
effects of tritium on the material properties which are relevant for the application. One of the
important points is the radiation enhanced diffusion.
For safety reasons the use of deuterium instead of tritium is planned for the experiments. An
experimental set up was constructed at CIEMAT for measurement of diffusion of deuterium
under electron irradiation at the Van de Graaff accelerator. The design and construction of the
irradiation chamber and the description of the whole experimental set up was previously
reported.
The procedure for the development of these experiments may be divided into different
milestones:
1. Study of the material previous to the irradiation
2. Study of the material during and following irradiation
3. Measurement of radiation assisted diffusion of deuterium
4. Study of the material following irradiation in deuterium atmosphere
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Results
During 2005 work on the diamond window sample kindly supplied by Dr. R.Heidinger from
FZK has been completed. This sample, 30 mm in diameter and 1.8 mm thick, was cut out
from big size, window quality, diamond window grown at De Beers. Optical absorption,
infrared absorption and dielectric loss tangent were measured before and following irradiation
with 1.8 MeV electrons in the Van de Graaff accelerator up to a dose of 17.5 MGy. The
dielectric loss tangent at 15 GHz was also monitored during the irradiation. These
measurements provide crucial information to distinguish between the effect produced by the
irradiation and the effect produced by the incorporation of deuterium into the material.
Figure V.1.1-1 shows optical properties between 190 to 1200 nm of diamond before and
following irradiation. Only small differences are detected in the 200-400 nm region. These
differences will be taken into account in the measurement of optical properties following
irradiation in deuterium atmosphere.

Figure V.1.1-1. Optical properties between 190 to 1200 nm of the diamond sample 34DB1
before and following irradiation at the Van de Graaff accelerator.
Figure V.1.1-2 shows infrared measurements between 4000 to 2000 cm-1 before and following
irradiation. No radiation effect could be detected. Structures between 2700 and 200 cm-1 are
due to the C-C bonding in diamond.
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Figure V.1.1-2. Infrared absorption between 4000 to 2000 cm-1 of the diamond sample
34DB1 before and following irradiation at the Van de Graaff accelerator. Curves were
artificially separated to be distinguished. No radiation effect was detected.
Dielectric loss tangent measured before and following electron irradiation is plotted in figure
V.1.1-3. Solid lines in this figure represent theoretical curves calculated as a sum of a f-m law
(typical behaviour in diamond), a relaxation peak around 30 MHz and a dc-conductivity
process (tanδ α f-1). According to this model, the radiation would be responsible for a
decrease of the conductivity process and of the increase of dielectric loss at 30 MHz. Both
effects, especially that at high frequency, are very small.
Dielectric loss at 15 GHz monitored during the irradiation is reported in figure V.1.1-4. Time
axis in this figure is in logarithmic scale to clearly distinguish the low beam currents.
Radiation was maintained at 10 µA for a long time in order to observe some dependence with
the dose. The decrease observed at 10 µA happens only at the beginning of that current step
reaching a stable level for long times. A clear increase with the beam current is observed in
this figure. Figure V.1.1-5 shows the dielectric loss tangent as a function of the beam current,
i.e. as a function of the dose rate. These data are obtained by means of a cylindrical resonant
cavity. The temperature increase in the cavity of around 7-8 degrees due to the irradiation
gives rise to a reduction of the Q-factor that produces a false increase of dielectric loss. The
data before and following the temperature correction are plotted in this figure. On the other
hand, since the dielectric loss increases with the temperature and the beam heats the sample, a
fraction of the increase of loss tangent measured as a function of the beam current comes from
the increase of the sample temperature. Figure V.1.1-6 shows the dielectric loss tangent as a
function of the temperature. From this data one may estimate the increase of dielectric loss
tangent due to an increase in the sample temperature during the irradiation: Such increase is in
the order of 10-7/degree i.e. much smaller than the increase observed during the irradiation.
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Figure V.1.1-3. Dielectric loss tangent between 1 kHz to 15 GHz of the diamond sample
34DB1 before and following irradiation at the Van de Graaff accelerator. Solid lines are
theoretical curves plotted to help the eye.

Figure V.1.1-4. Dielectric loss tangent at 15 GHz of the diamond sample 34DB1 during
irradiation at the Van de Graaff accelerator as a function of time. Time is in logarithmic scale
to appreciate short low current steps compared to the long irradiation 10 µA step.
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Figure V.1.1-5. Dielectric loss tangent at 15 GHz of the diamond sample 34DB1 during
irradiation at the Van de Graaff accelerator as a function of the beam current before and after
correction for the cavity heating.

Figure V.1.1-6. Dielectric loss tangent at 15 GHz of the diamond sample 34DB1 as a function
of the temperature. These data are used to confirm that in beam effects are due to irradiation
and not due to temperature increase in the sample.
Theoretical calculations on diamond and fused quartz
An effort is being performed in the field of computer simulation to calculate the diffusion of
tritium in diamond and fused quartz. Following the results obtained for diamond, previously
reported these efforts are being conducted to molecular dynamics calculations. MDCASK
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code is being used for such purpose. The use of MDCASK code requires the implementation
of the potential able to describe the system under study. The best potential for diamond with H
is the Brenner potential. The implementation of Brenner potential in MDCASK for
calculations in diamond will be available soon.
The implementation of a potential for fused quartz with H in the MDCASK code has been
already obtained. The potential used in for these calculations is the Feuston-Garofalini one.
This potential has been widely tested and it is known to reproduce very well the structure of
fused quartz.
This code has been used in a preliminary work in order to determine the defects in the material
before including H. Four kinds of defects were found in fused quartz:
Si3: Si atoms in coordination 3, instead of 4;
Si5: Si atoms in coordination 5, instead of 4;
O1: O atoms in coordination 1, instead of 2; and
O3: O atoms in coordination 3, instead of 2.
A picture of these four defects is found in figures V.1.1-6. This information will be compared
with defects that appear when there is H in the material.

Figure V.1.1-6. Pictures of the four most numerous defects in fused quartz. Silicon atoms in
blue, O atoms in green. The defect atom is marked in red.
Calculation of the Mean Square Displacement (MSD) of H atoms has been also implemented
in the code for calculation of Diffusion coefficient. Preliminary results have been already
obtained for a concentration of 1% and 10% at three different temperatures (500 K, 1000 K
and 1400 K). These calculations have been performed in a simulation box with 12288 atoms.
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These preliminary results will be used to determine the best way to introduce the H as well as
the reasonable range in H concentration. First results show a dependence of H diffusion with
H concentration (see figure V.1.1-7).

Figure V.1.1-7. H mean square displacement calculated in a fused quartz matrix at 1000 K for
a H concentration of 1% and 10%. Good fit to a linear dependence with time is found for
simulation times longer than 100 ps.
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V.1.2 Influence of H isotopes on the surface properties of fusion ceramics
Introduction
Oxide materials will be extensively used in ITER in heating and current drive, and diagnostic
systems where they will play important roles as electrical insulators, and RF and optical
transmission components. These materials will be subjected to neutron and gamma radiation,
and additionally to bombardment by low energy ions and neutral particles of energies between
eV and keV as a consequence of neutron reactions and related sputtering at vacuum surfaces,
as well as ionization and acceleration of the residual gas due to local electric fields. Low
energy particles deposit most of their energy at or very near the surface, producing high levels
of ionization, atomic displacement, and sputtering. Hence, the resulting local damage and
consequent degradation of the physical properties at the vacuum surface could be high. In
particular, optical transmission and electrical resistivity are important properties for heating
and current drive, and diagnostic system applications. Such potential degradation needs to be
assessed in detail.
One candidate material for use in ITER is a low OH silica known as KS-4V quartz glass. In
the work reported here, the optical and electrical degradation of this material due to hydrogen
and helium implantation has been addressed as well as the oxygen loss. Optical absorption
and surface electrical conductivity measurements have been performed before and after 54
keV He and H implantation at different temperatures indicating that implantation temperature
plays an important role. He and H implanted samples exhibit similar electrical and optical
degradation showing that the process is not related to oxygen reduction by hydrogen.
Experimental procedure
The KS-4V quartz glass used in these experiments was kindly provided by the Russian
Federation within the ITER programme. Samples of approximately 10x10x0.9 mm3 were cut
and optically polished, and implanted with 54 keV hydrgen and deuterium at 50 C, and with
54 keV He at 50, 250, and 450 C, 0.5 mA/cm2, up to a dose of 1017 ions/cm2, at the CIEMAT
Danfysik 60 kV ion implanter. Optical absorption from 195 to 3000 nm was measured before
and after implantation in a Varian Cary 5 spectrophotometer. For the electrical properties
unimplanted and implanted samples were mounted in a system which permitted one to
measure the surface electrical conductivity in high vacuum (10-6 mbar) at temperatures
between 15 and 450 C, with a current sensitivity of 10-11 A. To measure the surface
conductivity two platinum electrodes separated by 1.5 mm were sputtered onto the sample
face to be implanted. In this way DC electrical surface conductivity was measured by applying
100 V between the electrodes. After implantation X-ray element analysis (depth profile about
2 mm) was performed with an Hitachi S-2500 Scanning Electron Microscope.
Results for hydrogen and deuterium implantation
Figure V.1.2-1 shows the optical absorption for as-received and implanted KS-4V up to a
dose of 5x1016 H+ ions/cm2. No correction was made for surface reflection, as may be seen
from the optical absorption background for the as-received sample. For these materials surface
reflection is tipically between 4 and 10% depending on the quality of the surface polish.
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Implantation severely degrades the transmission, the absorption monotonically increasing
from IR to UV with no visible band structure.
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Figure V.1.2-1. Optical absorption for KS-4V samples as received and implanted with 55
keV H+, at 25 C, 1 µA/cm2 during 4 hours.
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Figure V.1.2-2. Electrical volume and surface currents as a function of temperature for KS4V before (volume) measured with 1000 volts applied, and surface after implantation and
after implantation and annealing at 450 C measured with 100 volts applied.
In figure V.1.2-2 electrical current as a function of temperature for the unimplanted and H
implanted KS-4V is shown. In the case of the unimplanted sample the electrical current
measured with 1 kV applied was mainly due to ionic electrical conductivity through the
volume (no surface conductivity was observed). Below 250 C the volume current was less
than the measuring limit (10 -12 A, i.e. > 10 15 ). In the figure this volume data is divided by
10 to compare directly with the 100 V data. After implantation the enormous current
measured with 100 V was entirely due to surface current caused by electrical degradation. The
figure also shows this surface current after annealing at 450 C for 400 minutes in high
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vacuum (10-6 bar). Figure V.1.2-3 shows the evolution with time. Although the data is limited,
it is clear that the surface current initially increases rapidly, and then tends to saturate.
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Figure V.1.2-3. Electrical surface current at 450 C in high vacuum for a H+ implanted KS-4V
as a function of annealing time. The line is drawn to guide the eye.
The results for SEM X-ray analysis are given in figure V.1.2-4 for implanted and unimplanted
zones of KS-4V. The oxygen and silicon peaks are clearly identified. However in the case of
the implanted zone more than 90 % of the oxygen content has been lost.

Figure V.1.2-4. SEM X-ray analysis of KS-4V as received and after 55 keV H+ implantation.
The units are arbitrary for each plot.
The evolution with ion dose for hydrogen and deuterium implantation is shown in figure
V.1.2-5. One can see that saturation occurs clearly for deuterium but not for hydrogen.
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Figure V.1.2-5. Surface electrical current as a function of ion dose for hydrogen and
deuterium implantation at 50 C.
Discussion
Results for helium implantation
Figure V.1.2-6 shows the surface electrical current as a function of 54 keV He dose for
different implantation temperatures. Up to a dose of 3x1015 ions/cm2 the current measured at
50 and 250 C is at or below the measurement limit (10-11 A).
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Figure V.1.2-6. Surface electrical current as a function of ion dose for different He
implantation temperatures.
The higher current at 450 C is due to ionic conductivity, as may be seen in figure V.1.2-2 for
the unimplanted sample. Above about 3x1015 ions/cm2 a nearly exponential current increase
with dose is observed for all three samples. By about 1017 ions/cm2 the current increase begins
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to saturate for implantation at 50 and 250 C, however at 450 C saturation is not observed. In
figure V.1.2-7 electrical current as function of temperature for the unimplanted and implanted
KS-4V samples is shown. The electrical conductivity for the unimplanted sample observed
above about 280 C is due to ionic conductivity corresponding to high activation energy (high
slope). Surface electrical conductivity for the implanted samples is orders of magnitude higher
and the activation energy far less (lower slope) consistent with electronic conductivity, also
the degradation is higher for higher temperature implantation.
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Figure V.1.2-7. Surface electrical current as a function of temperature for sample He
implanted at different temperatures up to a dose of 1017 ions.

2

Optical absorption

1.5
50 ºC
1
250ºC
0.5

0

450 ºC

500

1000

1500

2000

2500

3000

Wavelength (nm)

Figure V.1.2-8. Optical absorption spectra for samples He implanted at different temperatures
up to a dose of 1017 ions.
The induced optical absorption for three different implantation temperatures is given in figure
V.1.2-8. The absorption increase is monotonic for decreasing wavelength for all three
temperatures, but the optical degradation markedly decreases with increasing implantation
temperature. Figure V.1.2-9 shows the SEM X-ray analyses for unimplanted and implanted
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KS-4V samples at 50, 250, and 450 C. The oxygen and silicon peaks are clearly identified.
The proportion of oxygen is reduced by 60% or more after implantation and depends on
implantation temperature, being more marked at lower temperature.
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Figure V.1.2-9. SEM X-ray analysis for unimplanted and He implanted samples at different
temperatures.
KS-4V surface degradation after He implantation is similar to that observed after H or
deuterium implantation, characterized by high electrical conductivity, enhanced optical
absorption, and severe loss of oxygen. Such similarity between He and H implantations
indicates that this type of degradation is not due to any chemical process associated with the
strong reductive power of hydrogen. The most likely mechanism inducing this type of surface
degradation is preferential radiolytic sputtering of oxygen giving rise to oxygen vacancies in
the surface region.
The ion bombardment produces primary damage / modification to a depth of about 1 mm. It is
clear from figures V.1.2-3 and V.1.2-4 that the observed optical degradation and oxygen
reduction is largest for implantation at 50 C. The large oxygen reduction (about 75 %) implies
that the surface region must contain substantial amounts of SiO and Si rich zones due to such
a high concentration of oxygen vacancies. The optical absorption is in good agreement with
that measured for mm thin SiO films, with a diffuse non-crystalline band edge. This marked
reduction in the band gap helps to explain the fact that although the optical degradation and
oxygen loss is largest at 50 C, the electrical degradation is less and tends to saturation. The
energy available in radiolytic processes is close to the material band gap energy hence band
gap reduction implies sputtering yield reduction. The situation at 250 and 450 C is more
complex because oxygen vacancies produced in the surface region can more easily thermally
migrate into the bulk, and hence cause less structural modification. At higher implantation
temperatures the density of oxygen vacancies in the near surface region ( 1 mm) will be less,
giving rise to less SiO and hence the band gap reduction and related sputtering yield will be
less. This is in agreement with the X-ray SEM analysis where the apparent oxygen reduction
is less for higher temperature, and the optical absorption at 250 and 450 C shows no clear SiO
absorption. The electrical degradation does not correlate with the optical degradation nor with
the apparent oxygen reduction, it must therefore be related to the number of isolated oxygen
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vacancies which at higher temperatures are produced at a higher rate and are distributed over a
larger surface volume.
The surface electrical and optical degradation reported here is an issue for both ITER and
future fusion reactors where electrical insulators will be subjected to bombardment by low
energy ions and neutral particles of energies between eV and keV as a consequence of neutron
reactions and related sputtering at vacuum surfaces, and ionization and acceleration of the
residual gas due to local electric fields. The flux and energy of the residual gas ions will be
function of pressure, electric field, and gamma radiation levels. Work is under way in order to
evaluate and study surface electrical degradation for other possible fusion reactor insulators,
as well as to assess the realistic particle spectrum and flux due to residual gas ionization.
Conclusions
Severe electrical and optical surface degradation occurs when KS-4V silica is H or He
implanted. The degradation is due to loss of oxygen from the surface caused by radiolytic
sputtering by energetic ions. Electrical degradation is higher for the higher implantation
temperature while the optical degradation is lower. This is foreseen as a serious technological
issue for ITER and future fusion reactors where insulator vacuum surfaces will be bombarded
by ions produced by gamma radiation and accelerated by local electric fields.

V.1.3 RIC in low pressure gases
Introduction
Ceramic insulators and windows in ITER will be subjected to bombardment by energetic
hydrogen isotopes and helium as a consequence of ionization of the residual gas by gamma
radiation and acceleration of the ions by the local electric fields. Most of the energy carried by
these particles will be deposited at or very near the surface giving rise to possible electrical and
optical degradation. Severe surface electrical degradation has recently been observed when
oxide materials are implanted to low doses (1015 ions/cm2) with protons and alpha particles at
temperatures between 50 and 450 C. In order to estimate the relevance to fusion applications
and hence the lifetime of ceramic insulators in ITER it is necessary to quantify possible ion
currents generated in the residual gas by measuring radiation induced electrical conductivity
for hydrogen isotopes and helium gases at low pressures and then perform experiments in
which ceramic candidate materials are subjected to ion bombardment at representative currents
and energies.
Initial results
To determine the magnitude of radiation generated ion currents, preliminary experiments have
been carried out in a special gas chamber mounted in the beam line of a 2 MeV Van de Graaff
electron accelerator, with the gases being irradiated through an 0.05x10-3 m thick aluminium
window with 1.8 MeV electrons. A guarded volume was defined between two parallel square
copper plate electrodes separated by 1.5x10-2 m. The experimental set-up permitted an electric
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field to be applied to the irradiated volume of gas, and the electric current flowing through the
ionized gas to be measured. For these experiments the radiation beam was perpendicular to the
electric field direction. In this way radiation induced conductivity for helium and hydrogen
has been measured at pressures between about 1000 and 10-3 mbar (105 to 10-1 Pa), radiation
dose rates of 30 Gy/s and applied voltages up to 1500 volts.
The radiation induced electrical currents for low pressure helium and hydrogen exhibit a
complex dependence on pressure and voltage (figure V.1.3-1). The results obtained in this
work indicate that the surface of electrical insulators in a fusion reactor may be subjected to a
bombardment flux of ions of the order of 1 nA/(Gy cm2) for a local pressure of 10-3 mbar. At
this flux if the ions gain sufficient energy, rapid surface electrical degradation on the vacuum
face of the insulators will occur.
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Figure V.1.3-1. Radiation induced conductivity for low pressure air, helium and hydrogen
electron irradiated at 30 Gy/s.
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V.1.4 Assessment and specification of in-vessel MI-cable material for the
ITER magnetic diagnostics & Thermal effects

Magnetic diagnostics tasks have shown that the requirements for in-vessel MI-cables are more
stringent than for other in-vessel sensors. A specific task (“Report on assessment and
specification of in-vessel MI-cable material for the ITER magnetic diagnostics” EFDA
TWP2004-Contract 04-1207) has been done by CIEMAT. This task is a technical review and
assessment of results obtained in previous irradiation tests of MI-Cables for in-vessel
components. It has integrated the revision of papers and reports that have been direct or
indirectly connected to the use of mineral insulated cables. It includes the two effects that
have been detected in MI Cables when it is subjected to gamma or neutron radiation: (a) the
voltage that appears between the core and cable sheath and (b) the voltage between the two
ends of the central wire. Possible recommendations are also presented in the above mentioned
report that it is still in progress. The report is presented in next section V.1.4.1.
Another task has been the direct measurement of the temperature effect (TIEMF) of stainless
steel and copper MI cables under well controlled conditions to evaluate impact on magnetic
diagnostics. The results are presented in section V.1.4.2.
V.1.4.1. Assessment and specification of in-vessel MI-cable material for the ITER
magnetic diagnostics
V.1.4.1.1 Introduction
In-vessel magnetic diagnostics impose very severe requirements for MI-cables, which will be
used not only for the signal leads but also for the coils themselves. This has motivated studies
in the EU, JA, and RF home team laboratories on the behaviour of candidate MI cables, and in
particular of the so-called Radiation Induced Electromotive Force (RIEMF), generated in
mineral insulated (MI) cables. These recent experiments on different MI cables under gamma
and neutron irradiation environments have highlighted potential problems associated not only
with radiation, but also thermal generation of voltages/currents within the cable itself, of
magnitudes more than sufficient to perturb the required field measurements.
The problematic effects recognised at present may be divided into three:
1 – The RIEMF effect, well know for many years, is due to a charge induced voltage
generation between the cable central conductor (core) and the outer sheath when subjected to
neutron and gamma radiation. This has recently been examined both experimentally and
theoretically in close detail by SCK/CEN, and the general behaviour is now well understood.
Another effect closely related to this is RIC (Radiation Induced Conductivity), as the
conductivity of the insulator will increases with radiation, changing the insulation between
central core and sheath.
2 – Recent experiments under radiation at JAERI found indications for the possible generation
of a voltage along the central conductor itself with unexplained cable type and time/dose
behaviours. Several laboratories are at present studying this effect; such an induced voltage is
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of serious concern for the proposed ITER magnetic diagnostic coils, as it would introduce an
error signal impossible to differentiate from the required information. As the net effect is that
a differential voltage appears at the end of the coil-cable system, we will call it Radiation
Induced Differential Voltage (RIDV) in this report, so it can be distinguished clearly from the
above mentioned effect. RIEMF will be used only for central to sheath voltage/current.
3 – Finally closely related to the above mentioned RIDV, recent experiments at CIEMAT
demonstrated that a significant differential voltage can be generated along the MI cable central
conductor due to temperature differences along the cable. In this case instead of RIEMF we
can speak of TIEMF (Thermally Induced Electromotive Force) or TIDV(Thermally Induced
Differential Voltage).
The aim of this task is firstly to examine and assess the existing data on the above effects,
taking into account cable composition, structure, and manufacturing limitations, as well as
radiation levels, and temperature gradients. The task will then provide some recommendations
on optimum cable types for in-vessel magnetic diagnostic coil applications and future tests
based on present knowledge.
The report is structured in three main sections. First the core-to-sheath voltage, which is quite
well understood now. The second section will deal with the more complicated core-to-core
voltage effects and finally in section three some closely related effects which may influence
coil measurements, such as RIC and RIED (Radiation-Induced Electrical Degradation), will
be briefly discussed. RITES (Radiation-Induced Thermo-Electric Sensitivity) effect is
presented in the core-to-core discussion since it will affect long-term behaviour.
V.1.4.1.2 Radiation effects in MI cables: core to sheath voltages
Bibliographic background review
As mentioned above, the voltage generation between the cable core and sheath when
subjected to radiation was known many years ago. Early references such as Terry in 1963
report irradiation of several MI cables in a reactor. The work included cables from one to five
inner copper conductors and different insulators. From these early experiments it became clear
that cables acted as current generators. Although current magnitude and sign were widely
different, and not understood, the effect was used some years later to build Self Powered
Neutron Detectors (SPND). Recent gamma and neutron irradiation tests on MI cables and
coils for ITER magnetic diagnostics have once again focused interest on the effect.
A well-documented literature review of RIEMF up to 2001 can be found in a previous EFDA
report by Nieuwenhove and Vermeeren, and will not be reproduced fully here. The main
conclusions obtained are:
The effects of radiation can be divided in two main factors. One is due to photoelectrons
generated by gamma rays (directly or by instantaneous (n, γ) reactions), and the other to (n, β)
reactions. Each term depends on several parameters summarized below:
Geometric Effects: Diameters of core and sheath, insulator thickness, and even the geometry
of the surroundings (including whether the cable is straight or in a coil configuration) have a
strong influence because the number of interactions and ability of electrons to reach another
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region are directly related to the overall geometry. The outside region of the cable is important
because cable dimensions are normally of the same order as the typical range of Compton
scattered electrons. Free electrons created in materials surrounding the cable can reach the
cable core. Non-uniformity of the insulator also causes small differences in the distance
between the central wire and the sheath and therefore an RIEMF change. This is more evident
when the gamma radiation field is non-uniform.
Composition: The exact compositions of core and sheath materials have a very strong
influence on RIEMF due to the different cross-sections for gamma and neutron reactions. As
an example, Cu is known to be a strong beta emitter, markedly increasing the value of
RIEMF. The Z value of core metal affects not only the number of photoelectrons and
Compton interactions generated but also the stopping power for these electrons. These
dependences are non-linear and cannot be easily obtained, as we will discuss later.
There is also some early work changing the insulating material, which suggests that SiO2 is
better than either Al2O3 or MgO. Changing the density of the insulator would have an
influence, a higher density material stopping more electrons, but in a fusion environment, it
would also capture more neutrons giving rise to delayed effects (as explained in the next
section).
Time: An important remark must be made at this point. Although some authors and
companies recommend certain MI cable combinations as having very low current generation,
it has to be mentioned that this is usually only true for low dose steady state conditions.
Generation of (γ-e) processes gives a prompt response of the cable to radiation, but the
neutron irradiation induces unstable nuclei through transmutation, giving rise to a delayed
response. This causes the RIEMF currents to change with time (dose) during irradiation, and
partial or total recovery following a period without radiation. The time factors are governed by
the half-lives of the different isotopes produced. This is clearly a serious drawback for the
specification of an ideal MI cable. For example, for MI cables made of Inconel or SS the
65
main activation after neutron capture comes from 64Ni
Ni and 55Mn 56Mn giving
values for T1/2 of 2.52 h and 2.58 h respectively. Monte-Carlo calculations [¡Error!
Marcador no definido.] and experiments indicate that the β decay of activated copper (65Cu
66
Cu) gives a far higher contribution to RIEMF than Ni, Inconel, or SS, and with a half-life
of 5.1 min, a time scale relevant for ITER. For this reason the use of copper is not
recommended. Concerning the insulator activation, MgO would be preferred, as in Al2O3 we
have the activation of 27Al 28Al with T1/2 = 2.2 min. RIEMF measurements in JAERI on SS
sheath, Cu core, MgO insulation cable with 14 MeV neutrons identify an even shorter time
scale (about 4 s) for current build up. The only possible candidate, 27Si, T1/2 = 4.3 s, could not
be produced, so this short time scale may be related to charge build-up inside the insulator
itself. The long term evolution of RIEMF has also been measured in recent high fluence
neutron irradiations at the JMTR reactor (up to 80 full power days), showing the difficulty in
estimating long term RIEMF changes (see section V.1.4.1.2.2). In summary, all these factors
mean that in a detailed design of the MI cable, the exact concentrations of each isotope must
be known and controlled in order to predict behaviour.
Gamma and neutron spectra: RIEMF values calculated or measured under specific conditions
are only valid for the given spectrum. When changing from a thermal to a “hard” neutron
spectrum, neutron capture (n, γ) decreases and other nuclear reactions such as (n, α) and (n, p)
become important. Estimates point to a possible decrease in RIEMF because the cross
sections for these reactions are lower. Simulations also exist for different gamma energies and
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show the strong dependence of cable sensitivity to gamma energy. Two main regions can be
considered: one around 0.1 MeV where the photoelectric effect is dominant (with a Z5 main
dependence) and a high energy region (above about 1 MeV) where the electrons have
sufficient energy and are not stopped in the cable but in the surroundings. As the surroundings
are normally electrically connected to the sheath, this gives rise to a net increase of transport
from the core to the sheath (larger positive currents). The comments above about the influence
of surroundings are important in this energy range. In the region between 0.1 and 1 MeV the
contributions of the photoelectrons and the Compton effect tend to cancel each other out and
provide a good working environment.
Recent RIEMF experimental tests.
Some of the recent tests executed under neutron radiation and in conditions relevant to ITER
confirm the complexity of RIEMF behaviour discussed in the previous section.
(i)
The short-term behaviour, where charging and capacity effects are important, has been
examined in the RF BARS-6 pulsed reactor at IPPE. This reactor with a pulse duration of
80µs, dose/pulse < 5.5x1016 n/m2 and 9 Gy, and a dose rate < 7x1016 n/m2s and 1.1x105 Gy/s,
has given some information about the very short time evolution of RIEMF in MI cables [i].
Two cable coils were irradiated; SS sheath, Ni and SS central conductors, 1.5 and 3.0 mm
diameter respectively. The measured physical quantity was the charge collected between the
central conductor and sheath. Each cable showed an increase of charge to a maximum
followed by a reverse maximum, and then relaxation to zero. The characteristic time of charge
sign variation was the same for both cables, suggesting a common origin. The behaviour
shows an evolution with total dose but the effect saturates after only 20 pulses, 170 Gy, with
the charge peaks reaching values of 7 and -3 pC for the Ni cable, and 1.3 and –0.8 nC for the
SS. The maximum value of voltage estimated between inner conductor and outer sheath was
between about 1 to 2 mV for the Ni cable, and 0.4 to 3 V for the SS. The authors suggest two
basic mechanisms: radiation induced phenomena in the dielectric-metal interface, and
radiation separation of the electric charge in the insulator volume. In their model the important
parameters controlling the current from sheath to core are the metal work functions,
inhomogeneities in the insulator powder density, and relative diameters of sheath and core.
The charge trapping in the insulator during neutron pulse and posterior evolution is suggested
as causing the oscillating curve for charge flow. Recommendations from these experiments
were: 1) Select metals for the core and the sheath so that a positive potential is produced in the
core to sheath contact (related to work functions). 2) Optimize the diameters of the core and
sheath (this would agree with previous discussions since the total amount of photoelectrons
generated from the two metal sections will be comparable), keeping a minimum insulator
thickness. 3) Reduce the non-uniformity (density) of the insulator over the cable diameter.
(ii)
On a longer time scale, direct measurements of six different 1 mm diameter MI cables
have been made recently in the BR2 reactor SCK/CEN. The compositions of the cables were:
3 Cu core, 3 SS core, MgO insulator, and SS sheath. The geometry consisted of a cylindrical
aluminium rig supporting the cables (mounted vertically along the cylinder) into the reactor
(see Figure V.1.4.1-1 ). This allows both discrete vertical translation and rotation. The overall
results are in agreement with the other groups and with previous results. Once more it was
observed that Cu cables gave large delayed currents, +60 to +90 nA, saturating in about 45
min, much larger than the +10 and –15 nA observed for the SS-core cables. The movable
geometry allowed the observation of significant RIEMF prompt current change when
changing the rig orientation, even changing its sign. Azimuthal measurements have shown a
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consistent behaviour: maximum (positive) signal is obtained when cable is most effectively
shielded (by rig or other cables) from radiation. This rapid effect appears in both Cu and SS
cables and with similar absolute values. One first explanation would be a lack of symmetry in
the core to sheath geometry, but it can be discarded due to the systematic dependency
observed in the position of maximum RIEMF current (always obtained for maximum
“shielding” of the cable by external metallic parts). Non-uniformity in the radiation field
cannot explain the very large change observed (even sign change). Measurements after reactor
shutdown support the fact that gamma radiation is not responsible for this orientation
dependence. The mechanism has therefore still to be explained. These results illustrate again
the difficulties involved in calculating the exact RIEMF current.
(iii) On an even longer time scale, two coils made of 1.6 mm diameter cable (SS sheath and
Cu conductor) with 0.5 and 0.8 mm central conductors, have been irradiated simultaneously at
JMTR, JAERI, with a fast n flux of 5.2 1016 n/m2 s. This is similar to that expected in ITER
although the thermal n flux, 7.5 1017 n/m2 s, is higher. In the experimental configuration the
neutron and temperature distributions along the coils are inverted. The first important aspect
is the very long-term evolution with irradiation time. Several runs show that after 50 days of
full reactor power the core to sheath current is still changing. Although the current decreases
for the 0.8 mm coil from about +500 nA to nearly zero, it is not clear that it is saturated
because the 0.5 mm coil also showed a decrease in current from about +150 nA passing
through zero and increasing up to –250 nA after 80 days. In contrast the core-to-core voltage
reaches a saturation value of about 5 µV after 30 days, indicating that different processes are
governing the two phenomena, i.e. the differential voltage along the central conductor is not
caused by some RIEMF asymmetry. It is also worth mentioning that the enhanced sensitivity
of the core to core voltage to radiation is a permanent effect because values measured just
before reactor shutdown are reproduced after full power in the next run. Both coils have
copper centre cable, it would therefore be of interest to repeat the experiment with nickel or
Inconel central conductors. A change of the coil positions would also give information about
the effect of n/T gradients. So far fitting attempts have failed to reproduce the total RIEMF
irradiation evolution.
V.1.4.1.3 Radiation effects in MI cables: core to core voltages.
Although first experiments were concentrated mainly on the previously discussed effects of
core-to-sheath measurements (RIEMF), some initial values of core-to-core voltages were also
recorded. These initial results showed that they were not negligible and furthermore of
unknown origin and evolution. Since then, more specific experiments have been devoted to
study this effect and its origin. The review of these recent experiments has been structured in
three sections (influenced by historical development) taking account the source of
radiation/perturbation:
1. Experiments in fission reactors.
2. Experiments in pure gamma field.
3. Experiments with only temperature gradients.
The logical approach now would be the opposite because it is clear that temperature effects
have to be understood first in order to evaluate and estimate radiation effects. From the overall
results, a discussion of possible causes of radiation induced differential voltage along central
core (RIDV) will be presented.
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Experiments in fission reactors
The results obtained during the 1990’s have been resumed in previous reports and can be
summarized briefly as:
- Brookhaven HFBR (1993): one irradiation with two coils irradiated. They report <50µV
between the two ends of central coil.
- Oarai JMTR (1): Two irradiations, one coil irradiated in each. Report temperature
dependence of coil inductance but no voltage measurements.
- Oarai JMTR (2) : One irradiation, four coils irradiated. No conclusive data is available on
RIDV due to experimental complications. Nevertheless an upper limit in the range 10-50
µV per coil was deduced. The complex nature of the circuit (integrator) used to load the
coil was really a problem to study the voltage itself.
Now it can be seen that these experiments were not designed taking into account the several
problems and side effects that are known today to measure differential voltage. After
discovering the importance of some of them, like temperature, a specially designed
experiment has been running at JMTR-JAERI again. As it addresses the main concerns it will
be discussed more fully.
-

Oarai JMTR (3) : Several irradiations (successive cycles) of two coils (Centre: Cu of 0.5
and 0.8 mm ; Sheath: SS316L; insulator: MgO). Measuring core-to-core and core-tosheath voltages directly (no integrator). In this experiment the temperature effect was also
directly measured [¡Error! Marcador no definido.].

