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I INTRODUCTION
The focal point of the work at the Spanish Association has been the flexible Heliac TJ-II,
which at present 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. Heating systems developments and physics and, in
particular, the progress with NBI hardware and exploitation are also included in this chapter.
(NBI was the last Preferential Support activity in TJ-II and it was subject to a monitoring
exercise last year)
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:
- Diagnostic design for ITER: Magnetics diagnostic (Irradiation aspects). Contract 041207
- Development of a computing tool for DEMO blankets Tritium Cycle. Contract 04-1165
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Chapter VI: includes the EFDA activities non related with our main line of Materials
research. In particular several 5.1b contracts are discussed:
- ITER Reflectometry (contract 02-1007)
- ITER Cadarache Site Studies Two tasks are been undertaken in the scope of contract
FU06-CT-2004-00109 (EFDA04/1162).
- Power Plant Conceptual Studies (EFDA task TW4-TRP-002).
This chapter also reports the activities at JET and the work on socioeconomic studies
Chapter VII is related to the collaborations with different Associations, domestic and
international groups
Chapter VIII reports the keep in touch activities on Inertial Fusion
Finally, Chapter IX gives a list of publications, conference contributions and talks.
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II

TJ-II ENGINEERING AND OPERATION

II.1 Operation of TJ-II during 2004
Introduction
This section describes the main activities related to the operation of TJ-II carried out
during 2004. As usual, two experimental campaigns were done, in spring and autumn,
separated by the summer and winter technical shutdowns for maintenance and new
installations.

II.1.1 Winter shutdown: January 19-February 20, 2004
At the end of 2003 there were a number of new diagnostics ready to be installed in the
vacuum vessel and, in addition, it turned out that some in-vessel systems needed urgent
maintenance. For this reason –and against the usual tendency of opening the TJ-II
vessel only during the longer summer shutdown- it was decided to vent and open the
chamber.
The new diagnostics to be installed were:
-array of 15 Mirnov coils, measuring the poloidal component of the magnetic field at
the RD5 ring position (it was necessary to pass inside the vessel through the closest
personnel access ports, D3 and D6SIDE).
-flux loop inside the vacuum vessel designed to measure the vertical magnetic flux
inside the vessel at the RD5 ring position, which, according to simulations should carry
information related to the plasma energy content.
-new heterodyne reflectometer (horns, waveguide, vacuum feed-throughs) for
measuring fluctuations in the B8SIDE port.
The installation of all three new diagnostics required the installation of new ports at
D5BOT and B8SIDE.
In addition, two maintenance-type interventions took place:
-it was being noticed that the manipulators that move the shutters protecting the
expensive ZnSe windows of the infrared interferometer (located at B1 sector) were
getting increasingly stiff and were under serious risk of getting completely blocked.
Both TOP and BOT ports of B1 sector were dismounted, and the corresponding
manipulators repaired and motorised allowing for remote control.
-an additional electrode for glow discharge cleaning was installed in C5TOP port to
facilitate the penetration of the glow discharge in this area.
On February 20th the vessel was closed and pumping started. After successful minor
leak detection process, good enough vacuum conditions (P ≈ 2.8 x 10-7 mbar) were
achieved on 27th February. An unexpected general electrical blackout occurred on
Sunday February 29th, which destroyed two Ethernet hubs installed inside the
experimental hall. It took 10 days to replace the damaged equipment with new suitable
elements.
Finally, the vacuum vessel was boronised on March 10th and plasma operation started
on March 16th after one and a half days spent in solving problems related to the
acquisition system.
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II.1.2 2004 spring campaign: February 26-June 17 2004 (34 operation
days, 1124 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 diagnostics, control, data acquisition and diagnostics:
two sessions, 50 shots
• Start-up and tuning experiments with ECH power modulation and polarisation scan:
one session, 30 shots
• NBI plasmas (sessions devoted to optimize the coupling of the neutral beam to the
ECH target plasma: magnetic configuration and plasma volume scans, ECH
providing on or off axis heating, electrode biasing,...): fourteen sessions, 370 shots
• Divertor-type configurations. Experiments with ethylene injection: five sessions,
113 shots
• Rotational transform scan: perturbative experiments (Si blow-off): four sessions,
127 shots
• Limiter biasing experiments. 2-D visualization of turbulence: one session, 38 shots
• Biased electrode experiments, plasma potential profiles: three sessions, 99 shots
• Sheared flows vs. plasma density and magnetic configuration: two sessions, 69 shots
• Apparent Doppler ion temperature (Fe blow-off): one session, 32 shots
• Influence of low order rationals on electric fields and supra-thermal generation: two
sessions, 41 shots
Some technical problems showed up (as usual) during the experimental campaign that,
in some cases, produced loss of operation time. The total time during which the
machine operation was stopped for this reason has amounted to seven hours, less than
one day of operation. Here we summarize the main failures occurred along with
incidents relevant to the machine operation:
-Failure of the He valve in the many-fold system of the gas-puff conduit system. It was
discovered on March 24th. The He valve leaked through and consequently the working
gas became contaminated with He. No operation time lost but the prize to pay has been
the necessary weekly maintenance of the gas puff system every Monday to purge it.
-Failure of one of the NBI tetrodes on March 30th. The resulting extra-current blew up
several electrical components. As a consequence, the NBI system remained out of
operation during four weeks for repairing works.
-Problems in the control system of the main generator on March 31st and April 14th:
Converters real time unit got blocked: three hours lost.
-The ECH power supply has shown occasionally high failure-statistics (failure rate
between 11% and 36%) almost randomly distributed over the operation days (April 20th,
May 19th, 20th, 25th, 26th and 27th). These failures have been attributed to malfunctions
of the control system of the HVPS inverters, based on analogical electronic circuitry.
The solution to this problem will be provided during the summer 2004 shutdown by
replacing the obsolete control system by a new one based on digital technology.
-Failure of the sector D turbo-pump. The machine operated successfully (P≈ 1 x 10-7
mbar) during 3 weeks with only 3 pumps until the spare pump arrived. No operation
time was lost for this reason.
-Ground loop detected, right after a shot, between vacuum vessel and sector A support
structure on April 29th. The origin was intensely searched with no conclusive result.
Three hours lost.
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-Loss of density control after experiment with ethylene injection and pronounced
insertion of the movable poloidal limiters. Density control was recovered after
interrupting operation for 30 min He GDC.
-Failure of the modulator of the G1 gyrotron on May 12th. It remained out of operation
for repairing works during three working days.

II.1.3 Summer shutdown: June 21 –October 19, 2004
At the end of the 2004 spring campaign there were a number of new diagnostics and
systems ready to be installed in the vacuum vessel and some in-vessel maintenance and
reparation work was needed as well. Besides a number of activities not involving the
vacuum vessel but requiring free access to the experimental hall were also pending.
The new diagnostics and systems that have been installed are:
-New puffing set-up in port C4SIDE, allowing for selectable injection of puffed gas
particles in lower or higher magnetic field ripple regions.
- Graphite plates (three) in the B4 and B5 sectors in order to protect the vacuum vessel
from the shine through power of the counter NB injector (NBI#2)
-New port in A8TANG providing a tangential view of the plasma for the fast video
cameras.
-New port with two large CF-250 flanges and their corresponding gate valves in
B1TANG, for the new CX diagnostic to be installed in 2005.
-New tube with detector and gate valve in C8BOT for plasma-wall studies.
- Two new ports have been installed in A7SIDE and A7BOT and new flanges have been
fitted in A7TOP in preparation for the new neutral beam injector for diagnostic
purposes (DNBI) to be installed in 2005.
-New port (actually it is a “recycled” old port formerly installed in A7SIDE for
bolometry purposes) installed in B2SIDE in preparation for the pellet injector, which is
to be installed in 2005.
The maintenance in-vessel works performed have been:
-Repairing of a leaking gate valve in port D5TOP (intermediate compartment for the
study of plasma-produced erosion on composite materials)
-Replacement of a damaged bellow in the CX-analyser located in A8-SIDE.
-Dismounting of the A3BOT limiter for maintenance of the Langmuir probes installed
on it. After disassembling it, it turned out that some additional mechanical reparation
work was needed and, not having enough time, its re-installation on TJ-II was
postponed until a subsequent aperture on the vacuum vessel.
The technical activities carried out in the experimental hall along the shutdown can be
summarised as follows:
-Modification of the support structure of the quasi-optical transmission line of the
gyrotron number 2 (QTL2, in short) in order to make it compatible with the installation
of the new neutral beam injector for diagnostic purposes (DNBI).
-Annual routine maintenance of the ECH high voltage power supply.
-Installation of a completely new control system for the inverters of the ECH high
voltage power supply.
-Cleaning (flakes and powder removal) of the Ti pumps of the neutral beam injector
number 1 (NBI#1).
-Continuation of the assembly activities of the neutral beam injector number 1 (NBI#2).
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-Modification and improvement of the local data acquisition network for increasing the
data transmission speed up to 100/1000 Mb/s.
On October 14 the vessel was closed and pumping started. After a long and eventually
successful leak detection process, good enough vacuum conditions (P ≈ 2.8 x 10-7
mbar) were achieved. The vacuum vessel was boronised and plasma operation started
on November 4.

II.1.4 2004 autumn campaign: November 3-December 21 2004 (17
operation days, 583 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 system, data acquisition and diagnostics: two
sessions, 24 shots.
• Rotational transform scan with alternative emphasis on reflectometry measurements,
confinement and low order modes): three sessions, 99 shots.
• Study of electron internal transport barriers using OH-driven current and off-axis
ECH: one session, 37 shots.
• Visualization of two-dimensional turbulence, with emphasis on shear flows, using
ultra-fast video camera: three sessions, 105 shots
• Studies on supra-thermal electrons and transport: one session, 23 shots.
• NBI plasmas (sessions devoted to optimize the coupling of the neutral beam to the
ECH target plasma: ECH providing on or off axis heating, density limit studies,
rotation measurements, ion temperature profiles...): five sessions, 152 shots.
• Influence of the poloidal distribution (magnetic field ripple) of the injected gas puff
on the fuelling: one session, 38 shots.
• Studies of Alfven modes in He plasmas: one session, 33 shots.
Only a relatively small fraction (9%) of the operation time allocated for experiments has
been lost due to technical problems along this campaign. Nevertheless a number of
incidents have occurred, among which, the following ones can be mentioned:
-An electrical failure happened in the H.V unit of the Thomson Scattering laser due to
aging of some electrical components. The problem was quickly solved with almost no
impact on the operation.
-Three days of operation have been perturbed due to an excessively low (down to 205 V
instead of the nominal 220V) input voltage in the grid. As a consequence the NBI and,
especially, the ECH operation has been hindered because the corresponding high
voltage power supply was unable to power both gyrotrons simultaneously.
-In a couple of occasions persistent, difficult to find ground loops have stopped the
operations. The reason has been always improper wiring of diagnostic racks or subsystems.
-Very occasionally, minor problems have appeared in the NBI Decel power supply
(failing capacitors) and in the control system of the main generator that caused some
interruptions of the operations.
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II.2 Engineering.
II.2.1 Introduction.
During the year 2004 the TJ-II engineering group has developed a number of activities
most of them concentrated on the items listed:
•
•
•
•
•
•

The technical operation of the TJ-II during the experimental campaigns.
The maintenance and routinary tests of the auxiliary systems and TJ-II
components.
Modifications in the different systems and components to accommodate them
for the new elements in the experiment.
Support on the EFDA Technology Program
Support on the installation of the new heating plasma system by means of
Berstein Waves.
The safety of personnel and installations

In addition to those normal activities, the engineering group has provided technical
support for other activities within the TJ-II project. In the same way the collaboration
with IPP for the monitoring of the manufacturing contract of the “Supporting and
Weight-bearing Structure of the Wendelstein-7X Experiment” has been carried out
normally during the year.

II.2.2 TJ-II, Technical operation of the machine and buildings.
The TJ-II experiment was in operation during two different periods along the year 2004
with a summer stop to carry out big maintenance tasks. The first period started in the
middle of February and finished in the middle of June. The second period started in the
first week of the of November and finished in the third week of December. As usual in
the normal operation of the machine the operation started normally at 9.30 a.m. and
finished at 17.30 p.m., during three days per week, Tuesday, Wednesday and Thursday.
On Friday and Monday the TJ-II is stopped, some small routine maintenance tasks are
carried out and new small equipments are installed. Fridays were also dedicated to the
operation of NBI with conditioning shots, and the pulse generator has been in operation
most of such a days. The technical operation of TJ-II is carried out by an engineer, with
the responsibility of the machine components and the safety of personnel.
The electrical distribution system has been improved because the of the necessary
modifications for the Berstein Mode installation. Two new electrical boards has been
installed:
1- An electrical board has been installed in the baseground of the experimental
hall, and nearly all the power supplies for the low voltage systems will be
concentrated on it. The new lines to supply the Berstein Mode Power Supply
have been included in this board. In addition the board has been provided
with some spare lines for future components, and lately the electrical supply
for the Diagnostic Neutral Beam Injector has been included.
2- An electrical board has been installed in the ECRH cooling system hall. The
modifications in this system, to allow the cooling of the Berstein Mode
System components, has required an upgrade of the electrical supplies.
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The Berstein Mode installation will require a confined area in the experimental hall to
house the gyrotron and the high voltage power supply. A metallic cage surrounding a
surface of 26 m2 has been assembled. A platform inside this area allows the normal
maintenance of the main components.

II.2.3 Maintenance of the TJ-II and auxiliaries.
On behalf of CIEMAT the regular maintenance program of the TJ-II and all the
auxiliary systems has been done, all of them necessary for the experimental operation.
Either the CIEMAT personnel or external companies, under the technical supervision of
the Fusion Laboratory personnel, carry out these activities.
The maintenance of the crane bridges installed in the different buildings which are
related with TJ-II facility has been performed. No special problem is worth to be
remarked.
II.2.3.1 The components of TJ-II.
The maintenance is focused in the critical points of the coils and their structures which
are permanently supervised during the operation of the machine. Displacements of the
structures and electrical terminals give an idea about the status of them. Special
attention is devoted to the electrical joints of the Toroidal Field System, with weekly
detailed measurements of the resistance of the coils and interconnection busbars and the
checking of the torque of several electrical and mechanical joints each two weeks.
II.2.3.2 Power supply.
The revision of the pulse generator, rectifiers and auxiliaries was carried out during
August. The characteristics of the main components of the system are checked looking
for the loosing of the insulation or nominal operation set points.
II.2.3.3 Cooling system.
The maintenance of the different cooling systems of the TJ-II has been performed. A
number of minor problems have been detected along the year and subsequently
corrected:
- The N2 system which keeps the base pressure in the coils cooling circuits had
some minor leaks due to damaged joint seals.
- The central coils cooling system suffered a water leak in the mechanical
coupling of the pump, and the failure of one of the pneumatic valves which
allows the entrance of the cooling water to the coil. The mechanical coupling
was replaced and the valve repaired.
As usual, the main problems which interfere with the normal operation of the cooling
plant are due to the necessity of having a extreme cleanliness in the cooling tower
circuit which cools all the heat exchangers. Due to the fact that our facilities are located
in an environment with the presence of a large number of trees and bushes, the air is
plentiful with pollen and rests of these vegetable species, which usually block the filters
and other narrow parts of the circuits, and force to perform continuous surveillance and
cleaning processes.
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II.2.4 Power supply.
II.2.4.1 Motor Generator set.
The motor generator supplies the magnets and the plasma heating systems of TJ-II with
a maximum power of 132 MVA. The output voltage drop should be less than 3% of
nominal voltage of 15kV during the shots, when steps of loads are connected to the
generator. The measurements of the generator output voltage have shown that the
voltage drop could be up to 10% when the power demand during the pulse is close to
the maximum value, and this reduced voltage negatively affects the operation of the
plasma heating systems. In fact, during the experimental pulses an additional voltage
drop was observed in the NBI High Voltage Power Supplies.
The investigation of the dynamic response of the generator made it clear that it was
possible to modify the parameters of the excitation system in such way that the voltage
drop should not exceed the specified value. This work was carried out successfully in
2004 and the results are represented in the figure.

Figure II.2.4.1-1 Output Voltage of the generator before (blue line) and after (red line) the modifications
of the excitation system.

One possible operation mode of the generator is to provide the conditioning pulses for
the NBI system. The generator should maintain an output voltage of 9 kV during 30
minutes and then reduce it to 1.5 kV for 10 minutes. In this case, a safety operation of
the system requires a special emphasis to the thermal behaviour of the generator but the
old monitoring system of the power supply did not allow to know the rotor temperature.
One way to obtain this parameter is to calculate the rotor temperature using the
technical characteristics of the machine and the instantaneous values of the rotor current
and voltage. A new software was designed and included into the control system of the
generator. The results of the rotor temperature monitoring have demonstrated that the
rotor thermal stresses are lower than expected, and below the permissible limits.
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II.2.4.2 Protection board for the thyristor rectifiers control system.
The control systems of the rectifiers have to drive the current in the coil according to the
reference value with a required accuracy (+/- 0.1%). The current controllers based on
the DSP technology are able to provide these requirements with the sufficient high
reliability. Nevertheless an infrequent failures of the rectifiers control system were
observed during the last time. The abnormal operation of the rectifier always occur at
the end of the pulse, when the current controller instead of decreasing the current to
zero, produces an spurious signal to increase it up to the maximum value with a very
high di/dt. This anomalous behaviour of the current regulator produces strong
electromagnetic forces and mechanical stresses in the support structures of the
stellarator components. An additional protection board (see paragraph II.2.6.1) has been
installed in order to avoid the possible hard consequences of the malfunction of the
control system. This protection board opens the main circuit breaker of the rectifier if
the system detects current in the coil after receiving the signal “end of pulse” from the
central control system.

II.2.5 Cooling system
II.2.5.1 NBI Cooling system
The cooling system for NBI, commissioned in 2001, comprises two parallel circuits for
both Neutral Beam Injectors #1 & #2. The water supply to each injector includes
parallel cooling circuits for the Beam Line and the power supply components. The
system has been running for NBI#1 line, currently in operation. At the beginning of
2004 the connections of the tetrodes, corresponding to the NBI#2 HV power supply, to
the NBI cooling system were performed.
All the instrumentation associated to the protection of the components was installed and
tested. There are one flow switch per channel in the filaments circuits, and pressure
switches in the anodes channels. Temperature and pressure measurements have also
been installed in the supply/return common pipes. The regulation of flows and the
adjustment of the hydraulic parameters for the pump #2, running in parallel with pump
#1, were done during this process. The accomplishment of the cooling circuit for the
Beam Line of Injector #2 is foreseen to be done in the next months.
II.2.5.2 ECRH Cooling system
During 2004 the installation of the cooling system for the third Gyrotron, the Electron
Bernstein Waves (EBW) components, has been finished. The design of this circuit was
decided after studying several alternatives such as the extension of the existing cooling
circuit for the Gyrotrons I-II, versus the installation of a completely independent
cooling system for the Gyrotron III. Finally, the adopted solution was the extension of
the already installed system, connecting the new one in parallel. With this solution, both
circuits share, in the primary, a new larger heat exchanger and the supply/return
manifolds. The secondary circuit, maintained as it is, has enough capacity for the upgrade. Accordingly, the technical specifications were written and the contract was
launched by July 2004.
The previous ECRH cooling system for Gyrotron I-II was based on a closed primary
circuit with deionised water (1-10 µS/cm) as coolant. In this circuit, a vertical
centrifugal pump of 30 m3/h pumps cold water through a supply manifold to the
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gyrotrons components. The primary circuit also included (before the extension) a plate
heat exchanger of 25 kW cooling power, an expansion tank and a connection to a 1 m3
deionised water tank. The secondary circuit is fed by 7 m3/h of tap water at 14 ºC
maximum, coming from the TJ-II Cooling Plant.
In the new EBW system, apart from the gyrotron components, the tetrode (power
supply), a dummy water load and the calorimeter must be water cooled. Taking into
account the thermal loads (normal and faulty conditions), and duty cycles for the
operation of the new gyrotron, a 35 kW plate heat exchanger has been designed as heat
sink for both systems, ECRH and EBW. Following the manufacturers requirements
about water flow and maximum inlet pressure for the components to be cooled, a new
60 m.W.C. and 20 m3/h vertical centrifugal pump has been installed for the Gyrotron
III.
Therefore, a complete set of instrumentation has been installed in order to monitor the
temperature, flow, and pressure conditions in each parallel circuit.
A new control system has been built to operate the new pump and manage the
instrumentation signals, alarms, etc., based in PLC for homogeneity with the present
system. The same philosophy has also been followed for the users interface.
Several improvements in the current cooling system for Gyrotrons G I-II have been
accomplished in order to optimise its operation. The filling and emptying processes of
the sixteen cooling circuits have been largely improved by the installation of a filling
pump and more drainage and air purge points. A number of pressure and flow
measurements have also been added in order to get a more complete monitoring of the
hydraulic circuits. To get the appropriate capacity to manage the new signals, the
current control system has been also upgraded and the control software modified.
The functional and commissioning tests of the EBW cooling system and the upgrading
of the present one are presently starting and it is foreseen to be completed in several
weeks.
The scheme of the P&ID of the final upgraded cooling system is shown below.

Figure II.2.5.2-1 P&ID of the ECRH cooling system.
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II.2.6 Control system.
The work in the control system has been dedicated to the maintenance tasks (channels
calibration has been made with regularity), and to the continued effort on improvement
and upgrade of the TJ-II control system. The main works carried out during the year
2004 are specified in the next paragraphs.
II.2.6.1 Over current protection for the electrical system.
A number of failures have been detected in the operation of the coil rectifiers during the
pulses of the TJ-II device. In some cases the pulses applied to the thyristor gates
continue after finishing the TJ-II pulse. This causes a dangerous flow of current into the
coils. To avoid this over-extension time of the currents, a protection circuit has been
developed, manufactured and commissioned. The figure shows the circuit configuration.

Real Time
Control

Pulses to
thyristors
12

Controlled
Rectifiers

15 kV
Breaker

Protection
System
Pulse
ON

Manu
al
Reset

Figure II.2.6.1-1 Protection circuit configuration

The protection system is continuously checking the pulses that turn on the thyristors in
the controlled rectifier. Moreover the pulse on-off signal informs about the timing
sequence. If the sequence of pulse has finished and the train of pulses remains active,
the protection system will open the breaker (in the 15 kV busbars) that feeds the
rectifier. A manual reset is necessary to returns all the rectifier system to be able to
operate again, so the circuit is acting as witness of the failure. The circuit has worked
correctly in all the occasions required.
II.2.6.2 Amplifier and signal conditioning.
The design and construction of a new amplifier for signal conditioning for the magnetic
diagnostics has been carried out (see the picture).
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Figure II.2.6.1-2 Differential amplifier

The field detectors are located in an adverse environment close to the coils of the
machine and other noise sources. The amplifier is fully differential, with high input
impedance (1.3 MΩ), and variable gain. A number of these amplifiers have been tested
obtaining satisfactory results.
II.2.6.3 Remote network boot.
A boot sequence is the set of operations the computer performs when it is switched on,
in which an operating system is loaded. Nowadays the computers of the TJ-II control
system perform the boot sequence from their embedded hard disks. The goal is to avoid
the use of the local hard disks for booting. There are various reasons for doing this. One
is to reduce the cost of maintaining software running on many different machines. With
network booting the files are held at a central server and can be updated at one location.
Another advantage is to use computers in locations where hard disks are not robust
enough, such as those located close to the machine.
A set of programs has been developed in order to change the boot sequence procedure,
replacing the old boot from hard disk with a new boot from remote network. This
development has been done under the OS-9 real time operating system.
II.2.6.4 Software selection.
The control system of the TJ-II was designed in the year 1992. Therefore, the definition
of the system and the selection of the hardware were decided in that date. In order to
assure the continuity and the maintenance of the system it is necessary to update the
operating system and the processor boards. The following real time operating systems
have been evaluated: LynxOS, RTLinux, RTAI and VxWorks. Taking into account the
interrupt latency, the development tools, POSIX compliant, the commercial support
and their acceptance in other fusion laboratories, the use of VxWorks has been decided
as new real time operating system for the improvement of the TJ-II control system.

II.2.7 Safety of personnel and installations.
During 2004, the monitoring of the safety of personnel and installations has been
performed in the same way as it was established at the beginning of the operation of TJII. Among others, the activities developed are the following:
- Each two years an inspection of the HV installations and equipments is done by
an external (certified) company.
- An inspection to the Torus Hall is performed before initiating the experimental
campaign.
- Internal inspections to the different lab´s, workshops, offices, etc. are done once
a year.
- A list of points is usually identified after the inspections, in relation to the
improvement of safety aspects. The remedial actions agreed must be
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II.3 ECR Heating
II.3.1 ECRH system operation
The TJ-II experimental campaign started in March 2004. During the first months the high
voltage power supply had some problems due to spurious overcurrent interlocks and a
problem in the high voltage modulator of the first gyrotron provoked, that, during one
week, the operation was carried out only with the second gyrotron.
In the experimental campaign from November to December, after the revision and
modifications of the high voltage power supply, both gyrotrons were running properly with
high reliability.

II.3.2 ECRH high voltage power supply
A deep maintenance revision was carried out in the first term of 2004 and an excessive
voltage ripple (up to 9 kVpp at around 51 kHz) was measured with a calibrated HV divider
installed in the gyrotrons. This ripple caused a deep modulation of the microwave power
radiated from the gyrotrons as well as a frequency shirping. The measured voltage and
current can be seen in the figure II.3.2-1.

Figure II.3.2-1. Output voltage and current ripple

First, some of the capacitors of the capacitor bank that actuates as a filter were tested and
the results showed no problem in this direction.
Measurements of the output voltage and current of each of the18 inverters showed a slight
diference between them. Moreover, due to a jitter in the timer of the inverters the frequency
of the ripple fluctuated in a frequency band from 50 kHz to 150 kHz. The control of the
inverters was based on analogical technology and it was decided to cha nge the drivers and
to control them digitally.
The aim of the modification was:
- To improve the synchronization of the IGBTs triggering in order to get a repetitive
ripple.
- To decrease the output ripple.
- To reach a more reliable triggering of the IGBTs and hence, to avoid spurious
overcurrent interlocks.
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SEMIKRON SKHI26F drivers have been used. Two of them are needed to trigger 4 IGBTs
(type SEMIKRON SKM500 GA 123D) of a “H” bridge. They have been placed in the
racks of the old ones without removing these. The trigger with the old electronic boards
was inhibited by desconnecting the signals Gate/Emitter of the IGBT. With this procedure
the program of the PLC was not modified. The advantage is that the overcurrent protection
by the Hall effect transducer remains as double security.
The old and new drivers and their location can be seen in figure II.3.2-2.

Figure II.3.2-2. Left: old analogical drivers. Right: new drivers

A new control rack for the drivers was installed in the power supply area, ne xt to the old
rack that contains the PLC (see figure II.3.2-3).

Figure II.3.2-3. The new rack with the digital control of the inverters.

The tests were carried out in four phases. First, the output of each inverter was measured
with an auxiliary supply of 30V. In the figure II.3.2-4 the output of the first and second
inverters are shown.
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Figure II.3.2-4. Output of the first and second inverters (1)V/1V

Then, the inverters are joint in groups of 3 and the output was measured. Once verified that
these measurements were as expected, a resistive load of 9 kOhm was connected to the
output of the power supply as it is shown in the figure II.3.2-5.

Figure II.3.2-5. A picture of the tests of the power supply with the resistive load .

In the figure II.3.2-6 the output voltage and current for 70 kV and 50 ms and a detail of the
ripple (1,8 kVpp) are shown.

Figure II.3.2-6. Left: output voltage (channel 1, 10kV/1V) and output current (channel 2, 10A/1V). Right:
detail of the ripple.
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Finally, both gyrotrons are connected. The repetitivity of the amplitude and frequency of
the output ripple is verified. In figure II.3.2-7 a pulse of 65 kV with a 4,4 kVpp ripple is
shown

Figure II.3.2-7. Left: output voltage (channel 1, 10kV/1V) and current (channel 2, 10A/1V) with the
gyrotrons connected to the power supply. Right: ripple (4,4 kVpp and f=51,2 kHz).

After this improvements the ripple is still high and it is still necessary to reduce it. A low
pass filter with RLC components is being designed to suppress and absorb the high
frequency component of the output voltage. The main design criteria are that the HVPS
sees no change in its load and that the ripple has to be attenuated at the gyrotron by at least
30 dB at 51 kHz.

II.3.3 Possibilities of measuring the absorption coefficient
As was shown in [1], the geometry of the TJ-II vacuum vessel does not allow to place
single-pass absorption antennas in the cross-section where the microwave power is fed in.
So, the single-pass absorption cannot be measured.
Taking into account the features of TJ-II plasmas, its magnetic field and the shape of the
TJ-II vacuum vessel, the possibility of measuring the absorption coefficient after two
passes of the microwave beam through the plasma (considering the intermediate reflection
from the part of the inner vessel wall that surrounds the central conductor of TJ-II) has been
studied.
A stainless steel waveguide of circular cross-section, ending with a small horn, could be
used for acquisition of non-absorbed microwave power in the ECRH regime. The
waveguide must be movable for optimization of measurements. For the initial calibration, it
would be necessary to measure the microwave power in the absorption-free regime, i.e.
with the same arrangement of the equipment, but without plasma.
In view of the aforesaid, three instances of microwave beam propagation (in differently
scaled density profiles, and in vacuum) should be considered, with the real geometry of the
A6-sector (QTL2) beam launching. Corresponding variants of waveguide positioning must
be determined. At this stage all possible constructional and technological challenges should
be recognized.
Ray-tracing calculations with the TRUBA code [2] were performed for three values of
central plasma density (n0 = 0.001×1013 cm-3 , n0 = 1.3 ×1013 cm-3 and n0 = 1.65×1013 cm-3 )
with a realistic radial profile. The results of these calculations are shown in figure II.3.3-1,
figureII.3.3-2 and figure II.3.3-3.
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Figure II.3.3-1. Ray-tracing calculations for a central density of n 0 = 0.001×1013 cm-3 .

Figure II.3.3-2. Ray-tracing calculations for a central density of n 0 = 1.3×1013 cm-3 .

Figure II.3.3-3. Ray-tracing calculations for a central density of n 0 =1.65×1013 cm-3 .
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These calculations have been performed in the QTL1 transmission line sector (B3). The
results are the same if we consider the QTL2 line (sector A6), which is injecting its power
in a stellarator symmetric location. Actually, accessibility conditions make A6 a better
choice.
In figure II.3.3-4 the outgoing parts of the reference ray trajectories are shown (top view
and poloidal projection). The top view shows the limits of the plasma and the vacuum
vessel, and also a cross-section of vessel at z = 58 cm. The poloidal cut contains crosssections of the plasma and the vacuum vessel at ϕ = 52.5° (A5 sector). The points of
incidence of rays on the vessel surface coincide with the arrows heads. Labels near the rays
denote respective central densities as follows: 1 – 1.0×1010 cm-3 , 2 – 1.3×1013 cm-3 , 3 –
1.65×1013 cm-3 .
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Figure II.3.3-4. Ray trajectories inf the A6 and A5 sections for the 3 different plasma densities. Left: toroidal
cut. Right: cross section.

From these results it can be stated that, in the given launching geometry, eve n small
variations of plasma density (as for the cases 2 and 3) give rise to significant displacement
of the microwave spot along the vessel surface. This fact poses an obstacle for the detection
waveguide positioning. The movability of the acquisition waveguides, which is useful for
the optimization of measurements, can be hardly implemented due to design constraints of
the TJ-II vacuum vessel. We conclude that the mentioned problems make very difficult the
practical realization of the two-pass ECR absorption measurements method and hence a
very detailed analysis for a restricted plasma density range shold be performed in order to
justify the construction of such a diagostic.

II.3.4 Electron Bernstein Waves heating project
The feasibility of plasma heating using EBW has been examined in the TJ-II flexible heliac
and both scenarios X-B and O-X-B in the first harmonic (28 GHz), are achievable [3, 4]
from the theoretical point of view. The O-X-B1 has been chosen to carry out the
experiments due to accessibility restrictions of the launching position inside the TJ-II
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vacuum vessel [5]. Moreover, the ray tracing code TRUBA has been used to determine the
best launching position and direction, in terms of power absorption, and the optimum
Gaussian beam in terms of transmission efficiency [6].
High voltage power supply
The gyrotron that will supply the 28 GHz microwave power was previously used for ECR
plasma heating in the TJ-IU torsatron. To check its state it was installed in the position of
one of the ECRH system 53.2 GHz gyrotrons and its vacuum was verified, although no
microwave power was achieved because the magnet was not suitable. The maximum
expected power is 300 kW during a pulse of 100 ms.
The design of the high voltage power supply was finished and most of the components
manufactured [7]. The principle of energy storage in capacitors to produce a high power
pulse at the gyrotron is the base of the design. The HV capacitors of the old TJ-IU power
supply can be reused, although their maximum 40 ms pulse length has to be extended. The
key is to prolong the pulse length by increasing the percentage of energy stored in the HV
capacitors up to 75% through a deep discharge of the High Voltage Capacitor Bank
(HVCB) during the pulse (up to 50%). To compensate this voltage decrease, a voltageboosting device, which is connected in series with the Capacitor Bank and supplied by the
Low Voltage Capacitor Bank (LVCB), is implemented. Switching on/off the pulse and its
further regulation are produced with the high power electron tube. The block diagram of the
high voltage pulse power supply (HVPPS) is shown in figure II.3.4.1-1.

Figure II.3.4.1-1. Block diagram of the EBW heating system high voltage power supply

It includes the following units: Power Distribut ion Cabinet (PD), High Voltage Charging
Device (HVCD), High Voltage Capacitor bank (HVCB), Low Voltage Charging Device
(LVCD), Low Voltage Capacitor Bank (LVCB), Boosting High Frequency DC-DC
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Converter (HFC), Electronic High Voltage Modulator-Regulator (HVMR), Crowbar
Protection System, Gyrotron filament and auxiliary power supply (AUX), Control and
Monitoring System
The HVPPS operates as follows: the supply voltage (3×380 ± 20 V, 50 Hz) feeds through a
power switch the primary regulator, which consists of a switch regulator charging device
and a HV transformer-rectifier. The controlled current from the output of the transformerrectifier charges the HVCB up to the required output voltage. After triggering the HVMR,
the stabilized voltage pulse is supplied to the gyrotron.
The triggering pulse starts also the booster system. The previously charged LVCB feeds the
converter HFC and its output voltage is added to the voltage at the HVCB. The measured
voltage decrease at the HVCB is the control signal for the converter. The output voltage in
the converter increases as the battery discharges. Thus, the HVMR input voltage stays
during the pulse near the stable previously determined value saving at minimum the voltage
drop at the tube.
The primary regulator maintains a given voltage at the input of the transformer rectifier,
stabilizes it against the variations in the circuit and load parameters and also switches off
the power supply in emergency regimes.
The HVMR provides the high-speed commutation and stabilization of the load voltage by a
command from the Control Unit and ensures the fast switching-off of the load in the case of
its breakdown. In the case of simultaneous breakdowns of the gyrotron and the
commutation tube, the protection of the load electrodes from damages is provided by the
vacuum- gap crowbar protection system. This system discharges the HVCB through a
shunting circuit, which by-passes the gyrotron and tube. The Crowbar Protection System,
together with the grounder, the load switch, the equivalent load (are not shown in the figure
II.3.4.1-1) and the current sensor comprise the auxiliary system.
The AUX unit provides the power for the gyrotron filament and feeds the ElectroDischarge Pump. It also generates a warning signal when the discharge current goes beyond
the prescribed limits.
The control and monitoring system of the high voltage power supply and the interfaces and
connections with the main TJ-II control system are presently under design.
Transmission line
The power to be transmitted is 300 kW during a maximum pulse duration of 100 ms. 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 [8].
The elliptical mirrors, that correct the astigmatic beam radiated by the gyrotron, have been
specifically designed. In the table II.3.4.2-1 the parameters of the gaussian beam in the
incidence plane and in the perpendicular plane are shown. The distance between mirrors is
z01 +z02 =1000 mm. The output beam waist w0out is located at the input of the waveguide to
maximize the coupling.
w0in z0in
w1
z01 w012 z02
w2
z0out w0out
21.6 811.8 129.7 476.0 12.5 524.0 142.7 600.0 14.4
24.2 791.7 114.1 443.8 13.3 556.2 142.7 600.0 14.4
Table II.3.4.2-1. Parameters of the gaussian beam in mm.
The first row corresponds to the incidence plane and the second to the perpendicular plane

In the table II.3.4.2-2 the main features of the mirrors are shown.
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Size
Size
Focal
Focal
incidence perpendicular incidence perpendicular
plane
plane
plane
plane

550
550

450
450

305.0
282.2

291.7
291.4

Table II.3.4.2-2. Parameters of the elliptical mirrors in mm.
The first row corresponds to the first mirror and the second row to the second elliptical mirror.

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 parameters of the corrugated mirrors are shown in
Table II.3.4.2-3. The corrugations are smoothed in order to avoid arcking at high power
level.

Twister
Elliptical

Depth

Period

Width

Width

(d)
2.7
1.3

(p)
6
6

(a)
2.5
2.5

(w)
3.5
3.5

Tabl e II.3.4.2-3 . Parameters of the polarisers in mm.

The expected losses of the quasi-optical part are around 3 %, taking into account diffraction
and ohmic losses.
The oversized corrugated waveguide has an inner diameter of 45mm and operates at
atmospheric pressure. The corrugation depth is 2 mm. Two continuous curvature bends are
needed and the losses are less than 0.5 %. 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. The
arrangement can be seen in the figure II.3.4.2-1.

Figure II.3.4.2-1 . Arrangement of the corrugated waveguide in respect to the TJ-II vacuum vessel.

The total losses of the corrugated waveguide are around 3%. The coupling loss between the
quasi-optical components and the waveguide is estimated in 3%.
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 [6]. The size of the mirror
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is the maximum size that can be installed inside the vacuum vessel: 20 x 22 cm2 . The
distance between the centre of the mirror and the plasma is 200 mm. The waist in vacuum
is w0 = 30 mm and the distance between the centre of the mirror and the waist position (also
in vacuum) is 383 mm. The size of the beam on the mirror is w = 52 mm. The focal length
of the mirror is 164.5 mm. An internal straight part of stainless steel is required in order to
focus the beam with the internal mirror with minimal diffraction losses. The distance
between the end of the waveguide and the mirror is 215 mm. Then, the length of the
internal waveguide part is 645 mm. In the figure II.3.4.2-2 the insertion of the waveguide
into the vacuum vessel and the position of the mirror can be seen.

Figure II.3.4.2-2 . Position of the EBW heating system internal mirror.

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. An interlock will turn off the
high voltage of the gyrotron within 10 µs in case an arc is detected. The reflected power at
nominal operation frequency is less than 1%.
In order to measure the transmitted power, a calorimeter based on Teflon pipes cooled by
water, will be installed at the output of the gyrotron and one power monitor, that consists of
a leaky waveguide (a gap of approximately 4.5 mm between two short lengths of
waveguide allows 0.2 % of the incident power to be radiated out of the waveguide, this
radiation is absorbed by a coating of TiO 2 and thermal sensors detect the resulting rise in
temperature), will be mounted between the two waveguide bends (this calorimeter has to be
calibrated with the one at the output of the gyrotron).
Upgrade of the cooling system
In the EBW heating system some gyrotron components, the tetrode of the power supply and
others must be water cooled. The already installed cooling system for ECRH and the new
one have been connected in parallel and share just a new and larger heat exchanger and its
inlet and outlet manifolds.
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Thermal and hydraulic calculations have been done in order to size properly the mechanical
components of the new cooling circuit. A more detailed explanation can be found in the
section II.2 and in reference [7].

II.3.5 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 at low values of the
reflection coefficient (0.001) [9]. These results permit to consider the possibility of
generating a controlled modulation of the gyroton power by using a low power signal
reflected from a chosen object, for example, a metallic membrane vibrating at frequencies
around 20 kHz. Low power experiments have been carried out to check this possibility
[10].
The experimental scheme is based on the phase modulation of the microwave radiation due
to the interference (mixing) of two signals, one of which is reflected from an oscillating
membrane (a low frequency modulation) and the reference signal, which is a fixed
reflection. The modulation depth is determined by the phase difference ∆ϕ between the
reference microwave signal and the signal reflected from the membrane. The value of ∆ϕ,
which depends on the amplitude of the membrane oscillations, can be estimated by the
equation ∆ϕ = 2π∆z/λ0 , where λ0 is the wavelength of the microwave radiation. For λ0 = 4
mm (f0 = 75 GHz) and ∆z = 60 µ, we obtain ∆ϕ/2π = 3x10-2 . Hence, it can be expected that
the modulation depth will be no less than 3%.
The figure II.3.5.2-1 presents the block-diagram of the experimental stand that was used to
perform the above measurements.
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Figure II.3.5.2-1 . Scheme of the low power test.

The stand consists of the following components labelled as in the figure II.3.5.2-1 :
(1) a microwave generator with an output power of P0 =10 mW, operating at a frequency in
the range f0 = 60-80 GHz (for the given series of experiments, the working frequency
was chosen to be 75 GHz)
(2) a ferrite isolator
(3) a rectangular waveguide with a horn antenna, a NO-4-30 directional coupler (3 db/30
db) for receiving the reflected signals, and an NO-4-05 directional coupler (4 db/5 db)
for receiving the incident radiation signal
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(4) detectors (microwave diodes)
(5) Teflon lens with a focal length of Lf = 158.4 mm and a diameter of D = 100 mm
(6) dielectric reflector with a variable reflection coefficient (two mica plates with a variable
distance between them)
(7) magnetostriction antenna with a membrane oscillating at an ultrasonic frequency in the
range fs = 21-23 kHz with the maximum amplitude ∆z = 60-70 m
(8) ultrasonic generator (Ps =600 W at fs = 21 kHz);
(9) unit for receiving and recording the microwave and LF signals. The unit consists of an
amplifier (with an amplification factor of 100 and a bandwidth of 0-1.4 MHz), a lowfrequency RC filter (with an upper boundary frequency of fRC =3 kHz), and an analogto-digital converter (with a digitizing interval down to 40 ns).
After choosing the optimal distances among the antenna horn, lens, reflector, and
membrane; adjusting the system; and optimizing the ratio between the reference and
reflected signals, a series of measurements was performed including
(i) the maximization of the ultrasonic generator power Ps and, accordingly, the amplitude of
the membrane oscillations ∆z;
(ii) the recording of the LF modulation signal as a function of Ps in the continues-wave
mode of microwave generation;
(iii) the determination of the modulation depth as a function of Ps in the pulse-periodic
mode of microwave ge neration; and
(iv) the calculation of the Fourier spectrum of the LF modulation signal as a function of Ps.
In the figure II.3.5.2-2 the LF modulation signals for three values of the ultrasonic
generator power Ps is shown.
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Figure II.3.5.2-2 . Modulation depth of the LF signal for different generator power (PS)
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From the signals shown in figure II.3.5.2-3, the modulation depth of the microwave signal
can be determined. This depth is 4-6% and can be varied by changing the amplitude of the
ultrasonic oscillations.
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Figure II.3.5.2-3 . Modulation depth of the microwave signal for different generator power (PS)

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 20 kHz can be successfully implemented in practice and it
could be used in experiments with high-power gyrotrons (with P0 of up to several hundred
kilowatts). Experiments at high power gyrotron radiation are foreseen.
This work has been carried out in collaboration with the Institute of Applied Physics
(Russian Academy of Science), Moscow, Russia

II.3.6 Control of the frequency of the gyrotron
The stabilization of the gyrotron frequency might be useful for a number of applications, in
particular, for some plasma diagnostics. By analogy with known schemes [11], the
gyrotron can be stabilized by a partial reflection from an external resonant load (figure
II.3.6-1).

Figure II.3.6-1. Scheme of auto-oscillator phase-locked by resonant load.

For that, a quasi-optical cavity with a corrugated mirror can be implemented into the load
(figure II.3.6-2), the non-resonant reflection being assumed sufficiently small. If the
gyrotron operates at a mode with non-zero azimuthal index, a shallow azimuthal Bragg
corrugation of the output horn may be necessary to couple the reflected wave to the cavity
mode.
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Resonant Load
Figure II.3.6-2. Gyrotron stabilized by a partial reflection from an external
resonant load.

To start with, the gyrotron affected with the reflected wave is analyzed with the assumption
that is purely monochromatic. The process is described by the equation [12]
Y&1 + i∆Y1 + Y1 + iκ Y1 + imY
(II.3.6-1)
1 2 =0
where Y1,2 are complex amplitudes of the gyrotron field and of the external field,

Y1,2 = A1,2 exp(iϕ1,2 )

(II.3.6-2)

where A1,2 , ϕ1,2 are modules and phases of Y1,2 , τ = ω2 t 2Q1 is the dimensionless time,

ω2

is the external wave frequency, Q1 is the gyrotron cavity Q-factor,
∆ = 2Q1 (ω 2 − ω s ω2 ) is the mismatch of the external field frequency and the eigenfrequency of empty gyrotron cavity,
κ ( A1 ,ϕ&1 ) = κ1 + iκ 2 is the normalized complex susceptibility being a non- linear function
of the gyrotron field amplitude and frequency.
In the absence of external force ( A2 = 0 ), the free running gyrotron, according to (II.3.5-1),

′
tends to stabilize A&10 = 0 , ϕ&1 = 0 and under the condition (κ 2 ) A
A10

and a frequency

ω0

A2 << 1 )

< 0 at an amplitude

is defined by equations:

κ 20 = 1 , 2Q1
Let a weak (
gyrotron:

A = A10

ω0 − ωs
= −κ1 0
ω2

(II.3.6-3)

external force have a frequency close to the frequency of free running

δ 0 << 1
ω − ω2
δ 0 = 2Q1 0
.
ω2

(II.3.6-4)

Then the electron beam susceptibility can be expanded into a series:

′
κ ≈ κ 0 + a1 ( κ ) A
where

A1 = A10

− δ 0 (κ )δ

′
δ =δ 0

(II.3.6-5)

a1 = A1 − A10 is the amplitude shift. The stationary
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A&1 = 0

δ = ϕ&1 = 0

(II.3.6-6)
phase locked operation of the gyrotron is described with the equation (II.3.6-1) linearized
over a1 and δ 0 , that gives dependence of the amplitude shift on the frequency mismatch
2

a1 =

m A 
δ 0 (κ 1 ) ′A ±  1 2  (κ ) ′A
 A1 0 
(κ ) ′A

where

2

− (δ 0 (κ 2 ) ′A ) 2

(II.3.6-7)

2

(κ )′ = (κ1 )′ + i(κ 2 )′ .