Results of this experiment have given a lot of information.
(1) Evolution of RIEMF and RIDV are different, therefore previous models that supposed
that RIDV could come from RIEMF plus some non-symmetrical factors can be
rejected as this contribution if it exits, is very low. Time evolution can be seen in
Figure V.1.4.1 - 2.
(2) Although Coils A and B only differ in the inner cable diameter, quite different
behaviour has been observed in each one. The voltage in Coil A (0.5 mm Ø)
increased monotonically (to about 3 µV) and was about six times larger than coil B
after the first run. It is complicated to elucidate the difference because coil A was
situated at the end of the housing so there is a thermal gradient for the coil and
another for the cable that goes out. However the existence of several µV’s have been
demonstrated which cannot be tolerated in ITER operation.
(3) To elucidate a possible thermal contribution, coil A was heated by AC power. After
turning off the heater, the differential voltage was 8 µV and decreased exponentially
together with the temperature of the housing. Applied power was approximately the
same as that of nuclear heating and the measured voltage was of a similar magnitude
to that obtained during irradiation. Therefore it could be concluded that
thermoelectric voltages are of paramount importance during reactor irradiation. This
effect seems to be quite permanent and therefore transmutation of Cu and variation of
its thermopower is considered as the most probable cause. At the end of 1st run the
quantities of Ni, and Zn were calculated as 0.03 at % each, able to induce voltages in
the range of µV’s for temperature differences of 50-200 K. This effect increases as
neutron dose increases reaching sensitivity (dV/dT) 10 times higher than for
unirradiated cable.
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Experiments in pure gamma field.
As previous experiments contains a mixed neutron-gamma field, some more specific
measurement was made at JAERI in pure gamma field (Co60 source) to study the core-to-core
voltage under only ionising radiation. The ionisation dose rate was estimated to be 4.2 Gy/s
(about 1/20 of ITER-FEAT) and both cables were made with copper as centre conductor and
SS as sheath. The interesting result was that they did not observe any significant change of
the voltage during and after irradiation. The only problem was that the fluctuation level of the
experimental set-up was around 50 nV, therefore the differential voltage error was estimated
as 50-100 nV, still a high error. Extrapolation to ITER operation gave unacceptable level of
voltage.
The reinterpretation of these results at present is the following. It has been demonstrated that
gamma radiation by itself is not the main cause of differential voltage and in their particular
set-up the thermal gradients in the cable were very low (the cable does not move and it is the
source that is lifted into the irradiation room). Combining these with the noise level of the
system it is quite reasonable that no voltage was detected.
To further examine the possible effect of gamma radiation, a more sensitive experiment was
prepared at CIEMAT. In this case the coil with the MI cable was introduced in a pool
containing the gamma source (Co60). Although first measurements gave indications of a
radiation induced differential voltage (RIDV) they were finally attributed to temperature
variations of the cable when the coil was raised above the source (and therefore some cable
length was raised out of the water). By carefully moving the coil to a low dose rate region but
maintaining the depth, only the gamma dose rate was changed (marked with an arrow in figure
V.1.4.1 - 3). Now the system noise was reduced and it could be concluded that at 10 Gy/s any
possible RIDV was below 20 nV for Cu and 80 nV for SS conductor respectively. A lower
limit for gamma RIDV was established, but more important for the first time temperature was
highlighted as a very important factor controlling the core-to-core voltage, named in this case
TIEMF (Temperature Induced EMF). Previous in-reactor experiments now had to be reanalysed taking into account that important temperature gradients were always present and
therefore played an important role (possibly as important as neutrons). Due to this importance,
the discussion of temperature effects is presented in the next point.
It is worth noting that although gamma radiation produces high values of RIEMF between
central core and sheath, there is no evidence that this can affect core-to-core voltages. This
supports the idea that both voltages have quite different origins, as other experiments confirm.
Experiments with only temperature gradients
In the first experiments made at CIEMAT under gamma radiation, it became clear that another
missing variable had a role more important than gamma radiation: Temperature. Several
experiments have since confirmed this very important role, mainly in Cu MI cables. The
different cables studied by CIEMAT (manufactured by Thermocoax) included the following:
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CABLE

#1

#2

#3

#4

Outer diam. (mm)

1

1

1

1 ± 0.03

0.34 ± 0.03

0.34 ± 0.03

Central conductor diam.
0.34 ± 0.03

--Cu
plated
Stainless Steel Stainless Steel
stainless steel

Sheath material

Stainless Steel

Conductor material

Zr / Cu cladded with
Zr / Cu cladded with
Stainless Steel
Copper
SS304L
SS304L

Insulator

Magnesia (>94%)Alumina (99.6%)Magnesia (>94%)
Silica

Total length (m)

25

25

25

25

Code

1 Zs Ac 10

1 Ac Ac 10

1 Zs Ac 10

1 CC Ac 10Si

Line Resistance

0.25 Ω/m

8 Ω/m

0.25 Ω/m

---

Measured Resistance 5.5 Ω

194 Ω

35 Ω

31 Ω

COIL Present

Yes

No

No

Yes

304L

Table I. Physical data for the 4 cables investigated at CIEMAT.
Similar cables were used by SCK-CEN, and corresponding data are shown in Table II:
CABLE

#A

#B

#C

Outer diam. (mm)

1

1

1.5

Central conductor diam. 0.36 ± 0.03
Sheath material
AISI 304L

0.36 ± 0.03
AISI 304L

0.54 ± 0.03
Inconel 600

Conductor material

Cu

AISI 304L

Ni

Insulator

Magnesia

Magnesia

Magnesia

Total length (m)

>12

>12

>12

Table II. Physical data for the 3 cables investigated at SCK/CEN.
Details of the experimental set-up and results have been given in a previous report, but the
main results must be highlighted.
– Thermal scans of cables (heating a point followed by a displacement of this hot spot along
the cable, see figure V.1.4.1 - 4) demonstrated that the thermoelectric voltage values recorded
as a function of position are well repeated along the cable. Therefore it is an intrinsic property
of the cable itself and not an artifact. This has been fully confirmed by recent experiments at
SCK-MOL with a larger moveable heating system (1m oven at 300 ºC).
– The voltages obtained for several cable types are quite different. Copper or Cu/Zr wires gave
rise to the higher voltages, whereas the stainless steel wire gave almost negligible values
(comparable to the system noise). Studies at SCK-CEN also included Ni as central conductor.
Results can be summarized as:
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CIEMAT Results (heating at 73ºC):
o Cu/Zr cladded with SS wire: peak voltages around 1.8µV- max: 2.8 µV
o Cu wire: peak voltages around 3 µV- max: 5 µV
o SS wire: below detection (similar to system noise).
SCK-CEN Results (heating at 300ºC):
o Cu wire: peak voltages around 3 µV.
o SS wire: “
“
“ 1.5 µV and smoother behaviour.
“
“ 10’s of µV, with marked offset differences observed
o Ni wire: “
between runs.
Therefore taking into account both set of experiments, several comments can be made:
a) SCK-CEN work confirms that thermal scans are reproducible.
b) The pure Cu cable gave quite disappointing results for both laboratories. Cu is even worse
than CIEMAT cables #1 and #3, with internal wire made of CuZr plus SS. This was not
expected, as cable #1 could present higher variation of composition than simple Cu wire.
Moreover the internal sheath is also Cu, so the dissimilarities of metals present at both sides
of the insulator in the other cables disappear. It is therefore possible that an internal cladding
of SS over the Cu wire may be beneficial. But it is clear from both laboratories that SS cable
gives better thermal response without radiation. Internal Ni wire gave very bad results at SCKCEN, with no reproducible results (shift of curve) and high values of TIEMF.
c) Absolute values obtained by CIEMAT and SCK cannot be compared because measurement
conditions are quite different. CIEMAT heat up to around 70ºC (in thermal scan) and SCKCEN up to 300 ºC. But in the SCK-CEN work the heated portion is much larger giving rise to
a minor local temperature gradient and some averaging. In the CIEMAT experiment, the
heating is highly localized and experiments with longer distance gradients gave lower
voltages. Another difference is that at SCK really two portions are subjected to thermal
gradients, the beginning and the end of furnace (1 m away) so a sum arises. But comparisons
between different cables and general behaviour completely agree in both experimental set-ups.
d) Annealing effects also agree qualitatively in both laboratories. Heating the cables at 300ºC
(16h) and 500ºC (10 min) gave no effect on TIEMF, but at 700ºC (16h) a local modification
of the Seebeck coefficient appears and changes the successive thermal scans. Therefore, a
maximum temperature around 500ºC seems to be a safe limit for these cables for stable
behaviour.
e) A curve of voltage as a function of temperature has also been recorded very recently at
CIEMAT by heating a selected region of cable up to 500 ºC and keeping the rest of the cable
at RT. With each temperature step the voltage also showed a step increase which quickly
stabilized. Figure V.1.4.1-5 shows the results of TIEMF as a function of temperature for two
heating runs at a maximum TIEMF point. It can be seen that the effect is reproducible and the
thermoelectric voltage is linear up to about 220 ºC, so up to this temperature, TIEMF will be
directly proportional to the thermal gradients present in the reactor. By about 450 ºC the
TIEMF saturates (at 27 µV in this case). Heating another point with no TIEMF detected
during thermal scans gave no measurable voltage, so the absolute TIEMF value is very
position dependent.
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f) Finally it is worth mentioning that the internal structure in the case of Cu MI cable has also
been studied by CIEMAT by X-ray imaging around all the points detected by previous thermal
scans and having high and low TIEMF values. Microphotographs were obtained for all the
points. For each point two photographs were obtained by rotating the cable by 90º in order to
observe any deviation from concentric geometry. The images were carefully analysed by
means of an optical microscope, the central core and sheath being clearly visible. No
observable deviations from concentricity were found in any of the points examined, indicating
that geometrical non-uniformity is not the cause of TIEMF.
Other cables.
To elucidate the origin of this anomalous TIEMF and try to eliminate possible causes, some
commercial but not mineral insulated cables were also studied at CIEMAT. One of them was
a thin Cu (0.1 mm diameter) varnished wire, from the type usually used for coil windings. Its
total resistance value was 28 Ω is very close to one of systems #3 and #4, also based on Cu
conductor, therefore providing a good benchmark. The second was standard thin 50Ω coax
cable with copper stranded conductor and copper braid, with has a similar structure to MI
cable but more flexible and replacing mineral insulator by Teflon. Outside diameters were
1 mm for conductor, 2 mm for Teflon insulator and 2.6 mm for braid sheath. In this case the
central Cu has a larger diameter so the total resistance of the 11 m cable was only 0.3± 0.1 Ω.
The coaxial cable presented, in equilibrium conditions, a noise below detection limit. When it
was subjected to the same heating as MI cables (up to 70ºC) it gave absolutely no detectable
signal. This indicates that the copper-insulator-copper coaxial structure (in this case with
organic insulator) does not induce the TIEMF by itself.
It can be argued that its resistivity was very low (due to its high diameter) so the next cable
(the 0.1 mm varnished cable) was also measured.
Noise in equilibrium was almost the same as cables #3 and #4. Thermal scanning at 70 ºC
shows a small increase in noise but without peaks. A limit of possible TIEMF can be set
below 50 nV. Therefore it is very important to note that for a pure copper cable (and similar
diameter as MI cables) no TIEMF has been detected.
The whole set of experiments with thermal gradients seems to indicate that local changes of
Seebeck coefficient creates randomly located thermocouples due to in-homogeneities,
probably impurity concentration changes. The application of a thermal gradient generates
multiples voltage differences in each small section, giving rise to a non-zero sum. Expressed
mathematically, where α is the Seebeck coefficient :
(1)
α=(dV/dT)
When α depends on position we have along a length l:
dT
VTIEMF = α ( x)
( x) dx
dx
l
(2)
which in general will be different from zero along an increasing and decreasing temperature
profile, and only negligible when α is constant.

V.1.4.1.4 Other related effects: RIC, RIED and Thermo-mechanical Effects
RIC
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Concerning a possible RIC effect on core-sheath voltages, it can be mentioned that it is
expected to be a minor problem. Values of RIC measured on MI cables still give sufficient
resistance to provide insulation of the signal, probably because the insulators have a rather
high density of defects that act as recombination centres for electron-hole pairs generated by
radiation. Comparison shows that effective RIC values for MI cable is around 1/10 of bulk
ceramics, under 14 MeV neutrons or gamma irradiations (see Figure V.1.4.1-6.). As an
example, values of insulation in the range of 0.2 – 0.7 G have been measured in reactor BR2
at SCK-CEN. Nevertheless, ITER requires that the error due to RIC should not exceed 0.2%
of the signal, therefore some measurements of RIC will be needed in the final MI cable
design. It must be stressed that voltage generation processes due to the remaining effects
mentioned in this report are much more important.

RIED
In the case of coils only low voltage signals are involved, hence RIED should not be a
concern, because a threshold voltage is needed to produce insulation degradation. This
voltage is highly dependent on the alumina purity, being lower for high-purity single crystal
sapphire (50 kV/m) and increasing for low purity alumina to around 700 kV/m. As an
example, a conservative limit value of around 200 kV/m would give an upper limit of around
40 V for an insulation thickness of 0.2 mm (typical of a 1 mm MI cable). This value is higher
than the expected signal. Other important factors enhancing the safety margin are (1) the
expected duration of high voltages on the sensors is rather low, < 200 s, occurring in short
events, such as disruptions and (2) the coils are in a shielded area (typ < 100 Gy/s).
Another issue is the voltage generated by radiation itself between central conductor and sheath
(“normal” RIEMF). This voltage must be taken into account for this calculation.
Measurements made at Ciemat at 10 Gy/s gave values of 150 to 300 mV depending on the
cable. Using a value of 100 Gy/s for the worst conditions in operation, this give more than one
order of magnitude below critical voltages. Recent experiments have been focused mainly on
current, so voltage values are scarce. It is not easy to give a value because it depends on the
cable, termination, and irradiation time in a complex manner as has been discussed.
Another important factor is the temperature window for RIED, so if MI cables and coils are
maintained below 200 C (in the case of alumina) degradation will not occur. Clearly the
temperature will be far below 450 C, where RIED effect is more active. In ITER the saddles
are expected to stay near the temperature of the vessel (~ 140 °C) which gives further safety.
For the coils however the typical temperature will rise to about 300 °C.
So although some uncertainty remains about this maximum voltage value, it seems that with
the estimated values and keeping cables and coils thermalized, RIED should not be relevant.
But due to the uncertainty surrounding the precise mechanism for RIED and the exact
conditions, confirmation of lifetime under irradiation and applied voltage at the expected
operating temperature is recommended for final design prototypes.

Thermomechanical effects
It is well known that mechanical stress on a metallic wire causes a variation of its
thermoelectric power. So when a section of wire is subjected to tension or compression and a
temperature gradient exist, an EMF will be generated. This has been measured in the past
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mainly for the case of thermocouples. The magnitude of this EMF depends largely on the
metal used. A graph comparing typical thermocouples metals (chromel, alumel and Pt) can be
found. At 400 ºC (380 ºC gradient) and 4 Kg/mm2, the EMF values obtained vary from less
than 0.5 µV for chromel, about 2 µV for alumel, 3 µV for Pt-Rh 10%, and 12µV for Pt.
Therefore the metal chosen alters significantly this effect. The effect is linear with applied
force in the range studied (up to 4 Kg/mm2 for Pt and 14 Kg/mm2 for the others).
Comparison with the TIEMF results obtained at CIEMAT is difficult because strong effects
have been only obtained for Cu, where less data has been found. Nevertheless some values of
piezo-thermoelectric coefficients can be found in literature for copper. This coefficient is
defined in units of voltage generated per degree of temperature difference, and per unit stress.
In our case and for isotropic materials, the coefficients that are relevants are: l (longitudinal
stress) corresponding to a wire stretched while subjected to a thermal gradient in this
direction, and v (similar but when exposed to hydrostatic pressure). Shear ( s) piezothermoelectric coefficient can be obtained from these two. We can therefore make some
estimations using them. The values of v and s are quite similar (2.9 and 3.6 10-17 V K-1 m-2
N-1) and quite low. Taking a thermal gradient as used at CIEMAT (around 50 K) and a typical
value of 1 µV, the necessary longitudinal or pressure stress would be 5.5 and 6.9 x 108 Pa
respectively. These are large values. For a 1 mm2 section wire it would correspond to roughly
70 Kg of traction, sufficient to break it. For comparison purposes, in the case of Pt, 4 Kg/mm2
would correspond to a voltage of 1.4 µV, which would be comparable to typical results in MI
cables. These coefficients values for Cu have to be taken with care because they could differ
from manufacturer and/or impurity content.
Nevertheless there is still no evidence of strain/stress on the MI cable central conductor. The
origin of this strain may come from the MIC design: as the inner wire is tightly packed inside
a metal sheath with insulating powder, if there is any differential expansion present between
sheath and wire it will cause the latter to be strained. Temperature cycling can causes plastic
deformation and finally fracture of wire. Methods of construction must therefore include one
or several of these options: (a) packing the insulation loosely (but noisy in conditions of
vibration), (b) matching of the expansion coefficients of wire and sheath (normally done) and
(c) winding the wire in the form of an helix inside the sheath (more expensive).
Thermal coefficients of expansion (at 293 K) of some sheath materials, element wires and
insulators are compared in the following table.

Material

Thermal expansion coef.
(ppm / ºC)

Copper

16,5

Nickel

13,4

Platinum

8,8

Titanium

8,6

Inconel

11,6
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SS 304

17,3

SS 310

14,4

SS 316

16,0

INSULATORS
Quartz fused

0,59

Alumina

5,5

Magnesia

~ 8,8

Therefore with these preliminary estimations, piezo-thermoelectric effect seems too low to
explain µV’s in copper wires. Some direct measurements would be useful to clarify this point.

V.1.4.1.5 Recommended R&D experiments
– Experiments in JMTR, JAERI, with a fast neutron flux similar to that expected in ITER
have given valuable information about the very long-term evolution with irradiation time. But
as mentioned before, both coils have copper centre cable, so it would therefore be of interest
to repeat the experiment, up to relevant doses, with nickel or Inconel central conductors, since
Cu, as has been explained, has several drawbacks. Alternatively, an exchange of the two
present coils positions would also give information about the effect of n/T gradients as
discussed in 3.1. In general, more RIDV measurements in reactors are needed.
– Simulation (static and dynamic) attempts have failed to reproduce the total RIEMF
irradiation evolution observed in experiments. Therefore simulation has to be improved,
mainly from the theoretical side, in order to be able to use its potential to obtain a better
understanding of the physical processes and finally optimise cable configuration. As an
example, the latest experiments carried out at SCK-CEN rotating the jig that supports the
cable have no theoretical explanation.
– New cable/coil types have been recently proposed and therefore experiments must be rapidly
initiated in some of the coils/cables that may be good candidates. The relative urgency is due
to the amount of time required to prepare coils and the irradiation time needed to qualify the
cable/coil set-up. Since in-vessel coils will have to be installed during vessel manufacture the
work is urgent.
– Direct measurement of piezo-thermoelectric coefficients in present wires would also be of
interest as discussed in 4.3 to discard this as a main cause of TIEMF.

V.1.4.1.6 Conclusions
– Although simulations and measurements have been made in an attempt to improve the
RIEMF effect on MI cables, because of the extremely complex origin of RIEMF (due to the
extensive set of factors which influence the magnitude and its time evolution), it is becoming
clear that even after optimisation the integrator would have to be designed to handle some
volts/nA’s between the shield and the centre conductor. Therefore a highly balanced
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differential input and very high common mode rejection ratio (CMRR) must be the first
requirement. Work has already started in this direction and for example the report of work
done at CEA with integrators for long pulses deal not only with low-drift but also with this
CMRR problem and new integrators designs are in progress (such a digitally compensated one
for Wendelstein 7X).
– It is not straightforward to extrapolate results from straight MI-cables to coils made from the
same cable. Effects of cable surroundings are known to even change the current sign. An
encouraging result is that the effect of coiling a long cable averages some of the troublesome
effects like the non-uniform location of the central conductor or the thermoelectric current.
– Space limitations and thermal control of MI-cables is pointing to cable packaging systems
for ITER to organize the set of cables coming out from the coils. The effect of this cable
assembly on RIEMF/TIEMF should be tested to reproduce as far as possible, a relevant
configuration taking into account the previously discussed environmental effect on RIEMF.
The tests realized at SCK/CEN rotating the rig, are quite convincing on this point. Although
systematic and reproducible, this behaviour is still not understood, and not explained by
simulation. One must also remember that, to date, simulation is only accurate for neutron
produced RIEMF currents. In the case of a gamma field, all these environment effects can
significantly alter the results.
– From the whole set of experimental data in the EU and Japan together with predictions
(Monte-Carlo) it can be concluded that an inner wire of copper has more drawbacks (clearly
for centre-to-sheath currents) than SS. The results obtained for purely thermoelectric effects
(voltage along the central conductor) also indicate that Cu is worse than SS (but better than
Ni). Hence, the possibility of using higher resistivity coils and cables must be contemplated
for some of the magnetic diagnostics. Nevertheless comparison of Cu, SS or Ni based wires at
high neutron doses is still uncertain (RIDV assessment is needed).
– The recent results at high fluence discussed above indicate that RIEMF (between central
conductor and sheath) is not the main cause of the differential voltage along the central
conductor, because both have a distinct time/dose evolution. No geometric differences have
been found between regions with high or negligible TIEMF and therefore this cause can also
be rejected. It is most probable that this voltage is related to a thermo-electric effect (TIEMF):
locally random variations of Seebeck coefficient. Measurements made in single varnished Cu
cable of similar diameter as MI cable did not show any TIEMF along several meters. This
supports the idea that careful manufacture of the MI cable could avoid this effect. Contacts
with manufacturing companies would be useful.
– Expected transmutation effect will have to be calculated. The TIEMF values generated will
change with dose, causing RIDV. The magnitude will depend on where the composition will
change (neutron dose/spectrum) relative to where the temperature gradient is. The maximum
change will appear when neutron dose and temperature gradient coincide and unfortunately it
can be expected that regions of the cable with a higher n flux will also be subjected to higher
nuclear heating. Moreover transmutation cross sections changes greatly with neutron energy
and thus energy will play an important role. Calculation/experiments are needed to obtain
quantitative values of expected RIDV.
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Figure V.1.4.1 - 1. Representation of an horizontal cut of the irradiation rig
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Figure V.1.4.1 - 2. Time histories of the voltage across the coil and the current from the core
to the sheath at JMTR test.

Figure V.1.4.1 - 3. Measurement of the coil EMF (between central conductors) as a function
of time. The arrow indicates the change from high (8 Gy/s) to low radiation field (0,08 Gy/s).
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Figure V.1.4.1 - 4. Diagram of experimental set-up for thermal scan made at CIEMAT for
TIEMF measurements with localized and movable heating system (continuous movement).

Figure V.1.4.1 - 5. EMF as a function of temperature for a point in the Cu MI cable where the
effect is maximum. Two reproducible heating runs are shown. (Lines are only to guide the
eyes)
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Figure V.1.4.1 - 6. RIC values for several materials as a function of dose rate.

V.1.4.2. Study of thermally–induced electrical signals in MI cables for in-vessel coils.
Introduction
In-vessel magnetic diagnostics impose very severe requirements for MI-cables, which will be
used not only for the signal leads but also for the coils themselves. This has motivated studies
in the EU, JA, and RF home team laboratories on the behaviour of candidate MI cables, and in
particular of the so-called Radiation Induced Electromotive Force (RIEMF), generated in
mineral insulated (MI) cables. These recent experiments on different MI cables under gamma
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and neutron irradiation environments have highlighted potential problems associated not only
with radiation, but also thermal generation of voltages/currents within the cable itself, of
magnitudes more than sufficient to perturb the required field measurements.
The problematic effects recognised at present may be divided into three:
1 – The RIEMF effect, well know for many years, is due to a charge induced voltage
generation between the cable central conductor (core) and the outer sheath when subjected to
neutron and gamma radiation.
2 – Recent experiments under radiation at JAERI measured the generation of a voltage along
the central conductor itself with unexplained cable type and time/dose behaviours. Several
laboratories are at present studying this effect; such an induced voltage is of serious concern
for the proposed ITER magnetic diagnostic coils, as it would introduce an error signal
impossible to differentiate from the required information. The net effect is that a differential
voltage appears at the end of the coil-cable system.
3 – Finally, but very closely related to the previous, recent experiments at CIEMAT
demonstrated that a significant voltage might be generated along the MI cable central
conductor, only due to temperature differences along the cable. In this case instead of RIEMF
we can speak of TIEMF (Thermally Induced Electromotive Force).
The aim of this task is firstly to examine and extend the existing data on the thermal effects
above mentioned, taking into account cable composition, structure, and manufacturing
limitations, as well as temperature gradients. The task will then provide some
recommendations on optimum cable types for in-vessel magnetic diagnostic coil applications
and future tests based on present knowledge.
The report will be structured in three sections. First the core-to-core voltage induced by
thermal scans. The second section will deal with the characterization of the high sensitivity
points and finally a study of internal cable structure of MI cable that could influence voltage
measurements. As a conclusion, inhomogeneous Thermo-Electric Sensitivity effect will be
presented in the discussion since it is now the clear candidate to explain this anomalous
behaviour.

V.1.4.2.2. Core-to-core voltages in MI cables: Thermal scans.
As mentioned, previous experiments at Ciemat shown that heating along the studied MI
cables was enough to generate voltages between the ends of the central core in the order of
µV’s.
To study this effect more in detail, a high sensitivity nanovoltmeter and a special connection
system has been employed to measure the voltage generated along the MI cable. A new hot air
gun system ( up to 600 ºC) was used to control and displace the temperature gradient along the
cable to simulate reactor operation. The heated zone has been kept as small as possible and
can be considered of about 2 cm. A simplified diagram of the experimental set-up is shown in
Figure V.1.4.2.1.
The results obtained in new MI cables based on copper central conductor confirm that in all
the cases, some voltage appears when a thermal gradient exists. Efforts have been
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concentrated in a commercial cable with both Cu as central conductor and inner sheath so
there is no thermochemical potential across the insulator. The composition is as follow: Cu
central conductor, SiO2 insulator and a sheath composed of Cu (inner) and 304L stainless steel
(outer). Outside diameter is 1 mm and the total length is 25 m.

Figure V.1.4.2 - 1. Diagram of experimental set-up for thermal scan measurement of the cable
TIEMF with localized and movable heating system. The heating source is displaced in a
continuous movement.

Figure V.1.4.2 - 2. Comparison of a portion of two successive thermal scanning emf curves
measured in MI cable. Horizontal scale indicates the distance from the heated point to the
cable connectors.
A typical curve of voltage obtained in this cable under a thermal scan is shown in Figure
V.1.4.2 -2. In this figure a small portion of the total scan is presented to appreciate the
variation along quite short distances. It is worth mentioning that this curve does not represent
a noise curve but that voltage values can be quite well reproduced at each point when
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repeating the thermal scan, as can be seen in the two curves superimposed in figure V.1.4.2 2. Therefore it can be demonstrated that this voltage variation arises from the cable
inhomogeneity itself and not by some experimental artifact. This is also supported by the fact
that in other cables (SS core or nude Cu cables) this voltage variation does not appear.
The critical points where TIEMF were maximum (positive and negative) or zero were
identified and marked for further analysis. As in previous measurements, these critical points
were well defined and repeated scans produce the same results. During the scan the
temperature gradient changes both in time and position, so the exact location of the critical
points was determined by several static measurements in the region around each point.

V.1.4.2.3. Core-to-core voltages in MI cables: Thermoelectric curve.
Once located, each critical point was positioned in turn between two water reservoirs, and
then heated in steps to record the variation of EMF with temperature up to 500 ºC. The cable
passes through sealed holes in each reservoir where it is immersed in the room temperature
water, hence reducing the propagation of heat along the central conductor. A thermocouple
monitors the water temperature. To isolate the heated section of cable even more and to avoid
radiation of heat to the water, a U-shaped copper piece with two slits for the cable was
mounted between the reservoirs. A photograph of the set-up can be seen in figure V.1.4.2 -3.

Figure V.1.4.2 - 3. Experimental set-up for measurement of thermoelectric EMF in a small
section of the MI cable.
With each temperature step the voltage also showed a step increase which quickly stabilized.
Figure V.1.4.2 -4 shows the results of TIEMF as a function of temperature for two heating
runs of a positive maximum critical point. It can be seen that the effect is reproducible and the
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thermoelectric voltage is linear up to about 220 ºC, so up to this temperature, TIEMF will be
directly proportional to the thermal gradients present in the reactor. By about 450 ºC the
TIEMF saturates (27 µV). The saturation may in part be due to diffusion of the thermal
gradient, but the temperature of water at both sides of the cable did not increase more than 1
ºC, suggesting something specific for the cable. To check this, the cable was also heated
rapidly to 500 ºC to minimize diffusion of the thermal gradient, and the same value of 27 µV
was obtained. This curve is typical for a thermocouple, indicating that it has been created in
some way. This value of 27 µV gives also an indication of the order of magnitude that can be
expected for in-reactor experiments, and is in agreement with observed values of microvolts
for MI cables so far assumed to be a radiation effect. In contrast to the large voltages
generated on heating the maximum critical points, measurement at a zero point produced an
almost undetectable voltage up to 200 ºC and values only slightly above the noise at higher
temperatures, probably due to thermal diffusion along the cable.

Figure V.1.4.2 - 4. EMF as a function of temperature for a point in the MI cable where the
effect is maximum. Two reproducible heating runs are shown. (Lines are only to guide the
eyes)
The possibility that high temperature annealing may reduce the TIEMF effect has been
examined, as this would be a useful treatment to obtain improved cables. Sections identified
as having a high TIEMF were now heated up to the maximum temperature of 550 ºC and
maintained for 10 min. As this extended heating did change the thermal distribution along the
cable, the whole cable section was allowed to cool to room temperature before remeasuring
the TIEMF values. The results clearly show that no changes occur in the points checked in the
MI cable after annealing, and therefore the cause of TIEMF cannot be eliminated by this
treatment.
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V.1.4.2.4. Internal structure of cable.
As structural defect could have some effects, the critical points where TIEMF were maximum
or zero, were studied by X-ray imaging. The images were taken in regions covering several
cm’s al each side of the points. The images were taken at two orientations (rotating the cable
90º along the cable axis) to capture any geometric deviation of the central conductor. The
photographs were analysed by microscopy and saved with a digital camera. In all the cases
carefully inspected, no geometric deviations of central core (large diameter variation, nonconcentric location…etc) were observed. An example of a typical X-ray image is presented in
Figure V.1.4.2 -5. The internal wire and the two borders of the sheath are clearly visible. The
portion corresponds to a high thermal sensitivity section. (Note: the image is made by a
superposition of two photographs, therefore some difference that could appear between left
and right is due to this artifact.)

Figure V.1.4.2 - 5. X-Ray micro-photography of a portion of the MI cable that presents a
maximum TIEMF effect. (For a reference: outside diameter is 1mm)
This support the hypothesis that small amounts of impurities may have contaminated the
internal wire, giving rise to the formation of small randomly located thermocouples that
originate the results observed in thermal scans.

V.1.4.2.5. Conclusions
– It has been confirmed that the TIEMF value varies considerably with position along the MI
cable and is highly reproducible.
– The TIEMF sensitivity cannot be annealed nor reduced by heating up to 550ºC during a
short period.
– X-ray examination of the cable rules out geometric irregularities or non-concentricity of the
central conductor as possible causes.
– Previous in-reactor results on radiation induced voltages along the central conductor of MI
cables are most probably caused by thermal gradients.
– The rather random localization and sign of TIEMF could causes that coiling a long cable
averages the total thermoelectric current and therefore explain the observed fact that heating
the coil itself did not give measurable voltage values.
– These results support the design of cable packaging MI-cables systems for ITER. This
would organize the set of cables coming out from the coils and would allow a better
thermalization of the cables. Nevertheless the effect of this cable assembly on TIEMF should
be tested to reproduce as far as possible, a relevant configuration taking into account the
expected neutron heating.
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– It is quite probable that this core-to-core voltage is related to a thermo-electric power
variation along the cable due to defects inhomogeneities (stress or impurity content randomly
located).
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V.1.5 Response to ionizing radiation of high-quality mirror coatings
Introduction
High quality mirrors for the optical UV - visible - NIR range will be required in ITER for
diagnostic systems and remote handling applications. Radiation enhanced degradation of
reflectivity of different mirrors as a function of irradiation temperature and time (dose), as
well as enhanced corrosion in a humid environment are being studied for different types of
mirror overcoatings.

Results
Two types of mirrors have been gamma irradiated, in dry nitrogen at 250 C and in a humid
environment at 20 C, one type of mirror was commercial UV enhanced (nominally MgF2
overcoated) from Newport and another Al2O3 overcoated Al on Pyrex, made at CIEMAT,
previously similar mirrors were irradiated in dry nitrogen at 170 C.
60

Gamma irradiations have been performed in the CIEMAT Co pool facility (Nayade), which
permits a controlled atmosphere at dose rate of 5.6 Gy/s and temperatures between about 300
K and 550 K. The irradiations have been performed up to 40 MGy.
Reflectivity measurements have been made from 250 to 2500 nm wavelength, with a Cary 5E
spectrophotometer using a diffuse reflectance sphere accessory. In Figures V.1.5-1 and V.1.52 are shown the reflectivity, in the UV-VIS range, of mirrors as received and after gamma
irradiation up to 40 MGy in dry nitrogen at 170 C and 250 C, UV enhanced mirror from
Newport (Figure V.1.5-1) and Al2O3 overcoated mirror made in CIEMAT (Figure V.1.5-2).

Figure V.1.5-1. Reflectivity of UV enhanced mirror from Newport irradiated up to 40 MGy in
dry nitrogen at 170 C and 250 C.
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No measurable degradation of reflectivity in the VIS-NIR range occurs in both mirrors but a
decrease of reflectivity below 400nm is observed in the Al2O3 overcoated mirror at 250 C
greater than at 170 C. The decrease of reflectivity of. the UV enhanced is similar at 250 C and
170 C.

Figure V.1.5-2. Reflectivity of Al2O3 overcoated mirror made in CIEMAT irradiated up to 40
MGy in dry nitrogen at 170 C and 250 C.
Also these mirrors (nominally MgF2 and the Al2O3 overcoated) have been checked against
radiation enhanced corrosion in a humid atmosphere (i.e. protection against LOCA) and have
been irradiated up to 0,5 MGy and 250 C temperature, in a humid environment. At this dose
no measurable degradation of reflectivity in the UV-VIS range occurs, as can be seen in
Figures V.1.5-3 and V.1.5-4.
In figure V.1.5-5 is shown the degradation sequence induced by γ irradiation up to 24 MGy, in
a humid environment at 20 C, of these mirrors and also of three uncoated aluminium discs.
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Figure V.1.5-3. Reflectivity of UV enhanced mirror from Newport irradiated up to 40 MGy in
dry nitrogen at 250 C and afterwards irradiated up to 0,5 MGy in a humid environment.

Figure V.1.5-4. Reflectivity of Al2O3 overcoated mirror made in CIEMAT irradiated up to 40
MGy in dry nitrogen at 250 C and afterwards irradiated up to 0,5 MGy in a humid
environment.
Conclusion
While UV-enhanced mirror seems to be resistant to LOCA under irradiation in humid at
different temperatures, the Al2O3 overcoated mirror suffers a corrosion process similar to
those observed in the unprotected aluminium polished discs.
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Figure V.1.5-5. Degradation sequence induced by γ irradiation (0,5MGy, 3MGy, 10MGy,
20MGy and 24 MGy), in a humid environment at 20 C temperature, of UV enhanced mirror
from Newport (on the right of the pictures), Al2O3 overcoated mirror made in CIEMAT (on
the left of the pictures) and three uncoated aluminium discs.
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V.1.6 Electrical conductivity and RIC for candidate NBI insulator
materials
Introduction
Large size insulators are required for Neutral Beam Injectors which will have to withstand a
high voltage (around 1 MV) under ionizing radiation coming from the plasma. Main
candidates for this application are some ceramics and porcelains. This task is devoted to
provide information on the electrical behaviour of candidate materials under radiation.
In previous report the behaviour of a number of candidates under radiation was assesed. Those
data were obtained by using an irradiation camera constructed for this task and installed in a
X-ray facility build up at CIEMAT for calibration purposes. This instalation has been stopped
for several months due to the replacement of one of the tubes and also due to some needed
works. This stop of activities in the X-ray installation has produced an accumulation of a lot
of work related to calibration. As a consecuence no time has been left for the study of
insulators.
As such situation has been repeated for different reasons in the last years the use of a different
X-ray installation is being considered. This may imply a new delay during the set up of the
measuring system in the new installation but will improve the availability of the installation
for this purpose.
Due to this situation electrical behaviour of candidate materials has been studied only without
radiation as a function of the temperature.
New software has been prepared for a better control of the temperature allowing a constant
heating and cooling rate. Also a programmable power supply has been acquired for control of
heating from the computer.

Results
Candidate materials E25, S16, C120, C221 and EPOXY were studied in this period. Samples
were prepared from bigger pieces to sizes around a square centimetre and thickness lower than
1 mm. Au guarded electrodes were deposited by sputtering.
Current through the sample were measured when a voltage (usually 100 V) is applied to the
evaporated Au electrodes. The current was measured during the heating of the sample in
vacuum up to 600 ºC and its cooling down to room temperature. In some cases the current
during the heating up is different to the current during the cooling down. Figure 1 show results
obtained for samples C120 and E25 as an exemple of this electrical degradation at high
temperature. As seen in the figure at high temperature the current is reduced nearly by a factor
of 10. After this first cycle the current does not increase again as in the first heating. The
current during the cooling down shown in figure V.1.6-1 is representative of the electrical
behavior of the material also in the heating up of the following meauring cycles. Sample S16
shows also a different electrical behaviour as a function of the temperature depending on the
thermal and applied voltage history. Although in this case the reason is very different.
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Figure V.1.6-1. Modification of electrical behaviour at high temperature in samples E25 and
C129. The arrows indicate the evolution of current and temperature with time.

Figure V.1.6-2. Surface TSC in sample S16. A TSP peak is observed in this sample around
150ºC. The position and width of this peak depend very much on the heating rate.
Figure V.1.6-2 show the dependence of surface current with temperature during the heating up
and the cooling down. A clear peak is observed during the heating up that does not exist
during the cooling down. This is a Thermo-Stimulated Current (TSC). During the heating up,
the dipoles in the material find at a given temperature enough energy to move from its original
position but due to the applied voltage they are oriented by the external electrical field. This
reorientation of dipoles gives rise to the increase of current at around 150 K. Once all the
dipoles have been oriented the current again decrease. This kind of peak is called ThermoStimulated Polarization peak (TSP peak). During the cooling down of the sample these
oriented dipoles do not give rise to any current and therefore the peak does no appear.
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Now all the dipoles are frozen in the direction of the electrical field. If now the electrical field
is removed the dipoles does not have enough thermal energy to move from these frozen
positions and the material maintain its polarization. If the sample temperature is now
increased without any applied voltage, at around 150 ºC the dipoles found enough energy to
move in random orientation giving rise to a reduction in the polarization and hence to a net
current that disappears when all the dipoles are randomly oriented. This peak shown in figure
V.1.6-3 is called Thermo-Stimulated Depolarization peak (TSD peak).

Figure V.1.6-3. Surface TSD peak in sample S16 as a function of the temperature without any
applied voltage. The sample was previously polarized at high temperature.
Figure V.1.6-4 shows the conductance of the studied samples as a function of the temperature
between room temperature and 600 ºC. Logarithm of the conductance was plotted as a
function of 1/KbT, being Kb the Boltzmann constant. This kind of graphics gives information
about the conductivity processes in the materials. Data reported in figure V.1.6-3 correspond
to those obtained during the cooling down.
Very low currents were measured in the sample EPOXY. Also a slight temperature
dependence has been observed for this material. A straight line in this picture as shown in this
graph for this sample represents a thermal activated process

σ = A ⋅ exp −

Ea
.
k BT

The plotted line for Epoxy is a fitting to such equation. The activation energy from the fitting
is 0.035 eV. This low activation energy indicates that carriers are easily removed from their
natural positions and moved by the external field. The low conductivity would be the result of
a low concentration of defects and low mobility.
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Data reported in figure V.1.6-3 for the other materials does not show a straight line but a
combination of two different straight lines. This behaviour is given when there is a sum of two
different processes:

σ = A1 ⋅ exp −

E1
E
+ A2 ⋅ exp − 2
k BT
k BT

Lines shown in the figure are the fitting of experimental data to equation 2. A good fitting has
been possible in all these cases. Parameters calculated from the fitting are collected in table
V.1.6-I.

Figure V.1.6-4. Conductance as a function of inverse of temperature for the different
materials measured in this work. Solid lines are the fitting of experimental data to a sum of
two theoretical activation processes.
A1

E1(eV)

A2

E2(eV)

E25

108.4

1.54

1.3e-6

0.55

S16

1.75e-2

0.91

3.3e-13

0.13

C120

2.87

1.2

5.7e-6

0.54

C221

0.10

1.5

3.8e-12

0.26

8.3e-17

0.035

-

-

EPOXY

Table V.1.6-I: Fitting parameters for the materials studied in this work
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V.1.7 ITER-size alternative resistive-bolometer substrates with platinum
tracks, and screening for ionizing radiation effects in high vacuum and at
high temperature
Introduction

Previous results obtained on lab fabricated bolometers have led to the conclusion that
substrates of aluminium oxide, silicon nitride or aluminium nitride are considered as perfect
alternative candidates to mica substrates since the resistance thermal behaviour of the
deposited gold or platinum tracks is comparable with that on an actual mica bolometer. In
addition, a temperature sensor fabricated on platinum instead of gold will show better
radiation resistant due to its lower low-energy neutrons capture cross section, i.e. reduced
transmutation. On the basis of these conclusions, trial bolometers with a platinum meander
temperature sensor deposited on alumina and aluminium nitride ceramic substrates were
fabricated. Bolometers response was characterized in terms of the temperature dependence of
the resistance and the effect of ionizing radiation. Under electron irradiation, an induced
resistance increase of about 0.13%/MGy was measured and considered tolerable into ITER’s
design. In addition electron microscope observations and structure analysis were performed to
study the substrate to metal interface before neutron irradiation. This type of platinum onto
ceramic bolometers was also neutron irradiated at the SCK-CEN (Mol, Belgium)
experimental reactor BR2. After a total irradiation of 0.013 dpa at 400-500ºC, some of these
bolometers lost the electrical connections during testing due to a weak union between the Pt
wire and the Pt sputtered deposit. Therefore, the subsequent research was devoted to find new
bolometer configurations in an attempt to improve contact stability while avoiding metal film
debonding. In this sense, thermal and electron beam evaporation of Pt films onto alumina and
AlN substrates were achieved followed by an electrical and microstructural characterization.
Alternative bolometer finishing as well as other techniques of wire fixing were tried to solve
the instability of the electrical contacts.
Results

Bolometers are being fabricated with a complex meander-like platinum sensor in which the
conductor length has been enlarged with regard to previous versions but keeping the sensing
area dimensions constant. A detailed picture of this complex meander-like sensor deposited
onto an alumina substrate is shown in Figure V.1.7-1. The 150nm thickness platinum film has
been by electron beam evaporation through a metal mask, improving its adhesion onto the
ceramic substrate with the aid of a titanium interphase. As older bolometers, the substrate
surface presents a mirror-like finishing in which a roughness better than 30nm has been
measured with the aid of a profilemeter.
After radiation tests in Mol (Belgium) of the last fabricated bolometers, the conclusions
derived from failures in the mechanical resistance of the electrical contacts have led to the
redesign of the final bolometer. Following the idea of avoiding wires in direct contact with Pt
track terminals, the sensor deposited onto its substrate is then encapsulated between two
Macor sheets, the upper one having a platinum sputtered deposition on the face in contact
with the bolometer which will act as the electrical contact.. Platinum wires are fixed to metal
screws at terminal positions on the Macor sheets. A draft cross-section drawing is presented in
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Figure V.1.7-2. Frames have been drilled on both macor substrates to expose meander and
absorber to direct radiation.
Several bolometers of the above described structure have been fabricated which upper and
lower views are shown in Figure V.1.7-3. Their electrical resistance as a function of
temperature is being characterized under ionizing radiation.
High temperature treatments in air point out the degradation of the sensor deposited onto the
ceramic sustrate. After 900C in air, the metal film looked matter and rougher than as-sputtered
film, while the measured electrical resistance increases. A microstructural study with the aid
of an environmental scanning electron microscope technique has been used to follow the
microstructural evolution with temperature and ambient conditions of the platinum thin layer.
. As is shown in the upper part of figure V.1.7-3, the 400nm as-sputtered film deposited onto a
commercial alumina is observed as a continuous layer, which highlights the defects of the
20nm roughness ceramic surface. When the bolometer is heated in air, the presence of
metallic clusters becomes a characteristic of the deposit from 500C (figure V.1.7-3, centre).
The secondary electron image points out several visible white regions down on the black
substrate surface. It is the contrast effect of the added Y2O3 grains to stabilize the AlN matrix.
The platinum clusters become isolated as temperature rises up to 900C, as can be seen in the
lower picture of figure V.1.7-3, being much more evident at the edges of the meander strip. In
other words, as the layer gets thinner the loss of continuity is emphasized. In conclusion, even
well below the platinum melting point (aprox. 1780C), metal deteriorates in air. The high
surface tension of platinum allowed the formation of metal clusters during heating which
separate each other, as the deposit gets thinner. The result is the degradation of the electrical
response. The study of platinum layer behaviour as a function of temperature in other
atmosphere conditions (less oxygen content, in N2, …) is now in progress. A similar
characterization is being followed in case of electron beam-evaporated Pt films, which will
conclude the advantages of this deposition method comparing to sputtering.

Figure V.1.7-1. Optical photograph showing a track detail of a 4th generation platinum
ceramic bolometer. The complex metal meander is sputtered onto an alumina substrate.
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Figure V.1.7-2. Squeme of the sandwich structure of a final bolometer in which the electrical
connections are achieved by making contact through the screws and the platinated macor
sheet.

Figure V.1.7-3. Picture of a final bolometer. Left; the meander-like, sputtered platinum track
is visible on its Al2O3 substrate through the Macor frame. Right; the opposite side of the
bolometer showing the platinum absorber framed by the lower Macor sheet.
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Figure V.1.7-4. The evolution with temperature in air of a platinum sputtered layer with the
aid of an enviromental scanning electron microscope. Upper; as-sputtered surface of an
Al2O3 substrate mirror-like polished at suppliers. Defects, as pores and scratches, are pointed
out below the thin deposited metal layer. Centre; the appearance of the thin layer deposited
onto AlN substrate after being annealed at 500C in air. The formation of platinum clusters
becomes evident. Lower; the Pt-Al2O3 bolometer heated at 900C in air. The metal layer
degradation with temperature is patent by the isolation of the platinum clusters, isolation that
increases as the deposite gets thinner at the edges of the track (at the left side of the picture).
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V.2 Radiation Tolerance Assessment of RH Components.
Within this task CIEMAT is responsible for 2 deliverables, as follows;
Gamma irradiation + water effects on high molecular weight polyethylene and NBR. Lifetime
as hydraulic piston ring components in the ITER RH systems.
Gamma irradiation + water effects on high molecular weight polyethylene and NBR.
Mechanical property degradation.

V.2.1 Gamma irradiation tests on hydraulic components for ITER
RH systems: Water effects.
A number of potential materials for sealing and other vital functions inside water hydraulic
cylinders (as used in the CMM) were irradiated and then tested during 2004, eliminating some
with poor properties from the candidate list.
Taking into account the previous results obtained during 2004 with the tested materials for
sealing and other functions inside water hydraulic cylinders used in the Cassette, two
polymeric materials for sealing were irradiated. The selected materials were ultra high
molecular weight polyethylene from Busak+Shamban'
s (Z-80) and conventional acrylonitrilebutadiene (NBR) Nitrile rubber. The actual hydraulic components have been produced from
these materials. A preliminary dosimetry confirmed the dose rate; about 6 Gy/s.
These components have been progressively irradiated to a range of total dose values up to in
the presence of water, and then integrated into real hydraulic assemblies for performance
comparison with non-irradiated versions.
On the other hand a part of these materials have been cut to obtain the specimens for the
tensile mechanical testing that will be carried out following the standard ASTM 638. The loss
of elasticity was evaluated as well the hardness changes.
The irradiation plan for the rings and tensile specimens was as follows:
0.1 MGy
0.2 MGy
0.5 MGy
1.0 MGy
2.0 MGy
5.0 MGy
10.0 MGy
15.0 MGy
20.0 MGy

Remove ring 1
Remove ring 2
Remove ring 3
Remove ring 4
Remove rings 5 and 6
Remove rings 7 and 8; Remove five NBR and five Z-80 tensile specimens.
Remove rings 9 and 10; Remove five NBR and five Z-80 tensile specimens.
Remove five NBR and five Z-80 tensile specimens.
Remove five NBR and five Z-80 tensile specimens.

All the irradiations for the rings were finished but continue at the moment for the tensile
specimens to reach doses of 15 and 20 MGy.
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The concepts of the assembly, tube, and the rings are shown in the figure V.2.1-1.

Figure V.2.1-1: Irradiation seal carrier concept.
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V.3 Structural reduced activation and advanced materials, and
blanket/tritium cycle.
V.3.1 High performance ODS steel.
Introduction

During 2005 the CIEMAT activities have been focussed in investigating some experimental
ODS Eurofer’97 steels in order to obtain a better understanding of these alloys for their
application in fusion reactors. With this objective microstructual studies and Charpy impact
tests have been performed in ODS and non-ODS EUROFER powder consolidated by HIP
produced by the Physics Department of the Carlos III University (Madrid).
Experimental

Gas-atomised EUROFER 97 powder (Studsvik, Sweden), having particle sizes <45 µm, was
milled with 0.25 wt% Y2O3 for 24 h under an Ar pressurised atmosphere in a horizontal
attrition mill. Details of the procedure and composition of the milled powder have been
reported elsewhere. In addition, a batch of the same EUROFER powder, free of Y2O3, was
milled under identical conditions (non-ODS EUROFER). 180 g of milled Y2O3/ EUROFER
powder was canned and degassed at 400°C for 24 h in vacuum (<10-1 Pa), and then the can
was sealed. For comparative experiments un-milled and milled non-ODS EUROFER powders
were canned for consolidation. This was performed by HIP at 1100°C for 2 h under a pressure
of 200 MPa. During cooling the temperature decreased exponentially at rates which where
higher than 30°C/min at temperatures above the Ms temperature (~ 377°C), while the pressure
decreased linearly with temperature. This HIP conditions produced a fully dense material with
densities of (7.76±0.06) g/cm3 for ODS EUROFER, and (7.77±0.03) and (7.79±0.02) g/cm3
for un-milled and milled EUROFER, respectively, against the theoretical density of 7.82
g/cm3. After HIP, all materials were tempered at 750°C for 2 hours for comparison to the
previous results in ODS EUROFER [2, 3]. In addition, normalization treatments were carried
out in the range of temperatures from 1050°C to 1200°C for 30 min followed by tempering at
750°C for 2 h. All heat treatments were performed in vacuum (<10-3 Pa).
Charpy Properties

Fig. V.3.1-1 shows the Charpy impact curves for ODS and non-ODS EUROFER after
tempering in comparison to EUROFER 97. Un-milled non-ODS material presents a DBTT
shift of ~ 58°C and 45°C at 3.1 J and 1.9 J respectively, compared to the EUROFER’ 97
steel. There is also a decrease of the upper shelf energy of ~ 1.68 J. Both milled non-ODS and
ODS materials remain brittle up to 250°C. Table 1 shows the absorbed impact energies at
room temperature for milled non-ODS and ODS materials after HIP +750°C/2h (called
condition A) as well as after normalizing and tempering. These treatments do not produce any
change in the absorbed energy.
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Figure V.3.1-1: Charpy properties of tempered non-ODS and ODS EUROFER steel and
Eurofer’97 for comparison.

Treatment

Impact Energy at RT (J)
Milled non-ODS EUROFER ODS EUROFER

HIP+750°C/2h (A)

0.26

0.27

A+1050°C/30’+750°C/2h

-

0.31

A+1100°C/30’+750°C/2h

-

0.36

A+1150°C/30’+750°C/2h

-

0.36

A+1200°C/30’+750°C/2h

0.53

0.56

Table 1. Charpy impact energy at RT for milled non-ODS and ODS EUROFER
after different heat treatments.
Microstructural Investigations

Fig. V.3.1-2 shows TEM images for the different materials. Both milled non-ODS and ODS
materials in as-HIPed state present a similar microstructure. The TEM images reveal
submicron sized grains containing a high density of dislocations. No obvious lath martensite
structure is observed, although very fine microtwins similar to those observed inside
martensite lathes were found in some areas of as-HiPed ODS EUROFER, as can be seen in
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Fig. V.3.1-2a. In the ODS material, a fine dispersion of Y2O3 particles appears quite
homogeneously distributed in the matrix.
ODS EUROFER tempered at 750°C/2h without normalizing treatments (Fig. V.3.1-2b)
exhibits a microstructure consisting in a few martensite laths in some areas and mainly
unrecovered nanometric grains, like the ones observed in the as-HIPed material. This
microstructure also appears in the milled non-ODS material (HIP+ tempered at 750°C72h) .
Carbide coalescence is found in both materials, as well as in the corresponding un-milled nonODS material. Fig. V.3.1-2c shows the effect of normalization treatments up to 1200°C on the
microstructure of the ODS material. These treatments seem to favour the dislocation recovery
and the appearance of polygonal subgrains replacing the original martensite laths. The same
occurs for the milled non-ODS material tempered after normalizing but the carbide coarsening
is more prominent.

Figure V.3.1-2: TEM images of HIPed EUROFER: a) as-HIPed ODS, b) tempered ODS, c)
tempered ODS after normalizing at 1200°C, d) tempered un-milled EUROFER.

Un-milled non-ODS material (HIP + tempered at 750°C/2h) retains the microstructure of
EUROFER 97 as Fig. V.3.1-2d shows. A lath martensite structure with a lath width of ~500
nm is evident. The grain size of the prior austenite in this material, measured by optical
microscopy, is 14 ± 2 µm somewhat larger than the corresponding to the reference material (7
− 11 µm). The carbides in this material, that are larger than those observed in EUROFER 97,
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appear distributed in the matrix. In addition, agglomeration of carbide particles was also found
in some areas.

V.3.2 Modelling.

V3.2.1 Rate theory based calculations as analyses complementary to MC (and MD)
approaches
Introduction

Kinetic Monte Carlo calculations have the advantage of describing in a 3D lattice the
evolution of all defects produced by the irradiation, provided the energies (migration and
binding) of all defects are known. Unfortunately, these calculations require of computational
times that limit the total irradiation dose that can be achieved and the system sizes that can be
modeled.
Traditionally the production and evolution of defects during irradiation has been modeled
through a continuum approach based on the mean-field approximation. This model is based
on coupled diffusion equations, and is able to follow the evolution of large populations of
defects efficiently and over large time scales, which is essential for the prediction of long-term
evolution of irradiated materials. This method allows for the time and length scales required to
study long time irradiation. However, these types of models are based on a mean-field
approximation, i.e. a loss of space correlation between defects, which can have a significant
impact on the final results obtained. Therefore, to accurately predict the effects of radiation
using a rate theory model it is necessary to determine under which conditions it is possible to
switch from a detailed atomistic simulation like kinetic Monte Carlo to a less precise but more
efficient continuum model.
In this subtask we have developed a rate theory model to study the problem of damage
evolution during irradiation in Fe in the presence of He. This model has been applied to
reproduce experimental observations of He desorption in Fe using input data from ab initio
calculations.
Model development

In order to describe He kinetics we assume that interactions with point defects and
agglomeration into clusters occur via binary reactions. We consider that the following
atomistic processes govern He evolution in He-irradiated iron:
He at interstitial positions (Hei) becomes a He at substitutional position (Hes) thought
interaction with a vacancy. Hei + V - > Hes..
The inverse reaction (Hes -> Hei + V) is the so-call dissociation mechanism. This mechanism
is the one considered to be responsible for He migration in Fe in the presence of defects, with
a dissociation energy between 1.09 and 1.6 eV [1, 2].
V.4-4

The growth of He-vacancy clusters occurs through the agglomeration of either He or
vacancies through the following two reactions:
(a) HenVp + V <-> HenVp+1
(b) HenVp + Hei <-> Hen+1Vp
He at a substitutional site can also be ejected into an interstitial site in the presence of selfinterstitials, through a process often know as the '
kick-out'mechanism.
Hes + I <-> Hei
Finally the model includes reactions between vacancies to form vacancy clusters, selfinterstitials to form self-interstitial clusters, as well as interactions between vacancies and selfinterstitials that will result in recombination and shrinkage of clusters.
In this model only single defects are mobile, that is, single self-interstitials, single vacancies
and interstitial-He. The migration of self-interstitial clusters, or the mechanism of migration of
He through vacancies have not been included at this point.
Model parameters

The input data used for the migration energy and binding energy of defects we those obtained
by Chu Chun Fu and F. Willaime using ab initio calculations [3, 4]. Table I shows the values
of the migration energies of self-interstitial, vacancy and interstitial-He.
Species

Migration Energy (eV) Reference

V

0.67

[3]

I

0.34

[3]

Hei

0.06

[4]

Table I: migration energies of defects in Fe.