At the (a ,δ ) plane (figure II.3.5-3), the equation (II.3.5-7) describes an asymmetrical
1
0
ellipse of

δ 0max =

A2 (κ )′A
A10 (κ 2 )′A

(II.3.6-8)

frequency bandwidth.
The upper part of ellipse corresponding to the upper sign in (II.3.6-7) describes stable
locked oscillations of the gyrotron. The ellipse inclination is due to the dispersion of active
component of electron susceptibility κ 1( A) being non- zero due to the causality principle
(resulting in the Kramers-Kronig relations) [13], which usually is not taken into account at
the simplified description of the locking effect [14].

Figure II.3.6-3. Amplitude deviation caused by external force vs frequency mismatch.
The dash line corresponds to instable solution of Eq. (II.3.5-1).

From the above analysis it is clear that the scheme shown in figure II.3.6-2 can stabilize the
gyrotron frequency, if
a) the reflecting resonant load has the eigen- frequency close to that of the gyrotron
free oscillation,
b) the load Q-factor is sufficiently high,
c) the wave returned to the gyrotron is properly phased.
The coupled oscillations of the gyrotron and the external resonator are described with
equations

Y&1 + i ∆Y1 + Y1 + iκ Y1 + i m1Y2 = 0
Y& + γ Y + im Y = 0

(II.3.6-9a)

(II.3.6-9b)
written by implication that the reference frequency equals to that of the external resonator;
m1,2 are the complex coupling parameters, γ = Q1 Q2 << 1 is the relation of Q-factors of
gyrotron and resonator.
The stationary solution of the system (II.3.6-9)
2

2

2 1
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Y1,2 = Y1,20 exp(iδτ ) , Y&1,20 = 0

(II.3.6-10)

takes place under condition
( iδ + γ )( iδ + i∆ + 1 + iκ ) + m = 0
where

m = m1m2

(II.3.6-11)

is the product of coupling coefficients, δ = 2Q1 ω − ω2 is the mismatch of the
ω2

coupled oscillation frequency and the reference one. Separating the real and imaginary parts
of (II.3.5-11), one gets a relation between the frequency of coupled oscillation δ and the
free-running frequency δ 0 = −κ 10 − ∆ (see figure II.3.6-4):

Figure II.3.6-4. Coupled oscillation frequency vs the frequency of gyrotron free-oscillation.

δ Re( m ) − γ Im( m)
(II.3.6-12)
δ2 +γ 2
The equations (II.3.6-9) and (II.3.6-12) allow, in particular, a solution at the external
resonator eigen- frequency, i.e. under the δ = 0 . At that the derivative of free running
gyrotron frequency on the coupled oscillation frequency is equal to
δ 0 = δ +κ 1 − κ10 −

dδ 0
dδ

′ Re(m )
= 1+ (κ 1 ) δ −
γ2

δ =0

(II.3.6-13)

So, if the external resonator Q- factor is high enough
γ2
<<1
(II.3.6-14)
Re(m )
the changes of coupled frequency caused by the changes of free running gyrotron frequency

dω
dω s

δ =0

 dδ
= 0
 dδ

−1


γ2
≈
−

Re(m)
δ =0 

(II.3.6-15)

are small compared with the changes in the absence of coupling (under the m = 0 ). Small
perturbations of the state (II.3.6-15) should be studied using the system (II.3.6-9). The
analysis reveals that the state is stable only when coupling coefficients satisfy condition
Re( m ) < 0 , i.e. when the phase of reflected wave returned to the gyrotron belongs to a
definite interval.
As follows from (II.3.6-12), when δ 0 changes in the locking band

δ 0 ≤ Re(m ) γ

(II.3.6-16)

II.3.16

the coupled oscillation frequency is kept within the external resonator band: δ ≤ γ . The
locking band (II.3.6-16) is equal to (II.3.6-8) if the value of external signal in (II.3.6-1) is
the same as in (II.3.6-9) i.e. Y2 = m1Y2
Thus, a weak, but properly phased reflection from a sufficiently- high-Q load keeps the selfconsistent frequency within the load frequency band [15].
This work has been carried out in collaboration with the Institute of Applied Physics
(Russian Academy of Science), Nizhny Novgorod, Russia

II.3.7 Development of a high temperature superconductor
The development of a high temperature superconductor for the gyrotrons to avoid filling
with liquid nitrogen and liquid helium has started this year in collaboration with the
superconductivity group of Ciemat. In figure II.3.7-1 some views of the magnet are shown.

Figure II.3.7-1. A complete view (left) and a cross section (right).

The magnet will consist of 16 coils (figure II.3.7-2) that will be separated the exact distance
to get the requiered magnetic field along the axis (figure II.3.7-3).

Figure II.3.7-2. Detail of the set of the coils .
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Figure II.3.7-3. Magnetic field along the axis.
0 mm corresponds to the center of the gyrotron resonant cavity.

The nominal working temperature of the magnet is 27 K, with a temperature limit of 31 K
during stationary operation. To cool it, a cryocooler would be used.
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II.4 Neutral Beam Injection
The Neutral Beam Injection system at TJ-II consists of two tangential injectors in the
Co-Counter configuration [1]. The injectors and ion sources are a loan from Oak Ridge
National Laboratory, through a collaboration contract with the US Department Of
Energy.
Injector 1 is fully commissioned and operative. We have obtained beams of 30 keV, 50
Amps at the ion source. Work on the high voltage power supplies is being carried out,
with the aim of reaching nominal parameters (40 kV, 100 A) in the near future.
Injector 2 is presently undergoing installation.
A neutral H0 beam of up to 350 kW port-through power at 28 kV energy, is injected
onto target plasmas created using one or two ECRH lines (200–400 kW). Different
combinations of gas puffing, ECH heating and wall conditioning strategies have been
investigated with the aim of optimizing the power coupling and density control at NBI
plasmas. We have finally been able to maintain NBI plasma discharges with reasonable
density control of up to 130 ms duration.

II.4.1 Neutral Beam Injection Optimization at TJ-II
TJ-II is the first heliac experiment that makes use of NBI. The task is particularly
challenging in this machine because of the extremely wide magnetic axis excursion (15
% of the major radius, 120% of average plasma radius) and the relatively small size of
the device. For this reason, beam steering must be carefully performed.
Beam simulation studies show that only 60% of the neutralized beam reaches TJ-II
plasma [2]. The low power transmission is due to the high beam divergence (1.3º) and
the narrow beam pass through the duct and past the Toroidal Field Coil TF1. In order to
protect the TF1 coil, it was necessary to install a beam diaphragm (internal diameter 200
mm) in the duct that accounts for the greatest part of the geometrical losses. Those beam
simulation studies were made early in the project development, which allowed us to
take some measures to avoid the high reionization losses associated with an increase of
pressure in the duct due to thermal desorption. Therefore, two extra titanium getter
pumps were installed in the calorimeter box, very near the beam diaphragm.
The reionization of the neutral beam in the beam box and duct may account for a
considerable amount of power loss. Reionization depends strongly on the residual gas
pressure, and therefore, on the gas inventory of the discharge. Computer simulation
studies show that in order to maintain reionization losses below 10%, the residual gas
pressure must be kept below 10-4 mbar during the beam pulse. Consequently, our efforts
have been aimed to optimize gas use in the ion source and neutralizer.
II.4.1.1 Beam transmission
The beam generated at the ion source travels through the neutralizer, past different beam
apertures inside the beamline and through the 0.9 m long duct between the beam box
and TJ-II, until reaching the injection port. In the schematic view of figure II.4.1-1, the
various components and beam apertures inside the beamline are shown. Water
calorimetry at the V-calorimeter allows us to measure beam power transmission as the
ratio between full beam power at the calorimeter (ions plus neutrals with bending
II.4.1

magnet off) and extracted beam power at the ion source (Ibeam x Vaccel). We performed a
perveance scan at 28 kV, and obtained the result that for optimum perveance (1.0 x 10-5
Perv) the transmission is near 60%. The injected beams are therefore perveance
matched, at 28 kV, 48 A extracted current.

Figure II.4.1-1: Schematic view of one injector with its various components and beam apertures along
the beam line and duct

Beam steering is monitored by means of thermocouples symmetrically placed at the
neutralizer exit. The thermocouples are inserted into copper “fingers” that see 10 mm
into the beam periphery (see figure II.4.1-2). The use of mounting pieces made of
Macor ensures thermal insulation of the copper “fingers”.This material was chosen for
its high temperature range (800º C), necessary for the high repetition rate required at
beam conditioning (a 200 ms beam pulse every 20 s ). The adiabatic temperature
increase measured by the thermocouples is in the range of 15º C for a typical beam
pulse (28 kV, 48 A, 130 ms).

figure II.4.1-2 Detail of themocouple “copper fingers”
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The beam orientation angle can be changed in the horizontal and vertical planes, by
means of a motorized beam alignment device coupled to the ion source mounting
flange. The allowed angle span is ±1º in vertical and horizontal directions. In the
reference position (ion source aligned with beamline axis) an asymetry was detected by
the steering thermocouples (figure II.4.1-3). The asymetry reflects an inhomogeneity at
the ion source, either at the plasma chamber or at the grids ( grid misalignment). The
neutralizer thermocouples have proven a very straightforward and sensitive way of
detecting beam inhomogeneities or misalignment. An optimum steering was found with
the thermocouple temperature readings nearly compensated while the beam
transmission still at the maximum value.

figure II.4.1-3: Steering thermocouples around the neutralizer and the defining plates

Beam power deposition at the duct is measured calorimetrically. The aperture plates
intercept 30% of the neutral power, a high value as compared with the 23% resulting
from the simulations. This result shows that the actual beam divergence is higher than
the nominal 1.3º 1/e value [3], an indication of poor beam optics, in line with the
thermocouples results.
3D beam simulations have revealed several beam – vacuum chamber interaction areas.
The most sensitive area for its proximity to the plasma, is the central conductor groove,
that is covered with stainless steel tiles fitting the helical swing of the vacuum chamber
around the central conductor. Moreover, a graphite plate has been installed as a thermal
load protection to the toroidal field coil TF1, that is shown to intercept 10% of the beam
power. Finally, graphite beam stops have been placed at the beam “exit”. In order to
survey these sensitive areas, an optical/infrared window has been provided at the beam
duct, with a view along the beam direction. An infrared camera Flir ThermaCAM
SC2000 can be set to view directly through the window, or focus on the inverted image
of a steerable mirror. Careful geometrical considerations entered the design of the
Barium Fluoride window , that in spite of its reduced dimensions (23 x 133 mm) allows
sufficient solid angle to take in most of the sensitive areas at a time. Figure II.4.1-4
shows a fotograph taken from the injection port with a conventional camera (figure
II.4.1-4 top) and from the Barium Fluoride window with the infrared camera (figure
II.4.1-4 bottom). As can be seen, the complicated geometry of the TJ-II vacuum vessel
can be conveniently monitored by means of infrared thermography.
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figure II.4.1-4: View of TJ-II vacuum chamber (Top) and Infrared image with Beam ON (Bottom), taken
along the beam direction

The highest observed temperatures, as expected, correspond to the beam facing surface
of TF1. The maximum temperature during the beam pulse has never exceeded 150º C,
and decreases in 1 second below 40º C.
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II.4.1.2 Gas optimization
As seen in figure II.4.1-1, two piezoelectric valves are used for H2 gas injection: one at
the ion source back plate, and a second at the neutralizer “entrance”. The pressure
inside the ion source and beam box is monitored with two Fast Ion Gages. The gas is
injected in the ion source 70 ms ahead of the arc discharge: a gas flow of 15 mbar.l/s
produces a pressure in the anode chamber in the range of 5 x 10-3 mbar. The gas is
injected in the neutralizer 50 ms ahead of the discharge to create the gas target
necessary for the ion beam neutralization. Ion source and neutralizer are closely
coupled, therefore the gas injected in the ion source contributes to the neutralizer gas
target, while a fraction of the neutralizer gas flows back into the ion source through the
grids, and contributes to the arc discharge. The pressure measured at the ion source
when a 15 mbar.l/s gas pulse is injected in the neutralizer is approximately one fifth the
pressure reached when the same amount of gas is injected through the ion source
piezoelectric valve. Consequently gas optimization must be made simultaneously for
both gas sources.
The gas that is not used in the beam formation flows out the neutralizer into the 6000
liter beam box and duct, creating a residual gas target that is responsible for the
reionization of a fraction of the fast neutrals. The residual gas in the grid area must be
kept at a minimum to avoid excessive power loss and heating of the grids. A high
pumping speed is required in order to avoid beam power losses associated with
collisions of the fast ions or neutrals with residual gas molecules.
The primary vacuum system consists of four titanium getter pumps distributed as seen
in figure II.4.1-1 [4]. The installed pumping speed is 180,000 l/s at the main beam box
and 120,000 l/s at the calorimeter box. This configuration has proven sufficient to
maintain the base pressure during the beam pulse in the range of 10-4 mbar, as
confirmed by the Fast Ion Gauge measurements at the beam box.
The reionization losses in the duct can be monitored using the Halpha light emitted
from reactions of the fast neutrals with the residual gas molecules [5]. The Halpha light
is focused onto a fiber optic located outside an optical window on the calorimeter
chamber (Figure II.4.1-1) and measured with a photodetector H5784-01 (300-820 nm).
The angle of sight is such that no light from the plasma is received. In figure II.4.1-5,
the synchronous recording of the beam current waveform and the Halpha signal is
represented: during the 130 ms pulse, the Halpha light intensity increases
monotonically. The baseline on this figure is the Halpha signal when no beam is
present.
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figure II.4.1-5: Beam Current waveform and Halpha signal during a 130ms pulse
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We have studied the correlation between the Halpha intensity and different parameters
of the injected beam. The strongest correlation is found between the Halpha intensity
peak value and the pressure maximum recorded with the beam box Fast IG. In figure
II.4.1-6 this correlation is shown.
These results highlight the importance of gas optimization, which has been carried out
according to the following criteria: feed the arc discharge with maximum arc efficiency
(defined as the ratio between beam current and arc power, given in A/kW), produce an
equilibrium gas target at the neutralizer, and minimize residual gas pressure.
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figure II.4.1-6: Correlation between Halpha intensity peak and maximum pressure in the beam box

In order to improve the control of the gas and the arc discharge, we have implemented a
new electronic control of the ion source piezoelectric valve. The gas pulse
reproducibility is improved with the “front end pulse”, a narrow (2-3 ms) pulse of
maximum voltage (100 V) immediately followed by the square voltage waveform. But
the valve control has been further refined with the use of a “three step ladder” control
voltage: a more intense gas puff previous to the arc onset, followed by a two-step
reduction of gas flow to maintain the discharge.
We have performed a scan in the control voltage parameters of the ion source
piezoelectric valve in such a way that the extracted beam current is maintained at a
constant value. Some adjustment was needed at the neutralizer gas valve to maintain
the maximum value of neutralization fraction (>70%). The Fast IG signal was recorded
as a way of monitoring the total amount of injected gas.
Table II.4.1-1 summarizes the beam parameters for two extreme cases: the “Ramp”
beam current corresponds to a square gas control waveform, and the “square” beam
current is achieved with a special combination of parameters on the “three step ladder”
gas control voltage. Whereas the beam transmission is not affected, the arc efficiency is
improved by 20% and the beam energy by almost 10% with the “square” beam current.
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I Beam waveform
Gas waveform
(Ion Source)
Arc efficiency
(A/kW)
Beam Energy

59 %

70 %

140 kJ

150 kJ

Transmission

55 %

55 %

Pressure Beam box

1.9 x 10 –4 mbar

2.0 x 10 –4 mbar

1

Table II.4.1-1: Gas optimization: main beam parameters of two typical beams
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[3] ] M. M. Menon, R. N. Morris, and P. H. Edmonds, “ATF Neutral Beam Injection System”, Proc. 11th
Symposium on Fusion Engineering 1985, IEEE CAT# CH2251-7
[4] M. Liniers, A. García, C. Fuentes et al., Vacuum System of the Neutral Beam Injectors at the
Stellarator TJ-II, Vacuum 67/3-4 (2002) 379-384
[5] O. Vollmer, R. Bilau-Faust, J. H. Feist et al., Initial Operation and Performance of the Asdex Long
Pulse Injection System, Fusion Technology 1988, Vol 2, p. 625
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II.4.2 First experiments in NBI Heated Plasmas
Evidence of the first beam heated plasmas was recognized at the rebound of the soft X
rays signal, usually a signature of a finite electron temperature, after an initial fall at
ECRH cut off. A clear difference between ECH and NBI plasmas was observed with the
Thomson scattering profiles. The first NBI maintained plasmas were often terminated in
a thermal collapse. Different combinations of gas puffing, ECH heating and wall
conditioning strategies have been investigated with the aim of optimizing the power
coupling and density control at NBI plasmas.
II.4.2.1 First NBI Plasmas
Thomson scattering profiles obtained along the evolution of the plasma from ECH to
NBI heating are shown in Figure II.4.2-1. The electron density profiles show a gradual
evolution from the hollow shape typical of ECH plasmas with on-axis microwave
injection to bell-shaped profiles at the NBI phase. The central density increases from
1.7 x 1019 m-3 at ECH cut off, up to 4.0 x 1019 m-3 near the end of the discharge. The
steep electron temperature profiles of ECH plasmas are suddenly flattened at density
cut-off, the central value changing from 1 keV to 200-300 eV.
When the NBI injection is combined with on-axis ECH heating, the rise in density
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cause for the fast density rise.

Spectroscopic measurements show no sharp
increase of medium or high Z impurities. On
the other hand, Langmuir probes
measurements of turbulent transport at the
plasma edge show a strong reduction in ExB
turbulence as the NBI regime sets in [1].
Figure II.4.2-2 (top) shows the particle flux
waveform at an effective radius 0.95. It can
be seen that the radial ExB turbulence
induced flux is reduced by a factor 10 in the
NBI regime. The sharp change of turbulent
transport coincides with a significant
increase in the ratio between density and
particle recycling (Ha) as shown in Figure
II.4.2-2. Several modes below 300 kHz have
been found in the frequency spectra of
magnetic pick-up coils in the NBI regime.
Edge density profiles obtained with Lithium
beams show that the SOL density decay
II.4.8

length decreases to half its ECRH value. The tails in density profiles, normally observed
in the SOL region in ECRH plasmas, disappear in the NBI phase. This picture of the
plasma behaviour points in the direction of an improved confinement regime.
The behaviour of the plasma ions and impurities has also been studied at the transition
between ECH and NBI regimes. The ion temperature as measured by a Neutral Particle
Analyzer shows non-Maxwellian spectra with a first slope that evolves from 90 eV
under ECH to around 130 eV under NBI. Impurity temperature and rotation are
monitored using passive emission spectroscopy [2]. Toroidal rotation of impurities such
as CV is seen to change drastically at NBI onset: the absolute value of the toroidal
velocity decreases by a factor 4, although the negative (counter) sign is not reversed.
Computer simulations of the beam-plasma interaction with the Monte-Carlo code
FAFNER combined with the transport code PROCTR allow us to calculate NBI
absorption, fuelling, and plasma electric field. The selfconsistent ambipolar radial
#10533
electric field resulting from PROCTR is
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always negative with NBI, while for 1200
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Fig II.4.2-3: Profiles of plasma potential (V) by
NBI maintained plasma, the slopes are
HIBP
negative, albeit small.
Finally, as the plasma approaches the highest NBI densities (4x1019 m-3) an increase in
the level of fluctuations and ExB transport has been systematically observed. Since
these densities fall within the stellarator density limit scaling law, the finding can be
interpreted as the increasing of edge transport near the density limit of TJ-II.
Experimental results suggest the importance of both radiative and edge transport
mechanisms in the physics of the density limit of TJ-II.
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II.4.2.2 Comparison of different ECH-NBI scenarios
Density control in NBI discharges
with a plasma target created by on<n >
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Figure II.4.2-5: TS profiles of a NBI+ECH off-axis
The turbulent behaviour of both
discharge.
types of plasmas also differs. The
MHD coherent modes appear in both cases, but the drastic reduction in the broadband
spectrum occurs only at ECH removal in the on-axis case. A similar behaviour is
observed with the Langmuir probes and the turbulence detected with the reflectometer:
the turbulent spectra of the off-axis case is appreciably broader.
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II.4.3 NBI calculations for the TJ-II experimental discharge
II.4.3.1 Beam Power absorption
Calculations for NBI losses, absorption and power deposition radial profiles,
corresponding to the experimental TJ-II campaigns 2003-2004, have been fitted to
simple functionals in order to allow a fast approximative evaluation for any given
density [1].
The average difference between the calculations for the individual discharges using the
experimental density and temperature radial profiles and the fit predictions are between
10 and 15%, and the behaviour with density is the expected one: monotonic decrease of
shine through losses and increase of absorption with incipient saturation for high
densities.
The fast ion birth radial profile narrows initially at low densities but later starts to
widen, although, for the average line density range analysed (0.51 to 4.1x1013 cm-3), are
never so wide as to induce an increase of direct orbit losses or to produce hollow radial
profiles. The power absorption radial profile widens monotonically.
There exist Fortran subroutines, available at the three Ciemat computers, allowing the
fast approximate evaluation of all these values.
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Figure II.4.3-1. Comparison between the values calcutated using the experimental radial profiles of
density and temperature (circles) and the fitting results (triangles) for the shine through losses in terms of
fraction of the power entering the torus (Ptor).
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Figure II.4.3-2. Comparison between the values calcutated using the experimental radial profiles of
density and temperature (circles) and the fitting results (triangles) for the shine through losses in terms of
fraction of the power entering the torus (Ptor).

II.4.3.2 Fits for the density and temperature radial profiles
The density and electron temperature radial profiles, corresponding to the
experimental TJ-II campaigns 2003-2004, have been fitted to simple functionals in
order to allow a fast approximate evaluation for any given density and injected power.
The fits have been calculated, separately, for the four possibilities: ECRH and NBI
Phases as well as On and Off Axis ECRH injection [2].
The average difference between the experimental profiles for the individual discharges
and the fit predictions are around 8% for the density and 10% for the temperature
The behaviour of the predicted profiles with average line density and injected power has
been analysed. The central electron temperature decreases monotonically with
increasing density and the central value with the ECRH On Axis is clearly higher than
the Off axis one. The radial density profiles narrow with increasing density and the NBI
On axis case is clearly wider than de Off axis one. The electron temperature profile
widens slightly with increasing density and the width of the On Axis case is lesser than
That of the Off axis case in all phases.
There exist Fortran subroutines, available at the three Ciemat computers, allowing the
fast approximate evaluation of all these profiles.
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Figure II.4.3-3. Comparison between the values calcutated using the experimental radial profiles of
density and temperature (triangles) and the fitting results (solid lines) for the central electron temperature
in both phases for the on-axis cases. The oscillation in the fits correspond to different experimental values
of the ECRH Power or the NBI Power at calorimeter.
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Figure II.4.3-4 Comparison between the values calcutated using the experimental radial profiles of
density and temperature (triangles) and the fitting results (solid lines) for the half width of the electron
density profile in both phases for the on-axis cases. The oscillation in the fits correspond to different
experimental values of the ECRH Power or the NBI Power at calorimeter
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II.5 Data acquisition
The set of activities related to data acquisition were grouped into three main projects:
the TJ-II remote participation system (RPS), the improvement of advanced data
acquisition systems and the development of data analysis techniques based on pattern
recognition. The first project produced a first full version of the TJ-II RPS whose
capabilities can also be used from the local area network environment. The aim of the
second project was the development of distributed real-time data processing
architectures for data acquisition systems. The third project looked for the validation of
classification methods and their applicability to plasma experimental signals.

II.5.1 TJ-II remote participation system
New programming software to set-up acquisition channels during device operation was
developed for the TJ-II remote participation system [1]. The software follows a threetier model. A first tier (Client Tier) groups client software containing only user interface
code. A second tier (Middle Tier) includes code for authorization, authentication and
query processing. A third tier (Data Tier) consists of a relational database server for
managing configurations. The PAPI system [2], a distributed authentication and
authorization system, provides system security. All TJ-II digitization channels (over
1000) can be managed from the remote participation system. Also, 15 diagnostic control
systems, databases and the operation logbook are available from the RPS.
II.5.1.1 Multi-tier approach for data acquisition programming
A multi-tier architecture tries to avoid build-time dependencies between tiers so that one
can update the software on one tier without having to update the software on its
neighbouring tiers. A multi- tier architecture has been designed for data acquisition
programming in the TJ-II RPS environment (figure II.5.1.1-1) where one tier is devoted
to providing user interface code only. Web servers provide resources for authorization,
authentication and query processing. Finally, a relationa l database server manages
channel configurations.
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Figure II.5.1.1-1. Multi-tier software architecture for programming TJ-II data acquisition systems.

The first tier (or client tier) is comprised of thin client software, which is software that
runs on client computers and contains only user interface code. For instance, web
browsers are used as thin clients to monitor/program acquisition parameters. Also, some
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of the operation processes described below (LabView applications) are thin clients. A
web server is used in the middle tier and communication with the client tier is carried
out via the HTTP protocol. The use of HTTP protocol for this interface makes it easier
to maintain tier independency in terms of software update requirements. The third tier
(Data Tier) consists of a relational database server for managing configurations.
However a mechanism for interfacing the web server with the database is required. JSP
pages were considered to be the best option for the TJ-II requirements.
Two types of processes appear in the environment: local processes (LP) and operation
processes (OP). The first manage the local characteristics of every data acquisition
system: acquisition cards (several types) and module owners (multi- user systems). The
second group the remaining processes: loading system data onto the database, signal
allocation, channel set-up monitoring/programming and data acquisition control.
II.5.1.1.1 Local processes
These processes allow one to declare both the modules existing in a data acquisition
system (DAS) and their owners. This declaration is managed at local level only. The
data acquisition system controller executes a generic application, whose aim is to
manage system information about current acquisition cards, their types, the slot they
occupy and the owner user. These data are stored locally and used when the DAS is
linked to the remote participation system. The application was written using LabView
4th generation language.
II.5.1.1.2 Operation processes
Operation processes are the set of processes related to data acquisition during TJ-II
discharges. Their software architecture follows the multi- tier design shown in figure
II.5.1.1-1. All interactions with the database are accomplished through JSP pages while
data exchange is carried out using XML (eXtensible Markup Language). A brief
description of each of the four basic OP´s is given next.
Loading system data in the database. These processes are executed from the data
acquisition system controller when the DAS becomes accessible through the TJ-II RPS
resources. They are LabView applications that write in the database the system
configuration about modules, slots and owners. Previously, such information was
generated by LP applications. The user interface is a log trace about data writing in the
relational database.
Signal allocation. The main elements in the TJ-II data acquisition system are the
signals. Experimentalists direct electrical signals from their diagnostics to a digitizer
channel. In order to identify the informatio n captured by each digitizer, a signal name is
associated to each hardware channel. This association simplifies the interaction for
remote participants who only need to access the list of signals and their descriptions in
order to participate efficiently in TJ-II experiments (knowledge of signal hardware
allocation is not needed). The term ‘signal allocation’ represents the set of resources to
assign a signal name to a digitizer channel. Presently, the software for the client tier is a
LabView application running in the DAS, but developing a web page for such purposes
is quite straightforward.
Channel set-up monitoring/programming. From the TJ-II operation point of view,
this is the main process. Users can visualize all signal acquisition parameters while
signal owners can modify a channel set- up. The client tier for this process consists of
web pages. Several web pages, depending on the hardware characteristics (sampling
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rates, memory, pre-trigger and post-trigger protocol and so on) of the digitizer to whic h
the signal is associated, provide user interface. In the first stage, the acquisition cards
available for the TJ-II RPS will be: 2 families of in- house VXI cards [3], PXI 6070E
cards from National Instruments, PCI-DAS 4020/12 cards and PCI-DAS 1602/16, both
from Measurement Computing. Over 1000 channels will be managed in this way from
the TJ-II remote participation system.
In addition to the hardware characteristics pages, other have been developed in order to
provide users with interfaces for defining signal parameters such as amplifier gains,
calibration factors or other experimental values. There is no restriction on the number of
parameters per signal, as this information is stored in the TJ-II database, which also
provides a buffer for this data.
TJ-II operation can be easily followed through ‘TJ-II virtual systems’. A virtual system
can be visualized as a signal container. A user defines a virtual system through the use
of a name. The user ‘places’ signals in the virtual system and a web page provides a
graphical user interface that provides a constant update of the status of the virtual
system when required (figure II.5.1.1-2). This status represents the situation of its
signals. Possible signal situations include READY (waiting for a new discharge),
ARMED (waiting for a trigger to begin digitalisation) and SENDING (data integration
into the database). For example, when all signals of a virtual system are READY, the
system is READY. In other cases, the status is PENDING. The web pages allow users
to edit the virtual system characteristics (e.g. to add and delete signals as well as to
erase the virtual system itself) and also provide access to the signal configuration mode.
Each TJ-II RPS user owns a default virtual system, that cannot be deleted and that is
identified by his/her username. The same signal can be included in any number of
virtual systems while following the policy of owner only changes to acquisition
parameters.

Figure II.5.1.1-2. Access to TJ-II Virtual Systems.

Data acquisition cont rol. Data acquisition control processes are LabView programs
executed in background by the DAS controllers. Their aim is to program and control
acquisition boards and to transfer acquired data to the TJ-II central database. They
receive messages regarding TJ-II operation from the TJ-II distributed synchronization
system [4]. The data acquired are sent to the central database using the TJ-II data access
library [5].
II.5.3

II.5.1.2 Present status of the TJ-II remote participation system
The TJ-II remote participation system was developed to provide access to TJ-II
elements from both the TJ-II experimental local area network and INTERNET. The
initial design did not foresee the development of special facilities for audio information
or videoconference sessions. These requirements should be addressed in a first step by
webcams between participants. The emphasis was put on developing tools 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.
The TJ-II RPS was designed to provide users with a single access medium for all
operations related to data acquisition and to the monitoring/programming of diagnostic
control systems. It is based on web technologies. A web server acts as a communication
front-end between remote participants and local TJ-II elements. In addition, web
technologies allow a very scalable system architecture, which can depend not just on
one but on several web servers, thereby providing more flexibility. Also, system
administration is simplified. All external access is carried through a single protocol
(http) and a well-known communication port, thereby avoiding the need for continuous
modification of firewall rules.
User/system interaction is based on Java Technology. From the server side, web
services are provided via resources supplied by JSP pages. The client part makes use of
web browsers and ad- hoc Java applications. Regarding software deployment, use was
made of solutions based on the Java Network Launching Protocol (JNLP).
The operation requires the use of a distributed authentication and authorization system
for controlling access of users and resources. The distributed characteristic of the
system is a basic requirement because of the distributed nature of web technologies.
This development employs the PAPI system as it was mentioned above.
Client
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Web server
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Point of access
(Authorization system)

Authentication system

Database

Web server

Database
Diagnostic
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Web server
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database

Relational
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Figure II.5.1.2-1. RPS system architecture.

Figure II.5.1.2-1 summarizes the RPS architecture. The architecture is a consequence of
the PAPI system which considers two independent elements: the authentication server
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(AS) and the point of access (PoA) that is in charge of authorization tasks. Several PoAs
can coexist, although at present only one PoA is defined in the TJ-II environment.
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 AS validates the request while the PoA manages actual access
control to a set of web servers. At present, the TJ-II remote participation system uses
two web servers, one being devoted to data acquisition tasks (including tracking the TJII operation), the other being assigned to the diagnostic control systems. It should be
noted that the former uses Tomcat as the application server through JSP pages while the
latter is a HTTP server provided by the LabView Internet Toolkit. The tasks related to
data acquisition and operation tracking use two different relational databases (MS SQL
Server). One database manages all experimental configurations of systems and data
acquisition channels while the other takes care of the operation logbook and physical
data from discharges.
As it was mentioned above, the software related to the RPS was developed following a
three tier model. In this way, acquisition systems do not provide user interface for
acquisition parameter programming, reserving computational resources at these systems
for acquisition tasks.
Based on the above scheme, the TJ-II remote participation system provides resources at
several levels i.e., operation tracking, operation logbook, data acquisition software,
diagnostic control system monitoring/programming and multiprocessor data acquisition
systems.
II.5.1.2.1 Operation tracking
Operation tracking signifies the set of resources available to users to follow discharge
production (configuring/monitoring of data acquisition channels and diagnostic control
systems, on- line access to the operation logbook, on- line access to the operational status
of both acquisition channels and data acquisition systems) and to access historical shot
data (operation logbook with relational searching capabilities).
The entry point to these resources is the web page http://tj2web.ciemat.es. After user
authentication (carried out by the PAPI system), each user has a personalised menu in
accordance with their operational profile. The various menu options provide users with
a web page for performing the requested action. For example, programming of
experimental signal acquisition takes place according to signal name, without the need
to have prior knowledge of the data acquisition system in charge of data digitisation. At
present over 1000 channels are available via the remote participation environment.
II.5.1.2.2 Operation logbook
RPS users have access to an electronic logbook (in read-only mode) that enables them
to follow TJ-II discharge production. In addition, the “physicist- in-charge” of the
operation/logbook has write access to the on-line distribution of information. For this, a
Java application was developed. This application is downloaded by means of the JNLP
protocol. This protocol ensures automatic download of the latest version of the
application whenever it is executed.
II.5.1.2.3 Data acquisition software
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The data acquisition software represents the set of software processes that are executed
on the data acquisition systems. The set of programs were described under the above
paragraphs Local processes and Operation processes. The programming and control
of the acquisition systems is accomplished via LabView (LV) applications running
under the Windows 2000 Operating System. These applications follow the software
model of figure II.5.1.1-1. Access to the database is done using datasocket Virtual
Instruments (VI’s) provided by LV 7, which allow an URL to be read in a LV
application. The data exchanged between the web server and the LV applications are in
XML format and adva ntage is taken of the VI’s for XML manipulation provided by LV
7.
Different low level application program interfaces (APIs) are used for this purpose:
Universal Library for PCI channels, NI-DAQ for PXI channels and NI-VXI and NIVISA for VXI channels. The acquisition parameters are also dependent on the data
acquisition module features, and consequently, different XML data structures are
interchanged with the web server for different hardware channels.
II.5.1.2.4 Diagnostic acquisition systems monitoring/programming
User interfaces for diagnostic control systems are also web pages [6]. The pages are
fully accessible through the link http://tj2web.ciemat.es. Each diagnostic control system
has its own web page for monitoring/programming purposes. Access to a specific page
is only granted to authorised users through the PAPI system.

II.5.2 Advanced data acquisition systems
The current TJ-II data acquisition system consists of several PXI standard chassis. Each
one includes several data acquisition cards, which allow acquiring samples of a certain
number of system channels. The acquisition is made using LabVIEW and the operating
system is Windows, since there are no commercial drivers for the data acquisition cards
under other operating systems. Currently, these PXI systems only take the samples in
each discharge and send the data to the central servers that save and process the
samples. The processing capability of each PXI system is limited to the capacity of the
controller that must share its CPU resources between the data processing and the data
acquisition tasks. In a commercial PXI system, the possibility of introducing new
elements that increase the processing capability of the systems, desirable in real time, is
very complex. Real time processing is a very desirable feature in fusion environments
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.
A new architecture model has been developed [7]. It introduces distributed local data
processing architecture. This means that one or more processing cards will be included
in each PXI chassis, as well as some software elements that allow planning the
distribution of the data processing of each channel that is being acquired by the system.
II.5.2.1 System architecture
The proposed architecture [8] is based on a standard PXI chassis, which includes a
controller and several data acquisition cards, to which one or more processing cards are
added. For the performance tests, a PXI-1000B chassis with a NI-8176 controller and

II.5.6

three PXI-6070E multifunction cards, where used. Two CC8-BLUES processing cards
from EKF System were added in peripheral slots to the basic system (figure II.5.2-1.a).

Figure II.5.2-1. System architecture.

It is not an easy task to find CPU cards that could work on the PXI peripheral slots and
actually only few companies offer them. Moreover, commercial software that makes
these cards work together with the rest of the system does not exist.
The software development is based on the following elements:
• The system controller, as well as the processing cards, uses the operating system
Red Hat Linux 9, kernel 2.4.22, with real time capabilities (ADEOS patch;
RTAI 24.1.12). Using Linux ensures the access to the applications code,
enhancing the adaptation of the software to a custom platform.
• The COMEDI project data acquisition drivers were used, since no commercial
drivers for LabVIEW under Linux are available.
The data flow in the system is controlled by a real time task and a real time interrupt
(ISR, Interrupt Service Routine). In the system controller, the real time task collects the
data offered by the COMEDI driver, pre-processes the data (converts binary data to
floating point and separates the samples of each channel) and sends it to a FIFO in the
system controller (LabVIEW could obtain the samples from the FIFO to process them)
or to one of the PCI bridges in the processing cards. In each processing card, the real
time ISR will collect the samples sent by the controller and send them to a FIFO from
which LabVIEW will obtain the samples to process them (figure II.5.2-1.b).
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II.5.2.2 System performance and results
Using the system described previously, several tests were carried out in order to
compare the processing capability of a standard PXI commercial system (with a
controller using Windows, LabVIEW, National Instruments data acquisition
commercial driver (NIDAQ) and several commercial data acquisition cards) with the
performance of the same PXI system adding one or two processing cards.
II.5.2.2.1 Controller and processing cards features
The developed system includes a PXI-8176 National Instruments controller and CC8BLUES EKF System processing cards (TABLE II.5.2-1). According to their features,
the controller is expected to have a larger processing capability than the processing
cards.
Hardware features
Model
Controller

PXI-8176

Processing cards

CC8BLUES

Vendor

CPU

Frequency

Intel
National
Pentium 1266 MHz
Instruments
III
Intel
EKF
Pentium 850 MHz
System
III

Cache
size

RAM
Bogomips
memory

512 KB 128 MB 2.523,13
256 KB 256 MB 1.690,82

Table II.5.2-1. Controller and processing cards features.

II.5.2.2.2 Software architecture for system performance evaluation
The application software that has been used to carry out the tests is a LabVIEW
application that has the following elements: a main program (Main.vi) that calls two
subprograms that run in parallel (Data acquisition.vi and Data processing.vi) and that
communicate between them through global variables synchronized with semaphores
(figure II.5.2-2).

Figure II.5.2-2. Software architecture used for system performance evaluation.
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The subprogram Data acquisition.vi acquires the data (when the controller works under
Windows) or reads the data from the FIFO where the real time task leaves the data from
the COMEDI buffer (on the controller when it works under Linux, and on the
processing cards). The subprogram Data processing.vi carries out a processing of the
data with the LabVIEW functions “FFT Power Spectrum.vi” (FFT), which computes
the FFT of the input time waveform, forms its power spectrum, and then averages this
power spectrum with those computed from previous time waveforms, and “Extract
Single Tone Information.vi” (ESTI), which takes a signal in, finds the single tone with
the highest amplitude or searches a specified frequency range, and returns the single
tone frequency, amplitude, and phase. Both functions receive a 4096 samples signal as
input. This processing subprogram is identical in the controller (regardless the operating
system) and the processing cards.
II.5.2.2.3 Average time of data processing
Using the LabVIEW Profile tool, the average processing time that each CPU has used to
execute the FFT and ESTI functions has been obtained. These times have been
measured in the processing cards and the controller. When working with the controller,
two possible cases have been distinguished: a) that the controller is only performing the
processing tasks, and b) that the controller is performing the processing simultaneously
with the data acquisition (under Windows and Linux). The results are shown in TABLE
II.5.2-2.

Controller (with Windows)
Controller (with Linux)
Processing cards (Linux)

Average times of data processing (µs)
CPU performing data
CPU performing only data
acquisition and data
processing
processing
FFT
ESTI
S
FFT
ESTI
S
1463
1385
2848
1850
1776
3626
1232
1488
2720
1729
2034
3763
2299
3592
5891
FFT: FFT Power Spectrum.vi (4096 samples)
ESTI: Extract Single Tone Information.vi (4096 samples)

Table II.5.2-2. Average times of data processing for the different CPUs and OS.

As the previous table shows, and as it was expected, the processing cards capability is
lower than the controller’s processing capability. Therefore, in order to perform a
comparative in which this difference does not interfere, it is necessary to establish a
scale factor that relates the two processing capabilities, and it is defined in equation
(II.5.2-1).
Scale_factor =

Average_time_of_data_proc.(P_Card)
Average_time_of_data_proc.(Controller)

=

5891
2720

= 2,17

(II.5.2-1)

II.5.2.2.4 Maximum number of acquired and processed samples
a) Controller alone
Using the software architecture explained previously, the maximum processing
capability (without missing samples) that the controller offers working alone (without
processing cards) has been obtained. The measurements have been done for the
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controller in two cases: a) using Windows 2000 operating system, LabVIEW 6.1 and
the data acquisition cards manufacturer driver (NIDAQ), and b) using Red Hat Linux 9
with RTAI operating system, LabVIEW 6.1 and the COMEDI drivers. The results that
were obtained (see figure II.5.2-3) indicate the maximum number of samples that the
controller is capable of acquiring and processing for one, two and three channels (each
channel from a different data acquisition card). As it is shown, the results for both
operating systems are very similar.

Figure II.5.2-3. Maximum number of acquired and processed samples using only the Controller.

b) Controller and processing cards
Tests were carried out using the same software architecture as before, to characterize the
behaviour of the system when the processing cards are added.
Maximum acquired and processed samples for 2 and 3 channels (kS/s)
Controller
(Windows)

Controller
(Linux)

2 channels

800

780

C
700

P1
450

P1 (*)
975

(D1+D2)

(D1+D2)

(D1+D2)

(D1)

(D2)

(D2)

3 channels

780

760

-

-

-

(D1+D2+D3) (D1+D2+D3) (D1+D2+D3)

Controller (Linux) +
Processing Card 1
C

Controller (Linux) +
Processing Card 1 +
Processing Card 2
P1
P2
P1 (*)

P2 (*)

-

-

-

-

-

670

450

450

975

975

(D1)

(D2)

(D3)

(D2)

(D3)

(*) Correction of scale factor applied (Scale_factor = 2,17)
D1: channel 0 from DAQ1
D2: channel 0 from DAQ2
D3: channel 0 from DAQ3

Table II.5.2-3. Maximum number of acquired and processed samples for 2 and 3 channels, using the
Controller and the Processing Cards.

Firstly, the maximum processing capability of the system with one processing card was
measured. In this case, samples of two channels of different data acquisition cards were
acquired. The processing of one of them and the pre-processing of the other (binary to
float conversion) was done with the controller and the pre-processed samples were sent
to the added processing card that processed them. The first row of the TABLE II.5.2-3
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shows the results that were obtained. In this table, the scale factor has been applied to
the maximum number of samples processed by the processing card in order to correct
its lower processing capability compared to the controller. The processing capability
that has been obtained, related to a standard commercial system, can be expressed using
(II.5.2-2).
SPC(1PC) =

C(D1)2 + P1(D2)2 × Scale_factor
Controller(Windows)2

× 100 = 209%

(II.5.2-2)

where:
• SPC(1PC): System processing capability with one processing card.
• C(D1)2 : maximum number of samples processed by controller (for two channels,
D1 processing).
• P1(D2)2 : maximum number of samples processed by processing card 1 (for two
channels, D2 processing).
• Controller(Windows)2 : maximum number of samples processed by controller
(for two channels, D1 and D2 processing).
Secondly, the same measurements were carried out for the system with two processing
cards acquiring data from three channels, each one of a different card. In this case, the
data of one of the channels was processed in the controller and the other two channels
were processed one in each processing card.
The results are shown in the second row of the TABLE II.5.2-3. As well as in the
previous case, the scale factor has been applied to the maximum number of samples
obtained for each processing card, in order to correct the lower processing capability of
the processing card compared to the controller. The processing capability that is
obtained using two processing cards can be compared to that of a standard commercial
system using expression (II.5.2-3).
SPC(2PC) =

C(D1)3 + (P1(D2)3 + P2(D3)3) × Scale_factor
Controller(Windows)3

× 100 = 336%

(II.5.2-3)

where:
• SPC(2PC): System processing capability with two processing cards.
• C(D1)3 : maximum number of samples processed by controller (for three
channels, D1 processing).
• P1(D2)3 : maximum number of samples processed by processing card 1 (for three
channels, D2 processing).
• P2 (D3)3 : maximum number of samples processed by processing card 2 (for
three channels, D3 processing).
• Controller(Windows)3 : maximum number of samples processed by controller
(for three channels, D1, D2 and D3 processing).
II.5.2.3 Discussion
The previous results show that it is possible to increase the processing capability of a
PXI standard system by adding one or more commercial processing cards and
developing the specific software modules that allow the communication between the
processing cards and the rest of the system. According to the results that were obtained,
it is possible to state that if the processing capability of the processing cards were the
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same as the one of the system controller, the enhancement of the processing capability
would be 100% of the controller’s processing capability for each processing card that
was added to the system (nowadays new models of peripheral PXI CPUs with Pentium
4 are being commercialized). It is necessary to remark that in this system the processing
applications for the CPUs are written in LabVIEW. Obviously LABVIEW doesn’t use
the real time capabilities of operating system and this is a drawback. Probably, in a near
future, will appear new versions of LabVIEW with new capabilities. In any case, this
model is hardware and software scalable and is an easy way of to implement data
acquisition and control applications of fusion experiments in comparison with other
solutions [9][10].

II.5.3 Analysis techniques based on pattern recognition
Databases in nuclear fusion experiments are made up of thousands of signals. For this
reason, data analysis must be simplified by developing automatic mechanisms for fast
search and retrieval of specific data in the waveform database. In particular, a method
for fast similarity search in the database would be very helpful.
In [11] a method to find similar time sequences using Discrete Fourier Transformation
(DFT) to reduce the dimensionality of the feature vectors is proposed. In [12], the
previous DFT-based method is used to search similar phenomena in waveform
databases but it is just applied with slowly varying signals. However, the DFT has
difficulties when used with fast varying waveforms since time information is lost when
transforming to the frequency domain and transitory characteristics can not be detected.
Wavelet Transform (WT) offers an efficient alternative to data processing and provides
many advantages: 1) data compression, 2) computing efficiency, and 3) simultaneous
time and frequency representation.
Support Vector Machine (SVM) is a very effective method for general purpose pattern
recognition [13][14]. 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, where an optimal separating hyper-plane is
constructed in order to minimize the risk of misclassification. The hyper-plane is
determined by a subset of points of the two classes, named Support Vectors (SV).
Here, preliminary results are shown when using WT techniques for characterizing the
signals and SVM as the technique for pattern recognition and information retrieval. The
proposed method has been applied to the TJ-II stellarator database [15] [16].
II.5.3.1 Wavelet transform
Wavelets are basis functions used in representing data or other functions [17]. Wavelet
algorithms process data at different resolutions or decomposition levels in contrast with
DFT where only frequency components are considered. The WT is applied to the
original signals in order to compute a few coefficients for each signal in a fast way
(figure II.5.3-1).
The WT, in particular the Haar transform is used in this work, is chosen for many
advantages. First, WTs have been used for data compression. Second, it can be
computed quickly and easily, requiring linear time in the length of the signal and simple
coding. The complexity of Haar transform is O(n) whilst O(n log n) computation is
required for DFT. Although these computations are all involved in the pre-processing
stage, the complexity of the transformation can be a concern especially when the
database is large, as it happens in our case. Another advantage is that Haar wavelets are
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capable of providing the time and frequency information simultaneously. Therefore,
wavelet representations of signals bear more information than that of DFT, in which
only frequencies are considered. While DFT extracts the lower harmonics, which
represent the general shape of a time sequence, WT encodes a coarser resolution of the
original time sequence with its preceding coefficients.
Original signal
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Figure II.5.3-1. Original signal and its Wavelet transform approximations with three different
decomposition levels (h=4, 8, 12).