Table II shows the values of the binding energies of different clusters and cluster sizes.
Species

Binding energy (eV)
Species

Binding energy (eV)

V2

0.3

I2

0.8

V3

0.37

I3

0.82

V4

0.62

I4

1.64

V(n) n>4
Fit as in [3]
I(n) n>4
Fit as in [3]
Table II: binding energies of self-interstitials and vacancies in Fe from [3].
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Finally Table III shows the values used for binding energies of different He-V clusters, also
from ab initio calculations, ref. [4].
Reaction

Binding energy (eV)Reaction

Binding energy (eV)

HeV -> He + V

2.3

HeV2 -> HeV + V

0.78

HeV2 -> V2 + He

2.85

HeV3 -> HeV2 + V

0.83

HeV3 -> V3 + He

3.3

HeV4 -> HeV3 + V

1.16

HeV4 -> V4 + He

3.84

He2 -> He + He

0.46

He2V -> He2 + V

3.71

He2V -> HeV + He

1.84

He2V2 -> He2V + V

1.61

He2V2 -> HeV2 + He

2.75

He2V3 -> He2V2 + V

1.04

He2V3 -> HeV3 + He

2.96

He2V4 -> He2V3 + V

1.32

He2V4 -> HeV4 + He

3.12

He3 -> He2 + He

0.81

He3V -> He3 + V

4.59

He3V -> He2V + He

1.83

He3V2 -> He3V + V

1.85

He3V2 -> He2V2 + He

2.07

He3V3 -> He3V2 + V

18

He3V3 -> He2V3 + He

2.91

He3V4 -> He3V3 + V

1.57

He3V4 -> He2V4 + He

3.16

He4 -> He3 + He

0.84

He4V -> He4 + V

5.52

He4V -> He3V + He

1.91

He4V2 -> He4V + V

2.3

He4V2 -> He3V2 + He

2.36

He4V3 -> He4V2 + V

2.03

He4V3 -> He3V3 + He

2.57

He4V4 -> He4V3 + V

1.97

He4V4 -> He3V4 + He

3.05

For larger cluster sizes we use a fit of the type: A + B(n2/3 -(n-1)2/3), with A the formation
energy of either vacancy or interstitial He, and B is fitted through the small cluster sizes.
Desorption of He from Fe: comparison between RT and experiments

In order to test the validity of the physically based model depicted above and the input
parameters, the model was used to reproduce a desorption experiment that was carried out by
Vassen et al. [1]. Briefly, in this experiment the authors investigated thermal desorption of
helium from homogeneously implanted iron during isothermal annealing for various
temperatures and initial He concentrations. To determine the initial concentration of point
defects generated by the irradiation process, we performed TRIM simulations. These
calculations indicated that on average, 200 I-V pairs were generated per implanted He. All He
atoms were assumed to be at interstitial sites after implantation. Therefore, after irradiation,
the defects present are Hei, I and V. We then simulated the evolution of the system at room
temperature (300 K) until steady state was reached. Indeed, it is well-known that interstitial
species are highly mobile and can migrate at low temperature. After the room temperature
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Desorbed fraction

calculation, we simulated the isothermal anneal and He desorption for the experimental
conditions described in ref. [1]. In figure V.3.2-1 we present the experimental data (open
symbols) obtained by Vassen et al. [1] for temperatures of 559, 577 and 667 K. Note that each
temperature also corresponds to a different He concentration and sample thickness.
Simulations performed with the rate theory model (solid lines) are also reported.
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Figure V.3.2-1: Comparison between experimental desorption data (open symbols) and
simulations (solid lines).

Clearly the model used that does not include any type of impurity, and considers pure Fe, fails
to reproduce the experimental observations.
Since self-interstitial atoms diffuse much faster than vacancies, it is expected that in the time
range of observation, reactions involving vacancies govern He diffusion. Therefore, it is
reasonable to assume that vacancy-related parameters, i.e. formation and migration energies
determine the kinetics of He desorption. These two parameters were then varied until a good
agreement between the model and the experimental data was reached. A good fit was obtained
for all temperatures when a formation energy of 1.6 eV and a migration energy of about 1.1
eV were considered. Ab initio calculations values were 2.07 and 0.67 eV, respectively. With
these fitted new values of vacancy parameters, we can see in figure V.3.2-2 that the model
reproduces well the different phases of He desorption.
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Desorbed fraction
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Figure V.3.2-2: Comparison between experimental desorption data (open symbols) and
simulations (solid lines) with fitted values for migration and formation energy of single
vacancies.

Figure V.3.2-3 shows the evolution of the dominant species during the isothermal anneal for
the particular case of 55K and initial He concentration of 1.39 at.ppm as predicted by the rate
theory model. After implantation and room temperatur anneal, we can see that most of the He
atoms are in substitutional sites (open triangles). A small amount of He is in He2V
complexes. According to the model, at room temperature, about 1% of the implanted He
already out diffused from the sample. Also, after room temperature annealing most vacancies
are isolated. After 1 s annealing at 559K, we can see that vacancy and Hes concentrations
decrease while the number of He and V contained in He-V clusters increases. Obviously, He
atoms that were in substitutional sites dissociate via the inverse reaction to form mobile Hei,
which, in return can diffuse and incorporate into existing He-V clusters or reach the surface
and outdiffuse. This growth regime can be observed up to a time of 300 s. Thus, in the 1-300 s
range, He desorption is governed by the dissociative mechanism. After this time, a steady state
seems to be reached as the concentrations of He and V in clusters are nearly constant in time.
Hence, we can say that after an annealing time of 300 s, desorption is no longer governed by
the dissociative mechanism but is due to the release of Hei atoms from clusters. Apparently,
most of He atoms that were initially in substitutional sites are, at the end of the thermal
treatment, in He-V type clusters. The maximum He concentration in clusters represents 96%
of the He that were in substitutional site. The missing amount corresponds to the desorbed
fraction, in agreement with figure V.3.2-2.
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Figure V.3.2-3: Evolution of free vacancies, substitutional He, V contained in clusters and
trapped He at 559 K, according to the rate theory model.

We mentioned above that in order to fit the experimental data at all temperatures it was
necessary to increase the migration energy from 0.67 to 1.1eV and decrease the formation
energy of the single vacancy from 2.07 to 1.6eV. These results could be explained by the
presence of traps in the experimental samples, that have not been explicitly included in the
model. Indeed, it is know that the vacancy migration energy measured experimentally is
1.28eV [5] in some conditions while its value can be about 0.6eV lower after degasification of
the Fe sample [6]. The higher value measured was attributed to the presence of impurities
such as carbon [5]. This interpretation is also consistent with ab initio calculations that show a
significant binding between carbon and vacancies in Fe [5]. On the other hand, the lower
value for the formation energy of vacancies could also be explained by the presence of
impurities. Preliminary ab initio calculations performed also within this EFDA program by
CEA show a lower binding energy of HeV clusters in the presence of carbon.
Conclusions

We have developed a rate theory model for defect evolution in metals in the presence of He.
The model has been applied to study He desorption from Fe using parameters from ab initio
calculations. In order to fit the experimental data an effective migration and formation energy
for vacancies of 1.1 and 1.6 eV had to be used. We can explain these effective values by the
presence of traps in the experiments that are not explicitly included in the model. The model
allow us to interpret the different mechanisms taking place during the desorption of He from
irradiated Fe.
The role of traps in defect evolution needs to be studied more thoroughly, in particular, a full
model that explicitly includes the presence of carbon with parameters for the interaction
between carbon and other defects obtained from ab initio calculations should be implemented.
Such a model could be difficult to implement into a rate theory model, however, the effects of
carbon can be explored though KMCO calculations to extract the right effective parameters to
be used in the RT calculations.
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V.3.2.2 Definition of a programme for verification and validation of the tools developed
using multi-ion beam source
Introduction

We have reviewed the information from experiments and simulations on He diffusion in Fe.
The goal of this review was to identify those parameters that need validation in order to
develop a model of void nucleation and growth in Fe in the presence of He. Three key
questions need to be addressed:
Mechanisms of He migration
Nucleation of voids and bubbles in the presence of He
Effect of He on mechanical properties
Mechanism of Helium migration

The mechanism of migration of He in metals is still not completely understood. Migration can
be due to different mechanisms mainly (1) migration though interstitial positions, (2)
dissociative mechanism or (3) vacancy mechanism. Experimental values for migration
energies of He interstitial in Fe are not available [1], however a very fast migration is
expected. Ab initio calculations predict a value of 0.06 eV [2] very similar to calculations
using empirical potentials, 0.08 eV [3]. This value is not expected to be directly validated
through experiments.
It is believed that for the case of Fe after uniform implantation of He the dominant mechanism
for migration is through a dissociative mechanism, with an effective migration energy of 1.4
eV [4]. However the number of experiments in Fe are very limited. Ab initio calculations [2]
predict a value of 2.36eV for the barrier through a dissociative mechanism. This value is
significantly lower to that obtained from empirical potentials, 3.78 eV [3]. Ab initio
calculations also predict a 1.1 eV barrier for the vacancy mechanism of He migration [2].
Further experiments are needed in order to clearly identify the relevant migration mechanism
under different conditions (vacancy concentration and temperature, in particular).
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Nucleation of voids and bubbles in the presence of He

Very little it is know experimentally about the binding energies of small He-V clusters in Fe.
Most of the values are obtained from THDS experiments [4, 5], however interpretation of
these experiments can be quite complicated. Information now exists on these clusters from ab
initio calculations [2].
Effect of He on mechanical properties

Ferritic steels are very resistant to void formation, with swelling less than 1% for doses up to
100 dpa [6]. Pure Fe under irradiation also presents low swelling as compared to Cu or Ni
[7].
The main problem with ferritic steels is the radiation induced elevation in ductile-to-brittle
transition temperature (DBTT). The shift is very dependent on radiation temperature and it is
most pronounced at the lower irradiation temperatures [6]. The origin of this embrittlement is
still argued, but it is most probably due to precipitation. The role of helium in embrittlement is
not clear.
EUROFER97 is a reduced activation ferritic/martensitic steel, such as F82H, developed in
Japan, and OPTIMAX, developed by the Fusion Technology Materials group ar CRPP. The
main problems that these steels present are a drop in tensile strength at about 600oC, strong
reduction in creep strength at above 600oC and stress softening in low cycle fatigue tests [8].
They also exhibit a DBTT, that in the unirradiated material is well below room temperature
(between -80 and -90oC). The effect of irradiation on these steels is embrittlement below 300350oC: strong hardening and loss of ductility. TEM seems to point to a correlation with the
production of loops. DBTT increases drastically. The DBTT is expected to be well above
room temperature for high doses, 100 – 150 dpa.
The role of He in the degradation of mechanical properties under irradiation is still not
understood. A possible effect of He on the DBTT of RAFM steels was first pointed out by
Rieth et at [9]. The DBTT values for different RAFM steels were compared and it was
observed that the highest changes in the DBTT values were for those steels with higher B to
He transformation, therefore the effect was attributed to the presence of He. They mentioned
the importance of the distribution of the He in the final values. Homogeneous distributions do
not seem to play such a significant role. He implanted specimens however showed a lower
shift even at higher He concentrations. Therefore, the effect of He on DBTT is still not clear.
High densities of small (1nm) He bubbles have been observed at 10dpa in F82H steel
irradiated in SINQ at 300oC [8]. However, the impact on fracture properties is not know yet.
Preliminary results point to a correlation between the helium concentration and the stronger
rate of increase in the DBTT at irradiation temperatures below 300oC.

Experiments proposed

In order to use in-situ TEM, experiments must be defined in a regime where voids can be
observed. The lowest temperature for visible helium bubbles reported is 175oC ~ 450K for the
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case of radiation of F82H in SINQ. Therefore experiments should be done at this temperature
or above. High doses should also be achieved. If we want to compare with the experiments
done in a single-beam, then high temperature experiments in that regime should be done as
well.
The type of experiments that will be performed are such that small bubbles will be formed in
order to be able to see them under TEM. We can here play with four parameters: temperature,
defect concentration, sample thickness and helium concentration.
From the initial experiments done with a single-beam we should be able to learn about the
evolution of interstitial clusters and (if positron annihilation experiments are done) small
vacancy clusters for two conditions: Frenkel pair type of irradiation and heavy ion irradiation.
Repeating the same experiments in the presence of He will be able to tell us about the so
called '
production bias model'
. According to this model the clustering of defects during the
collision cascade is the driving force for nucleation of voids and bubbles in the presence of
He. Therefore for the same dpa we expect different distributions of helium bubbles under
these two experimental conditions. Very heavy ions should be used for this purpose in order to
ensure large clustering in the collision cascade, since we know in Fe this clustering is not too
high, but it should increase with the mass of the implanted ion.
If the experiments are done at ~ 450K to 500K the vacancies are already mobile, therefore the
vacancy mechanism for migration of He will be active. If all vacancies are isolated, like in the
case of Frenkel pair production these vacancies will contribute to the He migration and small
He bubbles will be able to grow at this temperature. However, if most of the vacancies are in
clusters, like in the case of heavy ion implantation, at this temperature, the contribution of
vacancies to the migration of He will be very small and therefore no small He bubbles should
be observed, unless the migration mechanism is through a dissociative mechanism. In order
to make sure that the conclusions extracted are correct, the presence of small voids in the
samples irradiated with single-beams should be checked using positron annihilation.
At higher temperatures, ~ 700K when vacancy clusters are able to dissolve, for the same dpa
level, the total number of vacancies remaining in the sample must be higher for the case of
heavy ion implantation than for the case of Frenkel pairs, since in this second case there is
more recombination between single vacancies and self-interstitials. Therefore, since the
supersaturation of vacancies is higher in the heavy ion case larger bubbles should be expected
than for the case of Frenkel pair production. This experiments should then confirm or dismiss
the '
production bias'model if we can assure that the heavy ions indeed produce clusters of
vacancies.
In both experiments, observations of the incubation time for the nucleation of bubbles at
different temperatures should provide information about the effective migration energy of He.
The same information for bubbles of different sizes will provide information about the
binding energies of small clusters.
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V.4 Collaborations
The active collaborations maintained within the materials activities continue as follow:
Belgian Association. SCK/CEN: Optical properties of KU1 and KS-4V. Electrical
degradation. Bolometers. General collaboration on all Radiation Tolerance Assessment
aspects.
German Association. FZK: Mechanical and dielectric measurements of KU1, KS-4V, and
diamond. Close collaboration on mechanical and microstructural properties.
Austrian Association. Atominstitut Vienna: Ferroelectric bolometer, and insulators for
magnets.
Rumanian Association. National Institute for Laser, Plasma and Radiation Physics, and
Institute of Nuclear Physics and Engineering: Optical properties of KU1 and KS-4V.
French Association. CEN Cadarache: NBI commercial insulators for the large NBI bushings.
Finnish Association TEKES / Institute of Hydraulics and Automation: Remote handling
hydraulic components degradation of elastomer materials, radiation resistant alternatives..
Russian federation: Collaboration on KU1 and KS-4V within the ITER agreement.
Japan, JAEA: Electrical degradation, RIEMF within the ITER agreement.
As well as numerous other collaborations at a national level.
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VI ACTIVITIES UNDER EFDA
During 2005, the Laboratory has gained several contracts for different tasks launched in
the framework of the EFDA Technology Work programmes 2004 and 2005. This
chapter gathers all the activities, which are presented grouping them according to the
corresponding fields defined by EFDA:
•
•
•
•
•
•

Physics integration. Diagnostics
Magnet Structure and integration
European ITER Site Studies
Heating Systems Technology Project
Tritium Breeding and Materials. IFMIF
System Studies. DEMO Conceptual Study

A summary of each activity is given. The corresponding final reports of the different
tasks describe the entire work carried out and the results obtained in the implementation
of each contract.

VI.1 Physics integration. Diagnostics
VI.1.1 Feasibility study of Colossal Magneto Resistance (CMR) sensor
EFDA Technology Work programme 2005 (EFDA Reference: TW5-TPDS-DIADEV)

ITER requires a set of magnetic probes to reconstruct equilibrium that are both accurate
and able to withstand harsh conditions. Conventional coils measure dB/dt and need time
integration to obtain magnetic field. Since signal output is proportional to magnetic field
derivative, low frequency spectrum of magnetic field is not well determined in long
pulses steady state scenarios. To improve the low frequency spectrum of magnetic field
measurements, direct magnetic field measurement systems are being sought after.
This task will deliver a report on a feasibility study for a new class of magnetic sensors
with the potential for withstanding high temperatures and neutron fluxes as expected for
ITER. This new class of sensors exploit recent advances in physics of condensed matter
such as the colossal magneto resistive effect.
The colossal magneto resistive (CMR) effect links transport and magnetic properties.
Basically, an external magnetic field can change the electrical conductivity of a CMR
material because the current is essentially a charge exchange spin current being
controlled by the applied external field. Field direction sensitivity can be obtained by
manipulating the sample form factor, as is shown in the figure below.
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Figure VI.1.1-1: Typical percentage of change of magneto resistance for a cationic vacant sample. R(0)
indicates the sample resistance when no magnetic field is applied. R(H) indicates the sample resistance
when magnetic field is applied.

We are currently studying a class of CMR ceramic materials with perovskite structure
that exhibits a magneto resistive effect in magnetic field ranges relevant for
measurement of ITER poloidal magnetic field ( 1.2 Tesla ) The ceramic materials are
generally known as manganites, and contain layers of manganese oxide sandwiched
between layers of rare earths and alkaline metals oxides. The spin current is carried in
the manganese oxide layer [1].
To obtain a charge exchange spin current is necessary to alter the oxidation states of
manganese at both sides of an oxygen atom to switch between Mn3+ and Mn4+. This
can be done producing oxygen deficient samples, (anionic vacants) or substitution of
rare earth by alkaline metals ( cationic vacants) .
CMR materials are made to work just below their curie temperature (Tc), which limits
the sensor application to temperatures below Curie temperature. Current CMR
materials have a Tc of about 60C. Experts report that higher curie temperatures closer
to ITER in vessel application ( 160 C) are attainable, but requires development.
Oxygen saturated perovskites exhibit generally higher curie temperatures.
Also because the transport properties are linked to oxygen content, ionic vacant samples
don’t seem to be appropriate for ITER high neutron flux environment. Experimental
work seems to confirm this point. Therefore, a more interesting option is to work with
cationic vacant CMR samples. These are oxygen saturated samples, so the manganese
oxide spin current conduction layer is not expected to be affected by neutron fluence.
These theories, however, need to be verified with neutron testing facilities.
A remaining problem is the high neutron capture crossection of Oxygen an 14 MeV.
Oxygen transmute in Nitrogen and then transmutes back to Oxygen in about 7 seconds,
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generating an electron. This can be a problem for the sensor, as to have a neutron sensor
instead of having a magnetic sensor. This pushes the research towards Nitrogen
perovskites, that can also be manufactured, and could exhibit CMR effect. Also,
because the rare earths present in CMR sensors can chosen with certain freedom, the
sensor stability could be improved using gadolinium as the rare earth, because of its
high neutron capture cross-section.
1

Myron B. Salamon, Marcelo Jaime. The physics of manganites: Structure and transport. Reviews of
modern physics, Vol 73, July 2001.
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VI.2 Magnet Structure and integration
VI.2.1 European Dipole Design

EFDA Technology Work programme 2005 (EFDA Reference: TW5-TMS-EDDES)

INTRODUCTION
EFDA aims to design and fabricate a high field dipole to characterize the
superconducting cables for ITER coils. Different dipole coil configurations have been
studied in order to provide a uniform field of 12.5T in a bore of 100x150 mm, with an
homogeneity of ±0.5%. After several iterations on the 2-D conceptual design, the
choices to be studied are the following ones:
• 33-kA non-planar cable-in-conduit (CICC) proposed by EFDA.
• 3 grades planar CICC proposed by CRPP, and
• 2 grades flat cable proposed as well by CRPP.
CIEMAT tasks are the detailed 2-D and 3-D both magnetic and mechanical calculations
of those coil arrangements to allow a fair comparison of their performances.
2-D MAGNETIC CALCULATIONS
The CICC configurations have been studied using two approaches (see Figure VI.2.11):
•

Each individual conductor is modeled, which yields a more accurate Lorentz
force calculation for the mechanical analysis.

•

Each coil is considered as a solid block, with the same cross section than the
3-D model, and smeared-out properties, which allows a better comparison
with the 3-D results.
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Figure VI.2.1-1: Magnetic field map in the model with single conductors (left) and with blocks (right)

Table VI.2.1-1 shows the results of the 2-D magnetic calculations. It is worth to point
out that the non-planar CICC design has the lowest peak to bore field ratio, stored
energy and horizontal Lorentz forces.
Non-planar
CICC

Planar CICC

Flat cable

UNITS

CURRENT

33200

19350

11490

A

IRON RADIUS

515

500

400

mm

CENTRAL
FIELD

12.50

12.50

12.50

T

HG PEAK
FIELD

12.93

13.17

13.71

T

MG PEAK
FIELD

---

10.67

---

t

LG PEAK FIELD

9.50

8.21

10.74

T

HG Tcs

6.21

6.20

6.40

K

MG Tcs

---

6.31

---

K

LG Tcs

6.38

6.34

6.85

K

ENERGY

6.088

17.079

11.883

MJ/m

Fx

10.403

21.518

17.211

MN/m

Fy

-5.549

-6.635

-5.203

MN/m

Table VI.2.1-1: 2-D magnetic results for each grade (high, medium, low) of the different coil
configurations.

2-D MECHANICAL CALCULATIONS
This part of the work has been performed by the company Ellyt Energy under
CIEMAT´s supervision. The model is analyzed under two load steps by means of a
generalized plane stress formulation: first, the magnet is cooled down to cryogenic
temperature, and the magnetostatic forces are applied to the conductors and the iron
yoke. Contact elements are used to simulate the free sliding between the coil package
and the iron yoke.
The mechanical structure should contain the huge horizontal Lorentz forces. Two
solutions are foreseen (see Figure VI.2.1-2):
1. The iron laminations act as spacers. The stainless steel shrinking cylinder
reacts the magnetostatic forces.
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2. The iron laminations and the shrinking cylinder hold together the forces.
Besides, the laminations are able to balance the vertical and horizontal
components of the forces.
In both solutions, the even and odd laminations are mirrored while stacked. The first
approach is unfeasible because of the very high local stress on the outer cylinder. In the
latter, the deformations are much smaller, but the stresses on the iron yoke are beyond
the safe limit for such a low working temperature, as the low carbon steel becomes
brittle. Stresses and deformations have been also studied for the fitting conditions
(150ºC). Further improvement will be studied in the second stage of the design, where
the iron corners will become elliptic to withstand better those high local stresses. 3-D
mechanical computations are ongoing under EFDA task TW5-TMS-EDDES2.

Figure VI.2.1.1-2. Tresca stress distribution: on the left, laminations are just spacers; on the right, they
also hold the forces

A coil package submodel has also been developed, including the detailed geometry
features (anisotropic material properties), and importing the large model results as
boundary conditions. It allows to study the peak stress on the jacket and on the
insulation, which are in the acceptable limit.

Figure VI.2.1-3. On the left, stress distribution on the submodel. On the right, Tresca stress on the
insulation.
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3-D MAGNETIC CALCULATIONS
3-D magnetic optimization aims to keep in the coil ends the same cross-section peak
field. The nominal current in 3-D models is tuned to get 12.5 T in the bore, as the coil
end contribution enhances the cross-section field. An important design constraint is that
the maximum length available for the high field region plus one coil end (including the
clamping structure on that edge) is 1750 mm due to the facility overall dimensions.
Another constraint is the minimum bending radius, that should be at least 5 times the
conductor dimension in the radial direction, and it should be better around 6.
Three different finite element method formulations are used, as they allow different
approaches (see results comparison in Table VI.2.1-2):
Magnetic scalar potential (MSP): coils are modelled as current lines, but not
meshed. Complex coil geometries are easily considered. The peak field
accuracy is very good, but Lorentz forces are not available in each coil
element, and they cannot be exported to the mechanical problem.
Magnetic vector potential (MVP): Lorentz forces are available, but irregular
coil meshing and non-linear materials decrease the peak field accuracy.
Edge-based magnetic vector potential: the degree of freedom is the
component of the magnetic vector potential tangential to the edge element.
Numerical instabilities due to non-linear materials disappear. However, there
are no defined elements for infinite boundaries to simulate large problem
regions and the problem size increase.

HG PEAK FIELD
LG PEAK FIELD
ENERGY
BORE FIELD
Fx (coil/4)
Fy(coil/4)
Fz (coil/4)

MSP
12.895
9.439
12.1440
12.793

MVP
12.129
8.397
12.1008
12.817
10.287
-5.0460
1.3357

EDGE
12.241
8.447
12.2656
12.789
10.706
-4.7831
1.3133

UNITS
T
T
MJ
T
MN
MN
MN

Table VI.2.1-2: Results comparison using different FEM models
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Figure VI.2.1-4: On the left, FEM model with brick elements. On the right, field map on the high grade coil

After 3-D magnetic calculations, the most outstanding non-planar CICC design
advantages are:
•
•
•
•

3 times lower energy than the planar CICC and half the energy of the planar
flat cable design.
56% of the strand weight of the planar CICC (59% of the non-Cu weight).
The field profile along the magnet axis is very smooth, as the coil end
contribution is even weakening a little bit the straight section field.
Higher critical temperature (by 0.4 K) for present designs.

On the other hand, the main drawbacks of the non-planar CICC configuration are:
•

The high field length is at least 60 mm shorter, depending a little bit on the
longitudinal mechanical support dimensions.
• The iron weight is 80% higher, as it is longer (8.4 tons compared to 4.7 tons in
the planar CICC magnet).
• The supporting structure and the winding are more complicate, although not
technically impossible, as some similar devices have been already developed in
industry.

DELIVERABLES
Meeting in Garching, January, 19th 2005
• EFDA 13 T Nb3Sn dipole: 3-D magnetic design. Fernando Toral, CIEMAT.
January, 19th 2005.
• Magnetostatic and mechanical 2D analysis of several 13 T dipole options. Julio
Lucas, Elytt Energy. January, 19th 2005.
Meeting in Garching, March, 3rd 2005
• EFDA 13 T Nb3Sn dipole: 3-D magnetic optimization. Fernando Toral,
CIEMAT. March, 3rd 2005.
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•

Advances in the 12.5T dipole design. Julio Lucas, Elytt Energy. March, 3rd
2005.

Meeting in Madrid. April, 28th 2005
• EFDA 13T Nb3Sn dipole: further advances on 3-D magnetic optimization.
Fernando Toral, CIEMAT. April, 28th 2005.
• Advances on the EFDA design for the 12.5 T dipole. Julio Lucas, Elytt Energy.
April, 28th 2005.
Meeting in Garching. May, 19th 2005.
• EFDA 12.5T Nb3Sn dipole: magnetic analysis. Fernando Toral, CIEMAT. May,
19th 2005.
• Mechanical aspects of the12.5 T dipole EFDA design. Julio Lucas, Elytt Energy.
May, 19th 2005.
Final report of the electromagnetic analysis:
Electromagnetic analysis of a 12.5 T dipole. F. Toral, CIEMAT, Madrid, Spain. July,
2005.
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VI.3 Heating Systems Technology Project
VI.3.1 The first ITER NB Injector and the ITER NB Test Facility:
Progress in the design.
EFDA Technology Work programme 2005 (EFDA Reference: TW4-THNN-IITF2)

NEED FOR A SET OF COILS TO SIMULATE THE RESIDUAL MAGNETIC
FIELD OF ITER AT NBTF
The Magnetic Field Reduction System at ITER NBH & CD injectors has been
conceived with the aim of reducing the stray magnetic field from the ITER coils at the
location of the injectors by at least two orders of magnitude. This drastic reduction is
necessary in order to fulfil the stringent limits imposed on the acceptable magnetic field
by beam transmission and power deposition criteria. Beam transmission calculations
were performed during the EDA phase of ITER to study the effects of the residual
magnetic field of ITER on the beam transmission, and on the power loads produced by
the intercepted particles on the different beamline components. As a result of these
studies, a set of limits was found for the acceptable magnetic field at different stages of
the beam transport process. The most severe requirements are imposed on the vertical
field component along the path of the negative ion beam. This is due to the elongated
shape of the neutralizer and RID modules. A magnetic field reduction system has been
devised for the ITER injectors, that consist of a passive magnetic shield and a set of
active compensation coils [2]. Finite element magnetic analyses were performed which
acknowledged an associated error greater than the acceptable magnetic field values at
some critical areas.
The NB Test Facility should have a set of coils able to reproduce the residual magnetic
field at the ITER injectors at different plasma and heating scenarios.
Our aim has been to find a set of coils that can create inside NBTF magnetic fields in a
range extending beyond the limits established for a good beam transmission to
experimentally check the calculated field limits and determine the beam tolerance to
these field values. A “flexibility” factor for the magnetic field has been included that
still leads to feasible coils and “reasonable” power supplies. Rectangular coils and
continuous winding were chosen as additional design requirements based on
manufacturing simplicity and low cost.
The target is to produce mostly vertical fields. For this reason we consider pairs of coils,
sets of two horizontal coils carrying the same current. A pair of coils produces a field
distribution that is homogeneous across the vertical direction, with small transverse
components.
COIL DESIGN AND MAGNETIC FIELD CALCULATIONS
The final layout consists of six pairs of coils grouped into three sets according to their
location: One pair is located at the beam source. Two nested pairs are located at the
Gap/Neutralizer region and three nested pairs are at the RID/Calorimeter region.
Each pair of coils is electrically fed independently of the others. Hence the design is
able to produce a variety of field distributions in the beam volume. The general coil
layout is shown in Figure VI.3.1-1.
The coils have been designed for continuous operation. They will be wound from
hollow copper profiles and the insulation system could be either vacuum impregnated
glass fibre with epoxy resin, or fibre glass with epoxi resin pre-preg. De-ionized water
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will be used as coolant. The coils are named P1, P2 and P3 (covering the area of the
calorimeter and Residual Ion Dump of the injector, P4 and P5 (covering the Neutralizer
and the gap up to the Ion Source), and P6 (covering the area of the Ion Source). The
main characteristics of the coils are:
Coil

P6 coils

P5 coils P4 coils P3 coils

P2 coils

P1 coils

Amper-turn (kA)

25

10

10

10

100

100

Turns

40

40

40

40

100

100

Coil weight (kg)

700

368

302

346

1592

1224

0.28

0.14

0.12

0.14

2.2

1.7

4

4

4

4

10

10

Total water flow per
coil (L/sec)
Water cooling channels
per coil

Table VI.3.1-1: Characteristics of the six pairs of coils

Figure VI.3.1-1. General view of the residual field coils with their structures

The magnetic field produced by the six pairs of coils is calculated with two different
computational approximations for the coils. The simplest approach considers each coil
as a filamentary current carrying rectangle. This model is very appropriate to calculate
fields at points not too close to the coils, as it is the case for the beam volume which is
the relevant area in the simulation of the ITER residual magnetic field. The second
model takes into account the finite cross section of the coils. It is more appropriate if the
magnetic field needs to be determined at points close to some of the coils. In the figure
VI.3.1-2 we present the vertical field distribution for a scenario foreseen by ITER
magnetic field reduction system. In this figure the vertical component Bz of the
magnetic field is represented along the X axis at three vertical positions: at the axis
VI.3.1-2

level (Z=0.0m), and at two heights, one above (Z=0.76m) and other below (Z=-1.08m)
the axis. The coloured rectangles show the limits established for good beam
transmission. Field levels are very similar at the three Z values. Only at the calorimeter
are the differences among them about 4-5 gauss.