II.5.3.2 Support vector machines for classification
Because SVM has been described in the literature, only a brief description is given in
this work. SVM is a universal constructive learning procedure based on the statistical
learning theory [13].
Let us consider the problem of separating a set of training vectors belonging to two
separate classes (a binary classifier),

{ ( x1 , y1 ), K, (x n , y n ) },

x ∈ R n , y ∈ {− 1, + 1}

with a hyper-plane decision function D(x),
D( x ) = w, x + b

where , denotes inner product. In linearly separable cases, SVM constructs a hyperplane which separates the training data without error. The hyper-plane is constructed by
finding another vector w and a parameter b that minimizes w 2 and satisfies the
following conditions:

[

]

yi w, x i + b ≥ 1,

i = 1, K , n

where w is a normal weight vector to the hyper-plane, b

w

is the perpendicular

distance from the hyper-plane to the origin, and w 2 is the Euclidean norm of w. After
the determination of w and b, a given vector x can be classified by:
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sign( w, x + b )

(II.5.3-1)

In non-linearly separable cases, SVM can map the input vectors into a high dimensional
feature space. By selecting a non- linear mapping a priori, SVM constructs and optimal
separating hyper-plane in this higher dimensional space. A kernel function K ( x, x' )
performs the non-linear mapping into feature space [18], and the original constrains are
the same. In this way, the evaluation of the inner products among the vectors in a highdimensional feature space is done indirectly via the evaluation of the kernel K ( x, x' )
between support vectors and vectors in the input space (figure II.5.3-2). This provides a
way of addressing the technical problem of evaluating inner products in a highdimensional feature space. Examples of kernel functions are shown in TABLE II.5.3-1.
input space
+
feature space

input space

feature space

maximum
margin

K(x, x' )

hyperplane

optimal
hyperplane
hyperplane

(a)

(b)

Figure II.5.3-2. The idea of SVMs: map the training data into a higher-dimensional feature space via K,
and construct a separating hyperplane with maximum range there. This yields a nonlinear decision
boundary in input space. By the use of kernel functions, it is possible to compute the separating
hyperplane without explicity carrying out the map into the feature space. (a) Linearly separable case. (b)
Non-linearly separable case.

Inner product

K ( x, x' ) = x, x'

Polynomial of
degree d
Gaussian Radial
Basis Function
Exponential
Gaussian Radial
Basis Function

K ( x, x' ) = ( x, x' + 1)

d

{

K ( x, x' ) = exp − x − x'

K ( x, x' ) = exp  −


2

x − x'

2σ 2
2

}


2σ 2 


Table II.5.3-1. Some kernel functions.

Linear support vector machine is applied to this feature space and then the decision
function is given by:


f ( x ) = sign 
α i yi K ( xi , x) + b 


 i∈SVs


∑

(II.5.3-2)

where the coefficients α i and b are determined by maximizing the following
Langrangian expression:
n

n

n

∑ α i − 2 ∑∑ α i α j y i y j K ( xi , x j )
i =1

1

i =1 j =1
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under conditions:
n

αi ≥ 0

∑ α i yi = 0

and

i =1

A positive or negative value from Eq. II.5.3-1 or Eq. II.5.3-2 indicates that the vector x
belongs or not to class 1. The data samples for which the α i are nonzero are the support
vectors. The parameter b is given by:
b = ys

∑ α i y i K ( x s , xi )

i∈SVs

where ( x s , y s ) is any one of the support vectors.
II.5.3.3 Performance evaluation
Some preliminary results of our pattern classification approach based on wavelets and
SVM are presented in this Section. We have focused the attention in showing the
method validity instead of looking for a specific application. Our proof was based on
classifying and recognizing temporal evolution signals from the TJ-II database. It is
accomplished in a two-step process. A first step provides signal conditioning (figure
II.5.3-3), to ensure the same sampling period and number of samples.
Signal read-out

Temporal interval selection
• Cubic spline fit
• Spline evaluation

Writing pre-processed data

Wavelet transform

Figure II.5.3-3. Signal conditioning data flow.

This requirement is a consequence of the fact that signals could have been collected
with different acquisition parameters. A second step is devoted to perform, firstly, the
learning process with SVM and some of the pre-processed data. Secondly, classification
tasks are carried out. All processes have been programmed from the MATLAB software
package.
In order to evaluate the approach, two experiments ha ve been carried out to classify
signals stored in the TJ-II database. These signals belong to one of the classes shown in
TABLE II.5.3-2.
In the first stage of our approach, the signals are pre-processed in both of our
experiments by Haar transform (with a decomposition level of 8) to reduce the
dimensionality of the problem. In the second stage, the test signals are classified using
SVM. The method applied is one versus the rest, that allows to get multi-class
classifiers. For that reason, we construct a set of binary classifiers as it is explained in
Section II.5.3.2. Each classifier is trained to separate one class from the rest, and to
combine them by doing the multi-class classification according to the maximal output
before applying the sign function (Eq. II.5.3-1). Next, two experiments are shown to
demonstrate the viability of the proposed approach.
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Classes of signals
BOL5
ECE7
RX306
ACTON275
HALFAC3
Densidad2

Description
Bolometer signal
Electron ciclotron emission
Soft x-ray
Espectroscopic signal (CV)
Hα
Line averaged electron density

Table II.5.3-2. Classes of signals .

In the first experiment, 4 classes have been considered: ECE7, BOL5, RX306, and
Densidad2. The training set is composed by 40 signals and the test set by 32 signals
obtained from the TJ-II database. Figure II.5.3-4 displays the positive support vectors
for each class using a linear kernel, the training signal corresponding to the original
signal in TJ-II, and the wavelet approach which is the signal re-sampled to 16384
samples after the wavelet transform.
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training signal
wavelet approach of training signal

Figure II.5.3-4. Positive support vector for every class in the experiment 1.

The percentage of hits, misses, and non-classifiable signals are illustrated in figure
II.5.3-5.
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Linear
kernel

Radial basis
function kernel
( σ = 100 )

Hits
Misses

97%
0%

Non-Classifiables

3%
100%
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Misses
Non-Classifiables

0%
0%

Figure II.5.3-5. Results of the experiment 1.

In a second experiment, the training and test sets are composed by 60 and 48 signals and
the number of classes was 6, respectively. Figure II.5.3-6 shows the results.

Linear
kernel

Polynomial of
degree 2 kernel

Exponential radial
basis function kernel
( σ = 100 )

Hits
Misses

69%
12%
19%

Non-Classifiables
Hits
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Non-Classifiables
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Misses

75%
10%
15%
92%
8%

Non-Classifiables 0%

Figure II.5.3-6. Results of the experiment 2.

From observation of several experiments, our WT+SVM method is very viable and time
efficient and the results seem promising. However, we have further work to do. We
have also to make a better pre-processing of the input signals and to study the
performance of other generic and self-custom kernels.
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II.6 Electronics and Diagnostic Control
In 2003 a new server dedicated to control the TJ-II diagnostics was installed. Along
2004, the following new diagnostics and systems with requirements of remote control
have been appended to this new server:
Movable limiters
They are located at the bottom ports, A3BOT and C3BOT. Their position control has
been substantially improved. The total displacement range is 200 mm, with a position
resolution of 0.1 mm.
Remote control of the TJ-II gas injection system
By means of this new development, now it is possible to select remotely the gas type as
well as monitoring the working gas base pressure
Second Li-beam diagnostic
It is located at the upper port A5TOP. This diagnostic includes a oven whose
temperature (up to 800 C) is continuously monitored and controlled with 1 C
temperature resolution. Depending on the status of the different parameters and
according to the TJ-II vacuum protocol, the control system allows or not the aperture of
the pneumatic gate valve to the TJ-II vacuum vessel.
Second fast reciprocating probe
It is located in the bottom port B2BOT. Its control system allows the position of the
probe tip in a range of 900 mm with 0.1 mm resolution.
Internal mirror of the ECH quasi-optical transmission line QTL2
This last mirror, located at the upper A6TOP port, inside the vacuum vessel, has two
freedom degrees, poloidal and toroidal. The control system allows positioning of the
mirror in both directions with 0.1 degrees angular resolution.
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II.7 Plasma-wall activities
II.7.1 Density control during the NBI phase
Previous measurements of the pressure evolution during the injection of
NB into the TJ-II vacuum vessel had given some indications on the
possible excess fuelling of the plasma by the residual gas originated in the
neutralizer chamber of the injector. More measurements on this line have
been
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Figure 1. Hydrogen release in a NBI-heated He plasma. Data for no beam
power produced (break) are also displayed.
performed during the last campaign. Two Ha monitors have been installed
along the beam path, from a top window, at the injection port (A3) and
looking at the interaction of the beam with the graphite inner-wall
protection (A6). In addition we recorded the data from mass spectrometry
and total pressure at different locations (beam box, duct, main vessel…)
during the beam generation and injection. Of particular help have been the
experiments with NB injection of H on a He plasma (figure 1). Although
the data are still under analysis, a clear correlation between the enhanced
Ha emission at the beam injection port and the pressure rise in the beam
path, even during the pulses with no beam generated (“break”), provides
evidence of unwanted gas sources that could lead to the loss of good
absorption of the beam by the target plasma. The ratio of injected power to
particle fuelling (ideally given by the beam current alone) is expected to
evolve as the actual power coupled to the plasma increases. More
II.7.1

measurements under the upgrade conditions of the beam will be carried out
in the next campaign.

II.7.2

III TJ-II Experiments and Physics
III.1 Threshold for sheared flow and turbulence development
The development of techniques to control plasma fluctuations based in the shear
stabilizing mechanism has opened a new area in magnetically confined plasmas [1]. The
best performance of existing fusion plasma devices has been obtained in plasma
conditions where ExB shear stabilization mechanisms are likely playing a key role; both
edge and core transport barriers are related to a large increase in the ExB sheared flow.
The influence of plasma density and edge gradients in the development of perpendicular
sheared flow has been investigated in the plasma edge region of the TJ-II stellarator.
The existence of the naturally occurring velocity shear layer requires a minimum plasma
density. Experimental findings have shown that there is a coupling between the onset of
sheared flow development and an increase in the level of plasma edge turbulence; once
sheared flow is fully developed the level of fluctuations and turbulent transport slightly
decreases whereas edge gradients and plasma density increases. Electron density
profiles show a broadening evolution as density increases above the critical value where
sheared flow is developed, while the temperature profile remains similar, reflecting the
strong impact of plasma density in the global confinement scaling. Furthermore, the
shearing rate of the spontaneous sheared flow turns out to be close to the one needed to
trigger a transition to improved confinement regimes. Power modulation, in the
proximity of the critical plasma density, allows the characterization of plasma potential
and electric field relaxation during the transition. These results emphasize the
importance of clarifying the driving mechanisms of sheared flow in fusion plasmas.

III.1.1 Spontaneous sheared flow development and turbulence
measurements
The similarity in the structure of the naturally occurring velocity shear layer in different
devices points to the possible role of turbulence as a universal ingredient to explain the
driving mechanisms of sheared flow in the plasma boundary region [2].
Experiments carried out in the TJ-II stellarator show that the development of the
naturally occurring edge velocity shear layer requires a minimum plasma density
(or/and minimum level of plasma turbulence). Although experimentally the external
control is the plasma density, it would be more appropriate to characterize experimental
results in terms of edge plasma gradient (e.g. ion saturation current gradient) [3].
Experiments were carried out in Electron Cyclotron Resonance Heated plasmas (PECRH=
200 - 400 kW, BT = 1 T, R = 1.5 m, <a> ≤ 0.22 m, ι(a)/2π ≈ 1.7 – 1.8) created in the
TJ-II stellarator. Plasma density was systematically modified in the range (0.35 – 1) x
1019 m-3. With the present state of art in plasma diagnostics, a full characterization of the
turbulence (in terms of variation in density and electric fields) is mostly limited to the
plasma edge where material probes can be used. Radial profiles and fluctuations were
simultaneously measured at the plasma edge region (r/a ≈ 0.8 – 1.15) using Langmuir /
Mach probes [4]. The perpendicular and parallel flows as well as the radial turbulent
particle flux have been deduced from the measurements.
Shearing rates of spontaneously developed sheared flow has been compared with those
needed to reduce turbulent transport in biasing-induced improved confinement regimes
[5]. Radial profiles of the electron temperature and the electron density have been
measured by the Thomson Scattering system [6]. The radial profiles of electron density
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at the plasma edge (up to 5 cm inside the LCFS) have been obtained by reflectometer
signals [7].

Ion saturation current (A)

Radial profiles of the different magnitudes measured at the plasma edge have been
studied when systematically modifying plasma density in a wide range and at narrow
intervals.
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Figure 1.- Radial profiles of the ion
saturation current, and the floating
potential, obtained for different values
of the line averaged density in a plasma
configuration with ι(a)/2π ≈ 1.7.

Profiles of the averaged ion saturation current
and the floating potential are shown in figure 1
for plasmas with line averaged density from
0.35 up to 1 approximately. As it has been
previously reported, when plasma density
reaches a threshold value (0.55 x 1019 m- 3
approximately for the configuration under
study), edge ion saturation current gradient
increases, and the floating potential becomes
more negative in the plasma edge. The edge
temperature profile (in the range of 20 – 40
eV) is rather flat in the TJ-II plasma periphery
[8], so, the radial variation in the floating
potential signals directly reflects changes in
the radial electric field (Er), which turns out to
be radially inwards in the plasma edge as
density increases above 0.55 x 10 1 9 m- 3
approximately.

The electrostatic fluctuation driven radial
particle
flux,
given
by
ΓExB = < n˜ ( t ) E˜ θ ( t ) > / B has been obtained
neglecting the influence of electron temperature fluctuations. The level of local
turbulent transport remains radially rather constant and small in regimes with low
density. During the development of the shear layer ΓExB increases about a factor of ten
in the plasma edge whereas ΓExB decreases when moving radially outwards.
The perpendicular phase velocity of fluctuations (vθ) is computed by means of the two
points correlation technique using two floating potential signals measured by probes
poloidally separated about 0.3 cm. The resulting radial profile of vθ is radially flat for a
mean plasma density below the threshold value, whereas above this critical density the
perpendicular phase velocity reverses and the naturally occurring velocity shear layer
appears in the proximity of the LCFS. Experimental results show that the shearing rate
obtained in spontaneous sheared flow regime is in the order of 105 s-1, that means close
to the inverse of the correlation time of fluctuations.
The influence of plasma density on plasma edge parameters has been also investigated
at a fixed probe position (r/a≈0.8). The behaviour of the edge plasma parameters as
density was changed from (0.35 – 1) x 1019 m-3 is shown in figure 2 (red dots). A sharp
change can be observed in the floating potential around the density threshold that can be
considered about (0.5 - 0.6) x 1019 m-3 and also a maximum in the level of fluctuations is
observed at this point. Furthermore, the local turbulent particle flux also shows an
increase near the critical density and tends to decrease slightly as sheared flow develops
as shown in figure 3 (red dots). The perpendicular velocity changes sign above the
critical density value due to the development of the natural shear layer (and so
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Figure 2.- Edge plasma parameters as a function of the line averaged density for shot to shot
experiments (red dots) and changing density in one shot (blue line). Measurements were
taken at r/a≈0.8.
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Figure 3.- Behaviour of plasma
magnitudes (r/a ≈ 0.8) as a
function of the line averaged
density.

triggering the radial electric field) (Fig. 3). Below
the critical density the shear layer does not exists at
least up to 3 cm inside the LCFS (r/a≈0.8). The
level of turbulent transport and fluctuations
increases as density increases up to the critical
value, where sheared flow is developed. Beyond
this point, fluctuations and turbulent transport
decreases slightly although edge gradients become
steeper (see figures 2 and 3).
Plasma density plays a key role not only on
perpendicular but also on parallel flows. Figure 3
shows that as the density increases parallel flow
increases until the critical edge density is reached
(i.e. gradient). Above this point, both the level of
plasma turbulence and the magnitude of parallel
flow decrease. These results indicate that the
evolution of parallel flow is coupled both with the
level of poloidal electric field fluctuations and the
generation of ExB sheared flow [9].
Similar measurements have been performed by
means of density scans in a single shot. The probe
was fixed at different radial locations and the
density was changed during a shot. The range of
change of density was the same as in the previous
experiments, and the same edge parameter
behaviour was found. Results obtained for the probe
located at r/a≈0.8 are also shown in figures 2 and 3
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Figure 4.- Line averaged density modulation
around the critical value (shadowed area),
and the response of the perpendicular
velocity and the floating potential (r/a≈0.9)
as a function of time.

(blue lines). The reproducibility in the
experimental findings is remarkable.
In order to unravel the underlying physics
of the development of sheared flow it is
important to clarify the existence of
hysteresis. With this purpose in mind,
density ramp up and down (near the
critical value) experiments have been
conducted (fig. 4). Results show the
reversibility of the experiment that means
that the velocity shear layer appears and
disappears as density increases and
decreases in a similar time scale.
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Density scan experiments have been also
carried out modulating the ECRH power.
Two gyrotrons (on axis-heating) were
0.6
# 10674
used for this experiment: one of them
Low ECRH power (200 kW)
0.58
was modulated (between 0 and 200 kW)
0.56
whereas the other one was at a fixed
heating power (200 kW), providing a
0.54
power modulation between 200 and 400
0.52
High ECRH power (400 kW)
kW. As power increases (400 kW)
0.5
plasma density decreases and when only
2000
# 10674 r/a≈0.9
one gyrotron is working (200 kW)
1000
density increases. Such behaviour is
typical in TJ-II and it is interpreted as a
0
manifestation of an outward particle flux
-1000
induced by ECRH [10]. The initial
plasma density was set near the critical
-2000
value to trigger the onset of sheared
-20
flow. In agreement with the previous
-40
experiments, when density increases
above the critical value, the edge
-60
perpendicular velocity changes sign,
reflecting the development of the
-80
30
50
70
90
110 velocity shear layer; consequently the
Time(ms)
floating potential becomes more negative
Figure 5.- Line averaged density
modulation around the critical value in the plasma edge (r/a≈0.9) (Fig. 5). The
(shadowed area), and the response of the behaviour of the edge parameters is
perpendicular velocity and floating strongly dependent on the probe position
potential as a function of time during (see figure 1), and the position close to
the LCFS (r/a≈0.9) is the most suitable to
ECRH power modulation experiments.
observe the appearance and
disappearance of the velocity shear layer. The decay time of floating potential and radial
electric fields are in the order of 50 – 100 microseconds, in agreement with previous
results obtained by limiter biasing [5].

III.1.2 Comparison with biasing experiments
It is important to compare the magnitude of the spontaneous developed sheared flow
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Figure 6.- Shearing rates (a), and radial velocity
fluctuations (b) obtained in shot to shot
experiments and in biasing-induced improved
confinement regimes as a function of the plasma
density. Measurements were taken at r/a≈0.9.

with the measured during biasinginduced improved confinement
regimes in TJ-II. Biasing-induced
improved confinement transition,
with some characteristics that
resemble those of previously reported
H-mode regimes in other stellarator
devices, has been observed in the TJII stellarator. During the transition to
improved confinement regimes
induced by limiter biasing a clear
reduction in the ExB turbulent flux
has been observed in the TJ-II
stellarator [5]. As biasing is turned on
turbulent transport reduces and the
resulting gradient in the phase
velocity is close to 105 s-1.

The evolution with plasma density of
shearing rates and turbulent radial
velocities measured at the plasma
edge (r/a≈0.9) are shown in figure 6. For comparison values measured during biasinginduced improved confinement regimes, at the same probe position and in the same
magnetic configuration, are included (blue dots). Shearing rate increases as density
increases above the critical value (during sheared flow development) and remains
constant for higher densities (perpendicular velocity remains constant once the sheared
flow is developed). It is remarkable that the observed shearing rates during improved
confinement regimes are (at most) a factor of two larger than those observed associated
to the naturally occurring shear layer.
The comparison of the fluctuations of the perpendicular electric field for both
experiments is also shown in figure 6. Fluctuations increase during the sheared flow
development and then remain constant as density increases above the critical value and
when the density is high enough they tend to slightly decrease (see figure 2). For
biasing experiments a strong decrease of fluctuations is observed. Thus, it appears that
fluctuations and spontaneous sheared flow organize themselves to be close to marginal
stability. A minimum level of turbulence seems to be needed to trigger sheared flow,
which turns out to self-organized near marginal stability. As a consequence, the level of
fluctuations and turbulence transport slightly decreases beyond the critical density, this
decrease being a manifestation of the self-regulation of transport via fluctuations.
[1] P. W. Terry, Reviews of Modern Physics, 72 (2000) 109.
[2] C. Hidalgo et al., New Journal of Physics 4 (2002) 51.1.
[3] C. Hidalgo et al. Physical Review E (2004)
[4] M.A. Pedrosa, et al Rev. Sci. Instrum. 70 (1999) 415.
[5] C. Hidalgo et al., Plasma Phys. Control. Fusion 46 (2004) 287.
[6] J. Herranz, et al Fusion Eng. Des. 65 (2003) 525.
[7] T. Estrada et al.,Plasma Phys. Control. Fusion 43 (2001) 1535
[8] F. Tabarés et al., Journal of Nuclear Materials 313 (2003) 839.
[9] M. A. Pedrosa, et al., Plasma Phys. Control. Fusion 46 (2004) 221
[10] M.A. Ochando et al., Plasma Phys. and Control. Fusion 45 (2003) 221.
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III.2 Turbulence measurements by reflectometry
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As it has been recently reported [1] a perpendicular velocity shear layer develops
spontaneously in the plasma edge of TJ-II above a certain plasma density.
Reflectometry measurements have allowed the characterization of a second velocity
shear layer that develops simultaneously at inner radial locations (ρ ≈ 0.8) and moves
radially inwards when the plasma density further increases. These measurements have
been carried out using a fast frequency hopping heterodyne reflectometer designed for
measuring the plasma turbulence that
was installed in TJ-II during the first
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Figure III.2.1: (a) Time of the line density for
three discharges with densities below (#11289:
open triangles), close (#11291: crossed squares)
and above (#12294: open circles) the critical
value (<ne> ≈ 0.5 1019m-3). (b) Mean frequency
of the complex amplitude spectra for the
different probing frequencies in these three
discharges and in a fourth discharge with higher
line density (<ne > ≈ 0.9 1019m-3: full circles)
and (c) the same data as a function of the cutoff radius.

Measurements obtained in TJ-II plasmas
show that the spectra of the reflectometer
signals are very often asymmetric. This
asymmetry is a sign of poloidally
propagating plasma fluctuations and its
magnitude is evaluated here as the mean
frequency of the spectrum. The
misalignment in the reflectometer
antennas is such that negative/positive
mean frequencies stand for rotation in
the electron/ion diamagnetic direction
(negative/positive radial electric field).
Although no quantitative results of
rotation velocity can be obtained with
the present reflectometer arrangement,
the measurements have permitted the
characterization of the velocity shear
layer that develops spontaneously in the
edge of TJ-II plasmas above a certain
critical density. Reflectometry
measurements have also allowed the
characterization of a second velocity
shear layer that develops simultaneously
at inner radial locations. As an example
Figure III.2.1.a shows the staircase
variation of the reflectometer probing
frequency and the evolution of the lineaveraged plasma density in three
discharges with densities below, close
and above the critical density (<ne> ≈ 0.5
1019m-3 ). The mean frequency of the
reflectometer signal spectrum at each
probing frequency is displayed in figure
III.2.1.b for these three discharges; also a
fourth discharge with higher line density
(<ne> ≈ 0.9 1019 m -3 ) is included. The
mean frequency of the spectra and the
error bar are calculated as the mean value
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and the standard deviation of the centres of gravity of several spectra calculated during
each probing frequency step. The same data is displayed in Figure III.2.1.c as a function
of the radial cut-off location. These measurements 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
[2]. These results draw attention to the capability of the reflectometer to measure the
inversion of the perpendicular rotation of the turbulence in a rather narrow radial region.
The interpretation of these results has been crosschecked with results obtained using a
two-dimensional full-wave code. Realistic plasma shape and dimensions are introduced
in the code using the theoretical magnetic surfaces of TJ-II for the different magnetic
configurations. Also density fluctuations parameters such as fluctuation level, wave
numbers and correlation lengths are extrapolated from those measured at the plasma
edge using Langmuir probes. Simulation results demonstrate the capability of the
reflectometer to measure the velocity shear layer with a spatial resolution of about 1 cm,
better than twice the probing wavelengths in vacuum (λ0: 0.7 – 0.8 cm).
[1] C. Hidalgo, M.A. Pedrosa, L. García and A.Ware Phys. Rev. E 70 (2004) 067402
[2] T. Estrada, E. Blanco, L. Cupido et al., Plasma Phys. Control. Fusion (2005).
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III.3 Electron Internal Transport Barriers, rationals and fluctuations
Electron internal transport barriers (e-ITBs) are commonly observed in electron
cyclotron heated (ECH) plasmas in stellarator devices. At a high ECH heating power
density, electron temperature profiles are centrally peaked, core electron heat
confinement is improved and a large radial electric field shear is measured. The
influence of the magnetic topology on e-ITB formation has been experimentally studied
in TJ-II: a configuration scan (changing the rotational transform) has shown that the
presence of a low order rational surface (m=3 / n=2) close to the plasma core (within the
ECH power deposition zone) is a necessary condition for triggering the e-ITB formation
[1]. As it has been discussed in [2], the key element to improve heat confinement is a
locally strong positive electric field, which is the result of a synergistic effect between
enhanced electron heat fluxes through radial positions around low order rational
surfaces and pump out mechanisms in the heat deposition zone.
A recent improvement in the signal to noise ratio of the Heavy Ion Beam Probe (HIBP)
system installed at TJ-II has allowed to characterizing the radial structure of plasma
modes appearing during the e-ITB formation in the core region of the TJ-II stellarator.
By sweeping the primary beam of the HIBP, the plasma potential profile can be
measured with a repetition rate of a few milliseconds. Simultaneously, the profile of the
total beam intensity is measured. Due to the relatively low plasma densities involved in
these experiments (line-averaged plasma densities: 0.5 - 1 1019 m-3), the total beam
intensity can be considered to be proportional to the local plasma density.
In TJ-II, the formation of e-ITB is triggered by positioning a low order rational surface
close to the plasma core region. During the e-ITB formation, the plasma potential
increases in the plasma core region (ρ < 0.3), increasing the radial electric field in a
factor of three, and remains almost unchanged at outer radii. Electron temperature as
measured by the ECE diagnostic also increases in the plasma core region. The increase
in the central temperature depends on the plasma density and ranges from 40% (at low
densities <ne> ≈ 0.5 1019 m-3 ) to 20% (at higher densities <ne> ≈ 0.8 1019 m-3).
Measurements of the HIBP total beam intensity indicate that, at the transition, as the
plasma potential and electron temperature increase at the plasma core, the plasma
density profile change to a slightly more hollow profile.
Quasi-coherent modes with frequencies close to 20 kHz have been identified in the
HIBP profiles during the development of e-ITB. These modes are clearly observed in
the beam current and, marginally, in the plasma potential. Figure III.3.a shows the radial
profiles of the plasma potential and total beam current measured by HIBP in a magnetic
configuration having the rational surface 3/2 close to the plasma core. The profiles are
measured at two different time intervals during the discharge. The frequency spectra of
these signals are displayed in figure III.3.b and figure III.3.c. The coherent mode is
localized within the concave part of the total beam current profile measured at 1115 ms
and appears also, thought not so clearly, in the plasma potential. This is the plasma
region where core ErxB sheared flows develop at the e-ITB formation. This can be seen
in the plasma potential profile measured at 1075 ms. In agreement with previous results,
the radial electric field increases (in the range 10 - 20 kV/m) during the e-ITB. It is also
observed that the formation of the barrier is accompanied by a strong reduction (even
disappearance) of the mode.
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Figure III.3: (a) Radial profiles of the plasma
potential and total beam current measured by HIBP
at two different times of a discharge: without (black,
time 1115) and with (red, time 1075 ms) electronInternal Transport barriers (e-ITB); (b) and (c)
spectra of the total beam current and plasma
potential.

The combination of measurements
obtained using HIBP and ECE allow
us to conclude that, the quasi-coherent
modes are found to being localized
within the radial range ρ ≈ 0.0 - 0.4,
with maximum amplitude around ρ ≈
0.25 - 0.35, close to the foot of the eITB. Frequently, the modes are
observed in discharges in which the eITB has an intermittent behaviour. The
mode starts growing simultaneously
with the decay in the central
temperature, reaching the maximum
amplitude and radial extension when
the barrier is finally lost. The recovery
of the barrier is accompanied by the
vanishing of the mode. These
experimental results indicate that the
quasi-coherent modes associated to the
rational surface that triggers the
formation of e-ITBs in TJ-II are
modified by the electric fields
developed at the transition. These
results show the importance of ExB
flows in the evolution of MHD
instabilities linked to low order
rationals in the TJ-II stellarator.
Present findings suggest the
importance of clarifying the role of
electric fields and sheared flows in the
stability of MHD modes (e.g. tearing
modes) in fusion plasmas.
[1] T. Estrada, L. Krupnik, N. Dreval,
et al. Plasma Phys. Control. Fusion 46
(2004) 277
[2] T. Estrada, L. Krupnik, N. Dreval,
et al. Plasma Phys. Control. Fusion 46
(2004) 277
[3] N. Dreval, T. Estrada, A. Alonso et
al. In preparation
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III.4 IMPURITY ROTATION AND CONFINEMENT IN TJ-II
III.4.1 Toroidal rotation of protons and impurities in the TJ-II stellarator
We extend the method previously used for proton poloidal rotation [1], while adding a
method for calibration of absolute velocities, to the problem of measuring toroidal rotation in
TJ-II. The impurity toroidal rotation has been measured in the TJ-II heliac by determining the
line-shift of selected impurity lines (C V 2271 Å, He II 4668 Å, C III 2296 Å) while proton
rotation was deduced from the analysis of Hα emission; note that in all cases the plasma line
emission was monitored through a central plasma chord tangential to the magnetic axis.
The toroidal position used for these measurements was well away from the neutral beam
injector while being close to the 1 m spectrometer equipped with an intensified photodiode
array to record the spectral line shapes with a moderate time resolution (~15–30 ms), this
being mainly limited by the photon flux available in these clean boronized discharges. Also,
the plasma emission was relayed by means of 1 mm diameter fibres to the spectrometer which
was fitted with a 1200 l/mm grating to provide a reciprocal dispersion of ~7.9 Å/mm. A 2 m
quartz fibre with two branches was used, one branch collecting the plasma emission and the
other relaying the emission from a hollow cathode lamp used to perform absolute wavelength
calibrations and to determine instrumental widths in real time. The reference lines for these
calibrations included Ne I, Cd I and Cd II lines.
The analysis method used was based on a three components gaussian fitting of the Hα spectral
line at 6562.8 Å, corresponding to the different particle population across the plasma minor
radius, i.e. a ‘cold’ peripheral component representing boundary hydrogen atoms, a ‘warm’
component due to hydrogen atoms residing in an intermediate zone (ρ ~0.4-0.7), and a ‘hot’
component corresponding to hydrogen atoms in the plasma core. In contrast, a one component
gaussian fitting was sufficient for impurities as their emission is better localized than that of
hydrogen.
The results from a typical ECRH discharge are plotted in Figure 1 for some lines under study,
where positive values indicate the counter-magnetic field direction (anti-clockwise direction).
The toroidal rotation of plasma bulk (closed circles), by interpreting the Doppler shift of the
line centre as a pure rotation, shows that the core rotate less than the edge, with typical values
of about 12 km/s and 22 km/s, respectively, while the ‘warm’ component (intermediate zone)
shows toroidal rotation velocities of about 30 km/s. The lines of TJ-II common impurities, i.e.
C, B, He, were recorded with results that varies between 6 km/s from the edge to 35 km/s
from most internal impurities, in the counter-magnetic field direction.
Figure 2 shows the typical toroidal rotation behaviour of the main plasma ions (closed circles)
during NBI, which takes place between the dashed vertical lines. At the start of the discharge
the rotation values are typical of ECRH conditions, but once NBI begins, the different Hα
components show a reduction in their toroidal velocities. Also, it has been found that the
maximum diminution of toroidal rotation depends strongly on the final electronic density, i.e.
the higher the density the lower the final rotation. Moreover, the ‘hot’ component in plasma
centre changes in direction to the co-magnetic field direction, i.e. to the external moment
input direction. A similar qualitative dependence is observed for most internal impurities, i.e.
C V and He II. In the first instance, C V has rotation values that are in good agreement with
those of the ‘warm’ proton component. In the second instance, the most external impurities, C
III and B III, are unaffected by NBI and its behaviour is typical of ECRH.

Chapter III.
10

40

CV
He II
Hα warm

(km/s)

30

20

He I

v

tor

Hα cold

Hα hot

C III

10
B III

0
1050

1100

1150

1200

t (ms)
Figure 4.1-1. Plot of chord-integrated toroidal rotation of main and several impurity ions in a dischrge
heated by ECR alone.
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Preliminary estimates suggest the radial electric field contribution along with bootstrap
current could account for, at least qualitatively, the toroidal rotation behaviour and their
directions.
More details can be seen in the Conference Proceedings [1] and in a paper that is being
prepared for publications. A mistake about the rotation sign was unintentionally present in ref.
[1], which has been corrected in this summary.
[1] D. Rapisarda, B. Zurro, A. Baciero, K. J. McCarthy, C. Fuentes, M. Liniers, J. Guasp, V.
Tribaldos, and TJ-II Team, Proc. 31st Europ. Physics Society Conf. on Controlled Fusion and
Plasma Physics Vol. 28G, P-4.173 (LONDON) (2004).
III.4.2 CONFINEMENT OF INPURITIES INJECTED INTO TJ-II PLASMAS BY
LASER ABLATION
Probing the Influence of the Power Deposition Profile on Impurity Transport by
Injecting Silicon into the TJ-II Stellarator. Impurity injection experiments performed by
the laser ablation technique have been made in ECRH plasmas of the TJ-II stellarator in order
to probe the influence of the heating deposition profile on impurity transport. Silicon tracer
ions were injected into almost stationary phases of ECRH plasmas using the laser ablation
technique. For this, a thin film of material (2 µm Si), deposited onto the surface of a glass
substrate, was ablated by the short pulse of a focused Q-switched Nd-YAG laser beam (800
mJ, 10 ns). This experiment was motivated by the transport results obtained in a previous
ECRH power scan experiment which showed a diffusion coefficient decreasing with radii and
increasing with injected power.
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We present the results of an analysis of chord integrated radiation monitors and
tomographically reconstructed signals fitted by stretched exponentials, i.e. by the expression
A1exp[-((t-t0)/τ)β]. Typical results are shown in the accompanying figure, and more details are
given in the Conference Proccedings [1].
A method to deduce local impurity transport quantities from the evolution of tomographycally
reconstructed bolometer signals during tracer injection at TJ-II. A method to obtain local
impurity transport from injected impurities in the TJ-II stellarator is presented. By using a 1D full impurity transport code STRAHL1 , the transient behaviour of the localized response of
global radiation monitors to impurity injection is matched by the code results using an
iterative method. The distintive feature of the present approach with respect to other works is
that we use tomographycally reconstructed evolutions of total radiated power from a
bolometer array. The method was illustrated with analysis of blow-off results of experiments
performed in the TJ-II stellarator. This work was presented at the 15th Topical Conference on
High-Temperature Plasma Diagnostics [2]

Impurity transport and confinement in the TJ-II Stellarator. We address in
this paper the study of impurity transport in TJ-II, injected by laser ablation, in a broad range
of experimental situations in electron cyclotron heated plasmas (ECRH): density scan,
magnetic configuration scan and power scan. An analysis of impurity relaxation by means of
a stretched exponential is presented trying to look for systematic behaviour on the tau and
beta parameters of this functional. This work has been presented in the last IAEA conference
[3] and typical results are given below.
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[1] B. Zurro, M. A. Ochando, A. Baciero, R. Dux*, A. Fernández, A. Cappa , V. Tribaldos, K.
J. McCarthy, F. Medina, A. López-Sánchez, D. Jiménez, D. Rapisarda, I. Pastor, J. Herranz,
and TJ-II Team. Proc. 31st Europ. Physics Society Conference on Controlled Fusion and
Plasma Physics Vol. 28G, P-4.169 (2004).
[2] B. Zurro, M. A. Ochando, A. Baciero, K.J. McCarthy, F. Medina, A. López-Sánchez et al.,
Rev. Sci. Instrum. 75 (10) 4231 - 4233 (2004).
[3] B. Zurro, M. A. Ochando, A. Baciero, A. Fernández, A. Cappa, V. Tribaldos, K. J.
McCarthy, F. Medina, A. López-Sánchez, D. Jiménez, D. Rapisarda, I. Pastor, J. Herranz, and
TJ-II Team, Proc. IAEA Conference (Portugal) Paper EX/P6-32 (2004).
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III.4.3 Anomalous impurity ion temperatures
Background: Doppler spectroscopy of lines emitted by ions is one of the most powerful tools
for estimating ion temperatures. This is done under the implicit assumption that all ions in the
same region have the same kinetic temperature. Thus, by measuring it for one representative
ion, the ionic temperature can be determined. However, it has been long recognised in
astrophysics that the superimposed effect of micro- and macro-turbulence on thermal motion
can influence such measurements. In a previous experiment performed in TJ-II the
temperature of several ions of different masses, injected into the hot plasma by laser ablation,
e.g ., O, Si, and Fe (with masses 16-28–56), were found to be higher than the proton
temperature. This experiment was then used to validate the astrophysical model relating nonthermal velocities to apparent Doppler ion temperatures. For this ECRH experiment central
electron temperatures and densities were ~0.7 keV and ≤1019 m-3 and the low proton
temperature profile was almost flat across the minor radius.
Recent experiments: In the first experiments a short preliminary investigation was also made
to evaluate how the apparent temperatures depend on other plasma parameters, e.g. electron
density. It was found that this magnitude was greatest for low central electron densities and
diminished with increasing electron density. These experiments were repeated during this
period using the high-resolution VUV spectrometer. For this measurements were by
concentrated on several low mass ions, B V, C VI, and F IX, since the effect should be easier
to detect for these ions with this instrument. This was done by repeatedly collecting spectra,
centred about suitable emission lines e.g. the C VI 52.1 nm emission, along discharges with
different but constant densities or in experiments where there was a step up/down in density.
Although experimental errors were not insignificant, the apparent temperatures were still
much higher than proton temperatures for lowest densities. An attempt was also made to
repeat the experiment when injecting a high Z impurity, e.g. Fe, but this was considered to be
less representative since it involved an uncontrolled and short perturbation of the plasma
density. The results of these experiments will be presented at the forthcoming 15t h
International Stellarator Workshop.
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III.5 Suprathermal electron studies
The suprathermal electron tail is monitored with an intrinsic Ge detector (2 - 15 keV)
working in PHA mode, with an energy resolution of about 200 eV. In order to increase the
temporal resolution of the soft x-ray spectra, pulses are now digitized using PCI
DAS4020/12 from Measurements Computing, with a maximum sampling rate of 20 MHz
and 12 bits resolution [1]. This new data acquisition system also permits the extension of
the number of samples. Now it is possible to record the complete information of a TJ-II
pulse.
Raising the acquisition frequency allows reducing pile-up and therefore increasing the
amount of measured pulses. Then, the central electron temperature during the NBI phases
can be estimated more precisely and with better time resolution, at intervals of 3 ms to 5
ms. This enhancement has also increased the resolution and accuracy in the determination
of the non-thermal part of the SXR spectra. The non-maxwellian electron distribution
function plasmas can now be characterized at intervals of 5 ms.
In a previous work [2], we obtained several experimental evidences that qualitatively
indicate the intensity of the particle pump-out in TJ-II: toroidal asymmetries in radiation
signals (see Fig. III.5.1) and changes in the mean energy of the electron suprathermal tail.
Nevertheless no data of plasma potential were available at that time. During the last
campaign a heavy ion beam probe (HIBP) was put in operation and some preliminary
experiments were carried out in order to try to relate the electron distribution function and
plasma potential [3].
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Fig. III.5.1. Ha signals for to consecutive shots at two toroidal positions. In blue is depicted a shot
with high ripple losses (HRL) during all the discharge. In red, a shot with a transition to a low ripple
losses (LRL) regime.

As the level of ECRH driven convective flux of ripple-trapped particles depends mainly on
the input power density, plasmas with low-frequency input power modulations were
produced to modify the deformation of the electron distribution function while monitoring
the temporal evolution of plasma potential at the core region. The effect of input power
modulation on plasma potential at the core region is shown in Fig. III.5.2, together with
the change of the characteristic energy of the suprathermal electron tail, deduced from the
soft x ray emission spectra. Namely, when the ECRH power is suddenly increased the
plasma potential becomes more positive, the soft-x ray energy spectra (in the range of 4 to
10 keV), show an increase of the characteristic energy of the suprathermal electron tail and
the chord averaged electron density slightly decreases.
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Fig. III.5.2. Signals from an input power modulated discharge. a) temporal evolution of line density,
central plasma potential, soft x rays intensity and central electron temperature. b) time evolution of
characteristic suprathermal energy (black triangles).

The local evolution of the electron
density was inferred from several
profiles of secondary Cs++ ion current
obtained from an identical discharge of
the same series, The change of the
radial profile of Cs++ ion current,
represented in Fig. III.5.3 as the ratio
Itot (500kW)/Itot (250 kW), evidences
that the density profiles become more
hollow when input power density
increases. This fact is also consistent
with high and low direct ripple losses
scenarios discussed in ref. [2].
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Fig. III.5.3. Ratio of secondary Cs++ ion current
for the two different levels of input power of Fig. II.5.2.

In these ECR power modulation experiments and also related to the changes in plasma
potential, poloidal asymmetries in plasma radiation are observed. Figure III.5.4 shows the
temporal evolution of the in-out radiation asymmetry factors (RAF) in two toroidal
positions of the vacuum vessel (left) and the qualitative comparison between RAF C2 and
the central plasma potential.
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Fig. III.5.4. Left: Poloidal asymmetry in plasma radiation during ECRH modulation detected in sectors
A7 and C2. Right: Correlation of asymmetry in C2 with central plasma potential.

Besides the multi-channel cameras for tomography reconstruction, the bolometry system
of TJ-II consists of four wide-angle single detectors whose viewing volumes are
represented in Fig. III.5.5 b. For this particular detector setup, with identical detectors
installed in up-down ‘stellarator symmetric’ locations and monitoring identical plasma
volumes, the different temporal RAFs evolution points to different interaction of escaping
particles with the groove of the vacuum chamber.
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Figure III.5.5. Radiation asymmetry monitors configuration: left) present; right) planned.

For the next experimental campaign, new twin arrays will be installed (see Fig. III.5.5 a
and c) to have better spatial resolution with the aim of obtaining information about changes
in vertical particle drifts, likely induced by changes in the radial electric field. Using the
planned setup will enable us to characterize the sources of toroidal radiation asymmetries
observed under a variety of operation scenarios: ECRH-NBI transition, laser blow-off
impurity injection and edge biasing experiments.
[1] E. Sánchez, A.B. Portas, J. Vega et al., Fus. Eng. & Design 71 (2004) 123
[2] M A Ochando and F Medina, Plasma Phys. Control. Fusion 45 (2003) 221
[3] F Medina et al , 31st EPSConf. Plasma Phys. 2004 ECA 28G. P-4.182(in CD-rom)
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III. 6 Neutral Beam Injection heated plasmas in TJ-II
The first experiments with Neutral Beam Injection (NBI) heated plasmas have been
performed in the TJ-II stellarator. Flattened core electron temperatures in the range 200
to 300 eV and bell-shaped density profiles with ne ≤5x1019 m-3 are achieved in NBI
plasmas (200 kW) (Fig. 14). In comparison, TJ-II ECRH (200–400 kW) plasmas show
flat or hollow density profiles with steep temperature profiles. Power balance estimates
show that the NBI Thomson scattering profiles correspond to significant central power
deposition.
The behaviour of the plasma ions and impurities has also been studied at the transition
between ECH and NBI regimes. The ion temperature as measured by a Neutral Particle
Analyzer shows non-Maxwellian spectra with a first slope that evolves from 90 eV
under ECH to around 130 eV under NBI. Impurity temperature and rotation are
monitored using passive emission spectroscopy. Toroidal rotation in both directions (co
and counter) has been observed and it is seen to vary widely in magnitude (from a few
to tens of km/s).
Computer simulations of the beam-plasma interaction with the Monte-Carlo code
FAFNER combined with the transport code PROCTR allow us to calculate NBI
absorption, fuelling, and plasma electric field. The selfconsistent ambipolar radial
electric field resulting from PROCTR is always negative with NBI, while for ECRH
discharges it is positive near the axis. Preliminary measurements of plasma potential
with the Heavy Ion beam diagnostic confirm the evolution of the electric field from
positive at ECH plasmas to near sign reversal at the NBI regime.
Combined ECRH and NBI experiments reveal that, once ECRH heating power is
switched-off, a confinement regime characterized by a strong reduction in ExB
turbulence and a significant increase in the ratio between density and particle recycling
(Hα ) is achieved. Several modes below 300 kHz have been found in the frequency
spectra of magnetic pick-up coils in the NBI regime, which can be interpreted as Alfven
modes. The SOL density decay length decreases to half its ECRH value and the tails in
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Chapter III.
19

density profiles, currently observed in the SOL region in ECRH plasmas, disappear in
the NBI phase. These results provide the first observation of direct link between the
statistical properties of turbulent transport and non-exponential (and even flat) density
profiles in the SOL region.
The maximum density reached (≈ 4x1019 m-3) falls within the stellarator density limit
scaling law, suggesting that TJ-II NBI discharges terminate when its intrinsic density
limit is reached. Experimental results suggest the importance of both radiative and edge
transport mechanisms in the physics of the density limit of TJ-II.
Different combinations of gas puffing, ECH heating and wall conditioning strategies
have been investigated with the aim of optimizing the power coupling and density
control at NBI plasmas. Density control in NBI discharges with a plasma target created
by on-axis ECH has proven difficult. Repeated wall cleaning seems to help only to the
extent of smoothing the density rise, although there appears no sign of stabilizing its
value. On the contrary, target plasmas created by off-axis ECH, maintained during the
NBI phase, are promising. In this way NBI plasma discharges with density control (up
to 130 ms) have been obtained.

III.7 Plasma – wall studies
Divertor like configurations. Recent TJ-II experiments have been focussed in
configurations with a low order rational value in the rotational transform located in the
proximity of the last closed flux surface (n = 4/m = 2) eventually leading to “local
island divertor” topologies. Hydrocarbon fuelling experiments in these configurations
have been used to characterize the impurity screening properties related to the expected
divertor effect (Fig. 1).

Fig. 1 Two examples of the magnetic configurations used in the experiments: an example
of a divertor –type configuration (left), a standard configuration (right).
A different response to the same injected impurity was observed for edge-island
configurations when compared to standard ones. Furthermore, the intrinsic
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Fig. 2 Evolution of the normalized CV contamination at different radial position of
the impurity puff, for both configurations: Closed circles for standard and open
squares for divertor-type configurations.
contamination of the divertor-type configurations is systematically lower than that of
conventional ones [1]. Thus, in the ethylene puffing experiments, a much lower increase
of the normalized central carbon impurity (CV and CVI lines) takes place under
"divertor" configuration scenarios. The relative decrease of the hydrocarbon fuelling
efficiency in divertor-type configurations is a strong function of the injection point
location. This is shown in figure 13, where the normalized CV intensity is plotted
versus the location of the poloidal limiter carrying the gas inlet. Note that all the
positions shown correspond to the nominal confined, edge plasma region. A sudden
enhancement of central carbon emission takes place at a critical radial location of the
limiter. This position is well correlated with the nominal position of the actual
separatrix in the divertor-type configuration (fig. 2). In standard configurations,
however, a gradual increase of the fuelling efficiency is observed. It is worth noting that
even when the injection point of these experiments corresponds to the confined region,
the contamination of the plasma is very low. This suggests the presence of a weakly
confining region in the last 2-3 cm of the plasma, as inferred from the plasma edge
profiles [2], and the prompt decomposition of the injected molecular species at the
plasma edge of TJ-II.
[1] I. García Cortés et al., J. Nucl. Materials (2005) (in press)
[2]F.L. Tabarés et al., Plasma Phys. Control Fus. 43(2001)1023.
Impact of fuelling location on plasma parameters. It is well known that the fuelling
scheme used in fusion devices can have a critical effect on plasma parameters. One of
the examples in TJ-II is the achievement of the Enhanced Particle Confinement (EPC)
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mode, mainly governed by the puffing waveform used to fuel the ECRH plasmas. Due
to the poloidal asymmetries of particle and energy losses associated to the magnetic
configurations of TJ-II, one would expect some sensitivity in the fuelling efficiency on
the poloidal location of the particle source, that for strong wall pumping conditions is
mainly governed by the puffing location. In order to check this, a set of two long tubes,
leading to either the groove region or opposite to it, have been installed in TJ-II. The
puffing rate is strongly lowered by the small conductance of the tubes, as
experimentally verified, thus providing an extra test of the impact of this parameter in
plasma performance. Comparative studies between the different sources will be started
in the next campaign.
Experiments in the line described above, on the effect of poloidal distribution of the
source on plasma parameters will be performed. Also, the injection of different species
through the carbon limiter at several degrees of insertion into the plasma will be
characterized in terms of fuelling efficiency, resulting plasma parameters and degree of
contamination. This will again be repeated for divertor-like and normal configurations,
as before.
Density control during the NBI phase: Previous measurements of the pressure
evolution during the injection of NB into the TJ-II vacuum vessel had given some
indications on the possible excess fuelling of the plasma by the residual gas originated
in the neutralizer chamber of the injector. More measurements on this line have been
performed during the last campaign. Two Ha monitors have been installed along the
beam path, from a top window, at the injection port (A3) and looking at the interaction
of the beam with the graphite inner-wall protection (A6). In addition we recorded the
data from mass spectrometry and total pressure at different locations (beam box, duct,
main vessel…) during the beam generation and injection. Of particular help have been
the experiments with NB injection of H on a He plasma.
Although the data are still under analysis, a clear correlation between the enhanced Hα
emission at the beam injection port and the pressure rise in the beam path, even during
the pulses with no beam generated (“break”), provides evidence of unwanted gas
sources that could lead to the loss of good absorption of the beam by the target plasma.
The ratio of injected power to particle fuelling (ideally given by the beam current alone)
is expected to evolve as the actual power coupled to the plasma increases. More
measurements under the upgrade conditions of the beam will be carried out in the next
campaign.
Global particle balance and wall saturation. In the last campaign, a systematic study
of the particle balance in TJ-II has been initiated. This is mainly motivated by the
density control problems detected during the ECRH operation at densities above the
transition to the EPC mode, and it has direct impact on the efficiency of NBI operation.
For that purpose, the gas inflow (puffing calibrated by a capacitance manometer+ NBI
gas) and the exhaust (mass spectrometer differentially pumped and calibrated for the
operation conditions) are recorded in shot to shot basis. The release of gas between
shots is also evaluated by mass spectrometry. The results are correlated with the
dynamic evolution of the wall content of H atoms. In figure 2, one of these studies for
NBI plasmas is shown. As expected, the first shots after the 0.5 h daily He GDC show a
strong wall pumping. After ~10 shots, all the he is removed from the boronized walls
and simultaneously, the pumping efficiency is decreased. Finally, and corresponding to
typical value of 4-7.1020 H atoms retained, the recycling reaches a value near 1 and
plasma density is hard to control. The value obtained for wall saturation implies a fairly
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Fig.1 Particle balance in NBI plasmas
low interaction area, which depends on magnetic configuration and, some how, on
fuelling strategy. A routinary record of this behaviour is presently monitored and an online evaluation of the wall inventory will be provided in order to ease the machine
operation.
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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
associated spectroscopic and charge-exchange diagnostics are under development for the TJII. 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 charge-exchange recombination spectroscopy (CXRS) and
neutral particle analysis (NPA) measurements to be made in the TJ-II. In this way, localised
measurements of ion velocities and temperatures, with spatial resolution of the order 1 to 2
cm, can be obtained for studies on confinement, plasma poloidal and toroidal rotation, as well
as rotation and ion temperature about islands.
Installation: The DNBI selected for TJ-II was a compact DINA-5 (manufactured by the
Budker Institute of Nuclear Physics in Novosibirsk, Russia). It is similar to the one currently
operating at MST, (Madison, Winconsin). 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.
The design of the vacuum and control systems, as well as the vacuum coupling to TJ-II, and
the support structure were undertaken at CIEMAT. In addition, some modifications to
neighbouring diagnostic systems
were required, in particular to the
Ion source type
Arc
support structure of the periscope of
Extracted ion current
Up to 4 A
the QTL1 gyrotron transmission
line, in order to allow its installation
Optimized beam energy (E)
10 - 30 keV
in TJ-II sector A7. Furthermore, new
access ports fitted with viewports,
Beam focal length
1.7 m
shutters and vacuum valves were
1/e beam radius at focus
21 mm
installed in the top, side and bottom
of the same sector during the
Beam divergence
~0.7º
summer of 2004. The design,
Beam components (by current)
90% H+; 5% H2+, 5% H3+
fabrication and installation of the
DNBI support structure were
Neutralization efficiency for beam
completed in late 2004.
0.72; 0.87; 0.88
components (E, E/2, E/3).
CXRS diagnostic: The work on the
definition, specification, design and
Table 1. Principal parameters of the TJ-II DNBI. †Two 5 ms
procurement of a dedicated chargelong pulses with ≥50 ms separation can be produced.
exchange
recombination
spectroscopy (CXRS) system continued during this period. This diagnostic consists of
focussing lenses and fibre bundles for collecting and transferring charge-exchange emissions
to the input of a high throughput spectrograph equipped with a CCD camera [1]. The
focussing lenses and multiple fibre-optic bundles are to be installed in top and bottom
viewports of sector A7 (and in the tangential viewport of sector B1). The lenses were
procured in late 2004 whilst the specifications of the fibre bundles, the spectrometer and a
†Pulse duration

≤5 ms
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CCD camera were all fixed during the same period. These items will be procured during early
2005. Finally, details of a second related diagnostic, the compact neutral particle analyser, are
provided in the next section.

Figure. 1: Sketch of the TJ-II at sectors A7, A8 & B1 showing portholes, lines-ofsight of CXRS (light blue) and of NPA (grey), the DNBI neutral beam path (yellow),
as well as the TJ-II vacuum chamber and plasma.

Beam & CXRS simulation code: In parallel, work has begun on developing a code to
simulate the neutral beam interaction across the TJ-II plasma. This code, combined with a
calibrated CXRS spectroscopy diagnostic, will be the tools for determining absolute ion
density distribution profiles 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. The code will be
extended to include the effect of beam halo as well as to obtain totally stripped impurity ions
profiles, e.g. C+6, from absolutely calibrated spectral line profiles, e.g., C VI at 529 nm. This
work is to be presented at the 2005 EPS conference [2].
Future activities: It is expected to commission the injector before autumn of 2005. In
parallel, it is envisaged to have procured, tested and commissioned the spectroscopic
diagnostic by that time. 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. Later it is intended to
start investigating plasma flow around magnetic islands.

III.8.2 New additions to Neutral Particle Analyser Diagnostics
Background: A compact neutral particle analyser (CNPA) is being 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. To date, two Acord-12 neutral particle
analysers have been operating on TJ-II. Traditionally neutral particle analysers use gas
stripping chambers to ionise the neutral particles escaping drom the plasma in order to allow
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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 using very thin carbon foils (50 Å)
on diamond supports to ionise the incident neutral particles and 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.
Preparatory installation work: The CNPA is to be installed in sector B1-tangential of the
TJ-II. From this location its line-of-sight, which is almost tangential to the plasma magnetic
axis, intersects the neutral hydrogen beam produced by the DNBI located in sector A7. For
this a dedicated support structure was designed and built during 2004. This structure will
allow movement of the analyser 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. Also, the CNPA arrived at CIEMAT in spring of 2004 when vacuum and
electrical tests were performed. In the autumn the power-supply control and data collection
systems, developed by the Saint Petersburg State Polytechnic University, were delivered to
CIEMAT and tested. Finally, the sector A1-tangential vacuum port was designed, fabricated
and installed along with its vacuum valves.
Future activities: It is expected to complete and mount the support structure and to install
the CNPA on this structure during spring of 2005 so that the first preliminary measurements
can be made before the summer of 2005. In addition, an agreement is to be drawn up with
Max-Planck-Institut für Plasmaphysik ( Garching, Germany) for the loan of an Accord-24
neutral particle analyser and associated equipment. This loan will last until this system is
needed for the W7-X. This 24-channel NPA will be installed on the same support structure as
the CNPA (its line-of-sight will also intersect with the DNBI beam) and will permit studies to
be made of the thermal sector of the energy distribution function.

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. This system consists of a cryostat 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. It will be built and installed as part of a 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: In early 2004 preliminary studies were carried out in
order to evaluate the benefits etc. of installing a pellet injector in the TJ-II. Several areas of
studies that would profit from such a system were identified, these being primarily stability
and transport, magnetic configuration, and non-thermal electron studies. The next steps taken
were visits by ORNL personal to CIEMAT in July and visa versa in October 2004, when
suitable pellet injector models were appraised, technology issues were outlined and discussed,
and modelling studies were performed in order to determine the ranges of suitable sizes and
velocities of frozen hydrogen pellets for injecting into ECRH and NBI heated TJ-II plasmas.
The ranges were pellet diameters between 0.4 and 1 mm and velocities between 150 and 1000
m s-1. On the technical side, a pellet injector system consisting of four parallel barrels (two to
be provided initially) that would provide maximum flexibility was selected. In parallel,
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suitable TJ-II vacuum ports were identified. These were B2-side for injection, and B2-top and
-bottom, plus A8-tangential for diagnostics. In addition, during the course of the exchange
visits lists of technological issued to be addressed, tasks to be undertaken and items to be
procured were drawn up and divided between the two groups.
Future activities: ORNL will build and test the pellet injector in the laboratories during
2005. 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 during 2005 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 2006.
[1] K. J. McCarthy, R. Balbín, A. López-Fraguas, A. García, et al., Rev. Sci. Instrum. 75
(2004) 3499.
[2] J. M. Carmona, K. J. McCarthy, R. Balbín, J.M Fontdecaba, et al. to be presented at the
32nd Plasma Physics Conference, Tarragona.

III.8.4 Thomson scattering
Thomson Scattering has taken an active part in the several experimental campaigns held in
TJ-II during 2004, specially in the winter-spring one. Early in the autumn campaign 2004,
some of the high voltage connectors and control cards of the ruby laser failed, leading to a
temporary stop of TS activities for about 1 month. This failure could be repaired in less than a
month because the TS group had backups for some of the damaged parts. As a consequence,
the policy of buying spares for the laser and detection system will be continued, or even
reinforced.
Thomson scattering profiles keep helping to understand some basic aspects of TJ-II machine
related with global transport, profile shapes under various heating, fuelling, plasma-wall and
magnetic configuration scenarios, internal transport barriers, influence of magnetic well on
confinement, the interplay between magnetic topology and transport, high iota
configurations, etc. It can be said that Thomson Scattering group is fulfilling one of its goals,
that is to provide Te and ne profiles for the TJ-II plasmas, and do it routinely.
Thomson Scattering (TS) has contributed its data to several key areas during 2004 campaigns:
Biased electrodes and its influence in confinement (task leader Dr. C. Hidalgo), impurity
transport in different magnetic configurations (task leasder Dr. B. Zurro), study of the
transition from ECRH to NBI regimes in different magnetic configurations (task leader Dr.
M. Liniers), divertor-like configurations in TJ-II (task leader Dr. F. Tabarés), etc. Some
publications and congress presentations including TS data are given below [1-10].
During 2004 the Thomson Scattering group has developed and put to use the software tools
needed to store Thomson Scattering profiles in the general TJ-II database, facilitating the
integration of our data together with the bulk of TJ-II experimental signals. The availability of
TS profiles in an integrated database has helped reaching the scientific goals of a project
funded by the Spanish Ministry for Education and Science for the scientific exploitation of
Thomson Scattering data in TJ-II.
The diagnostic was recalibrated to provide absolute values for density in April 2004 by using
Rayleigh scattering in CO2.
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Along the summer of 2004 the diagnostic has been tested with a calibrated and stable light
source consisting in an tungsten halogen lamp @ 2800 K (color temperature) together with a
80 nm FWHM filter centered around ruby laser wavelenght. These experiments are the
continuation of tests performed in the summer of 2003, when the spectrometer was equipped
with the original image intensifier. In 2004 it has been posible to test the spectrometer with its
new, upgraded sensitiviy image intensifier in a range of equivalent densities spanning the
operational conditions of the diagnostic (ECRH to NBI regimes). Preliminary results from
these tests are the linearity of the TS spectrometer for a range of densities spanning nearly an
order of magnitude, and its reproducibility measuring the spectral width of the signal under
test. The implications of these findings to the significance of small or medium size structures
in Te and ne profiles are under study.
One of the members of Thomson Scattering Group, Dr. Jesús Herranz spent seven weeks in
JET campaigns C13 and C14, from January 19th to March 5th 2004. During his stay, the
documentation and original software codes, written by D. Rand (1984) and B. Edwards
(1986) and describing the design of the core-LIDAR system operational at JET were
recovered and organised to be adapted to the JAC system in use. This codes previously run on
the IBM/Harwell system at JET. Extensive modifications that include the particular features
of the new Thomson diagnostic to be installed in JET in 2005 will be developed.
Thomson Scattering group has kept in-touch activities with the FOM institute for plasma
physics in order to update the hardware/software used to get the experimental data. Work is
underway in order to define the best platform to replace our old SUN workstation, and the
conditions for software migration/recompilation.
[1] B. Zurro, M.A. Ochando, A. Baciero, K. J. McCarthy, F. Medina, A. López-Sánchez, D.
Rapisarda, D. Jiménez, A. Fernández, I. Pastor, J. Herranz, and R. Dux. Method to deduce
local impurity transport quantities from the evolution of tomographycally reconstructed
bolometer signals during tracer injection at TJ-II. Rev. Sci. Instrum. 75 (10) (Oct. 2004)
4231-4233.
[2] M.A. Pedrosa, C. Hidalgo, E. Calderón, T. Estrada, A. Fernández, J. Herranz, I. Pastor,
and the TJ-II team. Experimental evidence of coupling between sheared flows development
and turbulence in the TJ-II stellarator. Stellarator News 94, 4-5. Fusion Energy Division, Oak
Rodge National Laboratory, TN (USA), September 2004.
[3] K. J. McCarthy, M. A. Ochando, F. Medina, B. Zurro, C. Hidalgo, M. A. Pedrosa,
I. Pastor, J. Herranz, A. Baciero.A first study of Impurity behaviour during externally induced
radial electric fields in the TJ-II stellarator. Fusion Science and Technology 46 (July 2004)
129-134.
[4] C Hidalgo, M A Pedrosa, N Dreval, K J McCarthy, L Eliseev, M A Ochando, T Estrada, I
Pastor, E Ascasíbar,E Calderón, A Cappa, A A Chmyga, A Fernández, B Gonçalves, J
Herranz, J A Jiménez, S M Khrebtov, A D Komarov,A S Kozachok, L Krupnik, A LópezFraguas, A López-Sánchez, A V Melnikov, F Medina, B van Milligen, C Silva,F Tabarés and
D Tafalla.Improved confinement regimes induced by limiter biasing in the TJ-II stellarator.
Plasma Phys. Control. Fusion 46 (2004) 287-297.
[5] B. Zurro, et al. A method to deduce local impurity transport quantities from the evolution
of tomographically reconstructed bolometer signals during tracer injection at TJ-II. 15th
Topical Conference on High-Temperature Plasma Diagnostics, A.P.S., Apr. 19-22, 2004, San
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Diego, California.
[6] M. A. Pedrosa et al. Radial electric fields and improved confiment regimes in the TJ-II
stellarator. 20th IAEA Fusion Energy Conference, Vilamoura, Portugal, November 2004,
EX/P 6-21 (4 PP).
[7] B. Zurro et al. Impurity transport and confinement in the TJ-II Stellarator. 20th IAEA
Fusion Energy Conference, Vilamoura, Portugal, November 2004, EX/P6-32 (4PP.).
[8] C. Alejaldre et al. Overview of TJ-II experiments. 20th IAEA Fusion Energy Conference,
Vilamoura, Portugal, November 2004, Charla invitada, OV/4-3 (12PP.).
[9] F. Castejón et al. On the influence of magnetic topology on transport and radial electric
fields in the TJ-II Stellarator. 31st EPS conference on Plasma Phys. London, 28 June-2 July
2004 ECA Vol.28G, P-4.177 (2004).
[10] M. Liniers et al. First experiments in NBI Heated Plasmas in the TJ-II Stellarator. 31st
EPS conference on Plasma Phys. London, 28 June-2 July 2004 ECA Vol.28G, P-4.169 (2004)

III.8.5 Diagnostic and Simulation Code Development for Reflectometry
A fast frequency hopping heterodyne reflectometer designed for measuring the plasma
turbulence that was installed in TJ-II during the first months of 2004. The system was built in
collaboration with IST (Lisboa). It incorporates frequency synthesizers at microwave
frequencies multiplied into the millimeter-wave range and uses heterodyne detection for
sensitive phase and amplitude measurements. The system works in the frequency range 33-50
GHz and with propagation in extraordinary mode. The main feature of the system is its
possibility to be tuned, within a fraction of a millisecond, to any selected frequency within a
broad range keeping synchronized the Local and Radiofrequency oscillators with the same
stability as a fixed frequency system would do. This property enables to probe several plasma
layers within a short time interval during the discharge, permitting the characterization of the
radial distribution of plasma fluctuations. An overall diagram of the reflectometer is displayed
in figure III.8.5.1 and a detailed description of the system can be found in [1].
The reflectometer uses fundamental waveguide transmission line and separate antennas for
launching and receiving the signal, viewing the plasma from the low field side. The antennas
are located in a toroidal position defined as ϕ = 85.3º where the plasma is not symmetric with
respect to the equatorial plane of the device. The angle between the magnetic axis and the
equatorial plane is θ = 19º. Figure III.8.5.2 shows the arrangement of the antennas and invessel transmission waveguides together with the magnetic surfaces of the standard magnetic
configuration. The antennas are standard gain horn type with a 3dB beamwidth of about 20º.
The antenna arrangement was designed to view the plasma perpendicularly to the cut-off
layers, however a small misalignment exists as it is seen in the experimental measurements.
To ensure an almost pure X-mode, 24º twists are included in the in-vessel transmission
waveguides. This twist angle corresponds to the mean pitch angle along the reflectometer line
of sight in the standard magnetic configuration. The reflectometer covers the density range
from about 0.3 to 1.5 1019 m-3, almost the whole density range of the TJ-II plasmas heated by
ECH (B=1 T, fECH=53.2 GHz, ncut-off=1.75 1019 m-3). However, due to the shape of the ECH
plasma density profiles, they are flat (or even hollow) in the range ρ < 0.6, and due to the low
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radial gradient of the magnetic field, the radial range covered by the reflectometer is limited
in most cases to ρ ≥ 0.6.
A two-dimensional full-wave numerical code [2] has been developed to help in the
interpretation of the results obtained with the reflectometer. The code uses Finite-DifferenceTime-Domain (FDTD) to solve Maxwell´s equations in presence of density fluctuations.
Boundary conditions are implemented by Perfectly-Matched-Layer (PML) to simulate free
propagation. To assure the stability of the code, currents equations are solved by a 4th order
Runge-Kutta method. Two different horns are used, the emitting one to launch the wave
through the plasma and the receiving one to collect back the wave reflected from the plasma.
Waveguides are long enough (5l0 waveguide length) to assure that the X-mode is generated
correctly inside the waveguide. Waveguides and horns are modelled by setting electric field to
be perpendicular to the surface. Horns are staircase modelled and dimensions correspond to
those installed in TJ-II. Realistic plasma shape and dimensions are introduced in the code
using the theoretical magnetic surfaces of TJ-II for the different magnetic configurations. Also
density fluctuations parameters such as fluctuation level, wave numbers and correlation
lengths are extrapolated from those measured at the plasma edge using Langmuir probes.

Figure III.8.5.1: Diagram of the fast hopping reflectometer installed in TJ-II.

Figure III.8.5.2: Arrangement of
the antennas and waveguides
inside the vacuum vessel and
magnetic surfaces of the standard
magnetic configuration.
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The code has been used to study the viability of the Doppler reflectometry technique to
determine quantitatively the perpendicular rotation velocity of the density fluctuations in TJ-II
[3]. The numerical results obtained modifying the plasma geometry allow us to conclude that
the shape of the TJ-II plasmas (cut-off layers with high curvature) makes the optimization of
the Doppler reflectometer difficult. The high curvature limits the spectral resolution and
consequently special care should be taken in optimizing the antennas system. Even in plasmas
having cut-off layers with very low curvature, the antennas system has to be optimized to
improve the spectral resolution and minimize the error in the determination of the turbulence
rotation velocity. Additionally, simulation results support the possibility to perform
reflectometry at large tilt angles and therefore to characterizing turbulence with high wavenumbers keeping the spatial localization of the measurement; the electric field of the probing
wave increases near the plasma cut-off layer contributing to the spatial localization of the
measurement as it happens in conventional reflectometry. Therefore, reflectometry
measurements at large tilt angles may provide qualitative information on the turbulence at
high wave-numbers from a localized region in the plasma. Its spatial localization converts this
technique in a competitive tool with regard to the back-scattering technique employed in [4].
[1] L. Cupido, J. Sánchez and T. Estrada. Rev. Sci. Intrum. 75 (2004) 3865
[2] E. Blanco, S. Heuraux, T. Estrada, J. Sánchez and L. Cupido. Rev. Sci. Instrum. 75 (2004)
3822
[3] E. Blanco, T. Estrada, S. Heuraux and J. Sánchez. Plasma Phys. Control. Fusion. (2005).
Submitted
[4] Rhodes T L, Peebles W A, van Zeeland M, Mikkelsen D, Gilmore M A, et al 2004 20th
IAEA Fusion Energy Conference (Vilamoura, Portugal 2004) IAEA-CN-116/P6-23

VII.8.6 Relevant improvements in the two color interferometer diagnostic
in TJ-II
Background: Two-color laser heterodyne interferometry is a proven method of measuring
electron density in fusion plasmas. Nevertheless these kind of systems that use infrared
sources as measurement wavelength (λm ) have to deal with the small phase shift induced by
the plasma in the interferometric signal and the necessity of mechanical vibrations subtraction
with the help of a second wavelength (λ c) that travels alongside to the measurement
wavelength. A double wavelength heterodyne interferometer (CO2 λm=10.6 µm, λc=633 nm)
diagnostic has been installed at the TJ-II Stellarator. Even though the main task for this
diagnostic is the measurement of the line average density during NBI discharges (ne >5e19 m3
), it is desirable to extend to low density (ne ~5e18 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 achieve the
Chapter III.
31

required accuracy several actions have been
done to eliminate different sources of noise
and non-linear effects [1].
ADC-based phase meter implementation
: A 10 MSample/s AD converter has been
used to analyze the signals and measure the
phase to obtain the plasma density [2, 3].
The phase difference between the two
interferometers has been calculated using a
new developed algorithm in Labview
environment. A systematic study of the 1
MHz intermediate frequency has been done
using our software and Labview tools.

Fig. 1

Different sources of noise and nonlinear
effects have been analysed. Some of them,
as cross-talk (from the reference path) has
been detected and corrected by software.
The Fig.1 shows the density time evolution
corresponding to a NBI shot (superimposed
is the same pulse measured with the
microwaves interferometer.
The Fig.2 shows a ECRH shot. Typically
an accuracy of 1/400 is achieved.
Beam expander installation : To avoid
diffraction effects a beam expander
Fig. 2
Umicore X3 was installed and tested. A
better guided beam was achieved. A
reduction of noise and better maintenance characteristics have been obtained.
New infrared detector installation: In order to reduce the cross-talk effect a new detector
(TeCdHg) PCI-L-2TE-3 from Vigo System, with preamplifier and thermoelectric cooler, has
been proved. The cross talk became imperceptible, and the signal increased very much
allowing to reduce the CO2 beam power using a pinhole. That has improved the beam shape
and reduced the thermal stress in critical components as the first beam combiner.
A new thermo-optical effect in ZnSe
windows has been detected: After the
previous
improvements were
introduced, an effect, which we
attribute to the thermo-optical
characteristics of Zinc Selenide
windows, has been put in evidence. A
part of the 53,2 GHz millimeters waves,
used to heat the plasma, heats the
windows and provoke an optical path
length difference between the two laser
beams of 10,6 _m and 0,633 _m
wavelength [4]. The Fig.3 shows the
difference path length measured when

Fig.3
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one gyrotron emits two 30 ms pulses without magnetic field and with high vacuum. The
integral of the pulses follows very well the detected signal.
The effect induces a deformation in the obtained integral electronic density plots. It is
important in shots with high plasma reflectivity. We have explained how the effect appear.
Some experiments and calculus have been done. The behavior is well explained and the order
of magnitude of the figures is justified into the approximations context. The effect at the
moment is corrected by software.
Future activities: We will study of new optical configurations and possible new materials
for the windows in order reduce the windows heating effects. The second wavelength will be
changed to the 1064 nm from Nd YAG also to reduce the windows effect and to increase
stability. The CO2 laser will be changed for other with fixed wavelength. In collaboration
with the Departamento de Tecnología Electrónica, Universidad Carlos III de Madrid, a new
intermediate frequency system is being developed. To reduce the time of calculation, we will
try the undersampling technology. A revision of the phase meter concept will be done in order
to achieve real time measurements.
[1] Acedo P., Lamela H., Sánchez. M, Estrada T. and Sánchez J., Rev.Sci.Ins. 75, 4671
(2004)
[2] Sánchez M., Sánchez J., Estrada T., Sánchez E., Acedo P. and Lamela H. 15th Topical
Conference on High-Temperature Plasma Diagnostics. San Diego 2004
[3] Sánchez M., Sánchez J., Estrada T., Sánchez E., Acedo P. and Lamela H. Rev. Sci. Ins.,
75, 3414 (2004)
[4] Sánchez M. and Sánchez J., Rev. Sci. Ins., 76, 046104 (2005)

III.8.7 He beam diagnostic
Work in two directions is being carried out. First, the detection system for the LIF detection
of excited levels in the beam has been optimized. A set of collimators and proper alignment of
the laser path has allowed for the minimization of stray light in the chamber. Also the timing
has been improved so that complete synchronization of the laser pulse (~20 ns) with the beam
pulse (~1 ms) and the plasma is now possible. Nevertheless, the system still needs further
development, in particular in optimizing the spatial overlap between the beam and the laser.
The second aspect relates to the width of the He beam in the plasma. A significant broadening
has been seen in the full beam path, leading to an increase of ~3 times over the nominal value
(16 mm). Several experiments were carried out to verify this divergence under vacuum. The
explanation of this effect can be ascribed to the presence of elastic collisions, either with
plasma ions or with residual molecular hydrogen in the plasma periphery. These two
possibilities are being explored at present, and any of them can extend the diagnostic
capabilities of the He beam in TJ-II.
Work on the LIF detection of excited He atoms will continue. The effect of neutral pressure
on beam divergence will be characterized as a possible explanation of the observed beam
width and as a possible diagnostic of edge recycling. In addition, a filter for the detection of
HeII will be installed in the detectors. The toroidal spreading of the well collimated neutral
beam will be analysed for the modelling of toroidal transport of impurities in TJ-II plasmas.
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III.9 Universality of the probability distribution of turbulent
fluctuations and fluxes in the boundary region of fusion
plasmas
III.9.1 Abstract
Plasma density fluctuations and electrostatic turbulent fluxes measured at the scrape-off
layer of the Alcator C-Mod tokamak [B. LaBombard et al., Phys. Plasmas 8, 2107
(2001)], the Wendelstein 7-Advanced Stellarator (W7-AS) [H Renner et al., Plasma
Phys. Controlled Fusion 31, 1579 (1989)] and the TJ-II stellarator [C. Alejaldre et al.,
Fusion Technol. 17, 131 (1990)] are shown to obey a non-Gaussian but apparently
universal (i.e., not dependent on device and discharge parameters) probability density
distribution (pdf). The fact that a specific shape acts as an attractor for the pdf seems to
suggest that emergent behaviour and self-regulation are relevant concepts for these
fluctuations. This shape is closely similar to the so-called BHP (Bramwell, Holdsworth
and Pinton) distribution, which does not have any free parameters.

III.9.2 Introduction
In recent years, the basic picture of the physics of plasma transport in the scrape-off
layer (SOL) of tokamaks and stellarators has been clarified substantially. Currently,
cross-field transport is known to be dominated by large radial transport events (the socalled blobs, avaloids, or Intermittent Plasma Objects [1-9]) that have been observed by
beam emission spectroscopy [6] or gas puff imaging techniques[10], among others.
Also, important progress has been made in the modelling of these structures [11-14].
However, the dynamics governing the radial transport of these blobs in the SOL is still
not fully understood. Fluctuation measurements by Langmuir probes have provided
abundant evidence to support the idea that cross-field transport in magnetically confined
plasmas is a rather complex phenomenon. For instance, long-range temporal
correlations have been detected in tokamaks and stellarators in the form of power-law
regions in fluctuation power spectra [15,16] and large values of the Hurst exponent (i.e,
H > 0.5) [17]. Furthermore, it has been reported that density fluctuations are distributed
according to non-Gaussian probability density functions (pdfs) [18-21], and that the
associated turbulent fluxes seem to be approximately self-similar (i.e., invariant under
re-scaling) over a range of scales, larger than the characteristic turbulent scales [22].
Interestingly, both self-similarity and long-term correlations are characteristic properties
of critical phenomena [23]. Thus one is led to ask whether SOL transport is indeed
universal. Universality, a key concept of the theory of critical phenomena, implies that
the large-scale behaviour of the system of interest is insensitive to the details of the
microscopic physics that govern the dynamics at the smallest scales. As a consequence,
systems within the same universality class may be described by a common model that
appropriately accounts for their large scale properties, in spite of having different
microscopic characteristics. In this sense, determining the universality (or lack of
universality) of cross-field transport in the SOL of tokamaks and stellarators becomes
an interesting (and important) problem.
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Some reports do indeed support such universality at the plasma edge. In Ref. 17, the
values of the Hurst exponents for density fluctuations in several tokamaks and
stellarators are found to be very similar over comparable ranges of temporal scales. In
Ref. 16, similar conclusions are drawn from fluctuation power-spectra. More recently, a
different kind of test was carried out [9] by comparing SOL density fluctuation pdfs
from the PISCES linear device [24], the Alcator C-Mod tokamak [25], the MegaAmpere Spherical Tokamak (MAST) [26], and the reversed field pinch RFX [27].
Similar observations were reported in a simple magnetized torus [28]. Apparently, all
these pdfs look very similar and exhibit a clearly asymmetric, non-Gaussian shape [8].
In this paper, we study the statistics of density fluctuations in a set of C-Mod [29]
discharges, in which not only the plasma line density but also the location of the probes
relative to the last closed surface (LCS) are varied in a systematic way. These results are
then compared to density fluctuation measurements in the SOL of two stellarators (the
Wendelstein 7 - Advanced Stellarator [30] and the TJ-II heliac [31]).
Next, we investigate, for the same discharges, if similar universality features are present
in the instantaneous electrostatic turbulent fluxes. Interestingly, the main conclusion we
draw is that the SOL fluxes seem to share many of the universal characteristics of
density fluctuations (in a subtle way to be explained later), which seems to be consistent
with the standard picture in which the SOL cross-field transport is dominated by the
propagation of density blobs. Finally, all these results will be discussed in the light of
some recent ideas, brought forward in the framework of complex systems such as fluids
and magnetized materials [32,33], and we will speculate about the possible origin of the
particular shape of the pdf that acts as an attractor of the dynamics.
The article is structured as follows. In Section III.6.3, the experimental observations are
reported separately for each device. In Section III.6.4, the results are discussed in the
light of the mentioned ideas. Finally, in Section III.6.5, some conclusions are drawn.

III.9.3 Experimental results
The experimental data analyzed in this paper were obtained by means of Langmuir
probes. These probes provide ion saturation current fluctuation measurements at one or
two positions and floating potential (φ ) fluctuations at two nearby points. In the
following, we will assume that the fluctuations of the ion saturation current in the SOL
are proportional to fluctuations of the density ( ñ ) [34]. The associated turbulent flux is
computed using Γ = n˜(φ1 − φ 2 ) / 2 rBδ [35], under the assumption that the temperature
and sheath potential drop are identical at both floating potential probe tips, which holds
in the case of structures larger than the separation between the probe tips [6]. We have
only used data corresponding to a steady state situation, in order to guarantee
meaningful statistics. In addition, we have checked that the data were not contaminated
by modes, waves or any other regular oscillations, which might modify the pdf.
We now introduce some notation. The pdf according to which some fluctuating quantity
(l )
of interest A is distributed is represented by pA , where we formally represent the
experimental discharge conditions by a label l [For instance, l might be chosen to be a
vector that contains the value of the line integrated density, the distance to the LCS, the
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configuration type – e.g. tokamak or stellarator –, etc.]. To test these pdfs for universal
(l )
(l )
properties, we first subtract the mean x A and divide by the variance σ A (thus
removing any dependence on physical dimensions) using the rescaling prescription:

(

)

FA ( y ) = σ A( l ) pA( l ) [ x − x A( l ) ] σ A( l ) .

(1)

Universality in the shape of the probability distribution function will be claimed
whenever the same function FA ( y ) is obtained for any value of l. In what follows, the
normalized pdfs of data will be plotted with the correspondingly normalized BHP pdf
[32,33]. The reason for including this analytical form will be clarified in the discussion
of the results below.
In general, the turbulent flux carries information of at least two processes with disparate
scales: fast and small turbulent fluctuations and slow and large transport events [22]. In
what follows, it will be of interest to separate these. To do so, the data is smoothed
using an m-points rectangular smoothing window in order to remove the high-frequency
part, with the value of m chosen on a case by case basis, using the criterion described
elsewhere [22,36].
III.9.3.1 C-mod tokamak
The fluctuation measurements at the C-Mod tokamak were performed in ohmically
heated deuterium discharges with a diverted, lower single-null magnetic equilibrium.
The data correspond to identical discharges (plasma current, Ip = 0.8 MA; toroidal
magnetic field BT = 5.3 T) in which the line-averaged electron density varies in the
range ~0.6 × 1020 m-3 < n e < 1.2 × 1020 m-3. In addition, the distance of the Langmuir
probe to the LCS is varied between 4 and 8 mm. [In fact, fluctuation data from locations
up to 1 mm from the LCS were also available. But due to the proximity to the edge
velocity shear layer and contamination with a slow 60 Hz oscillation associated with the
power source, application of the present analysis technique is not warranted.] Further
details about the experimental arrangement can be found in
Ref. 37.
In Fig. III.6-1, the measured density fluctuation pdfs are shown, after being rescaled in
the way previously described, for increasing line integrated densities. Since we focus on
the higher-order moments (which manifest themselves through the tails of the
distribution), the pdfs are plotted here and in the following on a log-linear scale to
stress the shape of the tail. It is apparent that all curves seem to collapse onto some
preferred canonical shape, characterized by a rapid decay for negative values of the
fluctuation amplitude and a rather slow exponential decay for positive values, whose
interpretation we purposely delay until the next section. The canonical form is clearly
non-Gaussian, consistent with what was previously reported in e.g. Refs. 8 and 18-21.
These somewhat loose statements about the pdfs can be quantified by computing the
third and fourth moments of the distributions (the skewness S and kurtosis K,
respectively) – bearing in mind that the first and second moments are always 0 and 1, by
definition. Typically, S and K have a radial dependence; results here refer to the far
SOL. The experimental results are shown in Fig. III.6-6. Mean values obtained are
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approximately S ≈ 1.2 ± 0.3 and K ≈ 5.1 ± 1.5, which lie in between the values expected
for a Gaussian (S = 0, K = 3) and an exponential distribution (S = 2, K = 9), and clearly
distinct from either. The values for S are consistent with values obtained in other
devices in the far scrape-off layer [4,7,20,38]. S and K have only a weak dependence on
n e , if any.
We turn now to the turbulent flux inferred from the fluctuation measurements. In Fig.
III.6-2, the rescaled flux pdfs obtained for increasing densities are shown after
smoothing the data with a sliding 120-point window. Again, all pdfs seem to tend to a
canonical shape, although deviations from the canonical shape seem to become more
pronounced at higher density. The corresponding kurtosis and skewness are shown in
Fig. III.6-7. The values of these moments are clearly non-Gaussian and quite similar to
the values obtained for the density fluctuations. Note that in this case the dependence of
the moments on the density is much clearer (although the error bars are much larger).
III.9.3.2 W7-AS stellarator
The W7-AS data analyzed here belong to the series of discharges previously studied in
Ref. 22. Details about the experimental conditions and probe geometry can be found in
the cited reference. We will only remark here that the Langmuir probe was of the
reciprocating type and moved slowly in the radial direction. For this reason, and
although the motion is barely perceptible over 50 ms, we have introduced a double trend
correction in each analysis time interval in order to be able to analyze a longer time
interval and thus improve statistics. We checked that the statistical characteristics of the
data, as expressed by the higher moments (≥ 2) of the pdf, did not change during the
extended time interval. First, the linear trend was determined by fitting a straight line to
the data in the analysis time interval, which was then subtracted from the data. Second,
the linear trend of the root-mean-square (RMS) data was determined by fitting the
straight line to the array of absolute data values, after which the data were divided by
this fit. The latter eliminates any slow linear variation in the RMS fluctuations of the
data.
We analyzed data from discharges 35425, 35427 and 35428. In the SOL region (r–rs >
0, where rs is the position of the velocity shear layer, which is closely related to the
position of the LCS [39]), the fluctuations of the ion saturation current, Isat, varied from
Gaussian near the shear layer, to non-Gaussian for large positive values of r–rs. This
fact is reflected in the radial evolution of the skewness S and kurtosis K of Isat shown in
Fig. III.6-8. The values of S and K reach an almost stationary value for r–rs > 2 cm (cf.
also Refs. 6 and 20; in the latter reference, the value of the skewness was related to the
dynamics of Intermittent Plasma Objects). For the data interval corresponding to 2 ≤
r–rs ≤ 5 cm (a different time window in each shot), we have computed the pdf of Isat.
Fig. III.6-3 shows these three pdfs, together with the BHP pdf to facilitate the
comparison. Note that again the same canonical shape emerges, and that deviations
from the canonical shape are exceedingly small. The moments for these three cases are:
S ≈ 0.98 ± 0.08 and K ≈ 4.2 ± 0.3, close to the values obtained in the C-Mod case and
distinctly different from the Gaussian values.
Next, we analyze also the turbulent flux time traces in the far SOL region (2 ≤ r–rs ≤ 5
cm). As explained above, it is necessary to smooth the flux signal to remove the smallscale fluctuations and enter into the self-similar scaling region of the pdf. Following the
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technique described in Ref. 22, we find m ≈ 300 – one order of magnitude larger than
the value needed to enter into the self-similar scaling region for data taken inside the
plasma in the same shots [22], indicating that the self-similar temporal scales are much
longer in the SOL than inside the plasma. This could be a consequence of the fact that
there is no small-scale turbulent drive in the SOL that maintains the self-similarity at the
small-scale range of the spectrum, or of the fact that the transport is fundamentally
different in the confinement zone (closed flux surfaces) and the SOL (open field lines).
The rescaled flux pdfs for m = 300 are shown in Fig. III.6-4 for the three W7-AS
discharges, together with the reference BHP curve. Again, the canonical pdf shape
emerges, albeit with slightly larger deviations as compared to the density.
III.9.3.3 TJ-II heliac
The same analysis was carried out on data from fixed Langmuir probes measuring in the
SOL of ECRH-heated plasmas (PECRH = 300 kW) in the TJ-II heliac (R = 1.5 m, <a> =
0.22 m, B0 < 1.2 T).
Fig. III.6-5 shows the rescaled density fluctuation pdfs in the SOL for some shots (shot
11639: r–rs = 8.8 cm, shot 11678: r–rs = 7.9 cm; shot 11885: r–rs = –1.7 cm), showing
that in this scan, the results do not appear to depend strongly on the position in the SOL
(and edge). On average these pdfs have: S ≈ 1.1 ± 0.2 and K ≈ 5.1 ± 0.6.
A more detailed shot-by-shot radial scan was performed in the TJ-II SOL
(configuration: 100_44_64). The results are summarised in Figs. III.6-9 and III.6-10.
The fluctuations of the density (Fig. III.6-9) show clear non-Gaussian behaviour, while
no clear radial trend can be discerned. On average, these pdfs have: S ≈ 1.2 ± 0.4 and K
≈ 4.9 ± 1.3. The fluctuations of the flux show a relatively clear trend from nearly
Gaussian at the LCS (r–rs = 0 cm) to non-Gaussian at remote positions (r–rs = 8 cm). At
the latter position, the canonical values of S ≈ 1 and K ≈ 5 are again obtained.

III.9.4

Discussion

The analyses presented above suggest that the fluctuations of the density and, to a lesser
extent, the flux, can be described by a probability distribution that tend to a universal
shape, reinforcing and extending previous evidence reported in Refs. 8 and 18-21. It
should be noted that similar pdf shapes have also been reported in numerical
simulations of SOL turbulence [40]. We have found these canonical shapes in a
tokamak and two stellarators, for different densities and distances to the SOL. The fact
that the density and flux pdf have a similar universal shape could be consistent with the
widely accepted idea that transport in the SOL region is dominated by density blobs
[6,9]. The canonical shape of the flux pdf is only obtained for large temporal scales (m
large), suggesting that these blobs have a relatively large spatial extension, in
accordance with these ideas. The kurtosis and skewness of the canonical flux pdf seem
to exhibit some dependence on the distance from the LCS, which might be explained
using the ideas expressed in Ref. 6.
Having established the probable existence of a canonical pdf shape that acts as a kind of
"attractor" for experimental pdfs, it is of interest to ask whether such a shape tells us
anything significant (as Gaussian pdfs do, which are associated with the limit
distribution of a sum of random and independent processes [41]). This question is of
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particular interest in the light of the recent results reported by Bramwell, Holdsworth,
and Pinton (BHP), that suggest that the rescaled pdf of fluctuations of any global
measure of activity of a critical system should be distributed according to the so-called
BHP pdf, given by [32,33]:

P ( y ) = A(exp[ x − e x ]) a

(2)

where x = b(y-s); A = K/σ; K = 2.16, a = 1.58, b = 0.934, s = 0.373, σ being the standard
deviation. The values of b and s are obtained by requiring that P(y) have zero mean and
unit variance. The skewness and kurtosis of this distribution are: S = 0.8907 and K =
4.415 [The sign of S being irrelevant since it depends on which side of the x axis is
chosen as positive.]. The cited authors argue that the BHP pdf may describe the global
energy fluctuations of a confined turbulent flow as well as the pdf corresponding to the
fluctuations in the magnetic ordering in a ferromagnet at the critical point [42], or of a
system exhibiting self-organized criticality [43] such as a numerical sand-pile, or of
water level fluctuations in a river [44]. In this sense, it has been suggested that the BHP
pdf is a hallmark of non-Gaussian statistics and criticality.
While the relevance of these arguments is still a matter of active discussions [45-47], we
think it is interesting to try to ascertain to what extent the BHP pdf can be identified
with the canonical shapes we have found in the experimental data. Clearly, since it is
rescaled pdfs that must be compared, this comparison must be carried out at the level of
pdf moments of higher order than the variance, i.e. skewness, kurtosis and higher. The
experimental results (in terms of S and K) presented in this article are (within error bars)
more compatible with the BHP pdf than a Gaussian or exponential pdf.
We note, however, that the presented experimental data alone do not permit stating
categorically that the system belongs to this class of (critical, externally driven)
systems, since other pdf shapes, lacking the critical connotations of the BHP pdf, are
equally close to the experimental results. One example is the extremal r-order Gumbel
pdf [48], given by:

Pr ( y ) = Ar (exp[ x − e x ]) r

(3)

where x = (y-µr)/σr, while Ar, µr and σr are determined by proper normalization and the
requirements of zero mean and unit variance, for any integer order r > 0. The BHP pdf
is formally equal to the Gumbel pdf, but differs in that r = a = π /2 is not integer
[33,49]. Their interpretation is however completely different, as Gumbel pdfs are
associated with the statistics of the maxima of a random variable, which apparently
bears no relation to criticality at all [48]. The values of the skewness and kurtosis of the
1 st-order Gumbel pdf are S = 1.298 and K = 5.4, consistent with the experimental
findings.