Figure VI.3.1-2: Vertical component of the magnetic field versus x

Magnetic fields have been computed also at several locations where some components
can be affected by high magnetic fields. Examples are the diagnostics and the 1 MV
bushing.
For these cases independent field configurations are calculated and stored, in such a way
that any desired field scenario can be reconstructed from them. A “basic” configuration
is defined as a current unit (1kA) flowing through one of the six pairs of coils. Six
“basic” configurations are then necessary. Any field configuration generated by the set
of coils can be easily calculated as linear combination of these six with the currents (in
kAs) as linear coefficients.
SUPPORT STRUCTURES AND POWER SUPPLIES
The support structures of the different sets of coils take up most of their magnetic,
thermal and gravity loads. They are made of austenitic stainless steel with low magnetic
permeability ≤1.01, have a U shape cross-section, fabricated by means of welded plates.
Electrical breaks are foreseen in order to avoid induced eddy currents. There are three
main basic different structures, two times repeated due to the up-down symmetry of the
sets of coils. The upper structures will be supported to the Beam Line Vessel top port
flange and Beam Source Vessel. The lower structures will be fixed to the pit floor.
Finite Element analyses are in progress to check the mechanical stability of the
structures under the magnetic forces, thermal loads and gravity.
The assembly of the 6 pairs of coils into their respective structures shall be made before
the installation of such structures in their final location. The legs, for all the structures,
must be provisionally assembled in place before the structures. The final alignment of
all the structures and legs, with the final torque on the bolts, will be done with
everything in place.
Six power supplies will be necessary to energize the whole system. The design criteria
for the coil power supplies are the following:
a) The most frequent operation of the coils will be at constant current.
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b) If a variation of the current is required during the pulse it will be produced with
slow rate. The time constant of the coils plus the regulation could be in the order of
several seconds.
c) Connection to the standard 400 V AC distribution network.
The power supplies are based on a simple and robust design to increase the reliability to
a maximum. A power supply will have the following components:
a) An autotransformer, with automatic (motorized) continuous voltage
adjustment (no steps).
b) Three winding transformer.
c) Non controlled rectifier (diodes), half wave, with inter-phase reactor.
The different components of the power supplies will be cooled by air. No water is
expected to be necessary for cooling purposes in any of them. Transformers will be
cooled with natural circulation of air, and rectifiers will include fans for forced air
cooling.
All the components of the power supply will be designed for continuous running
operation.
This task will be completed on May 2006.

[2] ITER DDD 5.3, secs. 1.2.8 and 1.2.9.
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VI.4 European ITER Site Studies
IV.4.1 Coordination of Safety and Licensing tasks for ITER in
Cadarache
In 2005 CIEMAT has continued to ensure the coordination of safety and licensing tasks
for ITER in Cadarache for finalizing the EFDA task-EFDA/04-1162, since the “Rapport
Préliminaire de Sûreté, RpRS” has been completed at the end of 2005 as a first version
corresponding to the official available ITER documentation of July 2001 with one year
delay. The coordination work has been reported in EUROPEAN ITER SITE STUDY-4
CIEMAT EFDA task-EFDA/04-1162 (Final Report on FU06-CT-2004-00109) also
available in EISS website under reference GA41-DEL-2004-0007.
In the same scope CIEMAT has contributed to write the specifications for the European
ITER SITE Studies to be done in 2005-2006, which have started late in 2005.
These specifications correspond to the EISS-5 Safety Preparation of the three
mandatory regulatory files (RPrS, DAC, DARPE) allowing to obtain the ITER
construction permit (DAC:Décret d’Autorisation de Création ) and the authorization for
water intake and effluent emission (AARPE: Arrêté d’Authorisation de Rejets et
Prélèvement d’Eau). This part of EISS-5 has been transformed in a ITER Task
Agreement (ITA-81-15) showing that EISS-5 tasks are also seen by ITER to be of
highest priority.
The designated European Team responsible officer for this ITA belongs to CIEMAT
and has been in mission at the Close Support Unit of EFDA in Barcelona since 1st
September 2005 as liaison officer for EISS-5 safety issues follow-up of CEA 5.1b
EFDA contract.
SAFETY AND LICENSING FOLLOW-UP
In the framework of EISS-5 – ITA-81-15 safety and licensing studies main kick-off
meeting of all the subtasks have been launched and technical meeting are being held.
The main objectives are
• Completion of Studies and reports still to be done for RPrS and DAC and
DARPE
• Completion of first RPrS version
• DAC and DARPE writing
The content of the work to be done is defined in the specifications of EISS-5 contracts.
Table VI.4.1-1 shows the list of tasks.
Kick-off meeting of EISS-5 has been held at the end of October 2005-Minutes SL5MIN-2005-01. Part of the work is being subcontracted by the contributing associations.
The specifications for the main contract are approved by CEA, EFDA and ITER. The
RPrS Table of Content is included in the input data of the main contract (CEA). Input
data are directly provided by ITER. Non-ITER input data must be approved by ITER
Team (EISS or EFDA task deliverables). The French regulation applies. Conclusions of
technical meetings should guide the responsible officer to apply the French regulation.
This follow-up is closely related to the building-up of ITER Team in Cadarache and of
The European Team in Barcelona and very close coordination between Safety area
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coordinator, EFDA responsible officers, task responsible officers, industry an ITER is
required.
TECHNICAL MEETINGS
The following programme of meetings is been applied.
Kick-off meetings
• EISS-5 SL kick-off meeting held on
• ITA 81-15 kick-off meeting

27-28-10-2005
10-04-2006

Technical meetings held or to come
• SL53.6 SL53.7-Fire strategy
5-04-2006
• SL53.6 Event Categories to be presented in the RPRS
tbd
• SL52 Source term - effluents – consequences calculation (+ stack)
• SL53.4 ALARA and Radioprotection
tbd
• SL53.7 Auxilliary networks (water (in particular heat sink), electricity,
cryogenic piping, e.i.)
• SL53.9 External hazards
tbd
Exchange meetings
• SL53.7 Electrical network
• SL53.5 Safety control system
Follow-up meetings
• SL53.7-T-Building safety analysis
• SL53.1-Feedback exp and R&D
• SL53.2 Operational limits and control
•
• SL53.4 Maintenance and ORE
• SL53.8 Waste and dismantling

19-05-2006
04-05-2006
30-01-2006
09-05-2006
09-01-2006
06-06-2006
23-03-2006
18-01-2006

Working groups
• SL53.7: T-building

25-27-04-2006

EISS5-Internal follow-up
• CEA-contract
• CEA-contract
• CEA-contract

07-03-2006
21-03-2006
11-05-2006

DGSNR (Meetings with the French Safety Authorities
Planning review
RPrS table of contents
Accidental sequences

14-04-2006
14-06-2006
05-09-2006

Participation to EFDA Safety meetings is also part of the coordination work for
higher synergy in the results.
Remote participation using efdatv channels is increasing. All the EFDA documents
will be available and diffused through EFDA IDM website.
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Responsable Task
Title
association number
CEA

SL51.1_

DAC (Demande de Autorisation de Creation)

CEA

SL51.2_

DARPE (Demande de Autorisation de Rejet et Prelevement de l' Eau)

CEA

SL51.3_

RPrS (Report Preliminaire de Surete - Preliminary Safety Report)

CEA

SL52.1_

DAC studies-Writing of danger study

CEA

SL52.2_

DARPE studies

CEA

SL52.2a

CEA

SL52.2b

CEA

SL52.2c

CEA

SL53.1a

CEA

SL53.1b

CIEMAT

SL53.2

Outlook on on-going research and expected studies to fulfil the safety
analysis: R&D statu
Safety operational limits and correlation of the experimental programme

CEA

SL53.3

Definition of the safety control system

CIEMAT

SL53.4a

Outline description of the maintenance programme

ENEA

SL53.4b

Safety analysis of failures and consequences during maintenance

ENEA

SL53.4c

ENEA

SL53.4d

CEA

SL53.5

Occupational exposure and radioprotection in normal operation and during
maintenance
Occupational exposure and radioprotection in post incident-accident
intervention
Human factor incorporation in the design and operation

CEA

SL53.6a

CEA

SL53.6b

CEA

SL53.6c

CEA

SL53.7a

ENEA

SL53.7b

CEA

SL53.7c

Codes & standards– Revision of the Structural Code for Metallic
Confinements – Vacuum Vessel
Integration of design modifications in the RPrS of Hot cells design and
Ventilation system
Integration of design modifications in the RPrS of Tritium Building and
detritiation system
Integration in the RPrS of the electrical networks

CEA

SL53.7d

Integration of the auxiliary systems and networks

CEA

SL53.8a

Waste management and dismantling - Repository studies

CIEMAT

SL53.8b

STUDSVIK

SL53.8c

Hotcells and Radwaste – Functions during ITER dismantling and Phases of
Hotcells and Radwaste dismantling
HC and Radwaste Dismantling - Waste Amounts and Characterisation:

CEA

SL53.8d

Hotcells and Radwaste Dismantling - Waste Management Strategy

CEA

SL53.9

Safety analysis of external hazards report

Impact of non-nuclear releases
Design of architecture and optimisation of liquid supply and effluents
networks during ITER operation
Writing of impact studies
Files on lessons learnt from fusion experiments

Integration of approach for accident and incident identification in the RPrS
for all the buildings
Safety codes - Documentation of quality level

Table VI.4.1-1: List of task included in EISS-5 and ITA 81-15 contracts
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VI.4.2 EISS5 - Contributions to studies in support of RPrS

EFDA Technology Work programme 2005 (EFDA Reference: EISS5-SL-53)
On June 28th 2005, an agreement has been reached among the ITER parties on the
selection of EU Site of Cadarache (France) for the construction of ITER reactor. It is
necessary to complete, without delay, a number of enabling activities that shall allow an
expedite establishment of the ITER team and the start of construction activities in
Cadarache.
This will be done under the EISS-5 project, utilising all the results of the previous
stages of the EISS. As for the previous phases of EISS, the work is performed in
cooperation between EFDA, the Euratom-CEA Association, other Euratom
Associations and industry.
The work of the Associations is included in the task SL53: Studies in support of RPrS.
Following the French regulatory procedure, after “Dossier d’Options de Sûreté, DOS” a
so-called “Rapport Préliminaire de Sûreté, RPrS” must be written in order to prepare the
demand for construction of the installation, “Décret d’Autorisation de Création, DAC”.
Task SL53 is subdivided into 9 subtasks and CIEMAT is responsible of the following
three subtasks:
SL53.2: Safety Operational limits
Under this subtask, the ITER maximum expected operating conditions and their
accordance with the systems design limits will be analysed. The consistency of these
values with the experimental program will be shown. Safety important components
classification will be established and correspondence with codes and standards defined.
SL53.4a: Outline of the description of the maintenance programme
The objective of this task is to provide a list of the maintenance operations that must be
carried out during normal plant operation. The hot cell building layout and its functional
requirements will be reviewed in view of the maintenance requirements from the
previous list.
SL53.8b: Hotcell and Radwaste – Functions during ITER dismantling and phases
of Hotcell and Radwaste dismantling
This subtask shall present the main functions of the Hot Cell and Radwaste Buildings to
be performed during the dismantling phase and how the dismantling of the Hot Cell and
Radwaste buildings themselves can be integrated in the dismantling phase.
These tasks must be performed in close collaboration with EFDA representatives, CEA
licensing team, ITER designers and specialists from other associations responsible of
related tasks. A specialized company with previous experience on ITER safety analysis
will be subcontracted. During 2005 there have been contacts with the aim of clarifying
the work to be done. A kick-off meeting was held on September 2005. Most of the work
will be performed during 2006.
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VI.5 Tritium Breeding and Materials. IFMIF
VI.5.1 IFMIF Preliminary Safety Report for a Generic Site.

EFDA Technology Work programme 2004 (EFDA Reference: TW4-TTMI-004c)
Under EFDA task TW4-TTMI-004c a first Preliminary Safety Analysis Report (PSAR)
for IFMIF [3] has been compiled as a summary of the various safety-related studies that
have been performed in the project, particularly as they relate to the design as presented
in the Comprehensive Design Report, January 2004. This report has been written by
safety specialists from four European Fusion Associations and edited by Neill Taylor
(UKAEA). The table of contents and the main contributors to each chapter are as
follows:
I
Safety approach. N.P. Taylor (UKAEA)
II
Facility Design. T. Pinna, A. Natalizio (ENEA)
III
Safety Design Features. T. Pinna, A. Natalizio (ENEA)
IV
Potential Hazards and Source Terms. E. Eriksson (Studsvik), B. Brañas, L.
Rodríguez-Rodrigo (CIEMAT), T. Pinna, A. Natalizio, G.Cambi (ENEA)
V
Environmental Impact of Normal Operation. B. Brañas, L. Rodríguez-Rodrigo
(CIEMAT)
VI
Management of Radioactive Materials and Decommissioning. E. Eriksson
(Studsvik)
VII
Occupational Safety. N.P. Taylor (UKAEA)
VIII Safety Analysis. T. Pinna, A. Natalizio, G.Cambi (ENEA)
IX
Requirements for information and future work. N.P. Taylor (UKAEA)
CIEMAT has been in charge of the elaboration of deliverable 4 of EFDA task TW4TTMI-004c (IFMIF Preliminary Safety Report for a Generic Site. Normal Operation.
Final Report. July, 2005) which has been included in the IFMIF Preliminary Safety
Analysis Report as chapter V (Environmental Impact of Normal Operation) and part of
chapter IV (Potential Hazards and Source Terms).
This deliverable is a compendium of the existing information in the present IFMIF
documentation (mainly IFMIF reports, EFDA reports and publications in scientific
journals) concerning the releases of the facility to the environment during its normal
operation. It describes the main radioactive sources, the systems to control and mitigate
the releases and the possible release paths from the primary sources up to their emission
to the environment.
The table VI.5.1-1 summarizes the primary sources of radioactive products and the
possible release paths to the environment from the three main IFMIF systems:
accelerator, target and test. To make an estimation of the total releases of the facility,
the quantification of the primary radioactive inventories and of their release in each of
the steps of every release path is required. Many of these data are not available at
present, specially concerning releases during maintenance operations, including target
and test assemblies changeout.
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Table VI.5.1-1: Primary sources and Release paths

Before being released to the environment all radioactive substances pass through one of
the following systems:
• Heating, Ventilation and Air Conditioning (HVAC) system
• Gas Radioactive Waste Treatment System: Eshaust Detritiation System (EDS)
for argon, Exhaust Detritiation System for Air or Temporary Exhaust
Detritiation System (TEDS)
• Liquid Radioactive Waste Treatment System (LRWTS)
Although a lot of information is lacking regarding quantification of activity rates in each
of the steps of a given release path, some information of global releases at the entrance
of these systems already exist [4]. The table VI.5.1-2 summarizes these estimates
assuming a detritiation factor of 1000 (equal to the one obtained with the ITER Vent
Detritiation System). These estimates should be updated as soon as more complete
information about design and maintenance operations allows the refinement of the
estimations of releases along the different paths.
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RELEASE
SYSTEM
HVAC
EDSAr
EDSAir
TEDS
LWTS

Volume
treated
(m3/h)

Specific activity at Input
entrance (Bq/m3) Activity
(Bq/year)

Expected
output
activity

1

5.108

3.8·1012

3.8·109

19+1
100
50 m3/year
15 m3/year

5.106
105
?
0.4-40x106

7.22·1011
1.16·1010
?
6-600x106

7.22·108
1.16·107

Comments
Non tritiated effluents
Treats tritiated effluents from
the Li area, Test cell, He sweep
gas and T Hot Cell

From cooling
From PIE

Table VI.5.1-2: Summary of releases by release system

Regarding tritium liberations, the main contributions come from the tritium generated in
the tritium breeding subassembly and from the tritium hot cell (release of 6.107 Bq/h
each, before treatment). The expected annual T releases are of the order of 2.10-5 grams
(5.109 Bq). Therefore, the T release guidelines for IFMIF could be considerably lower
than those established for ITER (0.1 g as HTO, 1 g as HT).
One of the main objectives of the work was to point out the additional safety analysis
necessary for completion of the IFMIF PSAR. The main lacking information detected
and the necessary work to complete this analysis are the following:
Accelerator
• Calculation of radioactive inventories (tritium and Activated Products) in
the accelerator structures
• Calculation of Radioactive inventories in the accelerator hall atmosphere
(up to now there are only estimations based on other facilities (TRIUMF)
• Definition of maintenance operations and estimations of releases during
maintenance
• Cooling circuit design and coolant activation details
Target

•
•

Test

•
•
•
•
•

Utilities

Refinement of calculations of ACPs inventories taking into account the
activation due to D+ and the improvements indicated in [5]
Definition of maintenance operations in the Li circuit and estimations of
releases during maintenance
Estimation of releases during backplate replacement
Estimation of releases during trap replacement/regeneration
Calculation of radioactive inventories in test assemblies coolants, test cell
structures and test cell coolant
Estimation of releases to the different rooms during test assemblies
changeout
Definition of maintenance operations for the different cooling circuits and
estimation of releases
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•

Definition of activity reduction factor of the effluent and emission control
systems: HVAC, Ar EDS, AirEDS and TEDS.

[3] N. Taylor, B. Brañas, G. Cambi, E. Eriksson, A. Natalizio, T. Pinna and L. Rodríguez-Rodrigo IFMIF
Preliminary Safety Analysis Report. Report prepared for EFDA task TW4-TTMI-004c. September, 2005
[4] M. Ida, T. Yutani and H. Takeuchi. IFMIF KEP Report 3.4.4. Design of Utilities
[5]W. E. Hahn and P. J. Karditsas. IFMIF Lithium loop activation and associated operator dose rates.
Report for task TW4-TTMI-004 of the EFDA Technology Program. Revision 1, June, 2005
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VI.5.2 IFMIF Accelerator

EFDA Technology Work programme 2005 (EFDA Reference: TW5-TTMI-001)

Cost Evaluation and Time Schedule of the Superconducting DTL
alternative for IFMIF
This task has been started on november 2005 and it will be completed in 2006. The
objectives of this task are to provide a detailed and realistic estimation of the cost of the
design, construction and operation of a superconducting cavity based drift tube linac for
IFMIF as well as of the differences in the costs of design, construction and operation of
the whole sc-DTL based accelerator with respect to the reference option and to give a
preliminary time schedule for the development and construction of such installation. For
that purpose the following tasks are being performed:
a) Compilation of information about the design.
The input information about the design will be available literature: mainly IFMIF
references and EFDA documents. A predesign will be proposed for those elements
whose design has not been completed yet. Cost estimation will be based on this predesign.
b) Cost and time schedule evaluations:
Estimations will be obtained from major commercial brands and for the case of the
superconducting cavities from the company (ACCEL) and institution (Intitute for
Applied Phisics from the Frankfurt University), in charge of the design and
fabrication of the existing prototype Nb cavity. For each component of the work
breakdown system, the cost will be splitted in three parts:
1. R&D
2. Fabrication
3. Operation
During 2005 most of the work has concentrated on elaborating a pre-design of the
whole installation with special emphasis on those elements, as the focusing quadrupole
triplets, whose design was lacking and on the calculation of thermal loads for
dimensioning the cryogenic facility.
A layout with a unique cryostat has been considered, as it is the only solution
compatible with the requirements of spacing between the accelerating cavities and
triplets that are dictated by the beam dynamics calculations performed by the group who
has been in charge of the design of the superconducting cavities [6]. This layout is
shown in the figure VI.5.2-1.

VI.5.2-1

Figure VI.5.2-1: Preliminary engineering design of the superconducting DTL for cost analysis

6

D. Baensch et al. Development of an optional Technology for the 5-40 MeV IFMIF Accelerator. Report
for Task of the EFDA Technology Program. TW4-TTMI-001, deliverable 2. June 2005
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VI.5.3 IFMIF Target

EFDA Technology Work programme 2005 (EFDA Reference: TW5-TTMI-002)

Parametric study of fluiddynamics characteristics of Li-jet under
deuteron load
INTRODUCTION
IFMIF is an accelerator-based neutron source with the purpose of testing and fully
qualify fusion candidate materials. Two 40 MeV deuteron beams, 125 mA current each,
strike a target of liquid lithium. The deuteron-lithium stripping reactions produce an
intense high energy neutron flux which simulates the fusion reactor irradiation.

Figure VI.5.3-1: Schematic view of IFMIF target and test systems

The liquid lithium will be injected by a nozzle (Figure VI.5.3-2) to a channel which
consists on a curved wall (back-plate), 250 mm radius. The liquid will form a 25 mm
deep layer, which in order to remove the beam power deposited on it (up to 10 MW)
must have a speed around 20 m/s. This may give rise to flow instabilities, however a
very critical requirement of the target system is a stable liquid free surface (1 mm high
waves as much), otherwise the neutron field could be altered. Therefore, the possible
occurrences that could affect the hydrodynamical stability of the lithium jet are being
examined in the frame of EFDA Technology Workprogramme.
The objective of the task is the study of the fluiddynamics characteristics (velocity
profile, temperature and heat distribution, heat transfer coefficient to the backplate,..) of
the lithium jet under the deuteron heat load, based on applications of the CFX 5.7 code,
a commercial Navier-Stokes equations solver with specific modelling of turbulence, like
the classical k-ε among others.
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Straightener
Nozzle
Backplate
Baffles

Figure VI.5.3-2: IFMIF target main components

Significant effort has been dedicated to develop an optimized and reliable numerical
mesh, able to illustrate the behaviour of the lithium free surface and other issues like
heat transport along the stream and to the back-plate, and lithium vaporization.

PRELIMINARY CALCULATIONS
A coarse three-dimensional mesh has been developed (Figure 3) both for the nozzle and
target regions, consisting in some 485000 unstructured cells. Boundary conditions were
imposed as 2 m/s lithium velocity at the nozzle entrance with uniform profile
distribution, and an outlet surface fixed to 10-3 Pa, just at the exit. No power injection
was considered.

Figure VI.5.3-3: CFX IFMIF 3D target model
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The purpose of the calculation has been to get insights concerning the general behaviour
of the liquid, numerical convergence of results, and definition of boundary conditions.
The main findings of this package can be summarized as follows:

•

•

It was observed that the lithium flow developed a very agitated pattern mainly
originated by lateral side walls shear forces along the longitudinal direction. Part of
the liquid was eventually able to contact the ceiling surfaces close to the narrow
exit, being deviated back to the atmosphere phase region, and hence filling up the
atmosphere region. It must be added that difficulties to get a converged steady state
were experienced and no further attempts were tried in this direction.
The main practical conclusion of the exercise was that much more mesh refinement
would be necessary to deal with the free surface problem. However, the objective
needs to be balanced with computer capabilities limitations, and therefore, it was
decided to develop a 2D numerical mesh along the longitudinal direction in order to
preserve a high number of computer cells, as possible.

TWO-DIMENSIONAL MESH
The presently developed 2D mesh consists on 24323 cells comprised between two
longitudinal planes that provide symmetrical boundary conditions. In this way a narrow
3D problem is computed (sometimes referred in literature as a 2.5D approach).
Therefore, is not possible to study in this case the influence of the target side walls,
although the advantage is that free surface behaviour can be studied with higher detail
by means of refining the mesh as possible and appropriate (taking advantage later of
hexahedrical cells, if justified, as they could improve results). Figure VI.5.3-4 is a
detailed picture of the mesh just at the nozzle exit.

Figure VI.5.3-4: Meshing of the nozzle exit and liquid fraction results

Tetrahedral cells were dedicated for the bulk flow, and several layers of prismatic cells
for the nozzle walls, backplate wall and anticipated free surface region. The smallest
free surface cell presently achieved is 0.7 mm high, which is therefore the resolution
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that we can provide to inform on the two-phase behaviour of the free surface. We
assume that the two-phase region will be a first indication of the surface wave size.
Not the whole atmosphere region, composed by an argon and lithium gas mixture, was
simulated in this approach. Instead, just the volume above the free surface accounting
for some 10 cm above was represented, with a coarse noding of tetrahedral cells in order
to save computational nodes (except for the neighbourhood of the free surface).
Achieving stabilized values of the pressure to specified 10-3 Pa has been a concern as
there is an important gas-liquid shear force producing a escape from the domain that
must be balanced. Therefore, it was decided to simulate a certain injection of Argon gas
until the pressure stabilized to the specified value (the solution may be assumed as a
simulation of gas ingress because of the void action provided by the vacuum pump).
Our present experience is that it is difficult to obtain the desired value of the pressure
while a range from 200 Pa to -1000 Pa (non real, negative absolute pressures) is
obtained. A secondary effect is that gas injection produces a maybe non real gas flow
pattern with no major effect for our purposes.
Power deposition and downstream transport, as well as lithium evaporation are expected
to be studied with this kind of mesh after convergence of results was achieved, while
only fluiddynamics results will be explained by now.

FIRST RESULTS
Figure VI.5.3-5 shows results concerning volume liquid fraction along the simulated
domain. It shows that the flow escapes at the bottom with no impact of the liquid jet to
the close structures, as indeed predicted in 3D preliminary calculation. We think that the
explanation for such result is a combination of numerical diffusion and coarse meshing.
Therefore, the 2D results provide confidence in the mesh to consider that numerical
diffusion has low effects in the solved transport equations.

Figure VI.5.3-5: Liquid void fraction and meshing in the target curved regions
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As previously stated, important information about the free surface behaviour is related
to the two-phase prediction, which we will assume to account for surface disturbance.
An analysis of figures 4, 6 and 7 depicting liquid fraction results shows that two-phase
flow is predicted for 2 cells, 0.7 mm high at the nozzle exit, 2 cells 1 mm high in the
curved part and 3 cells some 1mm high at the target exit, therefore, a first estimation of
flow waves is 1.4, 2 and 3 mm, although this results must be understood by now as a
qualitative estimations rather than quantitative. In addition, it may be observed in figure
5 that mean thickness flow increases some 1.5 mm with respect to the nozzle exit.
Additional support to complete interpretation of code results will be obtained after the
water validation exercise is concluded. In these exercises we are looking for an
appropriate interpretation of additional parameters close to the surface as the turbulent
energy itself.
Figures VI.5.3-6 and VI.5.3-7 provide liquid temperature distribution close to the
backplate wall at nozzle exit and curved part, respectively. Wall temperature is fixed to
300 ºC, while lithium is injected a 250 ºC. It may be observed that, as a result of the
high velocity, the hot layer close to the wall is less than 5 mm thin.

Figure VI.5.3-6: Fluid temperature just at the nozzle exit
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Figure VI.5.3-7: Fluid temperature at the curved part of the target

ACTIVITIES CONCERNING CODE VALIDATION
Code validation and benchmarking of CFD codes to experiments and to other codes are
very important practices to get confidence on results. On one hand, implemented
models in commercial CFD codes have been mostly based on current fluids analysis
like air or water, while others like metals have not been so extensively studied. On the
other hand, our experience shows that the numerical mesh will likely have impact on
results and it is necessary to explore such impacts to avoid non-physical results.
Therefore, it was considered a priority searching for appropriate bibliographic
references to identify relevant information.
Up to now, the following material has been selected:
• University of California (UCLA) fluid dynamics experiments with water in an
inclined surface.
• Osaka University experiments studies with flowing lithium

CONCLUSIONS
Significant progress has been made in the achievement of an appropriate numerical
mesh to analyse fluidynamics aspects of the IFMIF Li jet in the target with CFX5.7 with
emphasis on surface waviness prediction. Although the power injection has not still
been simulated, first results are encouraging as indicators of the free surface behaviour.
Additionally, the obtained mesh provides a good basis to plan the analysis of the jet
performance in out of design conditions, like formation of a step due to an uncertain
fitting of mechanical components during target assembly and disassembly.
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VI.6 System Studies. DEMO Conceptual Study
CIEMAT participates in four tasks of the DEMO Conceptual Study:
TW5-TRP-005: Segmentation and Maintenance
TW5-TRP-006: Conversion cycles
TW5-TRP-007: Energy Storage System for a pulsed DEMO
TW5-TRP-008: Non-electricity Production Applications for Fusion Power

VI.6.1 Segmentation and Maintenance

EFDA Technology Work programme 2005 (EFDA Reference: TW5-TRP-003)

Attachment systems
INTRODUCTION
The previous study of attachment concepts (EFDA task TW4-TRP-002) for the blanket
modules and shields, for a reactor based on the Helium-Cooled Lithium-Lead (TW4TRP-002), is now implemented with new detailed FE analysis and solutions. The aim of
this task is to study deeply the behaviour of the attachment system, specially the flexible
supports, for the new blanket segmentation concepts.
This new study is based on the multi module segmentation (MMS) options proposed by
FZK. The study takes also into account the implication on the blanket installation and
removal operation.
Two MMS options (1.1 and 2.2) have been selected: in the option 1.1 the permanent
low temperature shield (LTS) and non permanent LTS are at the same temperature (150
ºC) whereas the blanket modules are at 500 ºC. The option 2.2 concept consider a
manifold and a hot ring at the same temperature 300 º C and the blanket modules at 500
ºC in average.
The attachment system for the blanket modules must require a strong response to
plasma disruptions and VDE´s EM loads, a temperature gradient of 350 ºC and the own
weight. The attachment concept, on the rear side of the module, is based on a fixed
point in the center, which is expected to withstand the module weight, and four flexible
supports ¨hinged bars¨. The bars can rotate around an axis normal to the vector radius
from the fix point, thus allowing free thermal expansion. The initial angle for the hinged
bars (at room temperature) must be set in order not to induce thermal stresses, so that
the bar thermal expansion must compensate the blanket back wall one. Shear ribs are
necessary to transfer the radial torques to the LTS structure

MULTI MODULE SEGMENTS (MMS). OPTION 1.1. FE ANALYSIS
In this option, the blanket modules are connected to the non permanent LTS by use of
flexible (hinged bars) attachment system. The non permanent LTS is bolted to the
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permanent LTS, at the same temperature (150º C). This analysis study the behaviour of
the flexible connection between the blanket module and the non permanent LTS.