III.9.4

Conclusions

In this chaper, we have reported experimental evidence showing that fluctuations of the
density and the flux in the SOL of tokamaks and stellarators tend to adopt a canonical
shape, which acts as an attractor for the pdf. The fact that the pdf tends to a certain nontrivial universal shape seems to suggest that emergent behaviour and self-regulation are
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relevant concepts for these fluctuations. The results of the presented analysis are
consistent with the idea that radial transport is dominated by large-scale density
structures (blobs).
The canonical pdf shape is asymmetric and non-Gaussian, and it bears a striking
similarity to the BHP pdf, a fixed shape without any free fit parameters, to which some
significance has been attributed as a hallmark of criticality and non-Gaussian dynamics
in externally driven systems. However, other pdfs lacking such meaning, such as the
extremal Gumbel pdf, are also compatible with the observed canonical shape within the
experimental uncertainties. Due to experimental limitations, any preference for the BHP
shape should therefore probably be motivated by theoretical considerations, which are
outside the scope of this work.
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Fig. III.6-1 – Rescaled density fluctuation pdfs measured at the SOL of C-Mod for increasing line
integrated densities; except for the curve at n e = 0.56, all curves are displaced vertically by factors that
are a multiple of 2. The continuous lines are the corresponding BHP curves.
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Fig. III.6-2 – Rescaled turbulent flux pdfs for the C-Mod data for increasing line integrated densities after
smoothing with a 120-point sliding squared window; except for the curve at n e = 0.56, all curves are
displaced vertically by factors that are a multiple of 2. The continuous lines are the corresponding BHP
curves.
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Fig. III.6-3 – Rescaled density fluctuation pdfs measured in the far SOL of W7-AS; except for the curve
for shot 35425, all curves are displaced vertically by factors that are a multiple of 2. The continuous lines
are the corresponding BHP curves.
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Fig. III.6-4 – Rescaled flux fluctuation pdfs measured in the far SOL of W7-AS (after smoothing with a
300-point sliding squared window); except for the curve for shot 35425, all curves are displaced vertically
by factors that are a multiple of 2. The continuous lines are the corresponding BHP curves.

Fig. III.6-5 – Rescaled density fluctuation pdfs measured in the far SOL of TJ-II.
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Fig. III.6-6 – Skewness (S) and Kurtosis (K) of C-Mod rescaled density pdfs as a function of line
integrated density.

Fig. III.6-7 – Skewness (S) and Kurtosis (K) of C-Mod rescaled flux pdfs as a function of line integrated
density.
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Fig. III.6-8 – Skewness (S) and Kurtosis (K) of density fluctuations measured in W7-AS, versus radius (rs
being the approximate position of the LCS).

Fig. III.6-9 – Skewness and kurtosis of the density fluctuation pdfs, vs. position, in the SOL of TJ-II.
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Fig. III.6-10 – Skewness and kurtosis of the flux fluctuation pdfs, vs. position, in the SOL of TJ-II.
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IV THEORY AND SIMULATION

IV.1 Transport
This section deals with the intense transport theoretical activities developed during
2004, 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 ion heat transport based on CX neutral fluxes measurements 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 Ion transport studies based on CX Measurements.
IV.1.4 Magnetic shear and transport.
IV.1.5 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 , H 2 …). The experimental results are used
to study the particle transport for obtaining the diffusive and convective contributions to the
particle flux [IV.1.1-1, IV.1.1-2] by solving the inverse transport equation for those
experiments. The analysis includes a realistic particle source from atomic beam diagnostic
[IV.1.1-3]. The same method is applied to the transport analysis of spontaneous transition to
an enhanced confinement mode [IV.1.1-4], observed under certain experimental conditions.
The time evolution of the radial density profile is
1.0
obtained by making use of several diagnostics in TJt=1142 ms
0.8
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 density
profiles obtained using the interferometer at
0.4
different times in discharge #5742, together with the
Thomson scattering density profile for the same
t=1130 ms
0.2
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
+ ∇ ⋅ Γ = S( r,t )
(IV.1.1-1)
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,
Γ = −D(r)

∂n
r
+V n
∂r
a

(IV.1.1-2)
D is the diffusion coefficient, V is the pinch velocity and a is the minor radius. 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 [IV.1.1-1]. The source term,
which is needed as an input to the transport equations, is given by
S ( r,t ) = I Hα ( t ) S0 exp(r /r0 )

(IV.1.1-3)

and is obtained from experimental results [IV.1.1-3]. The estimated source term can be seen
in Figure IV.1.1-2. It should be stressed here that TJ-II is a highly three-dimensional device
as is the neutral particle distribution. The particle source profile should be estimated in a
proper way either €
using a Montecarlo 3D code (for example EIRENE [IV.1.1-5]), or
measuring at different toroidal and poloidal positions, in order to have a precise distribution
of neutrals and, hence, to estimate an average particle source profile versus effective radius.

IV.1.1-1

S (1019 m-3s-1 )

The diffusion coefficient is parametrized as a polynomial plus an exponential function as
follows:
150
D(r) = pol(Di r) + De exp( r /Δ )
(IV.1.1-4)
where
D
,
D
and
Δ
are
free
parameters.
The
i,
e
100
polynomial degree has been changed in each
experiment in order to obtain the best fitting
€
between the experimental and calculated density
50
profile evolution, with the minimum number of
free parameters.
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pinch velocity. The particle pinch velocity is taken
ρ
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r
Figure IV.1.1-2: Particle source term. The
V(r) = V0 ( pol(Vi r))
dots correspond to the experimental results
a
(IV.1.1-5)
obtained in several reproducible discharges
where
V
,
are
free
parameters.
The
polynomial
(3 discharges, 9-10 points per discharge).
i
degree
in
each
experiment
have
been
adjust in
The solid line corresponds to the best fit to
order
to
have
the
same
freedom
degree
that
in the
the points
diffusivity function.
The evolution of the shape the source term profile in the case of the puffing experiment is
not known and, as shown below, it can introduce some uncertainty in the final results. The
boundary conditions taken are n(r=a)=0 and grad(n(0))=0. The experimental time evolution
of density profile is used to obtain the parameters that appear in diffusivity and pinch by a
least squares fitting procedure. This method is used to study particle transport during a short
H2 puff in a steady state discharge and to obtain particle balance properties in discharges that
present enhanced particle confinement [IV.1.1-4].
3. Experimental and simulation results.
As has been mentioned above, the radial density profile evolution has to be obtained using
the signals from of several TJ-II diagnostics since none of the systems that provides time
evolution information is capable of scanning the full minor radius. We have used an
amplitude modulation reflectrometry system [IV.1.1-6] that allows us to obtain the evolution
of the profile shape for effective radius larger than approximately 0.5. The central densities
are not accessible to the reflectometer in our device due to the fact that core profiles are flat
and generally hollow. These profiles can be completed for steady state conditions with those
obtained from the high-resolution Thomson scattering system [IV.1.1-7], and the agreement
is in general very good, taking into account that the diagnostics only overlap in a small
plasma region. The evolution of the central density profile along the discharge has been
obtained using the X-ray tomographic reconstruction system [IV.1.1-8].
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 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. In the first
case, a pulse of H2 is injected when the discharge is in a stationary condition. 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, the reflectometer profiles covering up to ρ≈0.5 are completed using the soft X-ray
data following the procedure stated above (Figure IV.1.1-4a).
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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 H α 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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In the case of the
transition to an
enhanced confinement
mode, it is observed
that the average line
density increases
continuously after the
transition,
even
without any external
increase in the puffing
rate (Figure IV.1.13b). The density
profile evolution
obtained
from
reflectometry,
providing a profile
every 8 to 18 ms, is
displayed in Figures
IV.1.1-5a and IV.1.1-

The profile evolution
is very different in
2.0
both cases for
-0.5
external
radii
0.15
1.5
-1
( ρ >0.5). In the
-1.5
perturbative
0.1
1.0
-2
experiment, two
different gradient
-2.5
0.05
0.5
zones appear before
-3
gas pulse, one inside
-3.5
0
0.0
and the other outside
0
0.2 0.4 0.6 0.8
1
1.2
0 0.2 0.4 0.6 0.8 1 1.2
ρ
ρ
ρ ≈0.6 (see Figure
Figure IV.1.1-6: The same as Fig. IV.1.1-5 but the density profiles, the diffusivity IV.1.1-4a). Then the
lower gradient zone,
and the pinch velocity correspond to the phase when transition has finished.
the outermost one, is
filled with the puffed gas, reaching a maximum gradient that is almost constant along the
external radii. 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, obtained by solving the
inverse transport equation, can be seen in Figures IV.1.1-4b, IV.1.1-5b and IV.1.1-6b. In the
perturbative experiment, all the profiles are used to calculate the parameters that appear in
the expressions (Eq. IV.1.1-4) and (Eq. IV.1.1-5), for the diffusivity and pinch. In the
enhanced particle confinement case the evolution has been calculated for each time step,
since the evolution is slower than in the former case. In this case the particle source profile
can be considered unchanged and the changes in electron density profile should be attributed
to changes in diffusivity and/or pinch. Figures IV.1.1-4a, IV.1.1-5a, and IV.1.1-6a show the
estimated density profile evolution using the diffusivities and pinches that are plotted in
Figures IV.1.1-4b, IV.1.1-5b, and IV.1.1-6b. The agreement between the experimental
profile and the calculated one is very good in the case of spontaneous enhanced particle
confinement (Figs. IV.1.1-5a and IV.1.1-6a) and is reasonable in the puffing experiment
case (Fig. IV.1.1-4a).
The comparison of the results obtained in both cases shows that in the perturbative
experiment the source term necessary to fit the profile evolution is much broader than in the
other, since more particles exiting the valve enter into the plasma. The diffusivity in the
perturbative experiment shows a two-step shape, as a results of the different gradient zones.
The shape of this diffusivity must be taken with some caution because of the uncertainty in
0
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the particle source profile. In the enhance confinement experiments, the diffusivity presents
a less waving profile as a result of the smoother density profile. In all the cases, the
diffusivity in the most internal and external radii can be affected by the data smoothing
previous to the analysis, that is due to less accurate adjustment at the borders.
An inward pinch that increases with radius is necessary in all cases to obtain the correct
density profile evolution. In the case of the perturbative experiment a pinch that decrees
strongly when the radii decrees is 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.
4. Conclusions
An inward pinch is necessary to explain the observed transport in the outer plasma
region of TJ-II in all cases presented in this work. This result is in agreement with the
previously observations in the W7-AS stellarator [IV.1.1-2] and in the Tore-supra tokamak
[IV.1.1-9]. The diffusivities have been found to be less than 0.1 m 2 /s inside ρ≈0.8 in TJ-II.
There exists some uncertainty in the estimation of the source term, especially for the case of
the gas puffing experiment. In spite of this, it is clear that the absolute value of the pinch
velocity decreases in the case of the enhanced particle confinement, therefore, this decrease
may
be
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Figure IV.1.1-4: a) Time evolution of density profiles measured (symbols) and for ρ <0.8, it
calculated (continuous lines) in a short gas puffing experiment (#5742), and b) rises strongly for
diffusivity (continous lines) and pinch velocity (dashed line) obtained by the adjustment outer positions
of experimental data, used in the evolution.
and it presents
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Figure IV.1.1-5: a) Time evolution of density profiles measured (symbols) and d u r i n g
the
calculated (continuous lines) for the shot that presents a transition to enhanced evolution. The
confinement mode (#5196). b) diffusivity (continuous lines) and pinch velocity (dashed
line) obtained by the adjustment of experimental data, used in the evolution. The results enhanced
that are shown correspond to the first phase of the transition, when the transport suffers confinement
more severe changes.
regime can be
explained by the
fact that the inward pinch is larger by a factor 3 during the starting phase of the confinement
enhancement (Fig. IV.1.1-5b), in comparison with the values that are reached at the end of
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the transition (Fig. IV.1.1-6b), giving different phases for density profile evolution. These
results indicate that there exists a critical density gradient from which enhanced confinement
appears. More investigations are being developed to determine the possible cause of this
phenomenon, including the evaluating of nature of transport in the plasma edge, between the
several proposed mechanisms (see e. g. [IV.1.1-10]).
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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
ρ
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].
The resulting shearing rate is comparable to the one required to trigger a transition to
improved confinement regimes with reduction of edge turbulence, suggesting that
spontaneous sheared flows and fluctuations keep themselves near marginal stability (see
60
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2 105

Fig. 2). While these results support the
importance of turbulence to understand the
1 105
observed interplay between magnetic
5 104
topology and transport in the edge, the time
0
scales of the perturbation in density and
4
-5 10
plasma potential (50-300 ms) measured by
(d)
HIBP [1] and its localization within the ECH
4000 (c)
deposition profile, support the idea of the
3000
dominant role of ECH convective fluxes in
the formation of e-ITBs in the plasma core
2000
of TJ-II.
1000
Finally, OH-coils [4] have been used to
0.35 0.4 0.45 0.5 0.55 0.6
0.7 0.75 0.8
Line Average Density (x1019 m-3)
induce positive and negative currents up to
|Ip|< 10 kA. It is shown that the negative
Figure IV.1.2-2. Shearing rate vs. line density
shear (provoked by negative current)
without (a) and with (b) polarised electrode and
correlates with improved confinement,
their corresponding turbulence levels (c,d).
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)

Eθrms/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
seem to be modifying the trapping/detrapping Figure IV.1.2-3: Effect of plasma current on
rate of ripple-trapped suprathermal electrons line density.
[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: Γe ( Er ) = ΓeNC ( Er ) + ΓeTURB ( Er ) + ΓeECH ( Er ) + ΓeISLAND ( 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.
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)
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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 causes the onset
of an electric field that tends to stop the particle flux and to increase the heat confinement.
As a first step to estimate the time evolution of the flux and the field, we evolve the coupled
equations: m dΓ dt = −enE − p'; dE dt = (e ε ) Γ; ( 3 / 2)( dp' dt ) = −( q' ' +q' / r − q / r 2 ) + w' . Here p is the
plasma pressure, and q is the heat flux
2 10
4 10
( q = (5/ 2)(p / n)Γ − χp' ). In absence of
€
€
collisions
and viscosity
and keeping
€
1.5 10
3 10
constant the distribution function, an
Div(Γ)
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2 10
oscillating behaviour of particle flux and
Γ
electric field with the plasma frequency
5 10
1 10
appears, therefore the typical time scale
for the modification of the field is
0
0
τ~1/ωp, according to this model. The
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experimental results show a much longer
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typical time (100 µs)[8].
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Figure IV.1.2-5: ECH-induced electron flux and its divergence

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 Ion transport studies based on CX measurements
Neutral fluxes up to the outer region of the plasma have been measured by two Charge
Exchange – Neutral Particle Analyzers (CX-NPA) [1]. The measurements were
performed with 400 kW of ECRH heating power. The line plasma density is about
1×1019 m–3 with a central electron of 1keV, usual values in TJ-II ECRH plasmas.

Figure V.1.3-1. Neutral energy spectra for two positions: (left) inside the plasma at average minor radius
〈r〉=17 cm and (right) outside at 〈r〉=23 cm

Figure IV.1.3-1 plots the energy spectra for two positions of the analyzer line of sight.
These positions correspond to plasma volumes inside and outside the LCFS. As can be
seen, the spectra are very similar. Two facts are the most remarkable of this experiment:
1. The measured average ion energy remains roughly constant along the plasma
profile with a value of nearly 140 eV, even outside the LCFS.
2. The ions outside the LCFS are still hot, albeit less dense than those in the
inside. It will be shown that the high-energy neutral flux decreases with minor radius,
which is an indication of decreasing ion density.

Figure V.1.3-2. Left: ion average energy profile. Right: particle fluxes measured with the CX-NPA for
four different energies. The particles were collected during 50 ms, and the error in the average ion energy
is ~10%.

Figure IV.1.3-2 shows ion average energy and neutral fluxes at three different radial
positions: inside, at, and outside the LCFS. As can be seen, the average energy is
roughly the same within experimental error (≈10%). The neutral fluxes are plotted at the
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same positions for four different energies. It is clear that the CX neutral fluxes decrease
with average minor radius, showing a stronger drop outside the LCFS, which indicates
that the density of detected ions has also fallen, especially considering that the fraction
of trapped ions increases towards the plasma edge. The decrease between the LCFS and
outside the LCFS is mainly due to the decrease in ion density because neutral density
can be similar in the two positions [2], if not increasing with minor radius. The ions that
are present outside the LCFS have escaped from the plasma, and their presence can be
explained only by considering that they perform wide orbits.
In addition, the limiters are far from the spectrometer position so the escaping ions do
not collide with the limiters and can contribute to CX processes. Considering that
electron density decreases before the LCFS and a quasi-neutral plasma, the ion density
cannot be so wide. These results can be understood by taking into account that the
fraction of trapped particles is large in the toroidal section of the CX-NPA, the orbits
performed by these particles tend to be very wide and they connect wide radial regions
and only a small fraction of the trapped particles is detected. Moreover, the drifts of
passing particles are also quite large and present asymmetries[3].

Figure V.1.3-3. Ratios of CX neutral fluxes between different radial positions (labelled “in”, “LCFS” and
“out”) at different energies.

Figure IV.1.3-3 shows the ratio of the fluxes at different positions. The maximum in the
relative flux drop is for neutrals of about 200 eV, suggesting that these neutrals are the
best confined in this configuration. The behaviour of neutral fluxes with higher energies
shows that ions with such energies exhibit poorer confinement, as might be expected as
their orbits are larger and as they undergo fewer collisions.
These data have been used to estimate the energy balance in these plasmas. The flat ion
temperature profile indicates that diffusive transport is not a plausible explanation for
ion heat transport. Rather, a nonlocal heat transport due to wide banana orbits of the
ions is a more feasible explanation, as has been stated for T-10 tokamak[4] and
stellarators [5-7]. Characteristic times of losses and collisionality in the centre is about
104 s-1, almost radially constant considering the increase in effective charge near the
plasma edge. The ratio between ion collisionality and bounce frequency is about 5×10-2
in all the plasma radii, indicating that ions can complete some banana orbits before a
collision.
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A first consideration of CX spectra suggests that a diffusive flux is not appropriate for
explaining the observed data. The power balance shows that electrons transfer 5%
(20kW/400kW) of the heating power to the ions. The fact that the average ion energy
profile is flat extending outside the LCFS could be another consequence of the size of
the particle orbits. The ion orbits inside the LCFS are wide enough to connect distant
parts of the plasma, giving the flat ion temperature profile.
If the measured average energy is representative of the actual ion average energy (i.e.,
we are dealing with an isotropic energy distribution function), the flat profile suggests
that the transport mechanism is independent of gradients and may be the same inside
and outside the LCFS; therefore, it seems to be convective. This would be in agreement
with the orbit transport description were it dominant in the ion heat flux.
Further studies must be completed in order to check the validity of the assumption that
the orbits of the ions are wide enough to explain the almost flat ion average energy. A
new code has been developed to calculate the particle orbits in the plasma. Some
calculations changing different parameters of the particles will be done to study the
width of the orbits in different conditions.
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IV.1.4 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 TJII 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 I p, 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 V p are very similar (Fig. IV.1.4-1). These results and measurements have been used
[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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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.
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Figure IV.1.4-1. 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 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.
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Figure IV.1.4-2. 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.1.4-3. Relationship between the particle diffusivity and the magnetic shear at normalized
radius ρ=0.7. Each symbol corresponds to one discharge.
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IV.1.5 Reaction diffusion Models and Transport Barriers
A basic fluid model (Refs. [1,2]) for the evolution of a turbulence field (e. g. the
intensity of turbulent noise), when coupled to a diffusive field (e. g. plasma density)
through the transport coefficient, conforms a reaction-diffusion system able to display
many features in qualitative agreement with experimental findings: transport barrier
formation, hysteresis [3], bursty behaviour and ELMy activity [4], non-local features
under pellet injection [5], 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 [6].
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. While
there is an ongoing work to solve these problems [7], the reaction-diffusion description
of transport continues to yield new results of qualitative interest (e.g. [8]), which can
only be made quantitative if (i) models of turbulent saturation and transport are
sufficiently checked and (ii) analytical approaches can support the numerical results to a
satisfactory degree.
It is acknowledged that non-linear systems of equations can accommodate very rich
dynamics that may, on the other hand, be based on wrong physical notions. From this
perspective, it is useful to check for features inherent to the model that, however, have
not been experimentally identified. In the present work we point to one such features.
IV.1.5.1 Basic model. Propagating solutions in the linear approach.
The essence of the description of transport according to the paradigm proposed in Refs.
[4] and [5] is that the flux of a diffusive field mantained 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 turbulence drive (let γ = ∂xN = N’ be for simplicity) can, at some stage,
force a drop of e itself. This happens within the frame of ExB shear suppresion physics
[1] P. H. Diamond et al., Phys. Rev. Lett. 72, 2565 (1994).
[2] B. A. Carreras et al., Phys. Plasmas 1, 4014 (1994).
[3] D. E. Newman et al., Phys. Plasmas 5, 938 (1998).
[4] P. H. Diamond et al., Plasma Phys. Control. Nucl. Fusion Res. 3, 323 (1994),
[5] D. López-Bruna et al., Proc. 30th EPS Conf., ECA Vol. 27, P-2.123 (2003).
[6] D. del-Castillo-Negrete et al., Physica D 168-169, 45 (2002).
[7] J. M. Delgado et al., Proc. 30th EPS Conf., ECA Vol. 27, P-3.148 (2003).
[8] D. E. Newman et al., Proc. 19 th Fusion Energy Conference, IAEA, TH/P1-11 (2002).
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[9] because, in the plasmas of interest here, the radial electric field shear will always
have a contribution from the radial derivative of the diamagnetic force. Let us consider
that N 2 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, e evolves according to a forcing γε = N’ ε, a non-linear saturation term that
we write as αε2 and a suppresion term Ω=α2(N’’)2/γ. This expression for W 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:

∂tε = (γ − αε − Ω)ε + Dε ε'' .

€

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
with respect to N, N’, N’’, ε, ε’ and ε’’ can be simplified considering that perturbations
in 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.1.5.2 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 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 developes (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].

[9] P. W. Terry, Rev. Mod. Phys. 72, 109 (2000).
[10] G. V. Pereverzev et al., Rep. IPP 5142, Garching (1991).
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Figure 4.1.5-1. 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).
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Figure 4.1.5-2. 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.
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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.

0
0.6

Figure 4.1.5-3. Evolution of the ratio Ω/γ in the frame of a tokamak transport system of equations with hi
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 and Heating
The activities related with kinetic theory and heating are devoted to two main lines. The
first one deals with the theoretical studies of Electron Bernstein Waves (EBW) in TJ-II
plasmas. These studies are basic in order to predict the properties of such waves in TJ-II
plasmas as well as to give the inputs for the optimum design of heating system. The
other one line consists of the use of Langevin equations to estimate the outward electron
flux created by ECRH and the subsequent electric field created b the onset of this extra
flux. Those microscopic equations permit to perform some approximations that allow
one to do some fast estimation without solving the whole problem.
IV.2.1 Electron Bernstein waves calculations (A. Cappa)
IV.2.2 Outward particle flux induced by ECRH (F. Castejón)

IV.2.1 Electron Bernstein waves
Introduction
Launching of Electron Bernstein waves (EBW) into TJ-II has been investigated [1] and is
currently in the final design stage [2]. The ray tracing code TRUBA [3], which includes
automatic mode conversion and tunneling efficiency calculation, has been used to
determine the optimum launching conditions for the O-X-B1 (f = 28 GHz) scenario, that is,
the best launching position and direction, in terms of power absorption, and the optimum
Gaussian beam, in terms of transmission efficiency.
Launching position optimization
To determine the best launching position, a single ray has been traced from different
starting points covering a wide toroidal and poloidal range (figure IV.2.1-1). This range is
limited by the need for low longitudinal inhomogeneity of the magnetic field in order to
have low Doppler-shifted absorption [1] and by the internal mirror design requirements.
For each point, located after the O-mode cut-off surface a distance along ∇ne much smaller
than the wavelength ( λ ≈ 1.07 cm), the ray is launched with its optimum parallel refraction
index, given by N ||opt = s /(1 + s) , where s ≡ ω c / ω . The local transmission efficiency is
given by
 f ( s) 2

η = exp 
N ⊥ + 2(1 + s )( N || − N ||opt ) 2 
(IV.2.1-1)
 c


[

]

Figure IV.2.1-1 : Launching positions considered in the simulations. For every point, η = 1. The optimum
position is shown (blue cross).
1/ 2
where f ( s ) ≡ −πω ( ne / ∇ne )( s / 2)
and hence every ray is launched with full
transmission efficiency ( η = 1 ). The calculations have been performed for a standard TJ-II
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magnetic configuration where the magnetic field intensity is the one needed for second
harmonic X-mode and on-axis power deposition with N || = 0 (f = 53.2 GHz). The plasma
density and temperature profiles are given by ne = 1.7(1 − ψ 1.375) 1.5 × 1013 cm −3 and
T e = 0.7(1 − ψ 1.125 ) 1.25 KeV . The central density is chosen close to the low density second
harmonic X-mode cut-off. Almost all the launching positions considered provide complete
EBW absorption. However, only a few of them show central deposition. The power
absorption profile of the optimum position, together with the ray trajectory are plotted in
figure IV.2.1-2.

Figure IV.2.1-2: Ray trajectory for the optimum launching position. The O-mode cut-off surface and the uhr
layer are represented. The power deposition profile shows centred EBW absorption.

Once the optimum inner point is determined, a ray is launched backwards with opposite N
from an outer point placed before the O-mode cut-off surface a distance along ∇ne , also
smaller than λ . In this way, the launching direction for that position, that must be fulfilled
by the internal mirror, is determined. The optimum curvature parameters of this mirror, that
is, the optimum launched gaussian beam, are treated in the next section.
Optimum Gaussian beam
In the following, we shall define the origin of the beam field to be the centre of the internal
mirror (figure IV.2.1.3). For a given frequency, the beam is defined by two parameters:ω 0 ,
which is the beam waist and z0 ,the waist location along the propagation direction. At first,
in order to calculate its transmission efficiency, the gaussian beam is viewed as composed
of rays, traced independently of each other along the local group velocity direction, i.e
perpendicular to the approximately spherical wave fronts and centred at zL with radius of
curvature R1 ,
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R1 = z1 − z 0 +

a2
z1 − z0

(IV.2.1-2)

2
The parameter a = πω0 / λ is the confocal distance and z1 is defined as the position of the
plane perpendicular to kc that is adjacent to the plasma (see figure.IV.2.1-3).

Figure IV.2.1-3: Beam optimization parameters. Plasma is plotted schematically. In the calculations, d=203
mm.

Each beam, characterized by a pair {ω 0 , z0 } is simulated by a bunch of rays distributed on
the wave front that intersects the z axis at z1 , directed perpendicularly to this surface, with
components (k x , k y , k z ) ≡ (sin θ cos φ , sin θ sin φ , cos θ ) where θ and φ are the usual
−1
spherical coordinates angles.The maximum value of θ is θ max = tan (ω1 / R1 ) where ω1 is
the beam size at z1 .Ever y ray trajectory in the plasma is calculated with TRUBA and its
single tunneling efficiency is determined. The total efficiency of the beam is defined as
Nr

∑η ρ
j

T ≡ T{ω 0 ,z0 } =

1
Nr

∑ρ

j

(IV.2.1-3)

j

1

where Nr is the number of rays used in the simulation and η j is the transmission efficiency
of ray j (eq. IV.2.1-1), which is weighted proportionally to the wave power over the wave
front
1
ρ j ≡ 2 exp(−2( x 2j + y 2j ) / ω 2j )
(IV.2.1-4)
ωj
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where

(x j , y j , z j ) ≡ (R1 sin θ j cos φ j , R1 sin θ j sin φ j , R1 cos θ j )

are

the

launching

coordinates of ray j and ω j is the beam size at z = z j . In the far-field region of the beam,
the main contribution to the field amplitude in a particular direction is given essentially by
the plane wave in the angular spectrum which has its wave vector k along that direction [4].
For these conditions, the approximation used to simulate the beam is reasonably valid.
Since the far-field region is defined for z values such z − z0 >> a ( a ≈ 0.1m, for f = 28
GHz and ω 0 = 2 cm) the results obtained for beam waists placed near plasma must be
understood very carefully and particularly when the beam is strongly focused (small waist).
In fact, in this case, a better aproximation is to consider each plane wave contributing to the
beam at this point. The local plane wave spectrum of a non-astigmatic Gaussian beam at
z = z0 is given by

A( k x , k y ; z 0 ) = C( z 0 ) exp( −ω 02 ( k x2 + k y2 ) / 4)

(IV.2.1-5)

where C ( z 0 ) is a complex vectorial quantity that depends on beam power and polarization.
Figure IV.2.1-4 shows schematically the ray distribution used to simulate the beam when
z 0 = z1 Many rays are launched from each point of the wave plane front (three points are
represented in the figure).

Figure IV.2.1-4 : Beam simulation parameters for z0 =z1 . Plane wave spectrum is now considered.

The transmission efficiency is calculated as previously but now each ray is weighted with
α j = A j ρ 'j where A j ≡ exp( −ω 02 ( k x2, j + k 2y, j ) / 4) takes into account the plane wave
'
spectrum and ρ j is again proportional to the beam power in the z = z0 cross section.
Therefore,

[ (

)

α j = exp − 2 x 2j + y 2j / ω 02 − ω 02 (k x2, j + k y2, j ) / 4

]

(IV.2.1-6)

The transmission efficiency for different beam waists is plotted in Figure. V.2.1-5. The
most efficient beam is the one with ω 0 = 0.02 m, focussed beyond the critical layer, since
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it is the most robust against density changes and for this waist the calculations based on the
two different approximations give similar results.

Figure IV.2.1-5: Beam transmission efficiency T, calculated with eq. IV.2.1-4, for three different beam sizes,
vs. the focusing distance. The transmission efficiency calculated with eq. IV.2.1-6 (only for z 0 = z1 ) is also
represented. The maximum z0 for each ω is given by losses requirements due to the internal mirror size.
0

For more focussed beams (ω 0 = 0.02 m) the value of T close to the critical layer appears
overestimated in the far field approximation, since T ≈ 0.68 is obtained when considering
the plane wave spectrum. For higher beam waists (ω 0 = 0.04 m) the bigger size of the
beam spoils its transmission efficiency due the non homogeneity of plasma and magnetic
field, despite the N|| of the central ray is the optimum. The comparison with a full wave
code is foreseen in order to check the validity of the plane wave spectrum method for beam
simulation with ray tracing.
References
[1] F. Castejón et al., Fusion Science and Technology. 46 (2004) 326.
[2] A. Fernández et al., Proc. of the 13th Joint Workshop on ECE and ECRH (2004).
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IV.2.2 Positive radial electric field created by 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 [1]. This extra flux, usually called pump-out, is
manifested experimentally through hollow density profiles that are accompanied by peaked
temperature ones [2]. 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 same type of profiles has been observed in other stellarators
(see [3] and [4]) and tokamaks (see e. g. [5] and [6]), although the explanation does not
have to be same for the two types of devices. The enhanced electron flux will create a
positive electric field for which a first estimated is given in this work.
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 ≡ sω c ω
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) [7]. 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 [8]. 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
r
r
the equations: ∂u i ∂t = Fi ( u) + Dik ( u)ξ k , i,k = ⊥, //; ξ k (t) = 0, ξ i (t)ξ k (t + τ ) = δ ikδ (τ ) .
These equations are composed of a deterministic and a stochastic part. The
deterministic one is:
2 104
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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:
F// =

(

)
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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||):
€

r
Dcy ( u) =

∫ dN

w
//

u // γ

r2
ê ⋅ Π δ ( N // − N // R ))Γ(N // ) =

w
u // γ

r 2
ê ⋅ Π Γ(N // R )

Langevin equations are integrated numerically and the electron trajectories in
momentum€ space are estimated. As the deterministic term is much larger than the stochastic
one, except in the vicinity of the resonance, that term will be neglected in this work.
Transport and electric field 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 
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=
 ∂t  ECH
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δ is the border of loss cone in momentum
space and f is the electron distribution
function. This
expression requires
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knowing distribution function and the
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exact structure of loss cone in momentum
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Γ
space, which is equivalent to having solved
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the problem. Nevertheless, we can
introduce some approximations in order to
0
0
do a quick calculation that allows us to
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extract the main properties of the ECRH
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induced particle flux. First of all we
consider that the momentum distribution
Figure IV.2.2-2. ECH-induced electron flux and its
function of the electrons is Maxwellian, i.
divergence.
e., the deformation of the distribution
function is small (we perform a linearization of the problem); second, we assume that all
the particles that enter the loss cone escape 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. Of course, the distribution function will be modified by the interaction of the
electrons with the waves and by the escaping particles, and the structure of loss cone is
modified by the electric field. We also disregard the effect of collisions that tend to
diminish the particle flux inside loss cone, therefore we are overestimating the flux that can
be written as:
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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
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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: Γ = 1 r ∫ r' dr' ( ∇Γ) 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. The application of the ambipolar
condition will imply that a radial positive electric field must be created to keep the plasma
quasi-neutrality [9]. Once the instantaneous flux has been obtained the evolution of the
field can be estimated by solving the following 1st-order equations:
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Figure IV.2.2-3. Time evolution of flux and
electric field for r=0.02 m.
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Figure IV.2.2-4. Flux and field profiles for the
times marked as I, II and III in Fig. 3

Where p is the plasma pressure and q is the heat flux ( q = (5/ 2)Γ(p / n) − χp' ). In absence
of collisions and viscosity, an oscillating behaviour of particle flux and electric field
appears (see figure IV.2.2-3). The frequency of the oscillations is just the plasma frequency,
therefore the typical time scale for the modification
€ of the field is τ~1/ωp that is much
shorter than the observed experimentally (of tens of ms) [10]. The radial profiles of the flux
and the field in times marked with I II and III are plotted in fig. IV.2.2-4.
[1] M. A. Ochando and F. medina. Plasma Physics and Controlled Fusion 45 (2003) 221
[2] F. Castejón et al. Nuclear Fusion. 42 (2002) 271
[3] H. Maabberg et al. Physics of Plasmas 7 (2000) 295
[4] A. Fujisawa et al. Physical Review Letters 82 (1999) 2669.
[5] Z. A. Pietrzyk et al. Physical Review Letters 86 (2001) 1530
[6] P. Burati et al. Physical Review Letters 82 (560) 1999
[7] S. Murakami. Nucl. Fusion 40 (2000) 693
[8] F. Castejón and S. Eguilior. Plasma Phys. and Control. Fusion 45 (2003) 159
[9] F. Castejón et al. Nucl. Fusion 44 (2004) 593
[10] L.I. Krupnik, et al. “Radial electric fields and confinement in the TJ-II stellarator”. P4-181. This
conference.
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IV.3 Magnetohidrodynamics
The Magnetohydrodinamic (MHD) activities during 2004 were related both to
stellarators and tokamak properties. Regarding the latter line two types of studies have
been dealt with: An explanation for the observed vertical displacement of X point
during an ELM in JET is given and the structural stability of Grad-Shafranov equation
and its implications on tokamak equilibrium is explored.
The equilibrium studies on stellarators consist of the application of the code PIES
(Princeton Iterative Equlibrium Solver) to TJ-II equilibrium with magnetic islands.
A useful approach for magnetic flux calculations in TJ-II is given using the properties
of vector potential. Finally, the influence of toroidal plasma currents on diamagnetic
energy measurements has been also studied. Toroidal currents are always present in
stellarators and, although they are small and should not influence strongly the
confinement properties of the device, they perturb the diamagnetic energy
measurements.
This section is organise as follows:
IV.3.1 Tokamak equilibrium and structural stability (E. Rodríguez-Solano)
IV.3.2 Modelling of ELMs. (E. Rodríguez-Solano)
IV.3.3 Equilibrium estimations using PIES (A. Salas)
IV.3.4 Estimations based upon Vector Potential (A. López-Fraguas)
IV.3.5 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∂Ψ−Ψ=Ψ
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.
JJΨΨ∂=∂JJΨΨ∂=∂

Small modification of original equilibrium

J(Ψ(R,Z),R)

Ψ 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.

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.L7-L13
[2] L. Lao, et al., Nuclear Fusion vol.30 no.6 June 1990 p.1035.
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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 [2,3,4] 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 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. 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 layer regions. As the
current in the private flux region reaches the targets, it would dissipate, leading to yet
another new equilibrium, with a new X-point forming at an intermediate position
between the previous two.
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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

We consider the stability of a current carrying filament in a diverted plasma in a
magneto-static model of the tokamak. The divertor is represented by straight circular
coils of radius 0.1 m, placed at (R,Z)=(±0.2, ±2.0) and (±0.3,±1.8) (metres), divertor
target tiles are assumed to be vertical, at R= ±0.2 m, plasma centre at R=0. Initially the
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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
highest: Z s= -1.58 m
placing it in 2 filaments (1 cm radius) at ±Zf,
final: Zs =-1.60
above and below the plasma centre, leads to a
1.4
1.6
1.8
displacement of the strike points, as shown in
-1.62
L: Zs =-1.62 m
Figs. IV.3.2.1b, 1.c and Fig. IV.3.2.2.
-1.64

As the X-point is approached from inside, the
strikes are pushed away from the plasma
centre, “down”, the evolving H-mode. Beyond
-1.68
H: Zs =-1.68 m
a critical value, Zs =±1.68 m, strikes are swept
Fig. IV.3.2: Strike position vs. filament
“up”, as filaments cross into the new private
position: from L-mode to H-mode, to
region, the transient ELM phase. For Zs= ZX2,
extra high, to final.
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.
-1.66

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 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
Fig.IV.3.3: Reconstructed
IV.3.2equilibrium, region with negative
current density marked in red; JET
58837, 21.4 s

2

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://www-pub.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.3.2- 3

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 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 low- and 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
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run for 500 iterations to achieve reasonable convergence, so that these should be
considered provisional results.

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 APS-DPP, Seattle, November 1992
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IV.3.4

Estimations based upon the Vector Potential.

We have adapted to the TJ-II Flexible Heliac efficient numerical expressions to
calculate the magnetic vector potential. Magnetic fluxes can be calculated as line
integrals of the vector potential, instead of 2D integrals of the magnetic induction
vector. Computing times are typically about 10-3 lower and the numerical problems
associated to non-planar geometries are avoided with this formalism. Also convergence
studies of the numerical approximations are faster and more reliable. This approach is
well suited to estimate the loop voltage induced by the OH coils on TJ-II plasmas as
time derivative of the poloidal flux across the magnetic axis. The calculations show that
the flux is the same for different TJ-II vacuum configurations, the relative variation
being less than 1 in 10000. This result is strengthened by similar calculations made on
analytical toroidal helices, which also show flux values practically independent on the
helix major radius and swing radius. Calculations performed for field lines distant from
the magnetic axis confirm that the poloidal flux created by the OH coils is not sensitive
to the detailed geometry.
An important conclusion of these calculations is that loop voltages induced on a path
following the plasma geometry are well approximated by voltages on the circular path
along its major radius. This result offers theoretical support to take the values of the
induced voltage due to the OH coils in the plasma, as the values given by the loop
voltage diagnostic installed on the CC cover in the TJ-II, as well as to the cylindrical
approximation of the plasma often used to interpret experimental data.

IV.3.5 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 nonlocal 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 ∆_ p - 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 ∆_p
the general expression for an arbitrary 3-D stellarator that can be derived using a flux
co-ordinate 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 ∆_p is
zero for net current and non-zero 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 <_> in
conventional stellarators with planar magnetic axis provided that the size of the plasma
boundary is known (postulated or calculated). Here _ is the ratio of the plasma pressure
IV.3.5- 1

to the magnetic 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 __ > 1
and a beam-shaped cross-sections 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 cross-section of the diamagnetic loop is different for the cases where current was
aligned in co- and 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 ∆_ p of the order of _ __ _JA_2, where _ J is the
rotational transform produced by the longitudinal current and A is the aspect ratio. At
__ >> _J 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 so-called
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 ∆_p. 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 _ = constant, where _ 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 ∆_p, the flux through plasma crosssection. This part is invariant with respect to changes in the loop geometry. The plasmainduced flux through the region located between plasma boundary and the boundary of
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the loop consists of two parts. The non-zero contribution is given by the intrinsically
three-dimensional plasma-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 cross-section. 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:
__ = 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 ∆_p 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 ∆_p
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 (__ = 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

∆_p /∆_v = _<_>/2 + (_J(1))2/2A2 + 2 _J(1)__ 

∫
0

1

J_x3dx / [A2

∫

J_xdx]

(IV.3.5-2)

0

Here, ∆_v is the flux of the vacuum magnetic field through the plasma boundary cross
section, J_(x) is the density of the longitudinal current, _J(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 _<_>), the
paramagnetic and the stellarator term. At __ =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
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is pertinent to clarify only a few details. A numerical analysis of ∆_ p for different
pressure profiles have demonstrated that ∆_p/∆_v = -<_>/2 _ _<p>_0/<Bv2>, where p is
the plasma pressure, _0 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 ∆_ p 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 _/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 ∆_p/∆_v 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 threedimensional 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:
T e = (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: J_
_ (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 _J(1) __ A_2 where C for different current
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profiles from this family 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
J_ <|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:
J_ = 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 ( <_> _ 10_3, Ip _ 1kA) the contribution of a net current
in the value of ∆_p 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 J_ _ 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 _J(1) are zero. In order to
show that ∆_ p is non-zero at _ J(1) = 0 let us suppose that K > 0 and rewrite the
stellarator contribution in the equivalent form:
C __ _J(1)/A2 = C+ __ _J+/A2, C+ = (2/3) K-3/2 · (9K _ 5) / (7 _ 3K)

(IV.3.5-4)

where _ J+ 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:
J_ _ 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
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order of _ _ /N. It is rather 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 ∆_p/∆_v 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 plasma-induced magnetic field. The plasma-induced magnetic field is
significantly smaller than the vacuum magnetic field. Therefore, in low <_> simulations
the accuracy of the plasma-induced magnetic field calculation may be significantly
decreased. The accuracy can be improved by increasing the plasma parameters in the
range where the ∆_p/∆_v value is linearly dependent on <_> 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 ∆_ p /∆_ v is near
linearly dependent on <_> and Ip. The matter is that shifts of magnetic surfaces are
small due to the large vacuum rotational transform, paramagnetic effect that is _ Ip 2 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 <_> = 1%, Ip = 0 and different pressure profiles we considered.
In all the cases ∆_p/∆_v = _ <_>/2 with the definition of <_> that is used in VMEC and
is the same as the one discussed before. Therefore, ∆_p/∆_v is independent of plasma
pressure profile at given <_>. Another series of calculations was organized as follows.
The value of <_> = 0 was taken and different families of current density at two values
of net current Ip = 10kA (_ J(1) = 0.08) and Ip = 40kA (_J(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 J_ _ (1 _ x2)m and m being in the rage of 1 ≤ m ≤ 4, were considered.
Calculations demonstrated that the functional dependence of ∆_p/∆_v on m at Ip = 10kA
is the same as that of Eq. IV.3.5-2 but the value of ∆_p/∆_v 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 ∆_ p/∆_ v 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:
J_ _ (1 _ x2)(K _ x2),

C = (2K _ 1) / (3K _ 1)

(IV.3.5-7)
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and the analytic calculation yields,
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 ∆_p/∆_v 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 ∆_p/∆_ v 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
∆_p 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 PfirschSchlüter currents generated by the toroidal (2-D) and local (3-D) curvature of the
magnetic field lines ∆_p 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 ∆_p 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 ∆_p /∆_v as
<_>. 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 ( <_> = 0.1%, Ip = 1kA) two current profiles can be constructed giving an
uncertainty in ∆_p higher than 50%. There are also examples for which the part of ∆_p
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 ∆_p 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 ∆_p 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 ∆_p 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
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coefficient of proportionality between the measured flux and 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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MATERIALS PROGRAMME
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V.1 Irradiation Effects in Ceramics for Heating and Current Drive,
and Diagnostics.
In the Irradiation Effects in Ceramics for Heating and Current Drive, and Diagnostics task area
is now examining surface effects due to hydrogen ion bombardment, possible annealing effects
on MI cables which show high TIEMF, alternative mirror coatings, and bolometer substrate
production. Within this task, CIEMAT is responsible for 6 deliverables, whose presentation is
organized as follows:
V.1.1:
V.1.2:
V.1.3:
V.1.4:
V.1.5:

Radiation enhanced tritium diffusion in CVD-diamond and KS-4V quartz glass.
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 Radiation enhanced tritium diffusion in CVD-diamond and KS-4V
quartz glass.
Tools for the study of tritium diffusion on diamond are being developed based in the Molecular
Dynamics and Montecarlo codes. Although more development and optimisation of software is
needed, computer simulation has been shown to be a powerful tool to understand the problem.
Although with some approximations, first results have been obtained based in the Brenner
potential. From these preliminary calculations one may conclude that the perfect lattice is the
most favourable configuration for movement of tritium into diamond. Even in that case, high
temperatures are needed to effectively move the tritium though the material. At room temperature
a very small fraction of tritium atoms would find enough energy to move macroscopic distances.
The presence of vacancies and interstitial in the lattice make more difficult the diffusion of
tritium. Deposition of energy from irradiation or from microwave absorption may play a critical
role in diffusion since the tritium atoms may obtain enough energy for their jumps over the
energy barriers.
More work is needed to quantify these qualitative results. A revision of the program to calculate
potential energy of the system is needed to reduce the computation time. With a faster program
it will be possible to perform molecular dynamic runs in which tritium and carbon atoms may
move. From these runs it will be possible to obtain the distribution of distances that tritium
atoms cover after a given time, as a function of the temperature. Kinetic montecarlo codes may
be then used to obtain results for long times (longer than 1 ps).
Contrary to gamma irradiation effects in fused silicas, neutron effects show very small sensitivity
to the type of material or the OH content, suggesting the gamma ray effects are controlled by the
intrinsic defects concentration whereas neutron irradiation effects are controlled by the radiation
created displacement damage.
Diffusion of deuterium ions is enhanced by displacement irradiation as well as high-level dose
rates of ionizing radiation. The simultaneous irradiation of insulator materials with H or D ions
and ionizing irradiation seems to degrade the surface quality in such a way that the scattering of
light and the surface adsorption increase. These effects will be important for LIDAR optics.
Ceramic insulators will be used in the ITER Heating and Current Drive, and Diagnostic
(H&CD/D) systems as opto-electronic vacuum windows or as feed-throughs. Their
performance as materials could become modified by the intake of deuterium-tritium the quantity
of which may be enhanced by ionizing radiation effects. Such vacuum windows have a primary
safety role as tritium confinement barriers, and it is known tritium control is a general safety
issue for next and future D-T fusion power reactors. New experimental capabilities are being
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developed in CIEMAT in order to investigate ionization effects on H-isotopes transport through
fusion reactor materials. The new experimental set-up, mounted in the Van de Graaff 2 MeV eaccelerator line at CIEMAT: system lay-out, measuring cell and main units, has been tested and
procedures for preparing the measurement for irradiation defined. The results obtained from the
first irradiation series at about 25 C using alpha-Fe, silica glass, Makor and Viton® membranes
are being analysed and the first direct empirical indications for the effect of radiation on
transport of deuterium for the tested materials have been obtained. In addition experiments have
now been performed on the above materials at and above room temperature without radiation to
establish baseline values for permittivity/diffusion.

V.1.2 Thermally generated voltage/current for selected MI cable coils.
It has been shown that an important contribution to the measured RIEMF under gamma and
neutron irradiation on copper cored MI cables is due to temperature variation along the cable
itself and not to the radiation.
We have demonstrated that temperature gradients induce non-zero emf along the central cable.
This emf is very probably generated because some cables have a non-constant thermo-electric
power along its length. Considering the cable as composed of segments with slightly different
thermoelectric coefficient, when some temperature gradients exist it can be demonstrated that the
sum of each partial emf along each cable segment give rise to a total non-zero emf, that can be
measured at the cable terminals. Some points of the cables exhibit quite large differences on
thermo-electric power. An explanation is not clear at the moment. Previous work done on
thermocouples subjected to heat treatments showed that they develop some “critical” points and
behave in a similar way to our cables. When the authors examined cross section of the
thermocouple they found severe wire corrosion inside the sheath at the abscissa of the thermal
peaks. In that work the temperature was quite high (800 ºC). In our case no heat corrosion
should exist because no thermal treatment has been performed, although exact processing of the
cable need to be detailed. Similar effects could appear due to some impurity entering the copper
wire during manufacture, variable mechanical stress, bad annealing or thermal quenching. Being
an uncontrolled process it would appear randomly and generate the observed behaviour. Similar
copper cables did not show any measurable TIEMF, indicating that it is technically possible to
obtain copper wire of the same diameter and length with a much more constant thermoelectric
power and therefore negligible TIEMF.

V.1.3 Response to ionizing radiation of high-quality mirror coatings.
For optical diagnostic and remote handling systems in ITER, high quality mirrors will be
required for the optical UV-visible-IR range. Radiation enhanced surface degradation in SiO
overcoated Al on Pyrex glass mirrors from Coherent has been assessed previously. Now four
types of mirrors hves been gamma irradiated, two types are commercial and two types have been
made in CIEMAT (Department of Renewable Energies). Gamma irradiations have been
performed in the CIEMAT 60Co pool facility (Nayade), which permits a controlled atmosphere
at dose rate of 6.9 Gy/s and temperatures between about 300 K and 550 K. Irradiations have
been carried out in dry nitrogen, so previously irradiated mirrors in dry air exhibited a marked
reflectivity decrease in the visible (violet/blue region) and particularly in the UV range, however
mirrors irradiated in nitrogen and vacuum did not show any measurable changes in reflectivity
up to 40 MGy.
The high quality commercial mirrors are one with increased reflectance from 400nm – 700nm
(visible range) made of a multi-layer film of dielectrics overcoated Al on fine annealed Pyrex
glass from Coherent, and other is an UV enhanced mirror, from Newport, with reflectivity
greater than 90% from 250 to 600 nm, in which the Al film is overcoated with UV transparent
magnesium fluoride (manufacturer specification) to prevent oxidation of the metal, also the
substrate is Pyrex with low thermal expansion. The XPS analysis of the surface of this UV
enhanced mirror shows the presence of Hf that had not been referenced by the manufacturer and
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Mg and F were not found. HfO2 is a common coating of high reflectivity ultraviolet mirrors but
it is neutron absorber and may become radioactive. It is therefore very important with
commercial mirrors analyse the composition so the specifications of coatings cannot be
complete Reflectivity measurements have been made from 250 to 2500 nm wavelength, with a
Cary 5E spectrophotometer using a diffuse reflectance sphere accessory. No measurable
degradation of reflectivity in the UV-VIS-NIR range occurs in the visible enhanced mirror and a
decrease of reflectivity below 400nm is observed in the UV enhanced mirror. Two types of
mirrors have been made in CIEMAT: SiO2 overcoated Al on Pyrex glass and Al2 O3 overcoated
Al also on Pyrex glass. The coatings were obtained by the sol-gel technique and after heattreated at about 300ºC for fixing together. Pre- and post irradiation reflectivity measurements
from 250 to 2500 nm of these mirrors were made. The gamma irradiation conditions in this case
were also up to 40 MGy in dry nitrogen at 170ºC. A decrease of reflectivity in the UV-visible
range is observed in both types of mirrors.
The best overall result has been obtained for the UV enhanced mirror, showing acceptable
reflection and degradation from 250 to 2500 nm. These mirrors, in particular the nominally MgF
and the Al2 O3 overcoated ones, should now be checked against radiation enhanced corrosion in a
humid atmosphere (i.e. protection against LOCA).

V.1.4. Screening of large insulator materials for NBI.
This on-going task is aimed at assessing potential commercial insulator for the large NBI
insulator bushings. From a series of porcelain and ceramic materials recently measured under X
irradiation, the lowest conductivity material at about 150 C was found to be LWKG, a plasma
sprayed spinel. An epoxy glue employed in the joining of some large porcelain insulators was
found to show high conductivity as well as degradation at high temperatures (>150 C).. One
must therefore take care with this epoxy glue as it will effect the conductivity of big pieces.
However from the results obtained, all the materials examined show conductivities below the
required limits for NBI applications, although care must be taken with the epoxy glue.

V.1.5. Alternative resistive-bolometer substrates with platinum tracks.
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. Large prototype bolometer with a platinum
temperature sensor deposited on alumina or aluminium nitride ceramic substrates were prepared,
tested in high vacuum up to 500 C and ionizing radiation, then sent for irradiated at the Mol
(Belgium) experimental BR2 reactor. These results are now being examined to assess the effect
on adherence and degradation.
Small size bolometers with bridge meanders are now being prepared, and in addition alternative
ways of substrate preparation are being examined.
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V.2. Radiation Tolerance Assessment of Standard Components for
Remote Handling.
The task is concerned with radiation tolerance of the elastomers required the hydraulic systems
for lifting and moving activities, such as those envisaged for the CMM (Cassette Multifunctional
Mover) and the CTM (Cassette Toroidal Mover). In these systems, polymers are needed as
piston and piston rod seals consisting of O-rings and profile rings, and the properties of concern
are elasticity, hardness, strength, water absorption, compatibility with sliding couple (AISI) to
take high surface pressure, friction, and wear resistence. The Underlying technology in the
Radiation Tolerance Assessment of Standard Components for Remote Handling task has, due to
the severe reduction in funding for remote handling tasks, been used to enhance the value of the
work done. In particular most of the microstructural and chemical analysis has and is being
performed as Underlying Technology.Within this task CIEMAT is responsible for two
deliverables, whose related work is reported in the following:
V.2.1: Gamma irradiation and water effects on polyethylene, polyurethane, and rubber type
materials.
V.2.2: Gamma irradiation and mechanical property degradation in Polyethylene,
Polyurethane, and PEEK.

V.2.1: Gamma irradiation and water effects on
polyurethane, and rubber type materials.

polyethylene,

To examine the reliability several standard polyethylene, polyurethane, and rubber type materials
have been gamma irradiated at 9 Gy/s, to 1.0, 3.3, and 10.0 MGy at 30 C, in dry nitrogen and
deionised water. The control samples were maintained in deionised water without irradiation at
room temperature during the time needed to reach 1 MGy, 3.3 MGy, and 10 MGy
The polyethylene, polyurethane, and rubber materials show flat surfaces with no special
characteristics, typical for polymeric materials. No microstructural changes were observed for
these materials under any conditions. The only relevant microstructural changes were found for
the hard fabric made from fibres embedded in a polymer matrix. Even in the as-received material
the bond between fibre and matrix shows some cracking at the interface. Irradiation in dry
nitrogen produced a uniform roughening of the surface, possibly due to material loss. However
the effect of contact with water was far more severe. For the unirradiated control samples the
interface cracking is extensive, together with an indication of partial dissolving of the fibres, but
in the case of irradiation in water by 10 MGy the degradation is dramatic with almost total loss
of the near surface fibre. Only the "as received" hard fabric material hardness could be
measured by the Vickers technique. The polyethylene and rubber materials were hardened by 10
MGy dose but not the polyurethane For the hard fabric material, the only representative
hardness change is that obtained for 10 MGy in water, where the hardness showed a definite
decrease. This decrease is probably due to the severe fibre loss observed in the microstructure.
From the chemical analysis of the residual water after the different irradiation tests for the main
chemical species found for the hard fabric. Very low concentrations of different cations and
anions (especially sulphate, aluminium, and calcium) were detected even in the residual water of
the tests performed in the absence of radiation. The amount of these species dissolved is clearly
enhanced by radiation. But more important is the appearance of fluorine under irradiation which
reaches concentrations of more than 200 mg/l. The substantial increase of fluoride in the
residual water is no doubt related to radiation induced degradation of the fibre polymer. For the
rest of the polymers the solubility in water with or without radiation was found to be negligible.
The percentage of water absorbed in the hard fabric before and after testing was measured The
material is able to absorb a considerable amount of water even in the as-received condition where
it represents 2 % by weight, this increases to about 10 % for the "time to reach 10 MGy" control
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samples. In the case of the 10 MGy irradiation in water, the quantity of water absorbed is
surprisingly less (4 %). The fact that irradiation reduces the water absorption is probably due to
the severe fibre loss, and suggests that the fibres are responsible for the absorption. The data for
polyethylene, polyurethane, and rubber indicate that these polymers do not absorb appreciable
quantities of water for any of the test conditions

V.2.2. Gamma irradiation and mechanical property degradation in
Polyethylene, Polyurethane, and PEEK.
The mechanical property degradation in Polyethylene, Polyurethane, and PEEK were examined
following gamma irradiations at 9 Gy/s and 323 K to 10 MGy in two different environments:
dry nitrogen and deionized water. Different mechanical tests were carried out to evaluate the
property modification on the polymers: tensile tests at room temperature (23ºC, 50% HR) and
microhardness. The dimensions of the tensile specimens supplied by TTY/IHA were 75x10x3
mm, according to the type M-III of the ASTM 638 standard. The testing speed was always10
mm.min-1 except for determining E modulus that was 1 mm.min-1.
Finally, the fracture surfaces after testing were observed by scanning electron microscopy to
appreciate the change in the broken mode (if exists). The microhardness was measured by
applying a load of 50 g or 10 g (depending of the sample features) by means an indenter.
Previously to achieve this test, a small part of the material was put into an epoxy resin for
handing better and polished.
The results inducate the the PEEK material is the most radiation tolerant, showing no
measureable degardation under the test conditions.
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V.3 Structural materials: High performance ODS steels
Due to the delay in the fabrication process of the EU-EUROFER ODS steel, all the activities has
been postponed and focusing again. The material is now ready for distribution.
It was previously reported that the Eurofer’97 steel shows adequate creep rupture strength levels
at short creep rupture tests. However, for long testing times (> 9000h) the results obtained at
500°C and 550°C seem to indicate a degradation of the creep properties, more pronounced at
550°C. In order to clarify these results, some tests (550°C/150MPa and 650ºC/50MPa) are still
running. On the other hand, the “n” exponent of the Eurofer’97 for each test temperature was
determined according to the Norton equation (εmin = kσn ),
In addition, some creep tests at the low stress regime are being performed using specimens of
8mm of diameter and 20mm of gauge length. With these specimens is possible to reach lower
values of the minimum creep rate faster than with the usual specimens (5mmx25mm). This work
is being performed in collaboration with FZK. The results obtained up to now are for ≤ 8000 h.
In order to know the microstructural development during the creep tests, some representative
samples were selected for microstructural investigations (phase extraction, X-ray diffraction and
TEM/EDS). At short rupture times (<3000 h), the studies showed a well developed sub-grain
structure with M2 3C6 and MX particles, both precipitated as in the as-received condition.
However, after long time tests (>9000h), in addition to the M2 3C6 and MX precipitates, the
microstructural investigations performed by TEM in thin foils revealed the presence of new
particles. This new phase, tentatively identified as M6 C type (Fe3 W 3 C) according to the X-ray
diffraction results, is mainly precipitated at the sub-grain boundaries and in the majority of the
cases is associated to the M2 3C6 carbides. Typical EDS spectra of these M6 C and M2 3C6
carbides show high Fe and W concentrations in the M6 C type particles.

V.4 Structural materials: Modelling
This section, devoted to the modelling of the behaviour of structural materials is organized as
follows:
V.4.1 Assessment of damage evolution in Fe in the presence of He by Montecarlo Methods.
V.4.2 Strength and fracture properties of a distribution of He bubbles in Fe

V.4.1 Assessment of damage evolution in Fe in the presence of He by
Montecarlo Methods.
The objective is on one hand to compare two different kinetic Monte Carlo approaches, the socalled Object kinetic Monte Carlo (OKMC) and the Event kinetic Monte Carlo (EKMC). On the
other hand this deliverable focuses on studying the evolution of damage in irradiated Fe and the
effect of Helium and Carbon in the distribution of defects including concentration, size and type.
The ultimate goal of this deliverable is to obtain a model for defect evolution in irradiated Fe and
later Fe-Cr alloys that can be directly compared to experimental observations, in particular TEM
measurements. This work is the result of a collaboration between the CIEMAT association, that
includes the Universidad Politecnica de Madrid and the Universidad de Alicante in Spain, and
CEA Saclay in France.
During this year we have performed two different types of calculations related to the two main
objectives of this task as stated above. One part of the work was related to understanding the
effect of He in Fe. The calculations were all performed using the OKMC. Our first attempt has
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been to try to understand the mechanism of migration of He in Fe. The number of experimental
data regarding this issue is very limited. We have performed OKMC calculations in order to
reproduce those experiments performed by Vassen and co-workers using thermal helium
desorption experiments and reported in R. Vassen, H. Trinkaus and P. Jung, Phys. Rev. B 44,
4206, 1991. The ab initio results obtained by CEA Saclay were used for some of these
calculations. The result of these first calculations point towards a dissociative mechanism for the
migration of He in Fe in preference to the vacancy mechanism, since assuming this last one the
time dependence observed in the experiments can not be reproduced. However, further
simulations will have to be performed in order to clearly isolate the mechanism of migration of
He in Fe.
The second part of the calculations have been devoted to comparing the results obtained using
the OKMC with those obtained with the EKMC. OKMC calculations were performed on the
resistivity recovery curves of electron irradiated Fe, using the same input data and conditions as
those reported by Jacques Dalla Torre and co-workers in their Nature Materials paper published
in December 2004. Two different doses and two different simulation sizes were calculated and
compared. The results of both KMC models are the same for the highest dose and slight
differences exist for the lowest dose and the highest temperatures, although the differences are
not too significant. Regarding computation times the EKMC is more efficient when the
concentration of defects is low, however, for high concentrations of defects the OKMC is still
more efficient under the same conditions. If high doses are to be reached a combination of initial
EKMC calculations and later OKMC should be considered. Using the OKMC we have also
studied the effect of three-dimensional diffusion of defects versus one-dimensional diffusion in
the recovery stages.

V.4.2 Strength and fracture properties of a distribution of He bubbles in
Fe
This deliverable explores the possible impact of the presence of high concentrations of He on
fracture properties of Fe at an atomistic level. In particular molecular dynamics simulations have
been used in the past [1] to study the evolution of crack-tips under different applied loads and
temperatures. The atomistic description of the crack-tip allows for a detailed study of the
propagation of the tip. In this work we have performed calculations of the propagation of a
crack-tip in Fe at two different temperatures: 100 K and 400 K when the front of the tip was a
perfect crystal. The results were analyzed to identify brittle versus ductile behaviour through
bond breaking or through the presence of dislocations as the tip advances. The same type of
simulations were repeated for the case when a small vacancy cluster is located in front of the
crack-tip. The vacancy cluster in this case was formed by nine vacant sites. A third type of
simulation was performed with a void including on He atom. The crack tip was analyzed for the
same load and the three different simulations. Interestingly the simulation with He shows that
the crack-tip advances more than for the other two cases for a temperature of 400K, with features
that resemble a more brittle behavior than when He is not present. The same simulations have
been repeated for lower temperature, 100K. These preliminary simulations will have to be
validated with simulations using larger system sizes. Currently we are starting these simulations
using parallel molecular dynamics. This report will be updated as soon as those results become
available.
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V.5 Technology activities for Diagnostic design for ITER
Two main activities are reported:
V.5.1 Irradiation aspects of magnetic diagnostic.
V.5.2 Development of a computing tool for DEMO blankets Tritium Cycle.

V.5.1 Irradiation aspects of magnetic diagnostic.
Developing magnetic diagnostic procurement packages of credited systems is at the moment a
serious challenge. Magnetic diagnostics have very specific requirements for in-vessel MI-cables,
which are more stringent than for other in-vessel sensors. Several irradiations test have been
conducted in the past on quite different MI-cables and reactor environments. This task is part of
a technical review and assessment of results obtained in these previous works. Work done in
these first months has included revision of many papers and reports that have been direct or
indirectly connected to the use of mineral insulated cables. This first part of the work will be
available as a deliverable by the end of April 2005 as included in the contract specifications. In
this first report the focus will be on one of the two effects that have been detected in MI Cables:
the voltage that appears between the core and cable sheath when the MI Cable is subjected to
gamma or neutron radiation. The origin of this effect is nowadays well known, but nevertheless
it is very difficult to eliminate. Even its evaluation can only be approximated since it depends on
many parameters like external geometry and composition and irradiation time (due to nuclear
activation and decay times on shutdowns). Possible recommendations will be presented in the
above mentioned intermediate report that it is still in progress.

V.5.2 Development of a computing tool for DEMO blankets Tritium Cycle.
Main objective of the task is devoted to establish dynamic Tritium Cycle lay-out for DEMO
Blanket concepts (HCLL and HCPB) implementing them in a Flow Process Diagram modelling
tool (baptized as TRICICLO). TRICICLO should demonstrate its best performance for ITER
cycle with tritium source inputs from TBM and to converge to parallel works on ITER tritium
cycle (TRIMO at FzK).
A fruitful kick-off meeting was recently held on April 15th at EFDA Headquarters.
Work planning (timing and contents) for the activity were fixed together with needed exchanges
with HCLL and HCPB designer groups.
Activities assessing with higher accuracy Tritium Permeation Rates from breeders-FW to
coolant in both designs has been accomplished and, within the approaches and simplifying
assumption agreed, quantitative results can be given. Previous estimations were rough
approximation. More precise terms can be used as source term for the conception of Helium
Cooling Systems gaining in T-cycle design reliability.
Open-minded review of large amount of information concerning the best available technologies
(Coolant Detritiation, Tritium extraction for LiPb, Advanced He power extraction systems,…)
for the design of T-cycle units is ongoing under the perspective to feed routines in the
programming of TRICICLO blocks.
Formal lay-out of DEMO-HCLL cycle and DEMO-HCPB is established and (very) innovative
ideas for He-cooled SG being analysed.
Detailed reporting of these activities is expected by end of May.
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VI ACTIVITIES UNDER EFDA
This chapter gathers all the activities undertaken under EFDA auspices, which are
presented as three main subjects:
VI.1 Participation in JET
VI.2 ITER related studies
VI.3 Participation in other technological projects
A summary of each activity is given as far as the corresponding final reports send as
deliverables describe the entire work carried out and the results obtained in the
implementation of each contract.

VI.1 JET participation
JET participation has been undertaken under three EFDA-JET orders
Participation in JET campaigns 2003-2004 (C8 a C14) (EFDA JET Order
FU05-CT-2002-00251). Amendment nº2.
2004 results are presented here.
• Diagnostics coordination JET (EFDA JET Order FU05-CT-2001-00252).
Amendment nº.1
• Diagnostic enhancement JET - Mw access (EFDA JET Order FU06-CT-200400227)
•

VI.1.1 Results from participation in JET campaigns in 2004.
CIEMAT researchers participated in the JET campaigns. An overview of earlier JET
results and the list of JET EFDA contributors from 2001-2002 can be found in [1]. The
list of JET EFDA contributors in 2003-2004, including CIEMAT personnel, can be
found in the Appendix of [2].

Experimental study of ELM-induced strike point movements
Strike point jumps in JET plasmas were first reported in 1995 [3]. The observation of a
sudden inward shift of the inner strike and an outward shift of the outer one was made
jointly with infrared (IR) cameras, soft X-ray arrays and Langmuir probe (LP) arrays. A
multi-diagnostic study of type I ELMs was performed in C8 (2003), the results were
analysed and modelled during 2004. The aim was to reproduce strike movement
observations and to investigate to what extent they might be consistent with the
supposition that a layer of plasma is peeled off after an ELM. The fundamental basis for
this expectation is a model in which the ELM is due to local loss of solution of the
Grad-Shafranov equation at a critical point [4, see Chapter IV.3.1], possibly due to a
separatrix instability. A complete layer of previously closed flux surfaces would open.
Particles, energy and current would flow along these newly opened field lines and be
quickly lost. Since the plasma pressure in the pedestal is high before the ELM, the edge
toroidal current density must be large. The subsequent loss of a current carrying plasma
layer from inside the separatrix results in the formation of a new, smaller separatrix,
with displaced X and strike points (since the divertor coil currents cannot change on the
ELM timescale).

Experimental observations

VI.1.2

To maximize diagnostic sensitivity, plasmas were designed with infrequent ELMs and
strike points positions optimised for good IR viewing and LP coverage. Discharges
yielding the best data had plasma current Ip = 2 MA, toroidal field BT = 2T, 15 MW of

Fig. VI.1.1-1. a) Contours of infrared measurement of tile surface temperature (Celsius) in the inner
strike region of a vertical target plasma, as a function of time; b) Tile surface temperature in the outer
strike region.

neutral beam injection heating and no gas-puff during the heating phase. They are
characterised by 1 Hz compound ELMs with a diamagnetic energy drop of order
ΔWdia= 500 kJ in about 500 µs at each ELM. The same general behaviour of the strike
points has been observed in a variety of discharges. These results were reported in [5, 6].
Streak pictures (contours of surface temperature as a function of time and height, Z,
along the vertical target tiles) from the JET IR camera are constructed by choosing
pixels along target profiles at constant toroidal angle. Because of the acquisition
procedure, time varies on each temperature profile. As shown in Fig. VI.1.1a, Tsurface at
the inner target has a clear maximum at -1.62 m, the pre-ELM strike point position. At
the ELM, the temperature at –1.48 m suddenly increases, while the pre-ELM strike
point position cools down. The hot spot appears and disappears in less than 65 µs.
The presence of a thin, inhomogeneous surface layer leads to a prompt response of
Tsurface to the heat flux arrival, but renders calculation of the heat flux density rather
difficult. Nevertheless, the combined decrease/increase in Tsurface, observed at two
different positions on the inner target, is a signature of a movement in peak heat flux
density. This can be interpreted as a strike jump of up to 15 cm. The alternate
interpretation of the image as heating of a flake is rejected, since that would not explain
the simultaneous cooling of the pre-ELM strike position. At the outer divertor target,
Fig. VI.1.1.b, the temperature does not respond as quickly to the heat flux arrival (no
deposited layer), but one can equally see that at the ELM a new hot stripe appears 2-3
cm above the pre-ELM strike position, which itself is cooling during the ELM.

VI.1.3

Fig VI.1.1-2: ELM-associated strike movements, in inner divertor leg: a) Dα signal; b) contours of tile
temperature (Celsius) from IR, c) contours of ion saturation current (A/m2), from LPs; d) strike
positions, measured with Langmuir Probes (blue) and IR (red); e) outer strike positions.
Note: periodic voltage reversal is applied to LPs to avoid arcs. During this time, marked with yellow
bars, strike positions are not well identified by LPs.

The location of the maximum in the target ion saturation current density profile
(measured by the JET tile embedded Langmuir probe arrays) is used as a measurement
of strike position. Fig. VI.1.1.2 compiles various simultaneous measurements of the
inner strike during a compound ELM: the Dα signal, IR Tsurface contours (3 ms time
resolution, frame time), contours of ion saturation current (10 kHz sampling frequency)
and the strike point height derived from both IR and LP measurements. The strike
height is also shown for the outer target where a 3.5 cm vertical shift has been applied
to the IR data to match the pre-ELM LP measurement (likely due to a camera
misalignment). Due to the absence of a surface layer at the outer target, the position of
maximum Tsurface plotted in Fig. 2e varies more slowly. Fig. 2c-e show that the strike
points jump upwards 10-20 cm inboard, and 7 cm outboard at the beginning of this
compound ELM. Such a transient large jump is not observed at every ELM and occurs
at only one time point. For other ELMs in the same discharge, it can be as large as 20
cm (inboard or outboard). A model that could help describe these transient ELM jumps,
associated with transient current in the private flux region is described in IV.3.2, and in
[7]. About 100-500 µs later, the strikes settle at a position ~2-3 cm above the pre-ELM
positions. Every subsequent small ELM in this compound ELM arrives at
approximately the same post-ELM position, 2-3 cm above the pre-ELM strike position,
as seen both in the Tsurface and ion saturation current contours (2.b and 2.c) and in the
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position of their peak values (Fig. 2d). A few tens of milliseconds after the end of the
ELM, the strikes slowly return to the pre-ELM position.
Strike shifts are not associated with global plasma movements. The vertical position of
the centre of SXR emission has a sudden (<100 µs) 7 mm downshift, followed by a
return to the previous position in < 100µs, and a slow upward drift of 1 cm in 10 ms.
This fast down-shift of the centre coincides in time with the large upward jump of the
strikes (LPs), and so cannot be due to an upward plasma movement. Further evidence of
plasma edge erosion, rather than plasma movement, comes from edge density
measurements, obtained with a Li beam along a vertical line at the plasma top (100 ms
time resolution). After each ELM, loss of density is observed from the top edge
surfaces. The line integrated density is measured along 3 vertical lines located inboard
and outboard of the magnetic axis, and at the outer edge (up to 1 ms resolution). A
simultaneous sudden drop in all 3 line integrals indicates that the fast density loss
observed by the Li beam is not due to an in-out movement of the plasma centre.

Equilibrium reconstruction and plasma peeling
Using Motional Stark Effect and Polarimetry (MSE+P) measurements, the pre-ELM
plasma equilibrium has been reconstructed for the discharge discussed in Figs VI.1.1.1
and VI.1.1.2 , albeit with considerable error bars induced by large radial electric fields
(not measured) and low time-resolution (20 ms). The reconstructed inner strike height
agrees with LP measurements, but the outer is 3 cm higher. Such a discrepancy is not
uncommon and does not affect the principal argument concerning relative changes in
the equilibrium before and after the ELM. The reconstructed current density profiles
before the ELM and after the peeling are shown in Fig. VI.1.1.3. It is sensible,
physically, since high edge pressure gradients imply high diamagnetism, which drives
the toroidal current density below zero on the inboard side. This reduces the total
plasma current loss due to shedding of flux surfaces since losses from inboard and
outboard sides partly compensate each other.

Fig. VI.1.1-3. Toroidal current density as a function of major radius at axis height, red before
ELM, blue after ELM.

A linearized plasma response model of the plasma equilibrium [8] is used to compute a
new equilibrium by peeling surfaces outside ΨN=.95 (ΨN=1 at LCFS), accounting for
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induced currents in passive structures (large in sudden events in JET). The final current
density profile is also shown in Fig. 3. Peeling flux surfaces outside of ΨN=0.97 results
in the loss of 46 kA of toroidal current, a loss of diamagnetic energy ΔWdia~0.5 MJ, and
upward strike shifts of 4 cm inboard, 3 cm outboard. Due to the loss of diamagnetic
current from the plasma edge, the largest changes on plasma energy are an exchange of
the toroidal field energies in plasma and vacuum regions. A drop in kinetic pressure
(-0.53 MJ) and total poloidal field energy (-.2 MJ) is compensated in part by the
increase in toroidal field energy (+.32 MJ). As the peeled state has lower energy than
the pre-ELM state, peeling of flux surfaces can be a physically allowable transition.

Transition times between pre and post-ELM states
Our conjecture of the ELM as a transition between two neighbouring equilibria is based
on a study of criticality of the Grad-Shafranov equation [4] which cannot describe the
temporal evolution of the system. The transition could, for example, be due to an Xpoint interchange stability, as proposed in [9], or to alternative separatrix instabilities.
The characteristic times for flux surface peeling near the X-point can be derived with
the Kadomtsev sawtooth model [10]. Assuming a change in poloidal field at the post-2
ELM X-point, δBpol~ 5 10 T, an X-point displacement of δr~5 cm due to peeling,
local densities in the range ni~1-5×1019 m-3 and temperatures Te ~ 50-500 eV, the local
poloidal Alfvén time would be, τA~ = δr (µ0 nion mion)1/2 /δB~ 0.2-0.5 µs. The resistive
time is τR =µ0 (δr)2/η~ 1-33 ms, giving a Kadomtsev time τK=(τAτR)1/2~ 10-100 µs.
Once edge current density loss has occurred and a post-ELM equilibrium is established,
particles, energy and current would flow along the newly opened field lines, both in the
main SOL and in the private flux region. With a pedestal ion temperature of typically
1.5 keV, and a connection length in the private region of ~5 m (from 1 cm below the Xpoint to the target), and of ~20 m in the main SOL (from 1 cm outboard of the outboard
midplane to the target), the time for ions to arrive at the target would be 12 and 50 µs,
respectively. As most of these times are faster than our experimental resolution, we
cannot describe the transition with our measurements.

Plasma current loss at ELMs in JET: diagnostics
These ELM studies instigated careful re-evaluation of plasma current measurements in
JET. We showed that the shunts measuring current in the divertor support structure
failed. This has implications for plasma current measurements during transients (such as
ELMs), since the current in the divertor structure needs to be subtracted from the total
current measurement inside the vessel. The current shunt term has been removed by the
operator from the computation of DA/C2-IPLA (the JET standard plasma current
measurement) and signals derived from it, from shot 59442 onwards.
On the other hand, ELM–induced plasma current loss was measured indirectly using the
earth leakage detection circuit connected to the in-vessel saddle coils. These
measurements, and the geometry of the saddle coil circuit indicate that up to ~300A of
plasma current can be deposited at each ELM on the part of the coil exposed to the
plasma (~1 m2), about 0.5 m away from the strike point positions and divertor target
plates. Whether such current can be scaled up by presuming it to be poloidally constant
is uncertain. The current losses decrease with increasing ELM frequency, being
practically below or around the detection limit for fELM>60Hz [11].

VI.1.6

The need of improved diagnostics for better equilibrium reconstruction led to
participation in the design of the JET magnetic diagnostic refurbishment and
enhancements [12]

Summary:
Measurement and modeling in JET both suggest that the post-ELM state, ~100-200 µs
after the front of the ELM, can be described as a reduced plasma, that has shed current
and previously closed flux surfaces, and has strike points closer to the plasma centre.
Aside from this strike movements of a few cm at an ELM, large strike jumps are also
observed. A proposed model for the transient jumps is described in Chapter IV.3.2.
Indirect evidence of ELM-induced plasma current leakage far away from the strike area
is consistent with the picture of these ELMs as a global peeling of plasma surfaces.

Current hole studies at JET
It is speculated that so-called current hole plasmas could actually have reversed current
in the plasma core. If that were to be the case, it would be possible to confine a pressure
gradient in the core with negative plasma current, and outside of it with positive plasma
current. A region of no confinement would separate them, but this region could be
small. So for a given edge safety factor a large overall pressure gradient could be
confined. It has been shown by L. Zakharov that tokamak equilibrium with reversed
core current and pressure gradients in the core is possible, if the assumptions of nested
flux surfaces is abandoned, confirming this initial supposition of E. R. Solano. Example
equilibria with an m=1, n=0 island have been calculated. These equilibria can support
pressure gradients inside the negative current region [13]. Some evidence of the
existence of TAEs with negative mode numbers has been found, indicating the presence
of a negative current region. Alternate explanations for the data have not yet been ruled
out.

Turbulence experiments in reversed and standard-B field
configurations in JET tokamak.
The analysis of experiments carried out in 2003-2004 will be presented at the EPS-2005
conference.
A comparative study of the structure of turbulent transport and fluctuation level in
magnetic configurations when toroidal fields and plasma current are reversed has been
done in 2003 campaign. Experiments were carried out in the plasma boundary region
using a fast reciprocating Langmuir probe system. In both magnetic configurations a
reversal in the phase velocity of fluctuations (shear layer) has been observed in the
proximity of the last closed flux surface. The shear layer location provides a convenient
reference point for the comparison in the structure of turbulence in normal and reversed
field configurations.
Basic turbulence properties (e.g. level of fluctuations, ExB turbulent transport) look
rather similar in normal and reversed field configurations. Typical values in the
proximity of the shear layer location are the following: normalized level of fluctuations
in the ion saturation current of 10 – 20 %, root mean squared level in floating potential
in the range of 5 V, mean frequencies of 50 kHz and poloidal wave numbers in the
range of 1 cm-1. In both configurations, the local ExB turbulent transport has been
measured neglecting the influence of electron temperature fluctuations. The maximum
in the fluctuation flux appears to be linked to the location of the velocity shear layer; in
the scrape-off-layer side of the velocity shear ΓExB decreases when moving radially
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outwards. Parallel turbulent forces have also been computed as the local radial gradient
in the cross-correlation between parallel and radial fluctuating velocities. Experimental
results show that the parallel turbulent forces reverses sign when the magnetic filed is
reversed.

Energy transfer between flows and turbulence in the plasma
boundary of JET
Findings of theses experiments were presented at the PSI-conference 2004. The energy
transfer between perpendicular flows and turbulence has been investigated in the JET
plasma boundary region. The energy transfer from DC flows to turbulence, directly
related with the momentum flux and the radial gradient in the flow, can be both positive
and negative in the proximity of sheared flows. The direct computation of the turbulent
viscosity gives values comparable to the anomalous particle diffusivity (on the order of
1 m2/s). Furthermore, this energy transfer rate is comparable with the mean flow kinetic
energy normalized to the correlation time of turbulence, implying that this energy
transfer is significant. These results show, for the first time, the dual role of turbulence
as a damping (eddy viscosity) and driving of flows in fusion plasmas emphasizing the
important role of turbulence to understand perpendicular dynamics in the plasma
boundary region of fusion plasmas [14].

A new method to calculate smooth density and temperature profiles
for analysis codes
Routines that employ a new method to calculate density and temperature profiles were
implemented in IDL (Interactive Data Language). The new method is based on ones that
are used in tomographic inversion. Mathematically, it is an optimization of an object
function that is related to how smooth the profile is. The object function is also
constrained to be close to measured data, so that difference between measured data and
calculated profile is the estimated error of measurements. The strong points of the
method are: it intrinsically includes estimated errors of measurements, it checks profile
smoothness and it determines profile errors. This method can combine local (Thomson
Scattering, ECE) and line-integrated measurements (Interferometry).

Activities in the field of scavenger techniques for carbon film inhibition
at JET
During this period, the injection of nitrogen, as a film scavenger, in the divertor region
of JET was performed in B reversed discharges. These experiments were included into
the methane screening campaign, and for the first time the two species, methane and
nitrogen, were simultaneously introduced into the divertor. This allowed for the testing
of the possible effect of the radiating impurity (nitrogen) on the photon yield of the
injected methane. No change in CD photon/ CD4molecule upon N2 injection was
observed. Also, within the limited gas flows used, no significant effect of nitrogen
injection on the carbon deposition from methane cracking was seen.
The results of scavenger experiments on JET were presented in the 16th PSI Conference
at Portland, MA [15]
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VI.1.2 JET EP Diagnostics Projects coordination
Activities on this task were bound to the period January-May 2004. During those
months, the JET EP Diagnostics projects were in the transition from design to
procurement. A number of issues like: geometrical incompatibility, systems clashes,
interferences (electromagnetic or derived from the plasma behaviour), remote handling
feasibility, component survivability, etc appeared and required solutions that in many
cases lead to a small degradation in the original expected performance of the system.
The coordination activities were carried out through the JET EP Management Meetings,
Design Review Meetings and General Review Meetings.
Some specific cases of systems requiring attention were:
- Clash between TAE antennas and Lost Alpha scintillator probe: the TAE
antennas produce a “limiter” effect that modifies the distribution of lost alpha
particles in the detector. A compromise solution was adopted. The TAE system
will be shifted away from the plasma by 3-5 mm (more would lead to an
unacceptable loss of signal in the TAE detectors) and this will minimise the
screening pattern in the alpha detector.
- Assessment of EM interference TAE/Magnetics: shielded connector designed
- IR view systems performance: the original design appeared to be out of budget
after the call for tender process, a simplified, reduced performance, system had
to be designed, the main consequence being the loss of the view in the visible
spectral range.
- Oblique ECE / Michelson interferometer enhancement
In addition, actions were undertaken to prepare the shutdown activities, the
commissioning phase and the transition to the exploitation during the restart and first
campaigns
In May 2004, the coordination activities were taken over by the new Task Force
Diagnostics leadership.
The Association has kept participation in the JET EP Diagnostics through the Deputy
Leader for Task Force Diagnostics and will take an active role in executing 2005/2006
campaigns. This includes also the appointment of a Responsible Operator in charge of
the ECE radiometer. The main activity in this area has been the participation in the S/T
Task Forces that prepare, undertake and analyse the activities on the JET facilities, and
involvement in monitoring the progress of the new JET Enhancement Projects that will
be installed during the 2005 shutdown. This work will continue in the next year.
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VI.1.3 JET-EP :Oblique ECE diagnostic
CIEMAT has proceeded with the collaboration with IST (Portugal) and CNR (Italy) in
the JET enhancement project for the installation of a novel Oblique ECE diagnostic [1].
This challenging diagnostic will use the electron cyclotron emission collected at an
angle with respect to the normal to the magnetic field (φ = 0° for standard ECE
measurements) and it is proposed as a way of studying the bulk of the distribution
function with good spatial and energy resolution [2][3]. The Association has a leading
role in the design and installation of the new ECE antenna [4]. Following the approval
of the final design, the antenna was designed and has already been manufactured from a
single piece of aluminium (see Fig. VI.1.3-1). The antenna, which arrived at JET during
the summer 2004, has been subjected to different test to characterize its performance

Fig. VI.1.3-1. Photo of the ECE Oblique antenna, built from a single aluminium piece together with the
terminal part of the waveguides (left). Mirrors and waveguide layout, projected in the horizontal plane (right).

(antenna pattern, cross-talk between channels…). This work will be completed in the
first half of 2005.
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VI.2 Participation in ITER studies
VI.2.1. ITER Reflectometry
Introduction
This task included two main deliverables, the first one (discussed in the 2003 Annual
Report) concerned the analysis of cutoffs, resonances and shadow regions, in order to
define frequency ranges of access for the different modes and launchers. The second
delivery, discussed here, concerns the optimisation of the Low Field Side Launcher:
antenna size and launching angle for Doppler reflectometry.

Evaluation of antenna geometries for LFS launcher

Doppler
system

Figure VI.2.1-1 proposed (DDD) LFS launcher

Figure VI.2.1-1 shows the presently planned Low Field Side Launcher for Reflectometry
on ITER. It includes X- mode and O-mode antennas with multiple purpose: Density
profile, position control, macroturbulence studies (TAE…etc), microturbulence (toroidal
and poloidal correlation) and the Doppler system (with two pairs of antennas at
symmetrically tilted angles) for turbulence rotation measurements.
The antennas, close to the equatorial plane, are designed to optimise the toroidal/poloidal
resolution of the measurements (minimum spot size). This requires a compromise
between antenna size (limited by neutron screening losses and space required for other
diagnostics) and beam waist.
The launcher uses multiple antennas to accommodate several frequency ranges and both
X and O modes. Two groups of antennas (with two launcher/receiver pairs each) will be
used for correlation measurements. Toroidal correlation length (along the field line) is
supposed to be much longer than the cluster distance but the main goal of the system is to
determine the correlation perpendicular to the field lines (much shorter, in the few cm
range). The pitch angle of those lines gives the conversion from toroidal to poloidal
distances, thus the proposed separations of few cm within the cluster and about one meter
between the two clusters seems adequate.
The main purpose of this study is the analysis of the Doppler launcher. The Doppler
reflectometer is based on the oblique reflection of microwaves at the plasma cutoff layer,
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which, due to the present of density turbulence, behaves like a diffraction grating1,2. The
main (zeroth order) reflection goes out of the receiver whereas the –1 order is kept. This
first order reflection is Doppler shifted proportionally to the component of the turbulent
structure velocity along the reflectometer viewing line.
The design parameters to be decided are: antenna beam size and antenna tilt angle.
Taking some extreme cases: a too small tilt angle would mix the zero and –1 orders at the
receiver, making the Doppler measurement difficult. On the other hand if the tilt angle is
too large it would require turbulence with k-number very high (and therefore with very
low intensity) to produce the –1th order reflection at such large angle. Also concerning
the antenna beam size, in principle narrow beams lead to a better separation of the zeroth
and –1 orders and also give a better defined angle for the reflectometer view to the
plasma (which is required to determine the turbulence velocity from the Doppler shift),
but a very narrow beam implies a “poor” diffraction grating effect (number of grating
“lines” illuminated is low) and a worse angular resolution .
The problem of assessment of these parameters becomes very complex when we realize
that the performance of the Doppler system can be strongly affected by the plasma
turbulence scenario: turbulence level, turbulence wavelength, turbulence frequency
spectrum and rotation speed are parameters which can dramatically change the scenario.
We tried simulations with the full wave code but they proved to take unaffordable
computing times (hundreds of scenarios need to be tested) when the long dimensions of
the ITER geometry were introduced. Therefore the results shown were obtained with the
much faster WKB ray tracing code.
Doppler reflectometry in ITER has been studied by using a two dimensional code based
in the WKB approximation. A description of the code can be found in 3 . This code was
previously applied to ITER studies, fundamentally to the study of turbulence effects on
profile reconstruction and on correlation properties determination 4 .
In the present simulations we have considered as constant magnitudes the plasma shape,
the radial profiles of both magnetic field and plasma density and also the poloidal
rotation velocity. We have varied the aperture and tilt angle of the antenna and the level
and averaged poloidal wavelength of the density fluctuations.

P (f_Doppler) / P (total)

1
0,8
0,6
0,4
0,2
0
5

10

15

antenna tilt angle

Figure VI.2.1-2. Power at the Doppler shifted frequency range normalized to the total power spectrum, as
a function of the antenna tilt angle, for <λθ> = 3 cm (red points) and <λθ> = 6 cm (blue points) and
different fluctuation levels and antenna apertures

VI.2.2

The detailed results are discussed in the final report for this task (released Sept 2004).
We shortly discuss here one of the main conclusions of the study: the loss of sensitivity
of the Doppler reflectometer as the tilt angle increases. To illustrate this result we have
estimated the amount of signal that we have at the Doppler shifted frequency range
normalized to the total power spectrum. The result is shown in Figure VI.2.1-2,
changing the tilt angle from 5 to 10º the Doppler shifted structure decreases from 80 to
20 % of the total power spectrum. Increasing further the tilt angle, it is often difficult to
separate the Doppler shifted structure from the background power spectrum. To
calculate this factor, we have selected the interval around the Doppler shifted structure
as broad as 1/10 of the total frequency range, therefore a factor equal to 10% means that
it is not possible to separate the Doppler shifted structure from the background power
spectrum.

[1] M. Hirsch and E. Holzhauer. Plasma Phys. Control. Fusion 46 (2004) 593
[2] G. Conway et al. Plasma Phys. Control. Fusion 46 (2004) 951
[3] V. Zhuravlev et al. Plasma Phys. Control. Fusion 38 (1996) 2231
[4] T. Estrada et al. Phys. Plasmas 8 (2001) 2657
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VI.2.2 ITER Site Studies: CIEMAT contribution
Two tasks are been undertaken in the scope of contract FU06-CT-2004-00109
(EFDA04/1162). One corresponds to “the EISS coordination of Safety and licensing
area” GA41 and the other to the Safety and Licensing (SL4) subtask on Methods for
reducing corrosive products and dust production defined as SL43.1.
For GA41.2, the summary of activities related to safety and licensing aspects
concerning 2004 European ITER Site Studies for Cadarache is presented. It has been
issued as report EISS-GA41-DEL-2004-0006. Activities have been focused on
coordination of writing “Rapport Preliminaire de Sûreté, RPrS” according to the EFET
contract 2004 for EISS4, and other safety relevant tasks, which must be used in RPrS.
The list of tasks is presented as well as the list of working meetings and summaries of
deliverables.
Content of task SL43.1, which has been issued as EISS-SL43-DEL-2004-0001 is also
summarised here and gives the information on ITER activated metals radiological
inventories. The state of art of the existing studies is given on dust and corrosion
products.

Coordination of Safety and Licensing activities
Follow-up of safety tasks in EISS have been reported in EISS-GA31-DEL-2033-0008
until end of 2003. The end of EISS3-stage 2 was delayed until June 2004 and
consequently EISS4 safety studies [1] started later. In spite of the voluntary effort of all
the actors an equivalent delay has been accumulated for EISS4 and EFET contract has
been amended with a deadline until June 2005.
For Cadarache site, following safety regulation in force in France, ITER is considered a
basic nuclear installation, “Installation Nucléaire de Base, INB”. In this framework of
the studies, a safety rapport called "Dossier d'Options de Sûreté" (DOS) has been
presented to the Safety Authorities, which is not a mandatory file, but all the associated
procedure has been the support to the dialogue and the final examination by the the
DGSNR (Direction Générale de la Sûreté et de la Radioprotection)
The RPrS is part of the mandatory application documentation for the Décret de
Création, DAC, which will allow starting the construction of ITER. DAC must be
submitted to a Public Enquiry. During 2002-2003 main elements for writing the RPrS
have been elaborated in the framework Safety and Licensing tasks called SL. The
overall approach for safety and licensing documentation is presented in figure VI.2.2-1
on the base of 2001 ITER documentation [2].
In 2004 the tasks described in table VI.2.2-1 have been undertaken under CIEMAT area
coordination and responsible officers.