Module back plate

Non permanent LTS

Figure VI.6.1-1: MMS option 1.1 concept and FE analysis model

A FE analysis has been made considering only the back plate of the blanket module and
the non-permanent LTS. As an example of the FE results, Figure VI.6.1-2 shows the
stress intensity on the back wall shear ribs with a radial torque of 2.5 MN.m. The
location and design of the shear ribs are implemented on the MMS 2.2 FE analysis.

Figure VI.6.1-2: Back wall stress intensity with a 2.5 MN.m radial torque

MULTI MODULE SEGMENTS (MMS) OPTION 2.2. FE ANALYSIS
This option represents a new blanket maintenance concept. Each MMS consist of a
number of blanket modules connected to a strong vertical manifold structure using
flexible (hinged bars) attachment system. The MMS are bolted onto a permanent selfsupporting shield structure (hot ring) which is operated at nearly the same temperature
as the MMS manifold structure. The shield hot ring structure is toroidally closed and
VI.6.1-2

can expand fairly unconstraint during heat up within the vacuum vessel. Figure VI.6.1-3
represents the general design concept

Figure VI.6.1-3: MMS option 2.2 concept

General FE model for the hot ring with the manifold system have been implemented.
Weight, thermal and electromagnetic loads have been applied. The output data is used
as an input data for the adapted blanket model. The figure VI.6.1-4 shows the stress
intensity on the blanket back wall and hinged support when all the loads are applied.

Figure VI.6.1-4. Stress intensity on the blanket back wall, shear ribs and fixed point, and hinged bars
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VI.6.2 Conversion Cycles

EFDA Technology Work programme 2005 (EFDA Reference: TW5-TRP-006)
This task has been initiated in September 2005 and will be concluded in April next year.
A specialized company is carrying out these studies as a subcontractor of Ciemat.
The DEMO scoping studies have the aim of providing technical information focused on
the selection of DEMO parameters. The “near-term” reactor concepts based on heliumcooled blanket (developed within the Power Plant Conceptual Studies) are being
currently considered for DEMO. The conversion cycles considered for these concepts
(HCLL and HCPB) were the subcritical Rankine which yielded net efficiencies (net
power/fusion power) of approximately 35%. Two main characteristics limit this
efficiency:
a) The heat source in the reactor: the blanket provides the main source of thermal
power (over 80 %) but with moderate coolant temperatures with a range of 300-500
C. The remaining power is deposited in the divertor with a coolant temperature
range of 540-717 C.
b) The temperature inlet of blanket He coolant limits the possibility to achieve an
efficient heat exchange with the power conversion cycle.
The purpose of this task is to investigate different “advanced cycles” options in order to
get an improvement on the thermodynamic efficiency. In particular, cycles such as the
Supercritical steam Rankine (superheat, reheat, etc.) or supercritical CO2 indirect
Brayton (recompression) are being considered.
Furthermore, the pressure drops reduction in the He primary circuits, by reducing the
power consumption of the blowers and therefore increasing the net efficiency of the
plant will be investigated.
The work done during this year has focused on the SC Rankine cycles. The inlet
parameters for the calculations have been got from the Helium cooled Lithium-Lead
model AB (He cooled divertor), taken as a reference. Three supercritical cycles
(pressure > 221 bar) have been studied:
- Superheat cycle: the steam generation is produced in the blanket HX and the
superheating in the divertor HX.
- Reheat cycle: the steam generation is produced in the blanket HX and the heat
exchanged in the divertor is used for steam reheating.
- Improved reheat cycle: a different configuration (from the reference) of the primary
heat exchangers has been considered in order to optimize the heat transfer from the
primary to the secondary.
The third option yields the best thermal efficiency for the SC Rankine. A flow diagram
of this cycle is shown in Figure VI.6.2-1.
The main parameters and the results obtained for the three SC Rankine cycles are
summarized in table VI.6.2-1.
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Figure VI.6.2-1: Flow diagram of the improved SC Rankine cycle

2
3

Cycle Gross Efficiency = ‘gross power’ vs. ‘thermal power’
Cycle Related Net Efficiency = ‘net electrical power’ vs. ‘thermal power’

Table VI.6.2-1. Summary of the SC Rankine cycles
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VI.6.3 Energy Storage System for a pulsed DEMO

EFDA Technology Work programme 2005 (EFDA Reference: TW5-TRP-007)
DEMO studies contemplate a pulse mode of operation in addition to the steady state
reference operation. This task considers DEMO as a pulsed device and studies how to
provide a continuous electrical power distribution to the grid. In this situation, an energy
storage system is needed in order to obtain this aim.
This task began in October 2005 and it’s being undertaken by Ciemat with a partial
support from Elytt Energy Company. The task will be finished at the end of April, 2006.
The state of the art of energy storage systems will be reviewed in the first part of the
task. In the second part, recommendations on possible systems for a fusion power plant
operating in a non-steady state mode will be provided. For each of the recommended
system(s) the main features will be described and a rough cost estimate will be obtained.
The main DEMO characteristics to be considered are: 1 GW net electrical power output,
pulse length between 4 and 8 hours with a dwell time between 5 and 20 minutes
During 2005, the bibliographic survey of the different energy storage systems was
finished. In this review, the following systems were studied:
1.- Thermal energy storage (TES)
2.- Compressed air energy storage (CAES)
3.- Kinetic energy storage system (KESS)
4.- Fuel cells
5.- Superconducting magnetic energy storage (SMES)
7.- Pumped hydro storage
8.- Ultra-capacitors
9.- Batteries
For each of the above storage systems, the following has been provided: a brief
technology description, the state of the art (current technology maturity), the technology
future, and a summary of the advantages and disadvantages.
This information is contained in the first deliverable of this task:
Energy Storage System for a Pulsed Demo. Part 1. Technology description and
bibliography. Deliverable 1 of EFDA task TW5-TRP-007. INF-ET-DEMO-001. Date:
25.01.2006. Pages: 62
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VI.6.4 Non-electricity Production Applications for Fusion Power
EFDA Technology Work programme 2005 (EFDA Reference: TW5-TRP-008)

State-of-the-art of high temperature innovative processes for H
production
INTRODUCTION
Hydrogen is envisioned as a future energy vector that may have large market share (fuel
for heat, transportation…), though it is not found free in nature. It can be produced from
several chemical sources via several energy-intensive production routes. The production
routes require massive energy sources. However, only those chemical sources and
energy sources that offer CO2-free and closed material cycles are truly sustainable. H2
from H2O and energy from CO2-free sources become the paradigm of the Hydrogen
Economy concept. Among the different routes, it is commonly agreed that
thermochemical hydrogen production from water represents the final goal for massive
deployment of this new vector.
One of the potential CO2 free sources which might make the ideal complement to
hydrogen is Fusion. The unique ability of the 14 MeV fusion neutrons to penetrate
deeply into matter, can generate very high temperatures in fusion blanket interiors. Heat
extracted from there can then be used directly or indirectly in a variety of processes to
decompose water into hydrogen and oxygen.
The objective of the task is to review the high temperature innovative processes for
hydrogen production from fusion reactors, mainly the thermochemical cycles (IS,
Westinghouse, UT-3) and High Temperature Electrolysis. This task has been developed
in cooperation with CIEMAT Renewable Energies Department.

HIGH TEMPERATURE ELECTROLYSIS
Water electrolysis means splitting of water into O2 and H2 via electric current between
two electrodes submerged in an electrolyte from fossil, nuclear or regenerative sources.
Compared to the production from hydrocarbons, electrolytical H2 has higher product
purity and is more flexible in operation.
In the alkaline (conventional) water electrolysis the thermal efficiency is between 60
% and 70 %. Water electrolysers are commercially available but not very popular due to
the high energy demand and costs, however production of hydrogen by low-temperature
alkaline electrolysis is a mature technology already available in the market and it can be
considered the benchmark.
High-temperature electrolysis (HTE) consists of electrolyzing steam, thus reducing the
electrical energy required by replacing it with thermal energy. HTE splits water in a
device very similar to a solid oxide fuel cell, the development of which is part of several
national programs for electricity production from hydrogen. Recent progress in solid
oxide fuel cell technology provides key development data for the HTE program.
Because the water splitting process is endothermic, the electricity needed for
electrolysis can be significantly reduced if the production of hydrogen takes place at
high temperatures (700-1000°C). The electric energy needed for electrolysis decreases
with temperature and is compensated by an input of thermal energy (Figure VI.6.4-1).
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Figure VI.6.4-1: Electrical energy input required versus temperature to electrolyze steam (High
Temperature Electrolysis)

The most relevant experience in HTE was conducted in Germany in the eighties at the
HOT ELLY project where it has been demonstrated that a breakthrough in water
electrolysis efficiencies is possible by going to high temperatures (900-1000°C) and
about 30 bar. The electrical efficiency demonstrated in the HOT ELLY electrolyser was
close to 92% compared to 60-70% in traditional alkaline electrolysers.
The solid oxide water electrolyser is a cell comprising a solid oxide electrolyte with
conducting electrodes. The steam-hydrogen mixture, ~75–90 vol% steam, which
balances H2 to maintain reducing conditions, is supplied to the electrolyser cathode at
750 to 900 °C. Cells are now manufactured with a 10 x 10 cm active area and have a
current density of 0.2 to 1.0 A/cm2. Ongoing research is developing cells of larger size
and stacks of tens to hundreds of cells. A notional schematic of a nuclear reactor
coupled with an HTE production system is shown in Figure VI.6.4-2.

Figure VI.6.4-2. Major components of a conceptual nuclear high-temperature electrolysis plant.
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THERMOCHEMICAL CYCLES
The single-step thermal dissociation of water is known as water thermolysis,
H 2 O → H 2 + 0. 5O 2

Although conceptually simple, this reaction has been impeded by the need of a hightemperature heat source at above 2500 K for achieving a reasonable degree of
dissociation, and by the need of an effective technique for separating H2 and O2 to avoid
ending up with an explosive mixture. Water-splitting thermochemical cycles bypass the
H2/O2 separation problem and further allow operating at relatively moderate upper
temperatures. These cycles require multiple steps. Thermochemical cycles are the
ultimate processes where most confidence is deposited as a definitive solution to the
massive production of clean hydrogen from nuclear or solar energy sources.
Alkaline electrolysis is the reference for thermochemical developments as previously
mentioned: with 70% efficiency at the electrolyzer and typical power conversions, we
may expect thermal conversion efficiencies around 25-28% during H2 production from
water-splitting. The objective of thermal cycles is to significantly improve this value,
though this milestone is not easy to achieve. Several cycles may reach thermodynamical
theoretical efficiencies about 50%, but unfortunately the irreversibilities associated to
some steps and processes, together with the logical thermal losses at the energy transfer
phase, lead to important reductions of those values. Only with the optimization of
efficiencies in the different steps and the development of competitive energy-supply
technologies, there will be a clear opportunity for the thermal cycles.
The screening and search of appropriate thermochemical cycles already started in the
60’s. The number of theoretical candidates is counted by thousands, and because of that
a rather common activity during the seventies and early eighties was the elaboration of
ranks and lists, with multi-criteria comparative assessments.
In the last few years, a revival of the R&D activities in thermochemical cycles is
registered. Most part of the activity is connected to solar and nuclear. There are three
big groups of cycles retained today for further development: cycles based on sulphur,
cycles making use of volatile oxides and cycles with non-volatile oxides. In that cycles
the theoretical efficiencies move around 35-50% and temperatures range is 10002200ºC. Lower temperature cycles are also being investigated nowadays, as chloride
family cycles, which historically have been developed to use heat from nuclear power
plants, and UT-3 cycle, based in Ca/Fe/Br.

Sulphur based cycles
Many of the promising thermochemical cycles for water splitting use sulphur based
systems. Most of relevant work was done in the European Joint Research Centre in
Ispra, Italy. Since the sulphuric acid decomposition process is carried out at the
maximum temperature level and in a corrosive atmosphere, it constitutes the main
problem in the coupling with any heat source. This reaction is usually carried out in
several steps, between 300 and 1000 °C.
WESTINGHOUSE (ISPRA Mark 11)
The Westinghouse cycle is a hybrid electrochemical SO2 thermochemical cycle for
decomposing H2O into H2 and O2. Consisting of two steps; where the second one is
divided into two sub-steps and oxides of sulphur serve as recycled intermediates

→
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Figure VI.6.4-3: Schematics of the Westinghouse Mark 11 currently under review by Hythec project

Depending upon the method of power generation employed and the voltage efficiency
of the electrolyser, overall thermal efficiencies between 40 and 60% can be achieved.
Hybrid cycles have always attracted considerable interest in that they typically are
simpler than pure thermochemical cycles. The Westinghouse cycle with a combination
of electrolysis and a thermochemical process step offers the opportunity for a combined
use of heat and power. Furthermore, the electrolysis step is calculated to reduce the
electricity consumption by a factor of about 7 compared to the electrolysis of water.
However, efficient electrochemical processes require thin membranes between the
anode and cathode. This limits efficient electrochemical processes to small electrode
areas. Commercial electrochemical processes certainly exist, but they are not energy
efficient in large sizes.
General Atomics (GA) or Sulphur-Iodine (IS) Process (ISPRA Mark 16)
The most widely-investigated of sulphur-based processes is the Sulphur-Iodine S-I, that
was originally developed in the USA to split water using high level waste heat from
nuclear power plants. More recently the coupling to a solar thermal plant was designed.
This is a pure thermochemical cycle, also known as the ISPRA Mark 16. The three
basic reactions are:
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The three reactions are performed in separate sections of the apparatus. The Bunsen
reaction and the sulphuric acid decomposition run in parallel to avoid SO2 storage.
The reaction that requires the greatest heat input is the thermal decomposition of
H2SO4, typically at temperatures in the range of 850ºC. The efficiency of the process
(hydrogen produced per unit of heat input) decreases rapidly with temperature.
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Figure VI.6.4-4. Schematics of the S-I process currently under review by Hythec project

For large scale application heat generation by a 2400 MWt modular helium reactor (H2MHR) which should be able to provide temperatures up to 900 °C was proposed. The
overall efficiency for this reactor was calculated at 850 ºC to 42% and at 950 °C up to
52 %. The decomposition of H2SO4 and HI was found to be a costly procedure causing
severe corrosion problems. The experimental problems and the less promising results of
the economic calculations led to abandoning the activities on the Mark 16 cycle by
General Atomics. Recently it is again in the focus of intensive research.
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The UT-3 thermochemical hydrogen production process consists of four gas-solid
reactions, two Ca-compounds reactions and two Fe-compounds reactions. In this
process, it is important to obtain the solid reactant with high reactivity and durability
because it is easy to separate gas from solid products. Bromination of CaO included in
the UT-3 cycle was analyzed to clarify the mechanism of this reaction.
The UT-3 cycle has been investigated extensively for almost 25 years since it was first
proposed in 1978. The efficiency of hydrogen generation, for a stand-alone plant, is
predicted to be 36%-40%. Higher overall efficiencies, 45%-49%, are predicted for a
plant that cogenerates both hydrogen and electricity. It is not evident from the published
reports if these numbers are based on steady operation or if they take into account the
additional inefficiencies associated with the transient operation when the flow paths are
switched. A simplified flow diagram of the adiabatic UT-3 cycle is shown in Figure 5.
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Figure 5. Adiabatic UT-3 Process diagram

The UT-3 cycle is the closest to commercial development of any cycle. The overall
cycle has been demonstrated first at the bench scale and finally in a pilot plant. The
major areas of ongoing research are in the stability of the solids and in the membrane
separation processes. Membranes must be developed that are suitable for large-scale
use. There is limited potential for future process improvements as the adiabatic
implementation is already quite simple.
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VI.7 Socio-economic studies
VI.7.1 Data collection of some other relevant non-GHG pollutants in
the energy system (Subsection title: bold, font 14, times).
The EFDA World Model7 is an economic model for local, national or multi-regional
energy systems analysis. The model provides a technology-rich basis, which includes
fusion technology, for estimating the best energy alternatives regarding economic and
environmental issues, in a long-term multi-period time horizon.
Power generation technologies in the EFDA World Model are characterised by
technical, economic and environmental parameters. Greenhouse gas emissions for each
technology are provided when applicable. However, there are other gas emissions which
also have, in most cases, negative effects on the environment and should also be taken
into account in order to obtain more real and complete results.
The aim of this study is to gather data on the more relevant non-greenhouse gases
emitted during the whole life cycle of each technology included in the model. The
selected gases are sulphur dioxide (SO2), nitrogen oxides (NOx), carbon monoxide
(CO), and particles.
A deep review of major international databases of environmental data for present and
future energy technologies has been carried out. A list of the technologies under scope
is shown in table VI.7.1-1. Also well-known projects results have been considered.
Existing technologies
OIL
Steam turbine
Gas turbine
Combined cycle
GAS
Steam turbine
Gas turbine
Combined cycle
COAL
Conventional
Fluidised Bed Combustion (FBC)
Integrated Gasification Combined Cycle (IGCC)
RENEWABLES
Biomass
CHP
Gas
Oil
Coal
Geothermal
Biomass
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New technologies
OIL
Generic Dist Gen for Base Load
Generic Dist Gen for Peak Load
Oil Steam
GAS
Fuel Cells
Gas Steam
COAL
Atmospheric FBC
Air Blown IGCC
Oxygen Blown IGCC
Pressurised Fluidised Bed Combustion (PFBC)
Pulverised Coal
Mix OIL/GAS
Gas/Oil combined cycle
Advance Gas/Oil combined cycle
Gas/Oil Turbine
Advance Gas/Oil Turbine
BIOMASS
Crop Direct Combustion
Crop Gasification
Biogas from Waste
Biomass Direct Combustion
Biomass Gasification
CO2 sequestration
IGCC +CO2 removal from input gas
IGCC +CO2 removal from flue gas
Conventional pulverised coal + CO2 removal from flue gas
NGCC + CO2 removal from flue gas
IGCC +CO2 removal from input gas- 2020
IGCC +CO2 removal from flue gas- 2020
Conventional pulverised coal + CO2 removal from flue gas- 2015
NGCC + CO2 removal from flue gas- 2015
SOFC (gas) + CO2 removal- 2020
SOFC (coal) + CO2 removal- 2030
Table VI.7.1-1. Technologies included in the World EFDA Model

Data sources
Data on emission factors for SO2, NOx, CO, and particles, in g/kWh, have been
collected from the following projects and database:
−
Ecoinvent database8.
The Ecoinvent database is a joint initiative of the Swiss Federal Institute of Technology
in Zurich (ETH) and other Swiss Federal Offices.
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It is a Life Cycle Inventory database with data on energy, transportation, waste disposal,
construction, chemicals, detergents, papers and agriculture. Data on power generation
technologies have been found in this database.
−
GEMIS database9.
GEMIS is a life-cycle analysis program and database for energy, material and transport
systems developed by Öko-Institut and Gesamthochschule Kassel (GhK).
Regarding power generation, GEMIS contains information on fuels (fossil, nuclear,
biomass and hydrogen) and technologies. Average data on non-GHG emissions have
been calculated for 44 present and future technologies.
Furthermore, GEMIS provides data for different countries in the world, thus a brief
regional analysis has also been performed to obtain average non-GHG emission data by
region.
−
ECLIPSE project10
ECLIPSE (Environmental and ecological Life Cycle Inventories for present and future
Power Systems in Europe) is a research and technological development project cofunded by the European Commission under the Fifth Framework Programme.
The aim of this project was to increase the credibility, diffusion and exploitation of LCI
methodologies as a support tool for energy-environment-economy modelling, energy
planning as well as for other uses.
One of the results of the project has been the creation of a harmonised LCI public database on five present and future new and decentralised power systems: solar
photovoltaic, wind, fuel cells, biomass, and small combined systems. Data on non-GHG
emissions have been extracted from ECLIPSE database for 47 technologies of biomass,
CHP and fuel cells.
−
EXTERNE project11
ExternE (External costs of Energy) is a European Research Network, which started in
1991. The main objective of the first ExternE project was to build a methodology for
the energy external costs calculation. The result has been a well-recognised method and
a collection of externalities estimations.
It is a methodology based on the impact pathway assessment, which is a bottom-up
approach for environmental benefits and costs estimation following the pathway from
the emission sources to their impacts. Average values have been calculated from
emission factors used in ExternE.
−
IER database
The IER U.Stuttgart database contains data on non-GHG emissions for existing and
future technologies such as fossil fuel with and without CO2 capture and cogeneration.
Results
From all the data gathered through the projects and database review, one representative
emission factor for each pollutant and each present and future power generation
technology has been obtained. It is proposed to include these final data in the model in
order to improve the results.
With respect to the regional analysis, a ratio between the emission factor in the region
and an average emission factor for all the regions of the world has also been calculated
for each pollutant and technology in each region.
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VI.7.2 External versus mitigation costs of greenhouse gas emissions on
long-term energy scenarios with fusion
The objective of this study was to compare the external environmental costs due to
greenhouse gas emissions with the mitigation costs resulting from introducing fusion in
long term energy scenarios.
To carry out the work, two different tasks were performed. First, a review of the
temporal evolution of external damages due to GHG emissions was carried out. Then a
methodology to calculate the mitigation costs by introducing fusion has been defined.
With this methodology, the break-even point when fusion will have the chance to play a
role in the energy system would be found.

External environmental costs of GHG emissions
A literature review of external damages due to GHG emissions has been carried out.
More relevant GHG gases under scope were: carbon dioxide (CO2), methane (CH4) and
dinitrogen oxide ( N2O).
Main sources used have been:
−
ExternE National Implementation project12
Within the National Implementation project, a methodology for the damages of global
climate change was developed. It was based on the ExternE approach but adapted for
climate change damages. It also incorporated the use of two models: FUND, an
integrated assessment model of climate change, and the Open Framework, which
provides a consistent platform for spatial analysis of climate change scenarios and their
impacts. Recommended ranges for marginal damages of CO2, CH4 and N2O emissions
in ECU per ton of pollutant from National Implementation were taken out.
−
ExternE Core/Transport projects13
Other ExternE projects, ExternE Core/Transport, also assessed the marginal costs of
GHG emissions using the same FUND and Open Framework models as well as a third
model, FUND2.0, an improved version of FUND1.6 which included relevant updates.
Results were aggregated and equity weights were used. From these results, Transport
recommended marginal costs estimates for CO2, CH4 and N2O emissions in Euro per
ton of pollutant, with their respective ranges.
−
NewExt project14
More recently, within the V FP Programme, the NewExt project had the main objective
of improving the assessment of externalities focussing on different areas. One of those
areas was the valuation of environmental impacts based on two methodologies:
preferences revealed in political negotiations and public referenda. The first method is
based on the assumption that the assessment of the costs for achieving Kyoto targets can
be interpreted as a proxy for the society’s willingness to pay for early action against
global warming. The second method consisted of a referenda related to energy questions
carried out in Switzerland. From the results of both methods, NewExt gave a
recommended value for CO2 emitted in Euro per ton.
Other studies, which gave higher results than those from ExternE, were also consulted.
Carbon markets were analysed, from the start to present, to compare the price set to the
ton of CO2 emitted with the damages values found.
Taking into account all those data and some considerations on uncertainties and the
difficulty of giving value to the global warming phenomena found in the literature,
present and future external costs for CO2 emissions were proposed.
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Proposal of a methodology for the calculation of CO2 emissions mitigation costs
A methodology to calculate CO2 mitigation costs when introducing fusion is proposed.
This methodology is based on the opportunity costs concept and consists of three steps:
1.
Run the model for a baseline scenario to obtain reference results.
2. Run the model for a fusion scenario. In this scenario, fusion is forced to enter the
energy system. A lower bound of participation for fusion technology can be set
attending different criteria. CO2 emission saving obtained in this scenario will be the
objective for the next step.
3. Run the model for a CO2-saving scenario. CO2-saving scenario consists of running
the model with the CO2 emissions saving obtained in the fusion scenario (step 2), and
with no constraints for fusion. It means that the model will run with no bounds to fusion
and could select other means of attaining the desired level of CO2 emissions.
Steps 2 and 3 can be repeated with different CO2 emissions levels.
Comparison of the system costs and CO2 emissions between first and second steps will
give an estimation of CO2 mitigation costs. These mitigation costs will be then
compared with the external costs proposed in the previous task so that it can be
estimated the optimum level of CO2 reduction that could be achieved introducing
fusion.
Mitigation costs obtained at different levels of CO2 emission reductions obtained
repeating steps 2 and 3 several times can be used to build a mitigation cost curve (see
figure VI.7.2-1). Damage costs are represented by the external costs estimated
previously. Assuming that, at the range of CO2 concentrations that are considered in the
model simulation, the external costs are constant, the point at which the marginal
mitigation costs curve crosses the damage costs curve would represent the optimum
level of CO2 reduction. Reducing CO2 emissions below this level would be more
expensive than the estimated damage costs that would be produced, and therefore would
be inefficient from the economic point of view.

x3

x2

x1

xo
Base case

Figure VI.7.2-1. Mitigation and damage marginal costs representation

The results of system costs of the third step will be compared with those from step 2.
This will give an estimation of the opportunity costs of using fusion as a means of
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reducing CO2 emissions. The same exercise can be done for different bounds in order to
see which technologies are entering in each case.
Results
First, representative data on external costs estimated from a literature review data
gathering are given. The analysis has been carried out taking always into account the
more relevant difficulties when undertaking this kind of task.
Then a methodology to compare the external environmental costs due to GHG
emissions with the mitigation costs introducing fusion in long term energy scenarios is
proposed. This methodology is based on the opportunity costs of this CO2 emission
reduction alternative.
The comparison of these so calculated mitigation costs and the damage costs obtained in
the literature review would allow us to determine an optimum level of CO2 reduction
that could be attained using fusion as the mitigation alternative.
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VI.8 JET participation
VI.8.1

Diagnostic development

Under the European Fusion Development Agreement (EFDA), the Associations are
responsible of the JET hardware enhancements, such as installation of new diagnostics
or upgrades of existing ones. CIEMAT leads two proposals within the latest
enhancement programme in JET (JET-EP2) that was approved by the EFDA Steering
Committee in July 2005. These proposals are: the upgrade of the heterodyne radiometer
to increase the frequency coverage of the instrument and the installation of a fast visible
camera to study ELM dynamics, plasma-wall interaction and pellets. It is envisaged that
both enhancements will be completed and installed during the next year.
The installation of two new antennae for oblique ECE measurements was also
completed in 2005.

VI.8.1.1 Upgrade of the JET heterodyne radiometer (JET-EP2).
The heterodyne radiometer is the primary source of electron temperature information at
JET. The radiometer routinely provides time resolved temperature profiles and due to its
high space and temporal resolution it has become the preferred diagnostic for edge
pedestal and internal transport barrier measurements in JET. The system has 96
channels with a frequency separation corresponding to < 1 cm for JET magnetic field,
and with a frequency response of 1 kHz (up to 1 MHz for MHD studies). The system
has the additional flexibility of being able to measure different polarizations (for first
harmonic O-mode and second harmonic X-mode ECE measurements). The second
harmonic (X-mode) is used for the lower fields and larger radii and the first harmonic
(O-mode) for higher fields. This capability allows the radiometer to provide a wide
radial coverage (limited at R > 2.6 m for the X-mode due to harmonic overlap) in a
wide magnetic field range (1.7 T < BT < 4 T). However, the usage of O-mode radiation
at high field operation imposes an additional limit in the range of accessible electron
densities, being the cut-off density of the first harmonic O-mode half that of the second
harmonic X-mode
The proposed upgrade seeks to enhance the performance of the radiometer by increasing
the magnetic field range at which second harmonic X-mode ECE measurements can be
performed, which will allow for a larger range of accessible electron densities. With the
upgrade it will be possible to have second harmonic X-mode ECE measurements up to
3.5 T for Te core measurements (currently central Te data in X-mode is limited to
B < 2.5 T) and up to 4 T for Te pedestal measurements (currently this operation is
limited to B < 3.2 T).
The proposal concentrates on extending the upper limit of the spectral coverage of the
existing radiometer from 140 GHz to 210 GHz. We propose to do this by adding 6 new
microwave mixers and the associated amplifiers and switching circuits (see Figure
VI..8.1.1). The number of channels does not change (96 channels), therefore no
modifications of the IF section or the acquisition system are required.
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Figure VI.8.1.1. Layout of the proposed radiometer upgrade for JET (in red are shown all new
components that will be included in the system, including 6 new millimeter downconverters, a complete
set of low noise IF amplifiers and a non-blocking microwave matrix switch).

The present instrument is an essential diagnostic for the JET physics program so this
proposal has been designed to minimise any risk to its routine availability whilst
simultaneously optimising its future performance. The conceptual design is now
complete and we estimate that the new instrument could be in routine operation within
one year of funding becoming available. The necessary microwave technology is at the
upper edge of that which is presently available commercially but this is only the lower
edge of what will be required for ITER.

IV.8.1.2 Fast visible camera (JET-EP2).
The project will be developed in six major steps:
I. Project set-up (2005): To define project goals, technical specifications and planning.
II. Design phase (2006): Identification of fast visible camera technical specifications.
Study of zooming possibilities. Optical coupling. Shielding evaluation (magnetic
fields and neutrons). Software development and control:
III. Tendering: Technical specifications for visible camera (determine list of tenderers
and preparation of Art.7 for fast visible camera).
IV. Procurement phase: Follow-up of contracts and acceptance of goods
V. Calibration and data analysis tools: Test, assembly and calibration in TJ-II facilities
using similar JET set-up.Data analysis and software tools integration.
VI. Installation and Commissioning (2007): Fast camera installation and commissioning
in JET facilities.
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Some technical choices have already been made and are the basis of the technical
requirement of the project.

•

Fast cameras with CMOS technology will be used as opposed to CCD, due to its
better response to neutron irradiation and lower cost. Recording regimes from 64 by
64 (pixels) at 120 kfps up to 1024 x 1024 (pixels) at 3 kfps and recording time in the
range of 10 s (for 1024 x 1024 pixels) are available. Flexibility in selection the
sensor region of interest (SROI) is also available.

•

The digital acquisition resolution should be 10 bit with recording time in the range
of 1 - 10 s (for 1024 x 1024 pixels). In order to investigate fast transient phenomena
the frame rate should be at least 100 kHz. On TJ-II cameras with such performance
have been tested and operated successfully (PHANTOM V.7 and PHOTRON APXRS type). The project will take advantage of this experience.

•

Different filters for main plasma lines (Dα) and relevant impurities (C, Be, W) will
be identified and implemented with remote control. Filter wheels with DC-motor,
stepping motor or pneumatic system will be used.

•

The camera will be installed in the visible part of the KL7-endoscope, allowing
toroidal view in JET, which includes a beam splitter for separation of visible and IR
light.

•

Development of appropriate optics for coupling the visible endoscope branch with
the fast camera. In addition, a beam splitter will be included to allow the operation
of a second (slower) camera which provides a routine view of the plasma in toroidal
direction. The details of the entire optical set-up will be assessed during the design
phase.