Results from deliverables
Deliverables on RPrS writing (SL41) have been postponed until July 2005. It is then
expected to have a new version of RPrS without the chapters, which are not included in
2004 EFET contract, concerning following issues:
• Codes & standards (I.1.7 ), being reviewed
• Civil engineering characteristics – design principles of nuclear buildings (I.5.1.10,
I.5.2.10, I.5.3.10) awaiting for sismic bearings defintion,
• Monitoring Control (I.7 ) from which main principals have to be defined
• Nuclear Risk analysis (II.2) of accident analysis hypotheses, design rules and basis
design accidents
• Análisis of risk of Lightning( II.3.2.7)
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Table VI.2.2-1 List of Safety and Licensing tasks undertaken in 2004
Task number Title

Responsible
officer

SL41.1a

Supervision of writing process. Status report

Joelle Uzan Elbez

SL41.1b

Writing of RPrS, following EFET contract 93/851 IU

Franck Lignini

SL42.1

Description of the handling of mixed waste packages from ITER to Olivier Gastaldi
foreseen depositories.
In close collaboration with ANDRA, explain foreseen actions to
guaranty the coherence between the development of waste
management channels, including intermediate disposals and ITER
operation needs taking into account the characteristics of waste
packaging. The operator should clarify the way for the
management of this waste, mainly for tritiated waste or the mixed
waste (chemical and radioactive).

SL42.2

Study the necessity of an interim storage considering transport Olivier Gastaldi
constraints and non-availability of repositories
The hypothesis of constraints and non availability of repositories
will be developed in order to find solutions

SL42.3

Justification of activation calculation
Olivier Gastaldi
Justify the activation calculation and consider uncertainties on the
values. Status of 3D calculations: Description and justification of
hypothesis and model chosen. List of all the used codes and
libraries. Validation status. Status of R&D for validation of fusion
radio-nuclides characterisation. Future plans.

SL43.1

Methods for reducing of activated corrosive products and dust Lina Rodriguez
production
In this task it is foreseen to write, in the scope of feedback
experience and future R&D, a summary of studies on how to
reduce dust production in vacuum vessel and how to reduce
radioactive materials in cooling systems and in particular ACP
production during operation.

SL43.2

Tritium limit in the vacuum vessel
Olivier Gastaldi
Show reliability of foreseen provisions in order to respect the limit
for tritium in vacuum vessel and cryo-pumps (1000g) and justify
mobilisable part in case of accident

SL43.3

Specifications for DAC and DARPE instruction:
Jacky Furlan
This task consists in writing specifications clearly defining the
various documents needed for presentation of DAC and DARPE to
the safety authorities will be prepared, for
• DAC writing and editing:
o plans (1/25000) and maps (1/10000),
o Danger study,
o Impact study,
o Summary of RPRS, CE commission file (Art
42°)
• DARPE Writing and Editing
• CE commission file: Health protection Euratom file
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•
•
•

Design analysis (II.4) including design of works to withstand hazards, mechanical
components and systems, requirements, design and qualification of equipment
according to accident conditions
Quality insurance system (II.6) which must present a Programme and Overview of
results
Tests relevant to safety and inspection (II.8) must be detailed in a Start-up test
Programme, Tests Organisation, and Expected Results, Terms and conditions
governing considerations of test results from previous phases.

Deliverables related to “end of operation and waste” have described the research for
solutions in management of mixted waste containing Beryllium and Tritium. Type B
tritied waste are not compatible with a surface repository such as the Centre de l’Aube
mainly because the tritium inventory in the ITER waste largely exceeds its maximum
permissible radiological tritium capacity. One management route that would be feasible
based on the existing rules and inventory models, and on prior experience by tritiated
waste producers is discussed but any solutions arising from contacts with ANDRA
would be presented later. Further contacts with ANDRA will clarify the strategy on
mixed waste which will be included in RPrS final version.
Deliverable related to justification of activation values presented in ITER
documentation shows that calculation of neutron transport and material activation are
very well documented and validated for 1 D models and that uncertainties are correctly
reported. Aspects concerning the real tokamak configuration should be continued in
ITER R&D programme as well as the validation of calculation codes taking into
account impurities in the structures.
For SL43 deliverables on “Effluents and releases”, harnessing of source term coming
from vacuum vessel has been reviewed for dust and tritium and for the cooling system
for corrosive products. It is concluded that from the safety point of view R&D has to be
continued on dust characterisation, diagnostics for production control, cleaning systems,
and exclusion of dust risk explosion. Safety relevant values are given with conservative
margins, mainly for the amount of dust taken for releases calculation in normal,
incidental and accidental conditions. Activation values are also very conservative as
taken at the end of ITER life. Corresponding uncertainties are presented. It has also to
be pointed out that dust production itself is a study to be performed in ITER and that
validation of R&D calculation code relevant from the safety point of view need to be
pursued. R&D must be also continued for developing means for tritium control and
measurement of amount of T in the vacuum vessel as well as improvement of in situ
detritiation systems.

Conclusions
Actions to be done and R&D to be performed deduced from these deliverables have
been proposed in safety specifications for 2005-2006. At the end of 2004 a version of
RPrS will be available including conclusions and answers to recommendations and
commitments included. Nevertheless chapters were modifications are expected to be
introduced or those which need input from ITER must be undertaken.
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2001

2001 ITER references
French Regulation
Generic Site Safety
Report Preliminary Studies
Specific

European Know-How

Guidelines or Table of contents of Dossier d’Options de Sûreté
Safety
Analysis

Codes &
Standards

Effluents and
releases

Waste and
Decommissioning

…

Dossier d’Options de Sûreté

2002

Detailed Studies
Guidelines or Table of contents of Rapport Préliminaire de Sûreté
Safety Authority Recommendations

2003
Safety
Analysis

2005

Codes &
Standards

Effluents and
releases

Waste and
Decommissioning

…

Design modifications
Preliminary Safety Report
Guidelines or Table of contents of Décret d’Authorisation de Création
Déclaration d’Authorisation de Rejets et prélèvement d’Eaux
Public Enquiry Documents

2007

Safety Authority Recommendations

Decree of Authorisation for Creation, DAC (Construction)
Decree of Authorisation for Water Intake and Effluent Releases, AARPE
Beyond DAC and DARPE

201x

Provisional Safety Report
Figure VI.2.2-1 Steps in writing of Safety and Licensing related documentation

[1] Appendix A-EISS-4 Cadarache – 2004, CEA-Technical Specification for CEA
contract.
[2] Technical Basis for the ITER Final Design, EDA Documentation Series I n° 22,
IAEA, Vienna 2001C. Volume “Generic Site Safety Report”.
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VI.3 Other technological studies
VI.3.1 Socioeconomics studies: Fusion as part of the energy system.
Fusion in the long-term energy environment global scenarios.
Benefits of fusion in terms of greenhouse gases reduction in long-term climate
change mitigation scenarios.
Previous work within Socio Economic Research on Fusion (SERF) and Power Plant
Conceptual Study (PPCS) projects in past years has shown that fusion has several
characteristics that make it a feasible, safe, practically inexhaustible, as well as clean
energy option. Economic viability has also been evaluated in previous phases of SERF
and PPCS projects showing that electricity generation costs of fusion power plants are
higher than the costs of other electricity generation alternatives. The costs evolution of
fusion competitors with time is important in order to assess the possible role that fusion
can play in the future electricity market. Besides, other non strictly economical aspects
of electricity generation such as global warming mitigation commitments or public
opposition to some generation technologies could also influence the technology
selection in future electricity systems. In that sense, fusion energy is an almost free-CO2
emissions technology, which could certainly play an important role in long term carbon
reduction strategies.
The initial objectives of this study were to assess the benefits of fusion in terms of
green-house gases emissions reduction in some long term climate change mitigation
scenarios, using the EFDA world model [1]. However, the release of the EFDA model
was not produced in time to use it in the development of this task and therefore another
alternative approach was selected.
In this study we have tried to start, by using initially an static approach, the assessment
of the possibilities that fusion has in entering into the future electricity market in 2050,
which is the time in which the first generation of fusion power plants is expected to be
available. The approach chosen is based on the calculation of the levelised electricity
cost (LEC) of the possible technologies that could be present in future electricity
systems taking into account the expected reduction or increments of costs due to for
example technological learning or depletion of exhaustible energy sources. For this
purpose, we have carried out a literature review of the published information on present
and future costs of the different energy generation technologies. The time frame
selected for this study is the period from present time (2000-2005) to the year 2050.
Following this review of costs, we have then calculated the LEC of each technology
using a standardized methodology [2].
In order to analyze the effect of global warming mitigation policies in the profitability
of the different electricity generation technologies, we have selected a range of possible
CO2 taxes scenarios that would affect the electricity sector in different manner. Based
on each one of these CO2 tax scenarios we have then recalculated the LEC. The
comparison of LEC values of different technologies in different scenarios enables the
assessment of the possible role of fusion as well as allows the determination of the
recommended CO2 tax that would be required to apply to the sector in order to make
fusion competitive with other electricity generation options.
The cost of electricity of different technologies
The methodology adopted for calculating the electricity generation costs of the different
technologies is the levelised costs methodology as described by the OECD [2]. This
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methodology discounts the time series of expenditures and incomes to their present
values in a specified base year by applying a discount rate. The discount rate that is
considered appropriate to the power sector may be related to the rates of return that
could be earned on typical investments; it may be a rate required by public regulators, or
alternatively, it may be related to other concepts as, for example, the trade off between
costs and benefits for present and future generations. In the context of this study, a 5%
annual discount rate has been used.
The costs elements included in the calculations are expressed in Euro of 2002.
The levelised cost methodology provides costs per unit of electricity generated which
are the ratios of total lifetime expenses versus total expected outputs, expressed in terms
of present value equivalent. Those costs are equivalent to the price that would have to
be paid to repay exactly the amount invested by the producer with a rate of return equal
to the discount rate.
The economic merits of each technology are derived from the comparison of their
respective levelised costs. The method is transparent and allows for sensitivity analysis
of the impact of different parameter variations.
A number of simplifications have been considered. Capital expenditures are considered
to be paid, only and completely, in year 0. Operation and maintenance costs, fuel costs
as well as electricity production are considered to be constant in time and starting in
year 1.
Applying this methodology, the LEC of the different technologies from the year 2000 to
the year 2050 have been calculated.
Electricity costs of fusion energy in the year 2050 is around 7.3 cEuro/kWh calculated
as the average of the four technology models analyzed (4.4-9.3 cEuro/kWh). This value
situates fusion electricity costs well above the projected electricity costs of other energy
sources in this year, whose values range from 2.1 to 5.5 cEuro/kWh. However, the
bottom part of the range of fusion electricity costs overlaps the upper part of the range
of the electricity costs of the other technologies, meaning that in the best case (fusion
plant model D) fusion could have a chance to enter into the market competing with
fossil technologies with CO2 capture and some of the most expensive renewable
technologies.
In order to keep caution in the analysis, we will consider, from now on, the average
fusion costs as the reference costs value for this technology.
In this context, some renewable technologies with very low generation costs such as
wind and solar tower technologies, that are not widely available, will be implemented,
where possible, up to the maximum of their capacity. In areas with no wind, solar or
biomass resource, and for base load generation, fusion will enter into competition with
other options such as advanced nuclear fission or some fossil technologies such as
IGCC or NGCC.
In this context, fusion has no chance to enter into the market provided that all the
competitors have lower costs. Some future scenarios in which fusion could play a more
important role can be anticipated. A nuclear fission moratoria scenario would lead to a
competition between fusion and IGCC and NGCC. Global warming mitigation
scenarios with more stringent CO2 emission restrictions would give fusion a chance to
enter into the market. The following section explores these scenarios.
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Figure VI.3.1-1. Levelised electricity costs of different technologies in the period 2000-2050.

Role of fusion in future climate change mitigation scenarios
The competitiveness of fusion in several long-term climate change mitigation scenarios
is evaluated. These scenarios are simulated using several CO2 taxes that could be
applied to the electricity generation sector in a range of more and more stringent CO2
mitigation policies. The aim is to seek those taxes that make fusion competitive with the
other electricity alternatives.
The way of introducing these taxes into the levelised electricity costs (LEC) calculation
methodology is via its consideration into the variable operation and maintenance costs.
A simple approximation has been considered. First of all, the greenhouse gases
emissions in the whole life cycle of the different electricity generation technologies are
quantified using published values in the literature. Carbon dioxide and other greenhouse
gases emissions for all the technologies evaluated have been computed expressed in
tons of CO2 equivalents/kWh. In order to introduce the effect of efficiency
improvements in the emissions of each technology, time dependant emissions factors
have been considered when possible.
Multiplying the emission factors in t CO2 equivalent /kWh by the tax on these emissions
expressed in Euro/t CO2 equivalent, we obtain an extra “operation and maintenance”
cost expressed in Euro/kWh.
Adding this extra O&M costs to the real O&M costs, the electricity cost that would
result with the application of a tax on these emissions is calculated.
This extra cost can be interpreted as the internalization of the external costs produced by
the greenhouse gases emissions.
Several estimations of external damages produced by global warming emissions have
been carried out within the ExternE methodology framework. Global warming
emissions damage factors used by the methodology range from 1.4 Euros/t CO2 [3] to
139 Euros/t CO2 [4], being the current proposed damage factor for external cost
calculations 19 Euro/t CO2 based on abatement costs [5]. Estimation of future damages
from global warming is a very uncertain topic and no consensus exists on this aspect.
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Consequently, in the context of this study, several CO2 taxes have been assessed ranging
from 10Euro/CO2 to 100 Euro/tCO2.
The first scenario investigated, is a scenario with a tax on CO2 emissions of 10
Euro/tCO2 during the period between the years 2000 and 2050. In this situation, coal
technologies without CO2 capture would increment the generation costs in around 1718% steadily. Natural gas plants would increment their costs initially in 12%, and by the
end of the period in 9%. Fossil technologies with CO2 capture, nuclear technologies,
and renewable technologies would see their costs affected in less than 2%, with the
exception of geothermal and solar PV, whose costs increments are a bit higher.
In this scenario fusion still has no chance to enter into the market since all the
competitors have lower generation costs.
In the second scenario, with a tax on CO2 emissions of 50 Euro/t, coal technologies
without CO2 capture would increment the generation costs in around 90% in a steadily
manner during the length of the considered period. Natural gas plants would increment
their costs initially in 58%, and at the end of the period in 43%. Fossil technologies with
CO2 capture, nuclear technologies, and renewable technologies would see their costs
affected in less than 10%, with the exception of geothermal and solar PV for which
costs increments of around 15% come up at the end of the period.
In this scenario fusion becomes competitive with the coal technology PFBC and
approaches the costs of the rest of the fossil technologies.
Finally, in the scenario with a tax on CO2 emissions of 100 Euro/t , coal technologies
without CO2 capture would increment the electricity generation costs in almost 200%
steadily in the considered period. Natural gas plants would increment their costs initially
in 116%, and at the end of the period in 87%. Fossil technologies with CO2 capture,
nuclear technologies, and renewable technologies would see their costs affected in less
than 15%, with the exception of geothermal and solar PV for which costs increments of
almost 30% come up at the end of the period.
In this scenario fusion becomes competitive with Natural gas combined cycle
1
6
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9
2
0.3

LEC (Euro/kWh)

0.25
0.2

Fusion
PFBC

0.15

IGCC
NGCC

0.1
0.05
0
0

19

50

62

90

100

150

200

250

CO2 tax

Figure VI.3.2-2. Evolution of electricity prices of fossil technologies and fusion with different CO2 taxes.

We can conclude that CO2 taxes can make it possible that fusion enters into the market
can be worked out. Figure VI.3.2-2 depicts the evolution of the electricity costs of fossil
technologies and fusion with different CO2 taxes. The first break through point of fusion
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energy appears with a CO2 tax of 19 Euros/tCO2. With this tax the electricity cost of
fusion equals the electricity costs of Pressurized Fluidized Bed Combustion of coal
(PFBC). The next point appears with a 62 Euros/tCO2 tax. With this tax fusion enters
into competition with Integrated coal Gasification Combined Cycle (IGCC). In an
scenario with more stringent CO2 mitigation objectives, fusion could compete with
Natural Gas Combined Cycle (NGCC) if a CO2 tax of 90 Euro/tCO2 is applied.
Whether or not the application of these CO2 taxes is a likely scenario is a matter of
speculation. However, in order to comply with the Kyoto commitments and to pursue
more long term climate stabilization strategies, progressively higher CO2 taxes will be
necessary. In this context, the CO2 taxes proposed for 2050 in this study in order to
make fusion competitive in the electricity market are not unrealistic.
[1] Ordecsys, Kanors, Haloa, Kul, 2004. “EFDA World TIMES Model” Final Report.
[2] OECD, 1998. “Projected costs of generating electricity”
[3] Tol, R. and E. Downing. 2000. “The marginal costs of climate changing emissions”
[4] EC 1999. ExternE. Externalities of Energy. Vol 7. Methodology 1998 Update.
[5] R. Friedrich, personal communication
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VI.3.2 Power Plant Conceptual Studies
The conceptual design of a new type of reactor (model AB), based on the HeliumCooled Lithium-Lead (HCLL) blanket and He cooled divertor, is being performed
within the European within the European Power Plant Conceptual (EFDA task TW4TRP-002). CIEMAT has been in charge of the design of a new attachment system
suitable for the HCLL blanket modules (deliverable 2d: Design and thermomechanical
analysis of attachment concepts for the blanket modules and shields. Final report.
February, 2005).
The HCLL blanket [1] is based on the use of EUROFER as structural material, Pb-Li
(Li enriched at 90% in 6Li) as breeder, neutron multiplier and tritium carrier, and of
helium as coolant with inlet/outlet temperatures of 300/500°C and 8 MPa pressure. The
module dimensions are 4 m (poloidal) x 2 m (toroidal). There are 180 modules in the
entire reactor. Behind the module there is a shield divided in two regions: high
temperature shield (HTS) and low temperature shield (LTS). Due to the fact that the
cooling tubes are inserted in the HTS, the shield modules must be poloidally
continuous, comprising several blanket modules and therefore they have large
dimensions, up to 4 m (poloidal) x 15 m (poloidal) [2].
The attachment system has been designed taking into account both normal and
accidental operation conditions (disruption). As these forces have not been quantified
yet for any fusion reactor design, for the present analysis loads similar to the ones
calculated for ITER [3] and ten times higher have been considered. These loads are
considerably larger than the normal operation loads (weight and thermal loads) and
therefore they determine the dimensions of the attachment elements.
The system comprises two different joints. The first one is that of the module to the
HTS, which operates at a temperature around 500 ºC, close to that of the module. This
connection must be made at the lateral walls, in order to avoid penetrations through the
first wall and breeding zone thus avoiding complex design and fabrication issues of the
module. The second connection is the one between the HTS and the LTS, which has a
temperature during reactor operation around 150 ºC. The design of this connection is
complex because it must allow the large differential thermal expansion (up to 30 mm)
between the two pieces. In the following the design proposals for both connections are
described.

Module to HTS attachment
The design that has been developed is based on the “Shear rib” concept [4], proposed
for ITER98 and integrates supporting bolts and shear key elements in order to withstand
the whole load due to the weight and to electromagnetic events. Two rows of bolts
located symmetrically at the poloidal lateral faces of the blanket module (see Figure
VI.3.2-1) keep the joint between blanket and HTS compressed and in the case of a
disruption event are able to bear the radial electromagnetic loads. Inconel 718 has been
chosen for the bolts material. Two rows of interlocking toroidal shear keys (also called
ribs) on the module and HTS contact surfaces, arranged in the same regions as the bolts,
will bear the poloidal shear loads.
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HTS
LTS

RIBS
BLANKET

BOLTS

Figure VI.3.2-1: Model used in the mechanical calculations showing the bolts and the shear ribs of the
module to HTS connection

Analytic calculations of the dimension and number of bolts and ribs followed by a
detailed 3D analysis with the finite element code ANSYS have been performed. The
analysis has been done for the outboard equatorial blanket module, but the study could
be easily extended to the rest of the modules. The results demonstrate that a solution
with 62 M30 bolts and five shear ribs with dimensions 4 cm (radial) x 11 cm (poloidal)
is suitable for the normal operation conditions and also for accidental conditions with
loads up to 10 MN·m torque in both radial and poloidal directions. The maximum
electromagnetic load resisted by the supports could be increased with small design
changes oriented at maximizing the contact surface between ribs of the module and
those of the HTS.
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Figure VI.3.2-2: Von Mises stresses at the ribs . Accidental conditions (Mr=Mp=10 MN·m)

As an example, Figure VI.3.2-2 shows the stresses at the ribs for the accidental
conditions referred above. Stress values larger than the limit occur only in very small
regions. The maximum stresses occur at the upper tilted surfaces on the left and at the
lower tilted surfaces on the right, as corresponds to the radial positive torque. Although
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the traction on the bolts on the left increases substantially due to the poloidal
electromagnetic torque, the maximum stresses generated are below the limit for Inconel.

HTS to LTS attachment
As it has been said, the main difficulty of this joint is due to the temperature difference
during operation (350 ºC) between the two pieces. The expected differential
displacements are up to 9 mm in the case of the equatorial module and can reach 30 mm
in the case of the outboard shield modules. The attachment between HTS and LTS will
be accessed from the inside of the machine before installation of the blanket module.
The proposed solution (a scheme can be seen in Figure VI.3.2-3) is based on the use of
a central fixed point that will be capable of withstanding most of the weight and on
restraining the movement of the periphery of the HTS with articulated bars that allow
the displacement of the HTS only in the direction of its thermal expansion. A poloidally
continuous shear key has also been included in the design to absorb part of the radial
torque produced by the electromagnetic forces.

Figure VI.3.2-3: Global description of the HTS-LTS attachment components

As the hinged bars allow the expansion of the HTS with respect to the LTS, the stresses
induced in the HTS during normal operation are low With regard to the link bars, a
method to minimize the stresses induced on them has been proposed. It consists on:
(1) Designing the hinge so that the bar temperature equals that of the HTS.
(2) Choosing the length of the bar and the angle between bar and HTS in such a way
that there are no stresses in the bar in normal operation conditions. This occurs when the
thermal expansion of the bar equals the length increase necessary to join the two pieces
at the operation temperature.
Thermo-mechanical calculations have been performed with the ANSYS code to check
the correct performance of the system. In a first step, a simplified finite element model
based on a shell and bars has been developed and the response to different load cases
has been analyzed for the inboard, outboard and equatorial modules. The validity of the
proposed attachment method has been confirmed with this model. Figure VI.3.2-4
shows that, as expected, the stresses on the HTS are very low.

VI.3.8

Figure VI.3.2-4: Von Mises stresses in the inboard and outboard modules . Accidental conditions with
Mr=Mp=1MN·m

In a second step, the reactions on the supports obtained with this analysis have been
used for the detailed design and analysis of the link bar (see Figure VI.3.2-5) using a 3D
FEM model.

Figure VI.3.2-5: Proposed design of the hinged support

The results show that the stresses in the attachments are compatible with the material
specifications for normal operation conditions and also for faulted conditions with loads
of the order of the ones considered in ITER design (1 MN·m poloidal and radial torques
per blanket module).
The stresses during an electromagnetic event determine the minimum diameter of the
hinges and consequently the minimum length of the whole support, which including the
bars and the hinges is around 400 mm. The attachment elements cannot be therefore
totally inserted in the LTS but they have to be inserted partially in the LTS and partially
in the HTS. Due to the poloidal curvature of the shield modules, during the assembly
the attachment elements cannot be put in their place before installing the HTS. On the
contrary, the HTS must be brought to its final position first and then the attachment
elements must be introduced through a hole in the HTS.
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The results presented demonstrate the feasibility of the hinged bars concept. The
mechanical performance could be improved by increasing the number of supports
and/or varying their dimensions. The reduction of the electromagnetic loads (e.g. by

poloidal

toroidal

radial
Figure VI.3.2-6: Von Mises equivalent stress (Pa) of the hinged support under accidental conditions with
Mr=Mp=1 MN·m (outboard module)

reducing the module size) also contributes to enhance the mechanical performance, as it
has been demonstrated with the equatorial module analysis. All this gives way to
possible refinements during the detailed engineering design.
It must be noted that the proposed attachment concept could be considered for use in
other reactor concepts.
[1] L. Boccaccini et al. Materials and design of European DEMO blankets, Journal of Fusion Materials,
329-333 (2004) 148-155.
[2] A. Li Puma and al. Breeding Blanket Design and Systems Integration for a Helium-Cooled LithiumLead Fusion Power Plant. Proceedings ISFNT-7 Tokyo May 2005.
[3 ] ITER Plant Description Document (GA0 FDR 1 01-01-13 R1.0). Blanket
[4] EFET. Draft Final report of the EU HT Task Force on ITER Blanket Module Attachment concepts.
September, 1996.
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VII Keep-in-touch activities: INERTIAL FUSION
VII.1 Radiation Fluidynamics
VII.1.1 Code development
The last developments of the ARWEN have been published as a doctoral thesis, which
included several cuantitative validation procedures for different type of calculations
performed with the code. The results showed good agreement with both an analytical
solution of a reference case and comparison with published results calculated with
LASNEX.
The code has been modified in order to perform fluid dynamic calculations with
separate electronic and ionic temperatures. This development increases the accuracy of
the calculations in many interesting cases where external energy absorption takes place
mainly in the electronic fluid.

VII.1.2 Target design and jet formation
A new target design for Inertial Fusion based on the fast ignition scheme has been
proposed and tested using the ARWEN code. Following the fast ignition ideas, the new
design does not have the requirement of two different laser drives, being able to work
with just one. The original design and first stage tests have been published. The
development of the design includes the parametric study of the formation of
hypervelocity jets and mechanic and thermodynamic stated achieved. Also a
comparison of the jet and shell (developed at Osaka) impact ignition has been published
on basis of their capability of producing enough transference of energy for ignition.

VII.1.3 Study of plasmas for laser amplification
We are applying the Arwen code to design a X-ray amplifier based on plasma effects, in
collaboration with several Europen Groups.

VII.2 Atomic Physics
VII.2.1 Experiments carried out at Large Scale European Facilities.
During this year, the group has been dedicated to analize experiments for absorption
spectroscopy of laser-shocked dense and cold low Z plasmas done at LULI (Ecole
Polytechnique) during 2003 supported by the European Union and by the CEA
(France). This includes discussions and preparation of papers in collaboration with
LULI, Universitie Paris-VI (France), Universidad de Las Palmas de Gran Canaria,
UNED (Spain) and University of Nevada, Reno ( United States).
New experiments has been proposed in the new LULI-2000 installation for the study
of new spectroscopic techniques of hot and dense plasmas.
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VII.2.2 Optical properties measurements and calculations.
Main activity has been focused to improve a set of codes for opacities in LTE and
NLTE coupled to line radiation transport, getting atomic data from a new screening
hydrogenic model or using parametric potentials.
We have improved the method to determine opacities for the continuum, for both
bound-free and free-free transitions, previously include in ANALOP computer code. It
uses analytical potentials with plasma effects for ions in slightly non ideal plasmas. An
extensive comparison with semiclassical models and with other numerical ones
developed under the non-relativistic approximation has been done during a visit of one
of the members of our team at the beginning of 2004 to the University of Nevada.
Most of the work in theoretical and numerical work has been focused to determine
opacities for dense plasmas especially in NLTE using a detailed kinetic model with
double excited states coupled to line radiation transport and with a screening hydrogenic
model using parametric potentials.
Preparation of final results in the Third International Workshop on NLTE Models. In
this Workshop more than 20 codes, from the more important National Laboratories
around the world, determined optical properties for more than 10 cases related with
experiments. A summary of the results has been presented in an International
Conference in November.

VII.3 Safety and Environment.
During this year, our group has performed two groups of activities: i) those devoted to
the improvement of our computational methodology ACAB for a reliable prediction of
activation responses and, ii) those devoted to applications. Regarding the first group, the
result is that the updated ACAB is likely the worldwide most powerful tool to deal with
cross section uncertainties in activation analysis. Regarding the second group, the main
activities are devoted to IFE studies, but also some applications are performed for MFE
and even waste transmutation systems. The last two applications have been very useful
for IFE, since activation cross section needs in those fields are also closely related to
some of the IFE needs. Some of the efforts were done in collaboration first of all with
Lawrence Livermore National Laboratory (LLNL), but also with University of
California, Los Angeles, and University of Wisconsin. Our results have been compiled
by IEA Fusion Radioactive Waste Study included in IEA-ESE/FP

VII.3.1 ACAB developments in predicting radioactive inventory:
uncertainty estimations.
Most of the current uncertainty information on activation cross sections (from
experiments and from systematics) has been compiled, analysed and conveniently
processed to be used by ACAB. In addition to the large uncertainty data libraries EAF
and FENDL, we have processed the covariance files from JENDL and ENDF/B. As a
result we have as input for our analysis the compiled knowledge currently available
about activation cross sections. The ACAB code used this cross section uncertainty
information to make more reliable predictions on the isotopic inventory in two different
ways: i) the sensitivity-uncertainty approach, which is able to deal with the uncertainty
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of each of the reaction cross sections separately; and ii) the Monte Carlo-based
methodology which deals with the synergetic/global effect of the complete set of crosssections uncertainties. These two capabilities have been updated this year in the sense
that both of them can use covariance data and both can deal with fissionable elements,
such as Th and U, elements that can be present as unintended elements (impurities) in
fusion materials affecting their activation behaviour. In addition, our computational
tools for sensitivity/uncertainty and activation/transmutation applicable to experimental
fusion devices and long-term power reactor concepts have been expanded 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.

VII.3.2 Structural materials for IFE thick liquid wall concepts:
assessment of steels.
We performed a comprehensive waste management assessment of all the different types
of steels as potential structural material for the HYLIFE-II concept. First, we investigate
if there could be critical alloying elements. The other major issue investigated is related
to the identification of the critical impurities. And finally, the effect of cross section
uncertainties on a conclusive response is assessed. It is seen that the 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 questions the possibility of obtaining reduced activation (RA)
steels for SLB are niobium and molybdenum. The effect of activation cross-section
uncertainties on SLB assessments is proved to be important. The necessary
improvement of some tungsten and niobium cross sections is justified. Based on the
good activation performance found and the potential for high temperature operation, we
suggest the ODSFS as the most promising structural material option for the HYLIFE-II
chamber concept.

VII.4 IFE Reactor Chambers
Ferritic-Martensitic Steels (advanced type Oxide Dispersion Strength, ODS, searching
use of nanoparticles), Composites namely based in SiC, and Vanadium alloys are those
materials presently under discussion as structural materials, together with C, Be, W, as
first wall materials and some ceramics (silica, alumina, ...) as optics and insulators
elements. Concerning the performances of some of those materials under irradiation is
centered the work of DENIM, together with first approach to establish a systematic
experimental program and inclusion in the nternational Fusion Materials Irradiation
Facility (IFMIF). Key value has the validation of MM against specific experiments step
by step at the microscopic and macroscopic levels and real understanding of damage
processes, and effects of alloying and impurities elements. Microscopic parameters
(using Molecular Dynamics, MD, DENIM models), which identify the effect of
irradiation through new defects formation and diffusion, are being generated for some
specific metallic materials (Fe, binary alloys FeCr, FeCu, V...) and their diffusion
conducted by MonteCarlo. Next step is being their interaction with dislocations
(Dislocation Dynamics) and study of nucleation in the presence of He. That effect of He
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in FeCr alloys is certainly critical. We also derive macroscopic magnitudes using smallscale MM models in short simulation times by using MD defect-dislocation studies
under stress. We modelled pulse radiation damage, and we progress in the microscopic
validation of Multiscale Modelling with experiments using pure and ultra-high pure Fe
(effect of impurities) through a National Simulation-Experimental Program using ions
irradiation. Our work is also being concentrated in two IFE key materials (SiO2/optics,
SiC/low activation advance material). A MD tight binding scheme has been fully
developed for β-SiC to understand the microscopic phenomena of the native defects and
its diffusion at different temperatures. We reach an extraordinary good agreement
among our calculated defects energetic and those results obtained using sophisticated
and expensive method such as ab-initio at 2000K. We observe that β-SiC crystal
remains perfect with its typical cubic structure at that temperature, and we have shown
that the carbon atoms do not diffuse into the crystal. Self-interstitial silicon atom prefers
the relation with atoms of the same specie due to the effect that the repulsive force of
the silicon atoms is larger than the repulsive forces of the carbon atoms. MD is also
being used to study the defects produced in fused silica by energetic atoms, neutron and
gamma irradiation. We determine the structure factor, the bond angle distribution,
coordination and ring statistics, and we conclude very good agreement with
measurement of generation of fused silica glass. Threshold displacement energies have
been computed as a function of the direction of movement of PKA, and cascades of 5
keV are being actually extended to 10 keV. Two modeling-experimental programs have
been started in 2004 with CIEMAT for Silica analysis, which will be extended in the
future to Alumina and other materials of first wall and ceramics insulators.
A large and completely new work has been performed in the analysis of consequences
of tritium release according with expected source emission from IFE Conceptual
Reactors and others nuclear systems. Key aspect here is to consider all chemical forms
of tritium (HT and HTO) and their conversion to Organically Bound Tritium (OBT)
with soil processes and consequences of re-emission to atmosphere. We report several
important conclusions for the primary and, namely, secondary phases of tritium
transport in the environment with final consideration of different time-dependent phases
in dosimetry. Our new approach allows a more realistic simulation, and significant more
restrictive limit in tritium handling as classically assumed in conceptual systems. The
whole study of secondary phase drives to the conclusion that the behaviour of the
tritium should be simulated using two well-differentiated studies: deterministic and
probabilistic. Deterministic calculations are based on a fixed meteorological data given
''a priori '', where the speed and directionality of the wind, class of atmospheric stability
and rain intensity, as well as the boundary conditions of the means that surround to the
atmospheric discharge (soil type, humidity of the air, temperature and solar intensity)
are given. The probabilistic study is based on measured real meteorological analysis
every hour, and the probability that individuals can present dose for internal irradiation
of the tritium is considered. Our conclusion is that these probabilistic studies provide
the real dynamics of the processes, which are different from deterministic case. The
effect of formation of OBT is concluded of key importance.
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VII.5 Alternative Concepts for IFE
An analysis has been carried out on the Inertial Fusion features in degenerate plasmas,
to assess the importance of very high plasma compressions for the exploitation of
Nuclear Fusion by Inertial Confinement.
Very high plasma densities can be obtained at the end of the implosion phase in Inertial
Fusion targets, particularly in the so called fast-ignition scheme, where a central hot
spark is not sought at all. By properly tailoring the fuel compression stage, degenerate
states can be reached1, 2, 3 . In that case, most of the relevant energy transfer mechanisms
involving electrons are affected. For instance, bremsstrahlung emission is highly
suppressed4. In fact, a low ignition-temperature regime appears at very high plasma
densities, due to radiation leakage reduction5. Stopping power and ion-electron coulomb
collisions are also changed. They are important mechanisms to trigger ignition by the
incoming fast jet and to launch the fusion wave from the igniting region into the colder,
degenerate plasma. All these points have been reviewed in this work. Although
degenerate states would not be easy to obtain by target implosion, they present a very
interesting upper limit that deserves more attention in order to complete the
understanding on the different domains for Inertial Confinement Fusion.
A numerical simulation has been done in a modal 1-D approach, with the energy
equation terms properly representing the physics of degenerate plasmas. It was found
that ignition temperature was lower than in classical plasmas, but the energy needed to
obtain degenerate plasmas was much higher than in ordinary fast ignition schemes. This
fact led to lower energy gains in degenerate plasmas, at least for DT plasmas. A totally
different situation could be found in the proton-boron case, where the fusion burning
wave needs to overcome the bremsstrahlung losses, which are very high due to the very
high ignition temperature.
In summary, it seems that degenerate plasmas do not present very appealing features for
obtaining high energy gains, but it is a field of physics that deserves a fully in-depth
research.

1 Azechi, H. Laser and Particle Beams, 9, 193 (1991)
2 Nakai, S. Et al. Plama Physics and Controlled Nuclear Fusion Research 1990, IAEA/CN-53/B-1-3, IAEA, Vienna (1991)
3 McCrory, R.L. Nature, 335, 225 (1988)
4 Eliezer, S., León, P.T., Martínez-Val, J.M., Fisher, D. Laser and Particle beams, 21, 599 (2003)
5 León, P.T., Eliezer, S., Martínez-Val, J.M., Piera, M. Physics Letters A, 289, 135 (2001)
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VIII Collaborations progress report
Progress reports on existing collaborations and new proposals:
1.1

Collaborations based on activities at
JET

1.2

Turbulence studies in tokamaks and

Euratom-IPP.CR (Prague)

stellarators: Development of advanced
probes and Fluctuation measurements
and edge plasma biasing
1.3

Turbulence studies in stellarators: 2D

Euratom-IPP (Garching)

visualization with fast camera
1.4

Instability Studies

Univ. Carlos III (Madrid),
ORNL

1.5

Development of an Advanced

IST (Lisbon)

Reflectometry system for TJ-II
1.6
1.7

Development of an Advanced Heavy

IST (Lisbon), KIPT (Kharkov),

Ion Beam system in TJ-II

Kurchatov Institute(Moscow)

Turbulence studies in LPM

Univ. Cantabria (Santander,
Spain)

1.8

Construction and installation of the

Univ. Carlos III (Madrid)

CO2 interferometer for TJ-II
1.9

Turbulence Studies

Experimental Plasma Physics
Group (Innsbruck)

1.10

Collaboration with the NBI

ORNL

Technology Group
1.11

Collaboration with the NBI Group

JET-EFDA and UKAEA
(MAST)

1.12

Development of sensors for measuring

IMA-UCM (Madrid)

the local magnetic field in the
proximity of TJ-II plasmas
1.13

Remote operation of the NPA

UPC, Barcelona (Spain)

diagnostic
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1.14

Remote participation system

SEC-UPM (Spain)

development for the TJ-II scientific
exploitation
1.15

New features for LabView-Real Time

NIC, Austin, Texas (USA)

4GL language
1.16

Adaptation of an access control system

Red.es/RedIRIS, (Madrid)

for the TJ-II remote participation
system
1.17

Neoclassical Transport in Stellarators

Euratom-IPP ( Greifswald)

1.18

PRETOR Development for Stellarators

UPC, Barcelona (Spain)

1.19

Tritium inventory control in re-

Euratom-IPP Garching

deposited carbon films at Asdex-Up
1.20
1.21

Estimation of relativistic dielectric

Kharkov Institute of Physics and

tensor for imaginary frequencies

Technology, Kharkov, Ukraine

ECE- ECRH physics.

Institute for Advance Energy
(IAE), Kyoto, Japan.

1.22

Two dimensional turbulence

Princeton Plasma Physics

visualization in stellarators

Laboratory (PPPL)

NEW COLLABORATIONS
1.23

Analysis and interpretation of magnetic

IOFAN (Moscow)

diagnostics for TJ-II
1.24

Pellet injection at TJ-II

ORNL

1.25

Electron Bernstein waves heating

ORNL

1.26

Current hole and ELM studies

D-III-D

1.27

Educational cooperation agreement

UCM (Madrid)

1.28

Educational cooperation agreement

UNED (Madrid)

1.29

Studies of nitrogen/ammonia injection

PSI-2, Berlin

for co-deposited film inhibition
1.30

1.31

Development

of

tritium

removal

Instituto de Ciencia de

techniques by non-oxidizing methods

Materiales, CSIC (Madrid)

Participation in Tore - Supra

CEA
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1.32

NBI heating

NIFS

Progress report for the existing collaborations
VIII.1 Participation in JET
See Chapter VI.1 (activities under EFDA).
VIII.2 Combined electrostatic and magnetic probe
Association EURATOM / IPP.CR
A new probe head was developed to address a complex picture of the electromagnetic
turbulence in the TJ-II stellarator (figure 1 in this section). It contains two parts:
• electrostatic – with three single Langmuir probes to measure fluctuation induced flux
and with two probes for flow measurements (Mach number).
• magnetic – probe containing two sets of triple coils (one of the triple coils see in
figure 2, right panel) and two Hall sensors (figure 2, left panel). The sets of the coils
measure all three components of the magnetic field at two radial positions
simultaneously, the Hall sensors measure two components of the magnetic field in the
toroidal and poloidal directions.
The temperature near the Hall sensors
will be monitored by a platinum
thermo-resistor. The magnetic part that
will monitor the magnetic turbulence
and the local topology of the magnetic
field lines was designed and developed
in IPP Prague, while the electrostatic
part of the probe is prepared in
Ciemat.
The whole probe head design is shown
in the figure 1. The leading edge of the
probe head is cut to maintain the
alignment of the Langmuir probes to a
single magnetic surface.
The probe head will be mounted onto a
fast reciprocating probe drive to allow
measurement of the radial profiles.
Experiments on TJ-II are envisaged
during the year 2005.
In 2004, the magnetic probe was tested
in a series of table-top experiments,
where the magnetic sensors were
calibrated by a known magnetic field
produced by currents ranging from 10100 A and frequency from DC up to
150 kHz.

Figure -1. Schematic design of the probe head
combining the magnetic part, Mach probe, and
turbulent transport probe.
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The measured active area of the coils ranges from 37 – 95 cm2 and a typical output
thermal noise is of about 0.3 mV. All the coils show a good frequency response up to
100 kHz.
The overall sensitivity of the Hall sensors system is 37.3 mV/mT using the 100×
amplifier to increase the gain of sensors, taking the measured maximum noise level of ±
5 mV, this yields the resolution of 0.13 mT, i.e. ∼ 1 Gauss. The frequency response of
both Hall sensors is reasonable till ∼ 10÷25 kHz. The both sensors are operational also
at higher frequencies; however, a phase shift between the magnetic field and the
sensor’s output voltage appears due to the inductive pick-up. The Hall sensor acts also
as a small coil and, consequently, the inductively induced signal becomes comparable
with the Hall voltage for the higher frequencies, see [1].
The magnetic probe was tested on site in Ciemat using a simple calibration circuit
consisting of an oscillating current source and an oscilloscope. The performance of the
coils corresponded to the previous measurements during tests at CASTOR and appears
to be satisfactory for use inside the TJ-II.
Nevertheless, several improvements of the Hall probe system were necessary:
• In contrary to preceding tests, performance of one of the Hall sensors was hampered
by a very high noise level. This problem was resolved as a failure of one electronic
component within the Hall probe driver electronics.
• It appeared that the current sources driving the two Hall sensors were not insulated
galvanicaly. Therefore, leaking of the signal between the two Hall sensors appeared
during their simultaneous operation. This was found only during the tests in Ciemat, as
the similar probe driver used in IPP Prague is equipped by a single module only.
• It was necessary to increase the range of the offset voltage compensation (output
voltage of the Hall sensor at zero magnetic field) of the Hall probe driver to allow
operation with the maximum amplification 10000.

Figure -2. Left panel: two Hall sensors oriented to measure Btor and Bpol, and Pt thermo-resistor. Right
panel: set of three magnetic coils winded to measure the total B in a single point (only two coils are
visible).

Additionally, the necessity of construction of a small portable calibration system for
magnetic sensors was recognized. Therefore, a system based on Helmholtz coils and
supplied by the 50 Hz current of 40 A was built in IPP Prague and it will be delivered to
Ciemat in order to standardize conditions for basic probe operation tests in both
laboratories. Besides that, the magnetic sensors were successfully tested on CASTOR
tokamak outside the vacuum vessel.
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Presently, the magnetic probe is moved to Ciemat to be incorporated into the whole
probe head. Then, installation of the probe to TJ-II and experiments are envisaged
during the year 2005.
[1] I. Duran et al., Review of Scientific Instruments, Vol. 73, Issue 10, page 3482,
October 2002.

1.3 Turbulence studies in stellarators: 2D visualization with fast
camera
PPPL (USA) and IPP-Greifswald (Germany).
Recently, a 2-D visualization of transport has been investigated in the plasma edge of
the TJ-II stellarator. A Princeton Scientific Instruments intensified camera with CCD
sensor (PSI-5) was used with Ha filter, achieving recording ratios up to 250.000 frames
per second. The storage capacity is 300 frames with 64 by 64 pixels resolution, thus
giving 1.2ms total recording time at MAXIMUM speed with an image every 4 ms. 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»
0.8-1). Bright, long-living structures are frequently seen with a spatial extent of few
centimetres (see Fig.1). Those structures, previously referred to as “blobs”, show
predominant poloidal movements with typical speeds of 103 - 104 m s-1 in agreement
with the expected E•B drift rotation direction.

Figure 1. Blob moving poloidally over four frames in TJ-II stellarator..

VIII.4 Instability Studies
(Univ. Carlos III. Madrid, ORNL USA)
Probabilistic description of transport
Anomalous transport in fusion plasmas is a long-standing mystery. In recent years,
some progress was made in this field using ideas from the field of Self-Organized
Criticality. Simple numerical toy models (sand piles) demonstrated how a critical
transport mechanism could generate long-range correlations, profile consistency and
rapid transport phenomena, and might offer an explanation for the unusual size scaling
of transport (Bohm scaling). However, the realism of this approach has remained
questionable despite many efforts.
In 2003, a new idea was launched in the framework of a close and long-standing
collaboration between the CIEMAT (Madrid, B.Ph. Van Milligen), the University of
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Carlos III (Madrid, R. Snchez) and Oak Ridge National Laboratory (United States, B.
Carreras). The basic tenets of diffusive transport were reexamined in the framework of
Continuous-Time Random Walks (CTRW). The existing CTRW formalism, including
Lévy distributions (a generalization of Gaussian distributions), was extended to allow
incorporation of a critical gradient mechanism, and a toy model was developed that
demonstrated successfully how the model might explain a wide variety of unusual
transport phenomena: power degradation, profile consistency, rapid transport
phenomena, Bohm/gyro-Bohm scaling of transport with system size, and profile
peaking during off-axis fueling.
The transport model mentioned in the previous paragraph is a single-field (and 1dimensional) model. Currently (2004) an extension of this model to two fields (density
and temperature) is being developed. The two-field model will be sufficiently realistic
to permit its application to transport modelling of real experiments, and it is foreseen (in
a possible future collaboration with X. Garbet, CEA, and P. Mantica) that some selected
JET discharges will be subjected to transport analysis, in order to show how unusual
transport behaviour can correctly be modelled and explained on the basis of these ideas.
Turbulence driven flows
The link between the development of sheared flows and the structure of turbulence has
been investigated in the plasma boundary region of the TJ-II stellarator. Experimental
results have been compared with the properties of a model of second-order phase
transitions in resistive pressure-gradient-driven turbulence. These simulations have
shown that no poloidal flow is generated for a flow damping above a critical value and a
minimum value of pressure gradient is needed for a sheared flow to be generated. In
these models, the effect of the shear flow on the turbulence saturation level is weak.
Consequently, as the pressure gradient increases and the modes are destabilized, the
fluctuation level increases and so does the shear flow above the minimum gradient. The
consistency between experimental findings and transition models based on turbulence
driven sheared flows is remarkable.
Quantitative comparisons between TJ-II experimental observations and theory require
simulations with realistic parameters and magnetic configuration. We plan calculations
with realistic parameters in order to make quantitative comparisons with TJ-II
experimental results.