•

Analysis tools for data interpretation on ELMs dynamics, pellet ablation and plasma
wall studies will be developed (CIEMAT / HAS / IST).

Some issues still need to be investigated further: Studies are part of the project as such
and the final technical solutions will be provided at specific milestones during the
course of the project.

•

•

Zooming capability is not included in the present design of the IR endoscope.
However, this capability might be important for the pellet studies. On some
cameras, the active zone at high speed of the CMOS detector is the central part (64 x
64 pixels), instead of the whole CMOS detector (800x 600 pixels) whereas others
allow defining the active sensor area (SROI). This latter solution is considered as a
key flexibility for JET studies. Certain devices also have a video output capability
which can be used to monitor the plasma at 50 frames per second. An alternative to
SROI would be to install a movable beam splitter to visualize different plasma
areas. In this case, it would be needed to clarify its impact on the second low speed
camera set-up.
An evaluation will be made about the need to provide the camera with magnetic
shielding. Experiments in the TJ-II stellarator will help to clarify its performance in
the presence of high magnetic fields by January 2006.
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VI.8.2

ELM Calorimetry studies at JET

In JET, large (0.5 to 2 MJ) and infrequent (1 Hz) compound ELMs can be produced
suppressing gas fuelling during the neutral beam heating phase of the discharge. ELMassociated strike point upward movements have been documented in these pulses [15,16].
A question remained: where is the heat deposited? We report here a partial answer to
this question [17].
Thermocouples (TCs) embedded 1 cm deep in the divertor tiles can provide information
on heat deposition, as the ELMs studied are sufficiently large and infrequent that heat
flows due to individual ELMs can be identified. The geometry of the situation is shown
in Figure VI.8.2.1. During the H-mode phase of the plasma pulse, in between ELMs, the
strike points, represented by the red dashed line, are located at –1.64 m, the height of the
lower TC of the lower vertical divertor tiles, inner and outer. The Upper TCs in the
same lower tiles are located 10 cm above the lower ones.
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Figure VI.8.2.1 Location of thermocouples (TC) in JET divertor. Inner and Outer Lower TCs near preELM strike locations, Inner and Outer Upper TCs 10 cm above, sensitive to post-ELM strike positions.

Typically, the inter-ELM SOL width is ~1-3 target cm. Langmuir probe (LP) and
infrared data (IR) both show a transient increase in signal at the ELM, (< 100 µs), at
least 10 cm above the pre-ELM strike position, followed by a longer phase (~250 ms)
when the strike point is displaced 2-3 cm above the pre-ELM strike position, as
illustrated by the 2 dashed blue lines in Fig. VI.8.2.1.
During the ELMing phase of the discharge, the bulk of the temperature (T) rise is near
the lower TCs. This is shown in Fig. VI.8.2.2 (red traces in top row). Small and clearly
visible heat pulses associated with ELMs are observed on the T and dT/dt traces,
particularly in the lower TC of the inner tile and the upper TC of the outer tile. At each
of the 9 ELMs in this pulse ~2 MJ of diamagnetic energy is lost from the plasma. The
8th ELM appears not to reach the upper outer TC, all others do. During this pulse 46.5
MJ (60% of total energy input) are deposited in the outer lower tile, and 15 MJ (20%) in
the inner tile. Fig. VI.8.2.2 shows that in the inner tile ELM heat pulses are deposited
near both lower and upper TCs, approximately at the same time (dT/dt signals are in
phase). In the outer divertor tile ELM heat pulses arrive in phase with ELMs at the
upper TC, out of phase at the lower TC. This implies that arrival of ELM heat pulses at

VI.8- 4

the lower TC must be indirect: heat is deposited elsewhere and conducted to the TC, or
arrive later, when the strike point has returned to the pre-ELM position.
300

Pulse No: 58837
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Figure VI.8.2.2. measurements at inner (left) and outer (right) divertor tiles. Top row: temperature in
lower and upper TCs. Middle rows: dT/dt (negative spikes at ELM times due to noise pick-up). Bottom
rows: Dα signals, showing ELM times.

A 2D finite element model of the outer divertor tile was constructed, assuming a
rectangular cross-section of the tile. The grid size is 4x4 mm, the time step is 25 ms.
The material characteristics are described in [18]. Using input powers from IR
measurements and strike position movements from IR and Langmuir probes, the 2D
FEL model of heat conduction in the outer divertor tile confirms that 250-500 kJ must
be deposited up to 10 cm above the pre-ELM strike. Unfortunately, it is not possible to
resolve the exact location and timing of the heat flux arrival from the TC measurements,
and the IR power measurements are unreliable during the front of the ELM.
In ITER, it is necessary to arrive at the H-mode early in the pulse. Operation with no
gas puff and marginal input power above the H-mode power threshold are the
conditions that lead to these infrequent and large compound ELMs at JET, which we
have shown deposit considerable energy away from the pre-programmed strike point
position. It might be prudent to adapt target design in next generation tokamaks to
include appropriate materials and incidence angles in a broad area around the strike
position.
[15] E. R. Solano, Y. Corre, F. Villone, et al., J. Nucl. Mater., 337-339 (2005) 747-750
[16] E. R. Solano, S. Jachmich, F. Villone et al., Proc. of the 20th IAEA Fusion Energy Conference 2004,
1st-6th November 2004, Villamoura, Portugal
[17] E.R. Solano, P. H. Edmonds, Y. Corre, P. Andrew et al., 32nd EPS Conf. on Plasma Phys. Tarragona,
27 June - 1 July 2005 ECA Vol.29C, P-2.006 (2005)
[18[ V. Riccardo, W. Fundamenski and G. F. Matthews, Plasma Phys. Control. Fusion 43 (2001) 881-906
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VII INERTIAL FUSION ENERGY KEEP-IN-TOUCH
ACTIVITIES
VII.1 Target design and radiation fluid dynamics
We have proposed a new scheme for fast ignition, using matter accelerated to high velocity for
heating the compressed DT fuel. The main advantage of this concept is that no additional laser is
needed to produce ignition. With a careful design it seems that we can almost avoid the high
intensity laser used in conventional fast ignition design. In the initial design we use a
hypervelocity jet produced by cumulative effect on a conical liner. We have observed in the
simulations that a large amount of matter behind the jet is accelerated to high velocity too, so
should be possible to combine a mixture of direct jet and post accelerated matter to reach the
kinetic energy limit for fast ignition. By now we are not able to produce such a combined
scheme.
Another improvement is to use low Z material, with better interaction properties with DT, but
preheating of the inner cone is still a issue.
The Arwen package has been improved adding more modules. One has been the EOS fitting
package. We have generated new EOS tables adjusted to many experimental data. The package
automatically calculate the parameters of a specially designed pressure multiplier with 5
parameters related to different physical properties, adjusting to a minimal error the Hugoniot
experimental data.
The NLTE package is still under testing on the multigroup radiation diffusion routines. Once this
testing is finished, we do not expect additional problems with NLTE in the radiation transport
package.
International Collaboration:
We have european collaborations in IFE related topics with E. Dalimier (UPMC, France) and M.
Shmatov (Ioffe Physical Technical Institute, Russia).
References:

P. Velarde, F. Ogando, S. Eliezer, J.M. Martínez-Val, J.M. Perlado, M. Murakami, Comparison between
jet collision and shell impact concepts for fast ignition. Laser and Particle Beams, 23, 1-4 (2005)
P. Velarde, F. Ogando, S. Eliezer, J.M. Martínez-Val, Fast ignition heavy-ion fusion by jet impact.
Nuclear instruments and methods in physics research A, 544, 329-332 (2005)
P. Velarde, F. Ogando, Radiation Transport in AMR, Lecture Notes in Computational Physics, Vol.41,
Plewa, Tomasz; Linde, Timur; Weirs, V. Gregory (Eds.), Springer, (2005) pp 271-290
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VII.2

Atomic physics

Finally, in order to have the possibility of analyzing radiative properties
Simulations and Code Development.
During this year our efforts have been focused on the determination of radiative properties of
plasmas under NLTE conditions. In this way, our work has been focused in developing the
following items:
1. Line photon transport in a non-homogeneous plasma using radiative coupling
coefficients.
2. Use the advanced screened hydrogenic model for opacity calculations.
3. Implementation of sparse matrices techniques and iterative solvers in the calculation of
level populations for NLTE plasmas.
4. Progressing in the analysis of the influence of excited configurations and plasma
interaction in atomic and plasma magnitudes of interest in NLTE plasmas using an
analytical potential.
5. Calculation of the radiative opacity of laser-produced plasmas using a relativisticscreened hydrogenic model for ions including plasma effects.
We have guided our efforts to model medium and high Z plasmas where the number of
configurations involved becomes enormous. For these situations it is necessary to resort some
kind of storage methods that allows us to handle with this huge amount of data and also to find
some numerical method to optimize the resolution of the rates equations since direct methods are
revealed impracticable. In ATOM3 code we have opted for employing sparse matrix techniques
for the storage and iterative solvers which along with the use of simple atomic models like those
based on the analytical potentials make possible reasonable accurate calculation of average
ionization and ionic populations in a wide range of temperature and electron density conditions.
We could test our results in the “4rd Kinetics Code Comparison Code” which was held in our
University in Las Palmas de Gran Canaria last December, whose local organizer committee was
our research team.
We have proposed a new analytical potential that includes the plasma surrounding in the
atomic magnitudes calculation. This potential provides in a natural way an expression of the
continuum lowering that reproduces, in general, the results given by the widely used expression
of Stewart and Pyatt. But, besides, this potential allows us to correct the isolated atomic data, as
for example energy levels, transition energies and oscillator strengths. This will permit us to
carry out more realistic calculations of LTE and non-LTE level populations.
A flexible code that allow to calculate spectrally resolved opacities and emissivities and
mean opacities for plasmas under LTE and non-LTE conditions has been developed. This code,
called RAPCAL, is able to work into the detailed level accounting approximation (mainly for
low and intermediate Z elements) using very accurate atomic data that include mixing
configuration and into the detailed configuration accounting (generally for high Z situations)
using less precise data obtained using analytical potentials. RAPCAL code has already tested
obtaining very acceptable results and it is expected that some papers will be published along
2006.
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Other Activities:
We were designed for the organization of the 4th Workshop on NLTE Kinetics Calculation which
held in December at Las Palmas de Gran Canaria University.
International Collaboration :
With Laboratoire de l´Utilisation des Lasers Intense (LULI), Ecole Polytechnique (France),
University of Reno, Nevada (USA) and Lawrence Livermore National Laboratory (USA).
Published papers in 2005:
1. Relativistic quantum mechanic calculation of potoionization cross section of hydrogenic and nonhydrogenic status
R. Rodríguez. J.M. Gil, R. Florido, J.G. Pubiano, P. Martel, E. Mínguéz.
Journal of Quantitative Spectroscopy & Radiative Transfer. 91:393-413 (2005).
2. Opacities and line transfer in high density plasma
E. Mínguez, R. Rodríguez, J.M. Gil, P. Sauvan, R. Florido, J.G. Rubiano, P. Martel, R. Mancini. LASER
AND PARTICLE BEAMS. 23: 199-203. (2005).

Papers accepted in 2005 for their publication:
1. Code to calculate optical properties for plasmas in a wide range of densities
R. Rodríguez, J.M. Gil, R. Florido, J.G. Rubiano, P. Martel, E. Mínguez. JOURNAL DE PHYSIQUE IV.
Accepted in November 2005.
2. Line photon transport in a non-homogeneous plasma using radiative coupling coefficients
R. Florido, J.M. Gil, R. Rodríguez, J.G. Rubiano, P. Martel, E. Mínguez. JOURNAL DE PHYSIQUE IV.
Accepted in November 2005.
3. Calculation of opacities and emissivities for carbon plasmas under NLTE and LTE conditions
J.M. Gil, R. Rodríguez, R. Florido, J.G. Rubiano, P. Salvan, P. Martel, E. Mínguez. JOURNAL DE
PHYSIQUE IV. Accepted in November 2005.
4. Calculation of optical properties for hot plasmas using a screened hydrogenic model
J.G. Rubiano, R. Rodríguez, R. Florido, M.A. Mendoza, J.M. Gil, P. Martel, E. Mínguez. JOURNAL DE
PHYSIQUE IV. Accepted in November 2005.

Other papers in 2005:
1. Analytical potential for determining atomic properties of ions in plasmas for a wide range of plasma
coupling parameters.
R. Rodríguez, J.M. Gil, R. Florido, J.G. Rubiano, P. Martel, E. Minguez. Europhysics Conference
Abstracts Vol. 29C. Ed. European Physical Society (2005). I.S.B.N.: 2-914771-24-X
2. Using sparse matrices techniques and iterative solvers in the calculation of level populations for NLTE
plasmas
R. Florido, J.M. Gil, R. Rodríguez, J.G. Rubiano, P. Martel, E. Mínguez. “”. Europhysics Conference
Abstracts Vol. 29C. Ed. European Physical Society (2005). I.S.B.N.: 2-914771-24-X
3. Calculation of the radiative opacity of laser-produced plasmas using a relativistic screened hydrogenic
model for ions including plasma effects
J.G. Rubiano, R. Florido, R. Rodríguez, J.M. Gil, P. Martel, E. Mínguez. Europhysics Conference
Abstracts Vol. 29C. Ed. European Physical Society (2005). I.S.B.N.: 2-914771-24-X
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VII.3. Safety and Environment
During this year, our group has performed activities devoted to the improvement of our
computational methodology ACAB for a reliable prediction of activation responses. The result is
that the ACAB system is likely the worldwide most powerful tool to deal with cross section (XS)
uncertainties in activation analysis. Applications of the ACAB system have focused on IFE, but
also some applications are performed for IFIMIF, MFE and even waste transmutation systems.
The last two applications have been very useful for IFE, since activation XS needs in those fields
are also closely related to some of the IFE needs.
ACAB developments in predicting radioactive inventory: Uncertainties estimations
The current uncertainty information on activation XS (EAF2003/05-FENDL and evaluated
libraries ENDF/B-VI/VII, JENDL3.3 and JEFF-3.1) has been compiled, and conveniently
processed to be used by ACAB. This XS uncertainty information is used by the ACAB code to
make more reliable predictions on the isotopic inventory. The sensitivity-uncertainty approach
and the Monte Carlo-based methodology are extensively used.
O. Cabellos, S. Reyes, J. Sanz, A. Rodriguez, M. Youssef, M. Sawan, Effect of Activation Cross Section
Uncertainties on the Radiological Assessment of the MFE/DEMO First Wall, 7th International
Symposium on Fusion Nuclear Technology, Tokyo (Japan), May, 2005

ACAB developments in predicting radioactive inventory
Our computational tools have demonstrated to deal with the activation/transmutation issues of
the intense neutron source facility IFMIF (International Fusion Material Irradiation Facility) as a
first step aimed to assess its applicability to IFE needs. A comprehensive transmutation study for
steels considered in the selection of structural materials for IFE reactors has been performed in
the IFMIF neutron irradiation scenario. The IEAF-2001 activation library and the ACAB code
were applied to the IFMIF transmutation analysis, after proving the applicability of ACAB for
transmutation calculations in intermediate energy systems.
O. Cabellos, J. Sanz, N. García-Herranz, S. Díaz, S. Reyes, S. Piedloup, Transmutation Analysis of
Realistic low-Activation Steels for Magnetic Fusion Reactors and IFMIF, 12th International Conference
on Fusion Reactor Materials, Santa Barbara (USA), December, 2005

Structural materials for IFE thick liquid wall concepts: assessment of steels
We performed the waste management assessment of the different types of steels proposed as
structural material for the IFE HYLIFE-II thick-liquid concept. Both recycling options, hands-on
(HoR) and remote (RR), are unacceptable. Regarding shallow land burial (SLB), 304SS has a
very good performance, and both Cr-W ferritic steels (FS) and oxide-dispersion-strengthened
(ODS) FS are very likely to be acceptable. The only two impurity elements that question the
possibility of obtaining reduced activation (RA) steels for SLB are Nb and Mo. As concluding
remarks, it seems that a reasonable liquid thickness of about 80 cm is allowable to obtain SLB
acceptability of real RA steels. For a more definite answer, the uncertainties of some XS
(94Nb(n, )95Nb and 192nIr(n, )193Ir) should be reduced.
J. Sanz, O. Cabellos, S. Reyes, Effect of activation cross-section uncertainties in selecting steels
for the HYLIFE-II chamber to successful waste management, Fusion Engineering and Design
75–79 (2005) 1157–1161
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O. Cabellos, J. Sanz, S. Reyes, N. García-Herranz, Waste management sensitivity analysis in
different neutron environments for IFE thick-liquid concepts, International Conference on
Inertial Fusion Sciences and Applications, Biarritz (France), Septiembre, 2005.
International Collaboration:
Some of the efforts were done in collaboration with USA institutions: first of all with Lawrence
Livermore National Laboratory (LLNL), but also with University of California-Los Angeles, and
University of Wisconsin. Collaborations with CIEMAT (Spain) and ENSTA (France) have been
also initiated during this year.
Articles in refereed International Journals:

J. Sanz, O. Cabellos, S. Reyes
Effect of activation cross-section uncertainties in selecting steels for the HYLIFE- II chamber to
successful waste management
Fusion Engineering and Design, Vol 75-79, pp. 1157-1161, (2005)
L.A. Sedano, A. Hassanein, J. Sanz
Ab initio evaluations of He solubility in liquid Li
Fusion Engineering and Design, Vol 75-79, pp. 927-931, (2005)
J.M. Perlado, J. Sanz, M. Velarde, S. Reyes, M.J. Caturla, C. Arévalo, O. Cabellos, E. Domínguez, J.
Marian, E. Martínez, F. Mota, A. Rodríguez, M. Salvador, G. Velarde
Activation and Damage of Fusion Materials and Tritium effects in Inertial Fusion Reactors: strategy for
adequate irradiation
Laser and Particle Beams, Volume 23, pp. 345-349 (2005)
O. Cabellos, S. Reyes, J. Sanz, A. Rodríguez, M. Youssef, M Sawan
Effect of Activation Cross Section Uncertainties on the Radiological Assessment of the MFE/DEMO First
Wall
Fusion Engineering and Design Vol 81, pp. 1561-1565, (2005)

Chapter in Books:

O. Cabellos, J. Sanz, S. Reyes, J.F. Latkowski, and N. García-Herranz .
Sensitivity of shallow land burial to neutron environment and activation cross sections in IFE thick-liquid
concepts
Aceptado para publicación en: Inertial Fusion Sciences and Applications. State of the art 2005 (IFSA
2005), Edit. Elsevier.
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VII.4

IFE Reactor chambers

IFE Materials
Amorphous Silica is a key component in Final Focusing of Lasers in Inertial Fusion. The energy
spectra and fluxes of neutrons have been updated for different inertial fusion conceptual systems
(HYLIFE-II, SOMBRERO) and magnetic fusion facilities such as ITER and IFMIF. Significant
neutron moderation is obtained in the case of HYLIFE-II, and calculations were performed using
materials such as PbLi and Flibe. The spectra and fluxes of other running neutron sources (HFRPetten, BOR-60) to study radiation damage have also been considered as comparison. Primary
Knock-on Atoms (PKA) energy spectra have been obtained using SPECTER code for Silica for
each one of those neutron spectra. A systematic analysis of primary damage was done with
TRIM and MARLOWE codes for high-energy recoils, in order to get distribution of cascades
and subcascades.
We have explored hcp α-Zirconium (very similar to hcp α-Titanium (c/a 1.5873 for Ti and 1.593
for Zr)). It has been observed experimentally that damage produced in Zr is qualitatively similar
to that in Ti. We have been researching the defect energetics and cascade damage, by using the
input data obtained from molecular dynamics (MD) simulations. A systematic generation of
results has been produced on irradiation of hcp α-Zr under different conditions with a kinetic
Monte Carlo model. Using 25 keV cascades we have studied the evolution of the microstructure
during irradiation under environment conditions of 600K, dose rate 10-6 dpa/s, final dose of 0.5
dpa, and isotropic motion for vacancies. How the accumulation of damage is affected
considering interstitial movement from one dimension to three-dimension has also been studied.
Concerning ferritic steeels, new diffusion parameters from ab-initio calculations were
implemented in kinetic MonteCarlo BIGMAC code. 150 keV Fe+ ion irradiation in UHP-Fe
were developed. Simulations were performed using the new activation energies and 3D motion
for the diffusion of interstitial defects. New vacancy's migration energies for 3-4 vacancy
clusters and last ab-initio diffusion parameters for impurities were also implemented. TEM
observations at CIEMAT were developed to quantify the defect concentration and the defect
type. Large differences between old and new parameters and between simulations and
experiments have been observed (from 350 nm in experiments to 8 nm in simulations). New
mechanisms have been proposed to explain those differences, such as new reaction probabilities
and surface effects. Dislocation Dynamics has been used to study the interaction of Stacking
Fault Tetrahedra (SFT) with Partial dislocation successfully using Lawrence Livermore National
Laboratory code DD3D and PARADIS. The generation of SFT has been demonstrated
computationally at the same time that the key importance of the equivalent modeling of
mesoscopic scale and atomistic when describing defects-dislocation interaction in fcc materials
such as Cu.
Molecular Dynamics Simulations study of damage as a consequence of displacement cascades
due to energetic recoils in fused silica have been performed. We have identified and
characterised defects in fused silica using several methodologies. To characterise a defect we
have analysed a simulation box with different stoichiometry in order to make observations of
how those defects interact with the nearest neighbours. In addition, we have made displacement
cascade study in order to look which is the behaviour of defects in the cascade evolution with the
goal to understand better the different kind of defect that they are generating in the fusion reactor
environment. The range of primary knock-on atom (PKA) energy studied in this moment is from
20 eV to 3.5 eV.
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International Collaborations:
Lawrence Livermore National Laboratory (USA); University of Berkeley (USA); SCK-CEN
Mol (Belgium); CEA Saclay (France); University Middlesborough (U.K.); University of
Liverpool (U.K.); PSI (Switzerland); FZK Karlsruhe (Germany); CIEMAT (Spain); Universidad
Alicante (Spain)
References:

J.M. Perlado, J. Sanz, M. Velarde, S. Reyes, M.J. Caturla, C. Arévalo, O. Cabellos, E. Domínguez, J.
Marian, E. Martínez, F. Mota, A. Rodríguez, M. Salvador, G. Velarde, Activation and Damage of Fusion
Materials and Tritium effects in Inertial Fusion Reactors: strategy for adequate irradiation, Laser &
Particle Beams (2005) 23, 345-349.
C. Arévalo, M.J. Caturla, J.M. Perlado, Long-term behavior of irradiated hcp Zr using MonteCarlo
simulations, Nuclear Instruments and Methods in Physics Research B (2005) 176-180.
F. Mota, M.J.Caturla, J.M.Perlado, E.Dominguez , A. Kubota, Threshold energy of formation of an
oxygen vacancy defect in SiO2 by atomic displacements using molecular dynamics, Fusion Engineering
and Design, 75-79 (2005) 1027-1030
C. Arévalo, M.J. Caturla, J.M. Perlado, Temperature dependence of damage accumulation in hcp metals.,
Proc. 12th International Conference on Fusion Reactor (12-ICFRM) (December 2005). To be published in
Journal if Nuclear Materials (2006)
F. Mota, J,M. Perlado et al., Identification and characterization of defects produced in irradiated fused
silica through molecular dynamics, Proc. 12th International Conference on Fusion Reactor (12-ICFRM)
(December 4-9, 2005) To be published in Journal if Nuclear Materials (2006)
J. Mollá, F. Mota, M. León, A. Ibarra, M.J. Caturla J.M. Perlado,, The role of the fused silica
stoichiometry on the intrinsic defects concentration, Proc. 12th International Conference on Fusion
Reactor (12-ICFRM) (December 4-9, 2005) To be published in Journal if Nuclear Materials (2006)
F. Mota, J.M. Perlado, et al., Thermal stability of neutron irradiation effects on KU1 fused silica, Proc.
12th International Conference on Fusion Reactor (12-ICFRM) (December 4-9, 2005). To be published in
Journal if Nuclear Materials (2006)
M. L. Gámez, M. Velarde, F. Mota, J. M. Perlado, M. León, A. Ibarra, PKA energy spectra and primary
damage identification in amorphous silica under different neutron energy spectra, Proc. 12th International
Conference on Fusion Reactor (12-ICFRM) (December 4-9, 2005) To be published in Journal if Nuclear
Materials (2006)
J.M. Perlado, M. Victoria, M.J. Caturla, J. Marian, M.L. Gámez, C. Arévalo, E. Martínez, F. Mota, M.
Velarde, G. Velarde, P. Cepas, Radiation Damage in Metals, and Amorphous Silica in Inertial Fusion
Reactors: Modeling and Experiments. Published in Book Inertial Fusion Science and Applications, IFSA
2005 (2005)
J.M. Perlado, J. Sanz, M. Velarde, O. Cabellos, C. Arévalo, N. García-Herranz, E. Martínez, F. Mota, S.
Reyes, M.J. Caturla, J. Marian, G. Velarde, M. Victoria, P. Cepas, M.L. Gámez,Inertial Fusion Reactor
Physics: effect of Activation and Radiation Damage of Materials, and Tritium emissions. Presented and
published in Book of EPS Fusion Conference, Tarragona, June 2005.
Microstructure simulation of radiation damage in metals using improved kinetic Monte-Carlo defects
diffusion modeling’, in Proc. Micromechanics and Microstructure evolution: modeling, simulation and
experiments, Madrid, September 2005.
E. Martínez, J.M. Perlado, M.Victoria, M.J.Caturla, P.Cepas, J.Marian, D.Gomez, M.Hernandez
Accumulation damage in Fe using kinetic MonteCarlo implemented with the last ab-initio parameters, , in
Proc. Micromechanics and Microstructure evolution: modeling, simulation and experiments, Madrid,
September 2005.

IFE Tritium Release, Diffusion and Radiological Consequences
J.M. Perlado, M. Velarde, L. Sedano
In the current design studies, it is indicated that the elementary tritium (HT) overcomes in some
cases in one order of magnitude the effects of potential releases of tritiated water vapour (HTO).
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To fully simulate the behaviour of these chemical forms, we have and applied a methodology
that includes diffusion and deposition processes in the soil and vegetables, the penetration in the
underground, re-emission and later conversion to organic tritium (OBT). Two well-differentiated
studies, deterministic and probabilistic, have been considered. Both options have been
considered for a specific environment of Mediterranean location of the system. The very detailed
process of re-emission has shown to be very important. It has been typically considered that the
inhaled tritium is only, HTO, when, in fact part of that account is due to the HT converted to
HTO and re-emitted to the atmosphere, demonstrating that HT contributes very significantly to
the dose for inhalation. A dosimetric analysis of the contamination through all ways: inhalation,
re-emission and ingestion have also been performed. Early and chronic doses have been
evaluated. The importance of dose assessment by ingestion is more than 2 orders of magnitude if
the atmospheric emission is from HTO. The significance of Dose Conversion Factors is four
orders of magnitude smaller than those recommended in the regulatory guides for the HTO. This
conservative overestimates the doses for the HTO, but it underestimates HT.
International Collaborations:
Lawrence Livermore National Laboratory (USA); FZK Karlsruhe (Germany); CIEMAT (Spain).
References:

J.M. Perlado, J. Sanz, M. Velarde, S. Reyes, M.J. Caturla, C. Arévalo, O. Cabellos, E. Domínguez, J.
Marian, E. Martínez, F. Mota, A. Rodríguez, M. Salvador, G. Velarde, Activation and Damage of Fusion
Materials and Tritium effects in Inertial Fusion Reactors: strategy for adequate irradiation, Laser &
Particle Beams (2005) 23, 345-349.
W. Raskob, M. Velarde, J.M. Perlado, Tritium Dose Assessments With Regulatory And Advanced
Computer Models For The Potential European Iter Site Vandellós (Spain), Fusion Science and
Technology, vol 48 n1 (2005), p 492-495.
M. Velarde, J.M. Perlado, L. Sedano, Behaviour of Three Chemical Forms of Tritium in the Environment
after Release from Inertial Fusion Reactors, Published in Book Inertial Fusion Science and Applications,
IFSA 2005 (2005)
J.M. Perlado, J. Sanz, M. Velarde, O. Cabellos, C. Arévalo, N. García-Herranz, E. Martínez, F. Mota, S.
Reyes, M.J. Caturla, J. Marian, G. Velarde, M. Victoria, P. Cepas, M.L. Gámez,Inertial Fusion Reactor
Physics: effect of Activation and Radiation Damage of Materials, and Tritium emissions. Presented and
published in Book of EPS Fusion Conference 2005, Tarragona, June 2005.
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VII.5

Alternative concepts for IFE

A critical item in Inertial Fusion Energy is the performance of the target. From the very begining
of Inertial Fusion as a science, it was clear that the large energy density that could be obtained by
means of concetrating several laser beams onto a small volume of a chosen material, was the
background to trigger a fusion ontset inside a highly compressed fusionable plasma.
For more than 30 years, different ideas have been proposed to that goal. At first, self-triggered
targets were considered the most direct alternative. However, hydrodynamic instabilities and
difficulties in properly tailoring the implosion of the fusionable shell obliged to look for other
concepts.
In the so-called Fast Ignition model, a clear separation was sought between the compression
phase and the ignition phase. It was considered that compression up to very high densities would
be easier if a central hot spark was not looked for at the same time. Once the fusionable plasma
was compressed, an external beamlet of energy could ignite the target.
This idea was to some extent overlooking the difficulties to deliver in a very short time (much
shorter than 1 ns) the amount of energy required to start the fusion onset. Moreover, the higher
the compression of the plasma, the shorter the time available to trigger fusion.
Even so, the promises of very high energy gains in the case of succeding in Fast Ignition, led us
to analyse the extreme case of plasmas compressed up to degenerate states. Most of the work
was reported in last two years, and it was already said that degenerate plasmas do not present
very appealing features to obtain high energy gains for DT or DD Fusion, in spite of the fact taht
ignition tempreature decreases in degenerate plasmas, due to the reduction in bremsstrahlung
losses.
A new analysis has been carried out, for the very demanding aneutronic reaction proton-boron
11. Ignition temperature in classical pB11 plasmas is over 100 keV. However, in degenerate
plasmas, this temperature is about 20 keV. Nevertheless, this implies to reach densities over 1031
electrons/cm3 in the plasma, which is a density of 3o Mg/cm3. Indeed, the possibility of such
compression level is absolutely out of the anticipated technology for any driver.
Nevertheless, it was important to complement the former work on DT fusion with a similar
analysis on degenerate plasmas for proton-boron 11. Another specific point of this case was the
possibility to use proton beamlets of very high intensity in order to trigger the fusion onset.
However, the extremely high currents needed for triggering ignition (in a rather short time, of a
few picoseconds) pointed out that this line of IFE targets based on compressoin up to degenerate
plasmass is not promising. This statement can be applied both to classical reactions (DD, DT, as
already cited in previous annual reports) and to advanced reactions (notably pB11).
On the contrary, moderately high compressions in classical plasmas could offer an interesting
design window to be further analyzed in the context of stagnation-free implossions,
complemented with impacts of plasma jets highly accelerated by the same radiation field
inducing the plasma compression. This is a new way of research for alternatives targets, which
remain as a critical part of the whole IFE idea.
International Collaborations have been resumed with the (Prof. Emmanuel Sarris), Laboratory
of Electromagnetism and Space Research of the Democritus University of Thrace (Greece).
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14th IEEE-NPSS Real Time Conference 2005, 4-10 June 2005. Stockholm
(Sweden).
(http://www.sysf.physto.se/RT2005/ ).
PXI-based architecture for real-time data acquisition and distributed dynamical data
processing.
E. Barrera, M. Ruiz, S. López, D. Machón, J. Vega.
First International Work -Conference on the Interplay between Natural and
Artificial Computation (IWINAC), 15-18 June, 2005, Las Palmas de Gra n
Canaria. (España)
http://www.iwinac.uned.es/iwinac2005
Information retrieval and classification with wavelets and support vector machines.
S. Dormido-Canto, J. Vega, J. Sánchez, G. Farias.
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TJ-II model for remote participation: access to sharing- and real-time resources.
J. Vega.
Conferencia invitada. Asociación EURATOM/CEA. Cadarache (Francia). 20 de mayo
de 2005.
17th International Conference on Ion Beam Analysis (IBA 2005), 26 June -1 July
2005, Sevilla, Spain
Measuring deuterium thermal diffusion in fused silica
A. Ibarra , A. Muñoz-Martín , P. Martín and A. Climent-Font
32th EPS Plasma Physics Conference. 27 June – 1 July 2005. Tarragona (Spain).
http://eps 2005.ciemat.es
1. Study of Doppler reflectometry viability in TJ-II stellarator using a two- dimensional
full-wave code
E. Blanco, T. Estrada, S. Heuraux and J. Sánchez
2. Experimental dependence of plasma breakdown on wave polarization in the TJ-II
stellarator.
A.Cappa, F.Castejón, K.Nagasaki, F.Tabarés, A.Fernández, D.Tafalla, E. de la Cal,
T.Estrada, V.Tribaldos
3. Influence of magnetic topology on transport and stability in Stellarators
F. Castejón, A. Fujisawa, K. Ida, J.N. Talmadge, T. Estrada1, D. López- Bruna, and C.
Hidalgo
(Invited talk)
4. Effect of poloidal flow on fluctuations
J. M. Delgado, L. García, D. López-Bruna
P5.035
5. Fluctuation measurements by reflectometry in the stellarator TJ-II
T. Estrada, E. Blanco, L. Cupido, M.E. Manso and J. Sánchez
6. Particle balance in TJ-II plasmas under boronized wall conditions
J. A. Ferreira, F. L. Tabarés, D. Tafalla
7. Influence of the stray light upon TJ-II Thomson scattering profiles measured in
different magnetic configurations
J. Herranz, I. Pastor, and D. López-Bruna
8. Self-consistent modelling of supersonic He beam attenuation in the TJ-II Edge
Plasmas.
A. Hidalgo, F.L. Tabarés D. Tafalla and B. Brañas
9. Effects of magnetic shear on confinement in TJ-II ECRH discharges
D. López- Bruna, F. Castejón, T. Estrada, J. A. Romero, F. Medina, M. Ochando, A.
López- Fraguas, E. Ascasíbar, J. Herranz, E. Sánchez, E. de la Luna, I. Pastor
P5.024
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10. The foundations of diffusion revisited
B.Ph. van Milligen, B.A. Carreras and R. Sánchez,

11. Experimental investigation of ExB sheared flow development in the TJ-II stellarator
M.A. Pedrosa, C. Hidalgo, J.A. Alonso, A. Cappa, E. Calderón, A.A. Chmyga, N.B. Dreval, L.
Eliseev, T. Estrada, A. Fernández, L. Krupnik, A.V.Melnikov, O. Orozco, J.L. de Pablos, S.J.
Zweben
12. An investigation of the relationship between toroidal rotation and bootstrap current
in the TJ-II stellarator
D. Rapisarda, B. Zurro, A. Baciero, V. Tribaldos, E. Ascasibar and TJ-II team
13. Keeping the Options Open: Concept Improvement and Stellarator Physics
J. Sanchez and V. Tribaldos
14. Relevant improvements in the two color interferometer diagnostic in TJ-II
Stellarator. M. Sánchez and J. Sánchez
15. ELM calorimetry in JET
Emilia R. Solano, Phillip H. Edmonds, Yann Corre, Philip Andrew, Stefan Jachmich
and JET EFDA contributors
16. Injection of hydrogen and ethylene at the plasma edge of TJ-II: A comparative
study.
F.L. Tabarés, I. García-Cortés, D. Tafalla, E.de la Cal, J.A. Ferreira, A. Hidalgo, J.M.
Carmona, K.J. McCarthy and V.I. Vargas.
17. Application of intelligent classification techniques to the TJ-II Thomson Scattering
diagnostic.
J. Vega, I. Pastor, J. L. Cereceda, A. Pereira, J. Herranz, D. Pérez, M.C. Rodríguez, G.
Farias, S. Dormido-Canto, J. Sánchez, R. Dormido, N. Duro, S. Dormido, G. Pajares,
M. Santos, J. M. de la Cruz.
18. Local transport in density and rotational transform scans in TJ-II ECRH
discharges,
V. I. Vargas, D. López-Bruna, T. Estrada, E. Ascasíbar, E. de la Luna, M. Ochando, F.
Medina, J. Herranz, A. Fernández, E. Sánchez
P5.032
19. Effect of supertermal electrons on impurity ionization state
A. Ochand, F. Medina, B. Zurro, K.J. McCarthy, J.A. Jiménez, A. Baciero, D.
Rapisarda, J.M Carmona and D. Jiménez
20. High-speed turbulence imaging in TJ-II edge plasmas
J.A. Alonso, S.J. Zweben, H. Thomsen, C. Hidalgo, T. Klinger
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21. Spatial distribution of lost ripple-trapped supertermal electróns
F. Medina, M.A. Ochando, A. Baciero, J. Guasp
22. Energy influence on ion confinement in TJ-II stellarator
J.M. Fontdecaba, F. Castejón, D. López-Bruna, R. Balbín, J.Guasp, D. Fernández-Fraile
23. A code to simulate neutral beams across TJ-II for the exploitation of a chargeexchange recombination spectroscopy diagnostic
J.M. Carmona, K.J. McCarthy, R. Balbín, J.M. Fontdecaba, J. Guasp, I. Pastor, J.
Herranz
24. Feasibility study for a blow-off technique to real time monitor dust particles in
fusion plasmas
B. Zurro, D. Jiménez, A.Baciero, M.A. Ochando, J.J. McCarthy, F. Medina and A.
López
25. Studies of MHD instabilities in TJ-II plasmas
R. Jiménez-Gómez, I. García-Cortés, T. Estrada, D. Spong, J.A. Jiménez, B. Van
Milligen, A. López-Fraguas, I. Pastor and E. Ascasibar

VII Reunión Nacional de Electrocerámica. Teruel, Spain, 30 June - 1 July 2005
Efecto conjugado de impurezas C y ZrO2 en el comportamiento dieléctrico del Al2 O3 .
R. Román, M.T. Hernández, M. González, R. Vila, J. Mollá, P. Martín, A. Ibarra.
8th Workshop on Electric fields, Structures and Relaxation in Edge Plasmas.
Tarragona, 3-4 July 2005
Spontaneous edge ExB sheared flow development studies in the TJ-II stellarator
M. A. Pedrosa et al.
6th ITPA SOL-Divertor Physics Topical Group Meeting, Tarragona, Spain, 4-7
July 2005
Summary of the nitrogen injection experiments in Asdex Upgrade
F.L. Tabarés

6th ITPA MHD Topical Group Meeting, Tarragona, Spain 4-6 July 2005
Strike point jumps and shifts at ELMs
E. Rodriguez-Solano et al.
http://itpa.ipp.mpg.de/mhd_disruption_control/meeting_2005_06/
Jornada de e-Ciencia en España. 6-8 July 2005, Santiago de Compostela (España).
http://www.fecyt.es/e-ciencia
Acceso remoto al dispositivo de fusión TJ-II.
J. Vega. (Invited talk)
5th IAEA Technical Committee Meeting on Control, Data Acquisition, and
Remote Participation for Fusion Research. Budapest (Hungary), 12 - 15 July 2005
http://tm2005.rmki.kfki.hu
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1. Real-time data acquisition and parallel data processing solution for TJ-II bolometer
array diagnostic.
E. Barrera, M. Ruiz, S. López, D. Machón, J. Vega, M. Ochando.
2. Automated clustering procedure for TJ-II experimental signals.
N. Duro, J. Vega, R. Dormido, G. Farias, S. Dormido-Canto, J. Sánchez, M. Santos, G.
Pajares.
3. Searching patterns in TJ-II temporal evolution signals with Support Vector
Machines.
G. Farias, S. Dormido-Canto, J. Vega, J. Sánchez, N. Duro, R. Dormido, M. Ochando,
G. Pajares, M. Santos.
4. An authentication and authorization infrastructure: the PAPI system.
D. R. López, J. Vega, R. Castro.
5. Synchronization resources in heterogeneous environments: time-sharing, real-time
and JAVA.
A. Pereira, J. Vega, L. Pacios, E. Sánchez, A. Portas.
6. Applying a message oriented middleware architecture to the TJ-II remote
participation system.
E. Sánchez, A. Portas, A. Pereira, J. Vega.
7. Overview of the TJ-II remote participation system.
J. Vega, E. Sánchez, A. Portas, A. Pereira, A. Mollinedo, J. A. Muñoz, M. Ruiz, E.
Barrera, S. López, D. Machón, R.Castro, D. López.
5th Conference of Asia Plasma & Fusion Association (APFA 2005), 29-31 August
2005
Plasma Breakdown using Second Harmonic Electron Cyclotron Waves
K.Nagasaki, Á.Cappa, Y.Yoshimura, T.Mizuuchi, F.Sano, H.Okada, S.Kobayashi,
K.Kondo, K.Takahashi, F.Castejón, F.Tabarés, A.Fernández, E.de la Cal, T.Estrada,
V.Tribaldos, D. Tafalla, H. Shidara, Heliotron J Team, TJ-II Team and CHS Team
6th International Workshop on Strong Microwaves in Plasmas. Nizhny NovgorodSt. Petersburg. 25 July-1 August 2005.
http://www.smp.sci- nnov.ru/Programme.htm
1. Millimeter-wave design of the ITER Upper ECRH Launcher
A.G.A.Verhoeven, W.A.Bongers, A.Bruschi, S.Cirant, I.Danilov, B.S.Q.Elzendoorn,
A.Fernández, G.Gantenbein, M.F.Graswinckel, R.Heidinger, W.Kasparek, K.Kleefeldt,
O.G.Kruijt, B.Lamers, B.Piosczyk, B.Plaum, D.M.S.Ro nden, G.Saibene, A.G.Serikov
and H.Zohm
2. Gyrotron Phase Locked by Resonant Load: Theory
Yu.V. Novozhilova, A. Fernández, M.I. Petelin
3. Plasma Breakdown using second harmonic ECH in helical systems.
K. Nagasaki, A. Cappa, Y. Yoshimura, Heliotron J Team, TJ-II Team and CHS Team
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4. The remote-steering ECRH Upper launcher for ITER
A.G.A.Verhoeven, W.A.Bongers, A.Bruschi, S.Cirant, I.Danilov,
B.S.Q.Elzendoorn, A.Fernández, G.Gantenbein, M.F.Graswinckel, R.Heidinger,
W.Kasparek, K.Kleefeldt, O.G.Kruijt, B.Lamers, B.Piosczyk, B.Plaum,
D.M.S.Ronden, G.Saibene, A.G.Serikov and H.Zohm
International Conference Nuclear Energy For New Europe 2005, Bled, Slovenia, 58 September, 2005
Edge Plasma Fluctuations Measurements in Fusion Experiments
R. Schrittwieser, C. Ionita, P.C. Balan, C.A.F. Varandas, H.F.C. Figueiredo, C. Silva, J.
Stöckel, J. Adámek, M. Hron, M. Tichý, C. Hidalgo, M.A. Pedrosa, E. Calderón, E.
Martines, G. van Oost, J.J. Rasmussen, V. Naulin
International Conference PLASMA-2005 on Research and Applications of
Plasmas, combined with Third German-Polish Conference on Plasma Diagnostics
for Fusion and Applications and Fifth French-Polish Seminar on Thermal Plasma
in Space and Laboratory, 6 - 9 September 2005, Opole, Poland
http://draco.uni.opole.pl/plasma2005/
Testing of the collisional-radiative model by laser induced perturbation of a supersonic
He beam in TJ-II plasmas
A.Hidalgo, F.L. Tabarés and D.Tafalla
Workshop on the coordinated programme for Real Time Measurement and
Control at JET, Culham Science Centre, UK, 19 – 20 September 2005.
TJ-II control system.
J. Vega.
MS&T’05 Symposium of Creep Deformation and Fracture, Design and Life
Extension. Pittsburg (Pensilvania, USA). 25 - 28 September 2005.
Creep behavior and microstructural evolution in the reduced activation
ferritic/martensitic 9Cr1WVTa Eurofer'97 steel.
P. Fernández, A.M. Lancha, J. Lapeña.

11th European Fusion Theory Conference. Aix-en-Provence (France) 26-28
September 2005
http://www-drfc.cea.fr/eftc11/index.html
1. Optimum Gaussian beam for O-X conversion in EBW heated plasmas
A.Cappa, F.Castejón, E. Holzhauer, M. Tereshchenko and A. Fernández
2. Ion orbits and ion confinement studies on ECRH plasmas in TJ-II stellarator
F. Castejón et al.
21st IEEE/NPSS Symposium on Fusion Engineering (SOFE). 26-29 September
Knoxville, Tennessee –EE.UU.
A Compact Flexible Pellet Injector for the TJ-II Stellarator
K.J. McCarthy, S.K. Combs, L.R. Baylor, J.B.O. Caughman, D.T. Fehling, C.R. Foust,
J.M. McGill, L. Sedano, J.M. Carmona, C. Hidalgo and D.A. Rasmussen
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15th Internacional Stellarator Workshop. 3-7 October 2005. Madrid, Spain
http://www- fusion.ciemat.es/sw2005/
1. High-speed turbulence imaginf and wavelet-based análisis during edge shear flow
development in TJ-II plasmas
J.A. Alonso, S.J. Zweben, H. Thomsen, C. Hidalgo, T. Klinger, B.Ph. van Milligen, J.L.
de Pablos, M.A. Pedrosa
2. Ion Temperature Profiles on TJ-II Stellarator During NBI Plasma Heating
R. Balbín, S. Petrov, J.J. Fontdecaba, K.J. McCarthy, J.M. Carmona, J. Guasp, M.
Liniers, C. Fuentes, F. Castejón
3. Microwave Reflectometry in TJ-II
E. Blanco, T. Estrada, L. Cupido, M.E. Manso, V. Zhuravlev and J. Sánchez
4. Experimental evidence of coupling between density tails and turbulent transport in
the scrape-off layer region in the TJ-II stellarator
E. Calderón, M.A. Pedrosa, C. Hidalgo, C. Silva, O. Orozco
5. Ion temperaturçe measurement by means of a combined force-Mach-Langmuir probe
E. Calderón, T. Lunt, C. Hidalgo, M. A. Pedrosa
6. Experimental dependence of ECR plasma breakdown on wave polarization in the TJII stellarator
A. Cappa, F. Castejón, K. Nagasaki, F. Tabarés, A. Fernández,D. Tafalla, E. de la Cal,
T. Estrada
7. A study of central impurity ion temperatures during ECR and NBI heating phases in
TJ-II Stellarator plasmas
J.M. Carmona, K.M. McCarthy, J.M. Fontdecaba, S. Petrov, R. Balbín, V.I. Vargas, B.
Zurro
8. Ion orbits and ion confinement studies on ECRH plasmas in TJ-II stellarator
F. Castejón, J.M. Fontdecaba, D. López-Bruna, R. Balbín, J. Guasp, D. FernándezFraile, L.A. Fernández, V. Martín-Mayor, J.M. Reynolds, A. Tarancón
9. Design and Testing of an Electron Bernstein Wave Emission Radiometer for the TJ-II
Stellarator
J.B.O. Caughman, D.A. Rasmussen, A. Cappa, M.C. Carter, F. Castejón, A. Fernández,
and J.B. Wilgen
10. Assessment of Global Stellarator Confinement: Status of the International
Stellarator Confinement Scaling Data Base
A.Dinklage, E.Ascasibar, C.D.Beidler, V. Dose, J. Geiger, J.H. Harris, A. Kus, S.
Murakami, S. Okamura, R. Preuss, F. Sano, U. Stroth, Y. Suzuki, J. Talmadge, V.
Tribaldos, K.Y. Watanabe, H. Yamada,M. Yokoyama,
11. Electron Internal Transport Barriers and Magnetic Topology in the Stellarator TJII
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T. Estrada, D. López-Bruna, A. Alonso, E. Ascasíbar, A. Baciero, A. Cappa, F.
Castejón, A. Fernández, J. Herranz, C. Hidalgo, J.L. De Pablos, I. Pastor, E. Sánchez, J.
Sánchez, L. Krupnik, A.A. Chmyga, N. Dreval, S.M. Khrebtov, A.D. Komarov, A.S.
Kozachok, V. Tereshin, A.V. Melnikov and L. Eliseev
12. The quest for a divertor effect in TJ-II
I. Garcia Cortés, F.L. Tabarés et al.
13. Influence of the stray light on the recorded Thomson electronic distribution function
J. Herranz, I. Pastor
14. On the role of turbulence on momentum redistribution in fusion devices
C. Hidalgo, M.A. Pedrosa, et al.
15. Electromagnetic Instabilities in Strongly MHD Stable TJ-II Heliac
J.A. Jiménez, S.V. Shchepetov, E. de la Luna, I. García-Cortés, A.B. Kuznetsov and R.
Jiménez
16. Recent results with NBI plasmas in TJ-II stellarator
M. Liniers, E. Ascasíbar, T. Estrada, F. L. Tabarés, M. Acedo, J. Alonso, R. Balbín, E,
Blanco, B. Brañas, A.Cappa, R. Carrasco, F. Castejón, A. Fernández, J. M. Fontdecaba,
C. Fuentes, A. García, I. García-Cortés, J. Guasp, A. Hidalgo, C. Hidalgo, R. Jiménez,
D. López- Bruna, A. López-Fraguas, G. Marcon, K. J. McCarthy, F. Medina, M.
Medrano, M. Ochando, I. Pastor, M. A. Pedrosa. D. Rapisarda, E. Sánchez, M. Sánchez,
J. Sánchez, D. Tafalla, G. Wolfers, B. Zurro.
17. A statistical approach to strange diffusion phenomena
B. Ph. Van Milligen, B.A. Carreras and R. Sánchez
18. Up-down and in-out asymmetries monitoring based on broadband radiation
detectors
M. A. Ochando, F. Medina, B. Zurro, A. Baciero, K. J. McCarthy, M. A. Pedrosa, C.
Hidalgo, E. Sánchez, J. Vega, A. B. Portas, L. M. Martínez-Fresno, HIBP Group,
ECRH Group, NBI Group and TJ-II Team.

19. On the influence of ExB sheared flows in the statistical properties of turbulence in
the plasma boundary of the TJ-II stellarator
O. Orozco, E. Faleiro, C. Hidalgo, M.A. Pedrosa, et al.
20. Experimental investigation of edge sheared flow development and configuration
effects in the TJ-II stellarator
M.A. Pedrosa, C. Hidalgo, et al.
21. A simulation code to estimate / deduce local toroidal rotation profiles in TJ-II
plasmas from chord-integrated measurements
D. Rapisarda, B. Zur ro, V. Tribaldos, A. Baciero, D. Jiménez and the TJ-II team.

22. Keeping the options open for a reactor: issues in the stellarator roadmap
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J. Sánchez and V. Tribaldos
23. Field Line Mapping Results in the CNT Stellarator
X. Sarasola, T. Sunn Pedersen, J.P. Kremer, R.G. Lefrancois, Q. Marksteiner
24. Optimization Studies of TJ-II Stellarator
B. Seiwald, V. V. Nemov, S. V. Kasilov, W. Kernbichler, J. A. Jimenez, V. Tribaldos
25. Transport and fluctuations during electrode biasing on TJ-II
C. Silva, M.A. Pedrosa, et al
26. Impact of fuelling location on TJ-II plasma performance
F.L. Tabarés et al.
27. TJ-II operation tracking from Cadarache.
J. Vega, E. Sánchez, A. Portas, A. Pereira, A. López, E. Ascasíbar, S. Balme, Y.
Buravand, P. Lebourg, J. M. Theis, N. Utzel, M. Ruiz, E. Barrera, S. López, D. Machón,
R. Castro, D. López, A. Mollinedo, J. A. Muñoz.
28. Local transport in density and rotational transform scans in TJ-II ECRH discharges
V.I. Vargas, D. López-Bruna, T. Estrada, E. Ascasíbar, E. De la Luna, M. Ochando, F.
Medina, J. Herranz, A. Fernández, E. Sánchez
29. Internal Transport Barrier Physics in Helical Systems
M. Yokoyama, H. Maassberg, K. Ida, T. Estrada, F. Castejon, T. Minami, A. Fujisawa,
O. Yamagishi, M.G. Shats, A. Dinklage, V. Tribaldos, C.D. Beidler, T. Shimozuma,Y.
Takeiri, J. Herranz, S. Murakami and H.Yamada
30. Comparison of Impurity Poloidal Rotation in ECRH and NBI Discharges of the TJII Heliac
B. Zurro, A. Baciero, D. Rapisarda, V. Tribaldos, D. Jiménez and TJ-II Team

XXXI Reunión Anual de la Sociedad Nuclear Española. Logroño, Spain, 19-21
October 2005
1. Sistema de inyección de haces neutros para ITER: Diseño del sistema de simulación
de campos magnéticos.
J. Alonso, J. Botija, A. López Fraguas, M. Liniers
Ponencia 13-10
2. Estudios conceptuales de reactores de fusión por confinamiento magnético en
Europa. Diseño de los soportes del manto fértil.
B.Brañas, G. Barrera, J. Doncel, M. Medrano, A. García, A. Ibarra
Ponencia 13-11
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3. Aceros ferríticos/martensíticos de activación reducida como materiales estructurales
del futuro reactor de Fusión.
P. Fernández, A.M. Lancha, J. Lapeña.
4. Efectos de la Radiación en Dispositivos para Operaciones de Manipulación a
Distancia en ITER.
T. Hernández, P. Martín, E.R. Hodgson, R. Vila y A. Moroño
5. Materiales aislantes en los sistemas de calentamiento de las futuras máquinas de
fusión termonuclear.
J. Mollá, R.Vila, M.González, A. Ibarra, R. Román, M.T. Hernández
6. Proceso de licenciamiento de ITER en Cadarache
L. Rodríguez-Rodrigo, Pascal Garin and EISS Team
Ponencia 13-09
7. Avances de la Investigación en Fusión Magnética: situación de ITER y del programa
español.
J. Sánchez
Ponencia 13-01
8. Ionización y propiedades de transporte de tritio en alúminas. Implicaciones de
diseño y seguridad en sistemas de calentamiento y diagnóstico en ITER.
L.A. Sedano
9. Química de equilibrio y minimización de la permeación de tritio en el diseño de GVS
para reactores de fusión DEMO (300/500ºC, 8 C, 8 MPa).
L.A. Sedano
10. Sistemas de Diagnóstico en Reactores de Fusión: Problemática de los Materiales.
R. Vila, M. González, P. Martín, M. León, A. Ibarra, J. Mollá, E.R. Hodgson y A.
Moroño.
47th Annual Meeting of the Division of Plasma Physics, 24-28 October 2005,
Denver, Colorado
http://meeting.aps.org/Meeting/DPP05/Content/251
1. Overview of TJ-II Experiments
Kieran McCarthy
2. Toroidal rotation measurements in TJ-II and its relataion with the bootstrap current
D. Rapisarda, B. Zurro, V. Tribaldos, A. Baciero, D. Jiménez and the TJ-II Team
Coordinating Committee on Neutral Beams (CCNB Meeting 2005/2), Ringberg,
Germany, 21-23 November 2005
Magnetic Fields from the Residual Field System
J. Alonso, A. Lopez-Fraguas, M. Liniers, J. Botija
12 th International Conference on Fusion Reactor Materials (ICFRM-12), Santa
Barbara, CA USA, 4-9 December 2005
http://icfrm-12.pnl.gov/
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1. Mechanical and microstructural behaviour of Y2 O3 ODS EUROFER 97.
V. de Castro, T. Leguey, A. Muñoz, M.A. Monge, P. Fernández, A.M. Lancha, R.
Pareja.
2. Studies on Proton Irradiation-Induced Modifications of KU1 and KS-4V Quartz
Glasses Ultraviolet Transmission Properties
B. Constantinescu R. Bugoi, E.R. Hodgson, R. Vila, P. Ioan
In-reactor vacuum RIED experiment on sapphire
M. Decréton, E.R. Hodgson, H. Ooms
3. Efficiency of tritium removal techniques in castellated structures
J.A. Ferreira, F.L. Tabarés and D. Tafalla
PKA Energy Spectra and Primary Damage identification in Amorphous Silica under different
neutron energy spectra
M. L. Gámez, M. Velarde, F. Mota, J. Manuel Perlado, M. León, A. Ibarra
4. Surface Electrical Degradation of Helium Implanted SiO2 .
S.M. González, A. Moroño, E.R. Hodgson
5. Anomalous radioluminescence behaviour for KS4V.
E.R. Hodgson and A. Moroño
6. Radiation Effects on the deuterium Difusión in SiO2 .
A. Ibarra, A. Muñoz, P. Martín , A. Climent-Font and E.R. Hodgson
Mechanical and Microstructural Behavior of Y2 O3 ODS EUROFER 97
T. Leguey, M. A. Monge, A. Muñoz, V. de Castro, P. Fernández, A. Lancha and R.
Pareja
7. Thermal Stability of Neutron Irradiation Effects on Fused Silica
M. León, A. Ibarra, D. Bravo, F.J. López, A. Rascón, P. Martín and F. Mota.
8. The role of fused silica stoichiometry on the intrinsic defects concentration
J.Mollá, F.Mota, M.León, A.Ibarra, M.J.Caturla, J.M.Perlado
9. Identification and characterization of defects produced in irradiated fused silica
through molecular dynamics
F. Mota, M.J.Caturla, J.M. Perlado, A. Ibarra, M. León, J. Mollá, A. Kubota
Parametric assessments on hydrogenic species transport in ceramic insulators used in ITER
Heating & Current Drive and Diagnostics
L. A. Sedano, S. M. González, A. Moroño, R. Vila and E. R. Hodgson
10. Effects of Neutron Irradiation on the Properties of Functional Materials for Fusion
Applications
T. Shikama and E.R.Hodgson
11. Preliminary Assessment of theSafety of IFMIF (Presentación oral)
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N. P. Taylor, B. Brañas, E. Eriksson, A. Natalizio, T. Pinna, L. Rodríguez-Rodrigo, S.
Ciattaglia, R. Lässer.
12. Thermallly induced EMF in unirradiated MI Cables
R. Vila and E.R. Hodgson
15th IEA Annex II Workshop on Radiation Effects in Ceramic Insulators, Santa
Bárbara (CA, USA), 9 December 2005.
1. Recent EU and RF Research Activities Update.
E.R. Hodgson
2. Long Term Ceramics Needs.
E.R. Hodgson
3. Update on RIEMF/TIEMF
R. Vila
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VIII.3.1 Ph. D. Thesis
Estudios Perturbativos de Transporte en el stellarator TJ-II
Sonsoles Eguilior
Sobresaliente cum Laude por Unanimidad.
20 September 2005
Departamento de Física Atómica y Nuclear de la Facultad de Ciencias Físicas,
Universidad Complutense de Madrid.
Supervisor: Francisco Castejón

VIII.3.2 Master
Avanzados")

Diplomas

("Diploma

de

Estudios

Estudio experimental del efecto de flujos con cizalladura en las micro y
macroinestabilidades en el Stellarator TJ-II
Arturo Alonso
Sobresaliente
8 July 2005
Supervisor: C. Hidalgo
Un código para simular la interacción de un haz de neutros en TJ-II con el fin de
interpretar y evaluar señales espectroscópicas
J. Miguel Carmona
Sobresaliente
8 July 2005
Supervisor: K. McCarthy
Estudios de inestabilidades MHD en el Stellarator TJ-II
Rubén Jiménez-Gómez
Nota: Sobresaliente
8 July 2005
Supervisor: E. Ascasíbar
Propiedades Estadísticas de la Turbulencia y Redistribución de Momento en el TJ-II
R. Octavio Orozco
Nota: Sobresaliente
R. Octavio Orozco
8 July 2005
Supervisor: C. Hidalgo
Transporte local en plasmas ECRH de un dispositivo HELIAC de confinamiento
magnético
V. Iván Vargas
Sobresaliente
8 July 2005
Supervisor: D. López-Bruna
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VIII.4 Seminars and talks
Ad-hoc group report on the Long Term Technology Programme.
E.R. Hodgson
12th Meeting of the STAC. Brussels, Belgium, 8 March 2005
CIEMAT progress on RADTOL. Presentation of CIEMAT 2004 work.
E.R. Hodgson
Garching, Germany, 23 March 2005
TJ-II model for remote participation: access to sharing- and real-time resources.
Invited talk. J. Vega.
CEA, Cadarache, France, 20 May 2005.
The EURATOM Long Term Insulator Programme.
Invited talk E.R. H odgson
Atominstitut. Vienna, Austria, 23 May 2005
Estudios perturbativos de transporte en el stellarator TJ-II.
Sonsoles Eguilior
Seminarios del LNF, 14 September 2005
Análisis de defectos intrínsecos en cuarzo vítreo y su variación con la estequiometría.
J. Mollá
Instituto de Biocomputación y Física de Sistemas Complejos, Zaragoza, Spain 10
November 2005
Nuevo diseño para el Lazo Diamagnético del TJ-II.
Jesús Romero
Seminarios del LNF, 25 November 2005
Litiado del TJ-II
Francisco Tabarés
Seminarios del LNF, 16 December 2005
Perfiles de neutros y pérdidas CX en TJ-II con ECRH
Eduardo de la Cal
Seminarios del LNF, 20 December 2005
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