VIII.5. Development of an Advanced Reflectometry system for TJ-II
(IST, Lisboa, Portugal)
A broadband heterodyne reflectometer has been designed and built in collaboration with
IST (Lisboa) and was installed in TJ-II in January 2004. The system is designed for
measuring plasma turbulence, working in the frequency range 33-50 GHz and with
propagation in extraordinary mode. The main feature of the system is its possibility to
be tuned, within a fraction of a millisecond, to any selected frequency within the whole
frequency range keeping synchronized the Local and Radiofrequency oscillators with
the same stability as a fixed frequency system would do. This property enables to probe
several plasma layers within a short time interval during the discharge, permitting the
characterization of the radial distribution of plasma fluctuations. A diagram of the
reflectometer is displayed in figure 1.
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The reflectometer uses fundamental waveguide transmission line and separate antennas
for launching and receiving the signal, viewing the plasma from the low field side (port
B8 side). First results have been already obtained during the last experimental campaign
showing that in most cases the spectra of the complex amplitude signal is asymmetric
(being the complex amplitude: Aeiφ, with A and φ the amplitude and phase of the
reflected signal). This asymmetry is a sign of poloidally propagating plasma
fluctuations together with an unintentional misalignment in the reflectometer antennas.
Although no quantitative results of rotation velocity can be obtained with the present
reflectometer arrangement, qualitative results have turned out to be very useful. For
example, figure 2 shows the effect that an inversion in the poloidal rotation velocity has
on the spectra. In this example the inversion in the rotation velocity is induced by means
of external biasing.

Para ver esta película, debe
disponer de QuickTime™ y de
un descompresor TIFF (LZW).

Figure 1: Diagram of the heterodyne reflectometer installed at TJ-II
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Figure 2: Fluctuation spectra measured by the reflectometer in plasmas with and
without external biasing.
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1.6 Development of an Advanced Heavy Ion Beam systems in the TJ-II
stellarator
(Kharkov, Ukrania; Kurchatov Institute (Russia); IST, Lisboa, Portugal)

The influence of the magnetic topology on e-ITB formation has recently been studied in
the TJ-II stellarator. A configuration scan (changing iota from 1.55 to 1.61) has shown
that the plasma current value at which this transition takes place depends on the
magnetic configuration. This result points to the presence of a low order rational surface
(m=3 / n=2) close to the plasma core as being a necessary condition for triggering e-ITB
formation [1]. During the e-ITB formation, the plasma potential, as measured by HIBP,
increases in the plasma core region, increasing the radial electric field in a factor of
three. Simultaneous measurements of the total beam intensity (proportional to plasma
density) indicate that, at the transition, plasma density profiles are more hollow.
A recent improvement in the signal to noise ratio of the HIBP system has allowed to
characterize the radial structure of plasma modes from the edge to the plasma core
region in the TJ-II stellarator. Quasi-coherent modes (10–20 kHz) have been recently
identified in the HIBP profiles during the development of e-ITB. These modes are
clearly observed in the beam current (20 kHz) at the plasma region where core ExB
sheared flows are developed. These modes are also observable in the ECE signals
localized around ρ
0.3, close to the foot of the e-ITB. Present results show a
decreasing in the mode amplitude as e-ITBs are fully developed. This finding points out
the role of MHD modes to trigger core plasma transitions.
A magnetic configuration scan shows evidence of quasi-coherent modes ( 20 kHz) in
the plasma edge gradient region. HIBP shows a strong correlation with Langmuir
probes and Mirnov coil measurements [2]. Configuration and density scans have shown
that these modes appear in a narrow configuration window and their amplitude increases
with plasma density. These results suggest the combined role of threshold gradients and
low order rationals.
Plans for 2005 include: 1) Modification of the HIBP power supplies to reduce noise
level and 2) design of a two slit detector for multi-point measurements in the TJ-II
stellarator.

1.7 Turbulence studies in the LINEAR PLASMA MACHINE (LPM)
(University of Cantabria, Santander, Spain)

The mechanisms underlying the generation of plasma flows play a crucial role to
understand transport in magnetically confined plasmas. Experimental evidence of
parallel flows dynamically coupled to radial turbulent transport are reported in the
cantabria linear device. Probability Density Functions (PDFs) for parallel flows and
transport are different. PDFs for transport show clear non-gaussian features with large
and sporadic burst and PDFs of parallel flows are rather gaussian. Plasma profiles of
parallel Mach number (in the range 0.1 – 0.3) show radial gradients comparable to 1/Ln
(Ln being the density scale length), suggesting the proximity to the Kelvin-Helmholtz
threshold.
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Experimental results show that the dynamical coupling between transport and flows
shows differences at different plasma radii and plasma conditions. The link between
radial turbulent transport and parallel dynamics suggest a role of turbulence in the
parallel dynamics.

VIII.8 Construction and installation of the CO2 interferometer for TJII (Univ. Carlos III, Spain)
The system has been in routine operation during 2004. During this period the
collaboration has been limited to winding up activities related with transference of
operation skills to Ciemat personnel. A renewal has been agreed for the coming months.
The main aspects of the new activity will be:
1.- Improvement of the detection bandwidth, in order to cope with large amplitude
vibrations produced by nearby systems (in particular the new fast Langmuir probe)
2.- Analysis of the wave front properties and implications for a possible multichannel
system.
In parallel operation and improvement of the system on other areas will be performed
by Ciemat

VIII.9 Turbulence studies

(Innsbruk Experimental Plasma Physics Group, Innsbruck, Austria)
a) Statistical properties of turbulence.
Recently, the importance of intermittent plasma turbulence to explain non-exponential
decays in the scrape-off layer (SOL) plasma profiles region has been investigated in the
TJ-II stellarator. Experiments carried out in the TJ-II stellarator show a direct link
between the statistical properties of turbulent transport and non-exponential (and even
flat) density profiles in the SOL region.
Plasma turbulence and profiles have been investigated in ECRH (200 – 400 kW) and
NBI (200 kW) regimes. Experiments with combined ECRH and NBI heating have
shown a drastic reduction in the level of fluctuations and ExB turbulent driven flux
when the ECRH heating is turn off. This reduction in the level of turbulent driven
transport is due to a decrease in electric field and density fluctuations. The Probability
Distribution Function (PDF) of the effective radial velocity has been compared in
ECRH and NBI regimes, showing a reduction from 500 m/s to about 50 m/s
respectively. Flat density profiles, currently observed in the far scrape-off layer region
of ECRH plasmas (i.e. with radial velocities up to 500 m/s), disappear in NBI plasmas
(i.e. with radial velocities of about 50 m/s).
These results were presented by P. Balan (Innsbruck team) in the ICPP conference
(October 2004).
b)Plasma-fluctuation and electron temperature fluctuation measurements
The measurements of the radial fluctuation-induced flux and of Te-fluctuations with a
system of emissive and cold probes should be continued for comparison of the results
with those of other devices.
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VIII.10 Collaboration with the NBI Technology Group at ORNL
Laboratory through DOE.
TJ-II Neutral Beam Injectors are on loan from ORNL, through a Collaboration
agreement between Lockheed Martin (DOE) and Ciemat, signed in1997 and extended
on a 1 year basis up to 2003.
The new agreement with DOE (Washington, September 2003) has seen the following
actions during 2004:
1. Agreement by ORNL to transfer to Ciemat the two DuoPIGatron sources
presently at MAST, after they are decommissioned at the end of 2004. The
equipment to be transferred includes the neutralizers, gate valves, mounting
pieces of the ion sources (bellows, gimbals, etc). And may include some of the
ion source power supplies.
2. Visit of Dave Rasmussen (head of the Technology Group at ORNL) and Phil
Ryan to Ciemat, from the 19th to 23d July.
The NBI discussions were organized around three main topics
-General status of NBI into TJ-II
-NBI Electrical System
It is recognized that there are three main roads for collaboration:
-ORNL expert visits and participation in the current NBI program
-ORNL transfer of techniques related to ion source and grids: this can be made by
ORNL experts visiting Ciemat or vice-versa (perhaps more practical)
-Future extension of NBI program: with the two ORNL ion sources from Culham, we
can build two new injectors for TJ-II. By the end of 2005, after one experimental
campaign with the two injectors, the prospects of extension will be clearer. NBI
equipment from ORNL can be used. Jim Tsai has made a list of the equipment in
storage. Dave Rasmussen points out that any equipment transfer from ORNL should be
made soon (within a year), since the storage building will be put to a different use.
Collaboration actions:
1- Glenn Barber and Dennis Sparks was visiting Ciemat in Autumn 2004: check
tetrode behaviour, discuss upgrades
2- Jim Tsai will visit in 2005: beam conditioning at injector #2, discuss beam
transmission properties
3- Transfer of ion source related techniques:
a. Filament coating
b. Grid alignment, re-curving, leak repair
4- Beam diagnostics: pin-hole camera, Langmuir probe
5- Spare parts: grids, ion source insulators, parts, instrumentation
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6- Equipment in storage at ORNL and elsewhere: visit of NBI Group (Ciemat) to
ORNL early in 2005
7- Work towards having a more fluent communication with ORNL: set up regular
video-conferences, exchange of information and data through e-mail and the
web

VIII.11 Collaboration with the NBI Group at UKAEA Laboratory
(JET and MAST)
Visit of M. Liniers and J. Alonso to JET and MAST on the 4-6 May 2004. Discussions
held with Dr. Ciric, Dr. Jones, Dr. Gee and R. Smith on several NBI related topics:
1

Operation of the MAST Ion Sources (DuoPIGatrons from ORNL, of the same kind
as those on TJ-II)

2

Fate of MAST DuoPIGatron Ion Sources when they are replaced by PINI’s in the
following campaign. Ciemat is interested in inheriting those Ion Sources for use at
TJ-II

3

High Voltage Power Supplies: Tetrode behavior, snubbers, limiting reactances

4

Beam Diagnostics: Target Calorimeter

Loan Agreement signed by UKAEA and CIEMAT (Ref 04/208) involving six tetrodes
Eimac 8973 formerly in use at JET ECH group. After decommissioning, it was agreed
to send them to CIEMAT for use at NBI in TJ-II, since they are exactly the same kind
of those needed in TJ-II.

VIII.12 Development of sensors for measuring the local magnetic field
in the proximity of TJ-II plasmas (Instituto de Magnetismo Aplicado,
UCM, Madrid) (FINISHED)
The objective of this three year project had two clearly distinct parts. The first was the
development of a novel magnetic field sensor at the IMA facilities. The second was the
test of the sensor inside the TJ-II vacuum vessel. Unfortunately, the fist part was not
finished on time and the project has been discontinued. Several alternatives were tested
for the sensor and the final choice was a magneto resistance-based one. Manganites of
the family (La1-xSrx)0.9MnO3, presenting colossal magneto resistance were studied.
Several compositions were tested looking for one presenting maximum value of the
magneto resistance at room temperature and the phase with x=0.22 was chosen. The
dependences of the magneto resistive effect on temperature and DC/AC magnetic fields
were measured. It was found a sensitivity of 600 microV/T with a good frequency
response up to 10 kHz. The last crucial step missing was the optimization of the signal
conditioning in order to minimize the parasitic inductive component and optimize the
signal to noise ratio. This step was essential to allow the sensor working in the
extremely noisy electromagnetic environment of TJ-II.
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VIII.13 Collaboration with Universidad Politécnica de Cataluña (UPCETSEIB-DFEN), Barcelona, Spain): Remote participation on TJ-II
particle analyser operation from UPC.
An ion average energy profile has been measured using CX-NPA in TJ-II. The
measurements have been extended even outside the LCFS showing a flat profile. First
consideration on CX spectra suggests that a diffusive flux is not appropriate to explain
the observed data. The power balance shows that electrons transfer about 5% (20
kW/400 kW) of the heating power to the ions.
The ion power balance equation shows different confinement regimes characterized by
different ion energy confinement times. A change by a factor of two is found in the ion
energy confinement, for both working wall conditions, depending on the electron-ion
collision frequency, although the transition between both confinements depends on the
wall conditioning. This fact seems to be related with the ambipolar electric field and is
still under study.

VIII.14 Remote participation system development for the TJ-II
scientific exploitation. (SEC-UPM, Madrid, Spain).
This collaboration with Departamento de Sistemas Electrónicos y de Control
(Universidad Politécnica de Madrid) started in January 2002. The aim was the
development of multiprocessor data acquisition systems based on the PXI standard to be
used in remote participation environments. A new model of architecture has been
developed for data acquisition systems in order to increase its real time data processing
capabilities. The model consists of a distributed data processing architecture where
several digitizer cards and processing cards can be put together in the same PXI system.
This way, it is possible to plan how to distribute the data processing of all acquired
signals among the processing cards and the available resources of PXI main controller.
This model allows the scalability of the system, by adding more or less processing cards
based on the measurement requirements. The processing algorithms are implemented in
LabVIEW. In addition, the remote download of software into the processing cards is
being finished.
Progresses were presented in the following Conferences:
- 14th High Temperature Plasma Diagnostic Conference (2002)
- Joint TERENA Networking Conference (2003)
- 4th IAEA Technical Committee Meeting on Control, Data Acquisition, and Remote
Participation for Fusion Research (2003)
- Jornadas Técnicas RedIRIS 2003 (2003)
- 15th High Temperature Plasma Diagnostic Conference (2004)
- 3ra. Conferencia Iberoamericana en Sistemas, Cibernética e Informática CISCI 2004
(2004)
- 23th Symposium on Fusion Technology (2004)
From 2002, we have 12 contributions in international meetings and we have published 9
articles and 1 is in press.
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Technical coordinators of the collaboration are:
Dr. J. Vega for Asociación EURATOM/CIEMAT
Dr. M. Ruiz for SEC-UPM

VIII.15 New features for the LabView-RealTime 4GL language
(National Instruments Corporation, Austin, Texas, USA)
The evolution of this collaboration depends on the interest of National Instruments with
our development about multiprocessor data acquisition systems based on PXI. We
expect a joint meeting in summer of 2005 at Austin (Texas, USA), where NI has its
Headquarters.
Technical coordinators of the collaboration are:
Dr. J. Vega for Asociación EURATOM/CIEMAT
Dr. M. Ruiz for SEC-UPM
Dr. J. Kornerup for National Instruments

VIII.16 Adaptation of an access control system for the TJ-II remote
participation system. (Red.es/RedIRIS).
This collaboration began in 2003. The set of tasks were grouped into two parts:
A) Adaptation of the PAPI system to the requirements of the TJ-II remote participation
system
B) Integration of the PAPI system with JAVA applications related to data acquisition
and diagnostic control
These developments are essential parts for the TJ-II remote participation system. The
works have finished and we will present results in the 5th IAEA Technical Committee
Meeting on Control, Data Acquisition, and Remote Participation for Fusion Research
to be held in Budapest (July 2005).
During 2004, we published 1 article and also we sent 1 contribution to the 23th
Symposium on Fusion Technology
Technical coordinators of the collaboration are:
Dr. J. Vega for Asociación EURATOM/CIEMAT
Dr. D. López for RedIRIS

VIII.17 Neoclassical
Greifswald)

transport

in Stellarators

(Euratom

IPP-

Various methods used to calculate neoclassical transport are under investigation in the
framework of the international Neoclassical Transport Collaboration. Members of this
Collaboration are: C.D. Beidler, H. Maaßberg and M. Schmidt form IPP, S. Murakami
and A. Wakasa from NIFS, D. Mikkelsen and R.B. White from PPPL, D. Spong from
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Oak Ridge, and W. Kernbichler, V.V. Nemov, S.K. Kasilov from Gratz University and
V. Tribaldos (Ciemat, Spain).
The principal goals of this effort are: (1) A thorough benchmarking of the various
methods used to calculate neoclassical transport coefficients. These include (where
appropriate): analytic theory, field-line integration techniques, Monte Carlo simulations,
and numerical solutions of the ripple-averaged and drift kinetic equations. (2) The
description of the benchmarking results by means of an efficient “neoclassical data
base” to facilitate the analysis of experimental results and to provide an interface for
predictive transport codes.

VIII.18 PRETOR Development for Stellarators

(Universidad Politécnica de Cataluña, Barcelona, Spain)
PRETOR-Stellarator predictive transport code has been used broadly to simulate
transport phenomena in stellarators, especially in TJ-II. Some new electron heat
diffusivity models have been introduced in the code in order to compare their results
with the experimental ones in TJ-II and, hence, to elucidate their validity to explain TJII transport properties. Two types of discharges have been considered to perform the
benchmarking of these models, the first one corresponding to standard shot and the
other one to enhanced heat confinement regime. Results show that semi local •e-scaling
developed to explain W7-AS results show a good agreement with the experimental data.
Regarding the drift-wave based model, we have to say that, although the included
models were developed to simulate tokamak shots, a reasonable agreement with
experimental data is obtained.

VIII.19 Tritium inventory control in re-deposited carbon films at
Asdex Upgrade (Euratom-IPP Garching)
Initial tests of nitrogen injection for carbon film inhibition at AUG were run in 2002 by
using the available gas inlets used for normal operation. Under those conditions, a
significant modification of the divertor and main plasmas was observed, thus precluding
a systematic comparison of the quartz microbalance (QMB) results. In the beginning of
2004, the gas inlet for nitrogen injection has been modified in order to allow for the
survival of the injected species in areas close to that of the deposition monitor. Thus,
nitrogen was puffed in the sub-divertor region at 10 cm, in the toroidal direction, away
from the QMB monitor that faces the outer strike point. Plasma conditions
corresponding to Type I H-mode, with the outer strike point in the lower part of the
divertor leg were chosen due to the corresponding enhancement of the (line-of-sight)
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deposition at the QMB. A series of four deuterium discharges, having the flow of
injected nitrogen as the only variable, were run. The behaviour of some relevant signals
during the series is summarised in figure 1.
Figure 1. Nitrogen Injection in AUG on June 03, 2004
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As can be seen, only discharge # 19114 showed an enhanced radiated power due to the
relatively high N2 flow injected, which lead to reverting into L mode at the end of the
shot. Of special interest is the comparison between the last two discharges. At a
basically constant radiated power and emission intensity of carbon lines at the divertor,
a factor of four reduction in the deposited material at the QMB takes place for moderate
N2 flows. The RGA data, three mass spectrometers located at several locations respect
to the nitrogen tube, provide complimentary evidence of the hydrocarbon chemistry
modification by the nitrogen injection, even when strong contribution from the
unaffected divertor regions to the signals takes place even for closest location of the
RGA monitor. Thus, formation of masses 30 and 32, associated to C2 deuterated
hydrocarbons, are recorded when nitrogen is being puffed. However, no significant
contribution of mass 52 (cyanogens) has been detected so far and overlapping of DCN
and N2 masses at amu 28 precludes any evaluation of DCN formation. If the data for
shot # 19115 are compared to those of # 19113, a factor of five in such reduction is
deduced. It should be noted that in discharge # 19116, even when no nitrogen was
externally injected, evidence of some release from the previously implanted atoms was
given by the NII
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line emission at the divertor and, to some extend, by the mass spectrometer signal near
the injection port. This could explain the reduced deposition in this shot compared to
that in the first of the series. This short experiment provides the first direct evidence of
the need to keep the injected species partially shielded from the main, ionising plasma
for the film inhibition purpose.
No experimental campaign of AUG is planned for the rest of 2004. Depending on the
exact dates of the experiment, a short stay ( <2 week) of Dr. Tabarés could be required
during the next 6-month period.
It is expected that at least one week of operation of AUG in the spring of 2005 will be
involved in the next series of experiments with the new QMB diagnostics and a wider
sweep in N2 flows. Respect to JET, 9 sessions have been allocated for generic N2
injection experiments under the new JET-EP divertor configuration, part of them for
scavenger techniques. They are planned for the beginning of 2006.

VIII.20 Estimation of relativistic dielectric tensor for imaginary
frequencies (Kharkov Institute of Physics and Technology, Kharkov,
Ukraine)
The aim of this collaboration is to obtain the expression of fully relativistic dispersion
relation of waves with complex frequencies in the range of the electron cyclotron
resonance. This dispersion relation gives the absorption and propagation frequencies of
the waves and can be used to study the instabilities that are localised in a certain plasma
position and can produce either the damping or the amplification of the wave.
During the last time period of the collaboration the expressions for the fully relativistic
plasma dispersion functions have been obtained. These expressions are basic to
continue the calculation of the dispersion relation. Next step is to introduce those
functions in the fully relativistic dielectric tensor. Once this is ready, the dispersion
relation that gives the possible existence of the different waves will be obtained.

VIII.21 ECE- ECRH physics. (Institute for Advanced Energy (IAE),
Kyoto, Japan
Continuing with the already started collaboration with the Heliotron-J in the Electron
Cyclotron Resonance Heating (ECRH) and Electrón Cyclotron Current Drive (ECCD)
field, power absorption, power deposition profiles as well as induced currents have been
studied. The results of these works are contained in:
-H. Shidara, Developement of a 70 GHz ECRH System on the Heliotron J Device, Ph.
D. Thesis, August 2004
-H. Shidara, K. Nagasaki, …, V. Tribaldos and T. Obiki, 70 GHz Electrón Cyclotron
Resonance Heating System for Heliotron-J, Fusion Sci. Technol. 45 41 (2004)
-H. Shidara, K. Nagasaki, V. Tribaldos, …, Ray Tracing Calculation of ECRH Power
Absorption Profile in the Heliotron J, Submitted to J. Plasma Fusion Res. (2004)
-T. Obiki, T. Mizuuchi, …, V. Tribaldos and F. Tabares, Confinement Characteristics
of ECH Plasmas in Heliotron J, Nuclear Fusion 44 47 (2004)
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-H. Okada, F. Sano, …, V. Tribaldos, T. Obiki, Studies of the Confinement and the
Toroidal Current Control in the Heliotron J, Submitted to J. Plasma Fusion Res. (2004)

VIII.22 Two dimensional turbulence visualization in stellarators
(PPPL _ Ciemat collaboration).
(see 1.3)

The two dimensional radial-poloidal structure and motion of edge turbulence will be
investigated in the TJ-II stellarator using high speed imaging of the visible light
emission from localized neutral gas puff. This experiment at TJ-II would involve the
development of a Gas Puff imaging system which will be installed in a fast
reciprocating system in combination with arrays of Langmuir probes. The key element
here would be the fast camera provided by PPPL (500 kHz). A first step with a slower
camera (provided by IPP-Greifswald) has been used in the TJ-II stellarator. Ciemat
would develop and install the gas puff system with assistance from PPPL
The fast PPPL camera (500 kHz) was installed during October 2004 in TJ-II. Dr. S.
Zweben (PPPL) was visiting Ciemat in October and he wasdirectly involved in the
experimental set-up development.
First experiments (November 2004) have investigated the development of sheared flows
using 2-D imaging techniques and results will be reported in the EPS conference 2005.

NEW COLLABORATIONS
VIII.23 Analysis and interpretation of magnetic diagnostics for TJ-II
(IOFAN-Moscow)

In January 2004 a new collaboration contract has been signed between Ciemat and
IOFAN. It was decided that the emphasis of this new phase of the collaboration between
both institutions should be shifted to the data analysis and theoretical aspects of the
magnetic diagnostics activities and related matters, namely:
-Analysis and interpretation of the magnetic diagnostics for the TJ-II stellarator.
-Modelling of Edge Localized Modes for the TJ-II stellarator.

-Studies on the appearance of Alfvèn modes during NBI operation for the TJ-II
stellarator at CIEMAT
The new responsible persons for this collaboration from Ciemat and IOFAN are Dr. J.
A. Jiménez and Dr. S. Shchepetov, respectively. The latter has spent two months at
Ciemat, in May-July 2004, working in the above-cited topics

VIII.24 Pellet injection at TJ-II (ORNL – TJ-II collaboration)

A meeting was held at Ciemat (July 20th) to discuss TJ-II physics issues and hardware
required to install a (ORNL) pellet diagnostic in the TJ-II stellarator. From the
perspective of the TJ-II physics programme, the operation of a pellet system has interest
in the following areas: stability and transport, magnetic configuration studies, kinetic
effects.
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From the technological point of view, ORNL recommends an initial design that could
accommodate as many as four-pellet injection barrels but with only 1 one gun barrel
fabricated and installed. ORNL further recommends that the injector be operated with a
cryo-cooler, in order to increase reliability and lower operating costs.
Short term actions haveincluded:
a) Further simulations of pellet ablation for relevant TJ-II regimes, to identify the
optimum pellet parameters (sizes and speed) (ORNL).
b) Hardware requirements. U.S. (ORNL) will provide single barrel injector, steerable
guide tube and pellet diagnostics. Spain (CIEMAT) will provide a cryocooler, injector
vacuum line with pumping, controls and data acquisition.
c) Considering TJ-II experimental campaign planning for 2004-05, January /February
2006 look appropriate to install the ORNL pellet system in TJ-II. First pellet
experiments in TJ-II (in collaboration with ORNL) might take place in May - October
2006.
In conclusion, good access to the TJ-II plasma is currently available for both installing a
pellet injector and for undertaking the physics studies outlined in the joint
ORNL/Ciemat program. Preparatory installation work at Ciemat could be completed in
several months as no major obstacles/modifications are foreseen.
Dr. K. McCarthy was visiting ORNL to discuss the pellet design system for TJ-II
during October 2004.

VIII.25 Electron Bernstein Waves heating (ORNL – CIEMAT)
In order to check the power launching point and direction needed to excite Bernstein
modes in TJ-II, an antenna can be installed to measure the EBW emission, taking
advantage of the fact that ray trajectories are reversible. The high densities that are
needed in order that the mode conversion happens can be reached using NBI. The
measured radiative temperature can be compared with SXR emission and, at a given
time, with Thomson Scattering measurements.
The ORNL proposes to fabricate the lens and the antenna and CIEMAT will select a
window port for O-X-B coupling and provide the rest of the receiver components and
the assembly of the system. The measurements should be ready before the final
installation of the whole EBW system in order to check the theoretical predictions of
transmission and absorption.
On the theoretical side, at least three points of common interest have been identified.
1) collisional edge dumping of waves. Up to now, this absorption mechanism that can
diminish the transmission efficiency has not taken into account in the studies performed
in CIEMAT. Even we assume that it is not important, it is worthwhile to estimate the
fraction of power that is absorbed in the edge in order to estimate in a more precise way
the fraction of transmitted power.
2) The EBW transmission depends strongly on polarization. Both parties are therefore
interested in this topic. ORNL people have already developed polarization studies,
while these are still to be performed for TJ-II. The experience of ORNL can be very
valuable for developing those studies in CIEMAT.
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3) Kinetic studies are basic for understanding current drive by EBW as well as other
phenomena that can influence plasma confinement. The interchange of codes and
knowledge between both laboratories will be very useful and synergetic.

VIII.26 Participation in DIII-D experiments
Institutions: CIEMAT, JET and EFDA, DIII-D team (USA),
Mobility use: 2 weekss stay of CIEMAT personnel at DIII-D (Emilia R. Solano)

VIII.26.1 Current Hole studies
Participation in current hole study, led by R. Jayakumar (DIII-D team and LLNL). The
main conclusion from the experiment is that DIII-D current holes and transport barriers
can be maintained in H mode in presence of ELMs, at least for some time. The
CIEMAT contribution was to stabilise the real-time calculation of EFIT equilibrium
reconstruction in the presence of a current hole. With M. Austin (Fusion Reasearch
Center at U. Texas, and DIII-D group) we monitored the ECE measurements of
temperature soon after each shot, looking for evidence of temperature gradients inside
the current hole (not found) and characterising the presence of transport barriers in these
discharges.

VIII.26.2 ELM studies
Informal participation in experiments searching for ELM suppression with the ergodic
coil system, led by T. Evans (GA, DIII-D team), with many other European
collaborators. In collaboration with J. Watkins (LLNL and DIII-D team) and M.
Fenstermacher (LLNL), we found that in the cold edge plasmas being produced on that
day there was evidence of strike point splitting (consistent with the expectations of T.
Evans, based on the study of homoclinic tangles [1], while in historical experiments
with hotter edges and larger ELMs the strike points appeared to move, rather than split
(consistent with JET measurements and with loss of closed flux surfaces, [2]. Further
studies are needed to move from these preliminary observations to more systematic
conclusions.
[1] TE Evans, et al, Contrib. Plasma Phys. 44, No. 1-3, 235 – 240 (2004)
[1] Emilia R. Solano, et al., 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.
See Chapter VI.1 (activities under EFDA).

VIII.27. Educational cooperation agreement between CIEMAT and
the Universidad Complutense de Madrid (Departamento de
Arquitectura de Computadores y Automática)
The object of this collaboration is to approach the fusion data acquisition environment
to students, in order to divulge our present open questions: advanced data analysis
techniques, remote participation, steady state support and real-time requirements.
During 2004, several classes and seminars were given to students preparing their Ph. D.
degree. In addition to this, we continued our joint works on pattern recognition and their
application to the TJ-II experimental environment. As a result of the collaboration, we
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published two articles and we presented two contributions to two different international
meetings.
Technical coordinators of the collaboration are:
Dr. J. Vega for Asociación EURATOM/CIEMAT
Dr. M. Santos for UCM

VIII.28. Educational cooperation agreement between CIEMAT and
the Universidad Nacional de Educación a Distancia (Departamento de
Informática y Automática)
This collaboration is similar to the one with UCM. In fact, we have joint works with
them regarding pattern recognition techniques and their application to the TJ-II
experimental environment. UNED people are co-authors in the two communications
and in the articles mentioned previously with UCM.
Technical coordinators of the collaboration are:
Dr. J. Vega for Asociación EURATOM/CIEMAT
Prof. S. Dormido for UNED

VIII.29 Studies of nitrogen/ammonia injection for co-deposited film
inhibition at the PSI-2 facility, Berlin
These studies are similar to those run at PISCES-B on 2003 but with a better set of
diagnostics and wider range of plasma conditions.
A meeting at Berlin was organized in order to plan the activities on scavenger
techniques in this plasma simulator. The experiments are expected by the fall of 2005,
and special attention will be pay to the understanding of the previous results obtained in
PISCES-B (2003) and on the basic processes (gas phase vs. plasma-wall) responsible
for the effect.
Mobility fund: A 2 month stay of J.A. Ferreira and 2 week of F.L. Tabarés will be
required in the second half of 2005.

VIII.30 Development of tritium removal techniques by non-oxidizing
methods. (ICM, CSIC, Madrid)
This work will be made in collaboration with the Instituto de Ciencia de Materiales,
CSIC, under EFDA 5.1.b Technology Task TRIREM, and no use of the mobility fund is
foreseen.
To date, molecular oxygen is considered as the best alternative for tritium removal from
co-deposited carbon films during ITER operation. However the required temperatures
and/or exposure times are not compatible with the scheme of operation foreseen for
ITER. The aim of this task is the development of alternative methods for T removal,
either by the use of other oxidizing agents, such as nitrogen oxides, hydrogen peroxide,
etc…or by isotope exchange reactions. The second type of reactions (which can take
place in some instances simultaneously to the oxidation) offers the very important

VIII- 20

benefit of producing molecular tritium instead of its oxide, thus avoiding the need of
costly tritiaded water re-processing. As an example, the gas phase reaction NO+2H->
NOH +H-> NO+H2 is a well known case. None of these agents will include sulphur or
halogens in their composition. Samples with different structure and chemical
composition will be exposed to well-defined reaction cycles and surface analysis
techniques will be applied during the process. Molecular oxygen will be used as a
reference agent. The temperature range and maximum pressure are those specified in
the Task description (<520K and < 5kPa, respectively). With respect to the samples,
either laboratory-produced a-C:H/D films or commercial samples will be used. In the
first case, soft and hard films will be alternatively tested. Of special concern is the
possible saturation in the oxidizing reaction rate. Therefore, samples with thickness
ranging from a few hundreds of nanometres to several microns will be tested.

VIII.31 Plasma – wall studies in Tore-Supra
The injection of nitrogen for redeposit inhibition has been so far tried in divertor
machines, due to the obvious implications for ITER. However, some insight into the
leading mechanisms can be inferred from limiter devices. This is the case for Tore
Supra, where a high mismatch between injected and released fuel has been found. One
possible explanation for this mismatch is the formation of carbon co-deposits, that in
fact have been systematically detected in some areas of the CIEL toroidal limiter.
The existence of mass spectrometry diagnostics allows for the study of the chemical
processes driven by the injection of nitrogen in the far SOL region, where low electron
temperatures could favour the chemical interactions. A series of experiments have been
initiated in this machine in the last trimester of 2004. Discharges of 80 s length were
used, and very large fluxes of nitrogen could be injected in 30 s pulses with little
perturbation of the plasma parameters. A concomitant enhancement of the coupling of
the heating waves to the plasma was observed. Analysis of the data is still under
progress, and new experiments are now being planned for the next experimental
campaign.

VIII.32 NBI heating
NIFS- Japan

Attendance to the Joint Meeting of US-Japan Workshop and Kyoto University 21st
COE Symposium on "NEW APPROACH IN PLASMA CONFINEMENT
EXPERIMENT IN HELICAL SYSTEMS" held at Kyoto University on March 2-4,
2004.
Title of the presentation:“First experiments in Neutral Beam Heated Plasmas in TJ-II”
Visit to CHS and LHD at NIFS (Toki): 9-11 March 2004
Title of the talk: “Neutral Beam Injection at TJ-II: Status and first results”
Visit of Dr. K. Nagaoka (NIFS) in Madrid: 4-6 July 2004
Discussions on Neutral Beam Diagnostics
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IX. PUBLICATIONS
IX.1 Journals, books and technical reports
CO2 He-Ne Two Colour Laser Interferometry for Low and Medium Electron Density
Measurements in the TJ-II Stellarator
P. Acedo, H. Lamela, M. Sánchez, T. Estrada and J. Sánchez
Rev. Sci. Intrum. 75 (2004) 4671-4677
Simulation platform for remote participants in fusion experiments.
E. Barrera, M. Ruiz, S. López, J. Vega, E. Sánchez.
Fusion Eng. Des. 71 (2004) 269-274
Improvement of the Te profile on Joint European Torus measured by electron cyclotron
emssion.
P. Blanchard, E. de la Luna, C. Gowers and JET-EFDA contributors.
Rev. Sci. Instrum. 75 (2004) 3828-3830
2D Full-Wave Code for Reflectometry Simulations in TJ-II
E. Blanco, S. Heuraux, T. Estrada, J. Sánchez and L. Cupido
Rev. Sci. Intrum. 75 (2004) 3822-3824
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P.D. Bons, J. Arnold, M.A. Elburg, J. Kalda, A. Soesoo, B.P. van Milligen,
Lithos 78 (2004) 25-42
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Gontier, M. Houry, H.P. Jacquet, J.P. Jadaud, J.L. Leray, I. Masclet-Gobin, J.P. Negre, J.
Raimbourg, B. Villette, I. Bertron, J.M. Chevalier, J.M. Favier, J. Gazave, J.C. Gomme, F. Malaise,
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Radiation hardening techniques of dedicated optical fibres used in plasma diagnostic systems in
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B. Brichard, A. Fernandez, M. van Uffelen, F. Berghmans, M. Decreton, A. Tomashuk, S.
Klyamkin, M. Zabezailov, I. Nikolin, V. Bogatyrjov, E.R. Hodgson, T. Kakuta, T. Shikama, and T.
Nishitani
J. Nucl. Mater. 239 (2004)
On the influence of probe presheath on the measurement of fluctuation and ExB turbulent transport
by Langmuir probes
E. Calderón, C. Hidalgo, M.A. Pedrosa, C. Silva
Rev. Sci. Inst. 75, 4293 (2004)
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Electron energy distribution function during second harmonic ECRH plasma breakdown
A. Cappa and F. Castejón
Nuclear Fusion 44 (2004) 406-413
Electron Bernstein wave heating calculations for TJ-II plasmas
F. Castejón, M. A. Tereshchenko, K. A. Sarksian, A. Fernández, A. Cappa, G. M. Batanov,
A. S. Sakharov, and R. Martín
Fusion Science and Technology 46 (2004) 327-334
Influence of low order rationals on heat transport in TJ-II heliac ECRH plasmas.
F. Castejón, D. López-Bruna, T. Estrada, E. Ascasíbar, B. Zurro, and A. Baciero.
Nuclear Fusion 44 (2004) 593-599
Design of the new magnetic sensors for Joint European Torus
Coccorese V, Albanese R, Altmann H, Cramp S, Edlington T, Fullard K, Gerasimov S,
Huntley S, Lam N, Loving A, Riccardo V, Sartori F, Marren C, McCarron E, Sowden C,
Tidmarsh J, JET-EFDA contributors, Basso F, Cenedese A, Chitarin G, DegliAgostini F,
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Rev. Sci. Instrum. 75 (2004) 4311-4313.
Frequency Hopping MMW Reflectometer
L. Cupido, J. Sánchez, T. Estrada
Rev. Sci. Intrum. 75 (2004) 3865-3867
Performance of functional materials and components in a fusion reactor. The issue of radiation
effects in ceramics and glass materials for diagnostics
M. Decreton, T. Shikama, and E.R. Hodgson
J.Nucl. Mater 239 (2004) 125
TJ-II Waveforms Analysis with Wavelets and Support Vector Machines.
S. Dormido-Canto, G. Farias, R. Dormido, J. Vega, J. Sánchez, M. Santos, and
the TJ-II Team.
Rev. Sci. Instrum. 75 (2004) 4254-4257
Radiation Leakage from Degenerate Plasmas in ICF Targets
S. Eliezer, P.T. León, J.M. Martínez-Val
in Inertial Fusion Sciences and Applications 2003. B.A. Hammel, D.D. Meyerhofer, J. Meyerter-Vehn, H. Azechi (Eds.), pp. 1014-1017. American Nuclear Society Inc. (2004). ISBN 089448-686-1.
Electron Internal Transport Barrier formation and Dynamics in the Plasma Core of TJ-II
Stellarator
T. Estrada, L. Krupnik, N. Dreval, A. Melnikov, S.M. Khrebtov, C. Hidalgo, B. van
Milligen, F. Castejón, E. Ascasíbar, L. Eliseev, A.A. Chmyga, A.D. Komaorv, A.S.
Kozachok and V. Tereshin
Plasma Phys. Control. Fusion 46 (2004) 277-286
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The design of an electron Bernstein Wave heating system for TJ-II
A. Fernández, K. A. Sarksyan, N. V. Matveev, F. Castejón, A. Cappa, N.K. Kharckev, M.A.
Tereshchenko, A. S. Sakharov, Yu. F. Bondar, N. N. Starshinov, L. P. Aleksandrova, Na. A.
Sheikina, R. Martín
Fusion Science and Technology 46 (2004) 335-341
Grain boundary microchemistry and metallurgical characterization of Eurofer'97 after simulated
service conditions
P. Fernández, M. García-Mazarío, A.M. Lancha, J. Lapeña.
Journal of Nuclear Materials. 329-333 (2004) 273.
Creep properties of reduced activation ferritic/martensitic steel Eurofer’97
P. Fernández, A.M. Lancha, J. Lapeña.
CIEMAT report DFN/ME-30/IF-04. November 2004.
Metallurgical characterization of reduced activation ferritic-martensitic steel Eurofer'97 in the asreceived condition
P. Fernández, A. Lancha, J. Lapeña, M. Serrano, M. Hernández-Mayoral.
CIEMAT Report. DFN/ME-15/IE-02. October 2002.
Microstructural and mechanical characterization of the ferritic/martensitic steel Eurofer'97 after
simulated service conditions
P. Fernández, A.M. Lancha.
CIEMAT Report DFN/ME-19/IE-02. December 2002.
Reduced activation ferritic/martensitic steel Eurofer’97 as posible structural material for fusion
devices. Metallurgical characterization on as-received condition and after simulated service
conditions.
P. Fernández, A.M. Lancha, J. Lapeña, M. Serrano, M. Hernández-Mayoral.
CIEMAT Technical Report nº 1048. December 2004.
Energy resolved neutral particle fluxes in TJ-II ECRH plasmas
J. M. Fontdecaba, F. Castejón, R. Balbín, D. López-Bruna, S. Petrov, F. Albajar, G. Cortés, J.
Dies, J. García, J. Izquierdo, and J. Fontanet
Fusion Science & Technology 46 (2004) 271-278
Neoclassical Transport Studies in Stellarators Using PRETOR code
J. García, K. Yamazaki, J. Dies, F. Castejón, H.Funaba, T.Amano, J.M.Fontdecaba, J.
Fontanet, F.Albajar, J.Izquierdo
J. Plasma Fusion Res. SERIES 6 (2004) 481-484
Calculation of Radiative Properties and Line Transition of Dense Hot Low Z Plasmas Using
Analytical Potentials
J.M. Gil, E. Mínguez, R. Rodríguez, J.G. Rubiano, R. Florido, P. Martel, P. Sauvan
in Inertial Fusion Sciences and Applications 2003. B.A. Hammel, D.D. Meyerhofer, J. Meyerter-Vehn, H. Azechi (Eds.), pp. 1006-1009. American Nuclear Society Inc. (2004). ISBN 089448-686-1.
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Irradiation Effects in Ceramics for Heating and Current Drive, and Diagnostic Systems
Deliverable 9: Report on preparation on ITER-size alternative resistive-bolometer substrates with
platinum tracks, and screening for ionizing radiation effects in high vacuum and at high
temperature
M. Gonzalez
TW4-TPDC-IRRCER Final report Dec 2004
X-Ray Line Polarization of He-like Si Satellite Spectra in Plasmas Driven by High Intensity
Ultrashort Pulsed Lasers.
P. Hakel, R.C. Mancini, J.C. Gauthier, E. Mínguez, J. Dubau, M. Coruielle.
Physical Review E, 69 (5): Art. No. 056405 Part 2 (May 2004).
Irradiation Effects in Ceramics for Heating and Current Drive, and Diagnostic Systems
Deliverable 7: Report on the response to ionizing radiation of high-quality mirror coatings, which
extend the useable range to below 300 nm, for ITER in-vessel optical components
T. Hernandez and P. Martin
TW4-TPDC-IRRCER Final report Dec 2004
Multipulse Supersonic Beam Diagnostic in the TJ-II Stellarator
A. Hidalgo, D. Tafalla, B. Branas and F.L.Tabarés
Rev. Sci. Instrum. 75 (2004) 3478
Improved confinement regimes induced by limiter biasing in the TJ-II stellarator
C. Hidalgo, M.A. Pedrosa, N. Dreval et al.,
Plasma Phys. Control. Fusion 46 (2004) 287-297
Experimental evidence of coupling between sheared flows development and an increasing
in the level of turbulence in the TJ-II stellarator
C. Hidalgo, M.A. Pedrosa, L. García, A.Ware
Phys. Rev. E 70, (2004) 067402
“On the nature of transport in fusion plasmas" in "Magnetic Fields and Star Formation"
C. Hidalgo
Astrophysics and Space Science 292 (2004) 681. (Kluwer Academic Publishers)
Edited by A. I. Gómez de Castro, M. Heyer, et al.
14th IEA Workshop on Radiation Effects in Ceramic Insulators
E.R. Hodgson
CIEMAT Report: EUR-CIEMAT 96 (2004)
The ITER project: The role of insulators
A. Ibarra, E.R. Hodgson
Nucl. Instrum. And Methods B 218 (2004) 29-35
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Irradiation Effects in Ceramics for Heating and Current Drive, and Diagnostic Systems
Deliverable 2.1: Report on radiation enhanced tritium diffusion in KU1 and KS-4V quartz glass
using ionizing radiation: optical and dielectric effects: Tritium diffusion in KU1 and KS-4V type
materials
A. Ibarra, M. León, P. Martín, A. Moroño, E.R. Hodgson, A. Climent-Font and A. Muñoz-Martín
TW4-TPDC-IRRCER Final report Dec 2004
Irradiation Effects in Ceramics for Heating and Current Drive, and Diagnostic Systems
Deliverable 8: Report on screening of large insulator materials for NBI: Electrical conductivity
and RIC for candidate NBI insulator materials
A. Ibarra, J. Molla, and E.R. Hodgson
TW4-TPDC-IRRCER Final report Dec 2004
Neutral beam injection in TJ-II
M. Liniers et al.
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Effects of ohmic current in the TJ-II stellarator
D. López-Bruna, F. Castejón, J. A. Romero, T. Estrada, J. A. Jiménez, E. Ascasíbar and the
TJ-II Team
Nuclear Fusion 44 (2004) 645-654
Transporte con ASTRA en TJ-II
D. López-Bruna, F. Castejón, J. M. Fontdecaba
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Electron cyclotron emission radiometer upgrade on the Joint European Torus (JET)
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J. Fessey, R. Prentice, C. Gowers and J.M. Chareau
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Elements of Power Plant Desing for Inertial Fusion Energy”.
G. Mank, S. Nakai, W. Meier, D. Hoffman, M. Tillack, E. Koresheva, J.M. Perlado (eds.)
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Simulations.
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Probabilistic finite-size transport models for fusion: anomalous transport and scaling laws
B.Ph. van Milligen, R. Sánchez, and B.A. Carreras
Physics of Plasmas 11, 5 (2004) 2272
Uphill transport and the probabilistic transport model
B.Ph. van Milligen, B.A. Carreras, and R. Sánchez
Physics of Plasmas 11, 8 (2004) 3787
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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.
Accepted for publication in Laser and Particle Beams (2004).
Radiation effects on the dielectric properties of fused silica
J.Molla, A.Ibarra
Nucl.Instrum.&Methods in Phys. Res. B 218(2004) 189-193
Irradiation Effects in Ceramics for Heating and Current Drive, and Diagnostic Systems
Deliverable 1: Report on radiation enhanced tritium diffusion in CVD-diamond using ionizing
irradiation: analysis of optical and dielectric effect: Tritium diffusion in diamond
J. Mollá
TW4-TPDC-IRRCER Final report Dec 2004
KU1 and KS-4V Quartz Glass Lenses for Remote Handling and Diagnostic Optical Transmission
Systems
A. Moroño, R. Vila and E.R. Hodgson
Journal of Nuclear Materials 329-333 (2004) 1438-1441.
Atomistic Simulations of Threshold Displacement Energies in SiO2.
F. Mota, M.J. Caturla, J.M. Perlado, E. Domínguez, A. Kubota
Journal of Nuclear Materials, vol. 329-333 (2004) 1190-1193
Irradiation effects in bolometer and constituting materials for ITER applications
M. Narui, M. Yamasaki, T. Shikama, T. Nishitani, R. Reichle, S. Yamamoto, E.R. Hodgson
J. Nucl. Mater. 239 (2004)
Confinement Characteristics of ECH plasmas in Heliotron J
T.Obiki, T. Mizuuchi, …………, V. Tribaldos and F.L. Tabarés
Nuclear Fusion 44 (2004) 47-55
Interplay between parallel and perpendicular sheared flows and fluctuations in the plasma
boundary region of the TJ-II stellarator
M. A. Pedrosa, C. Hidalgo, A. López-Fraguas et al.,
Plasma Phys. Control. Fusion 46 (2004) 221-231
Experimental evidence of coupling between sheared flows development and turbulence in
the TJ-II stellarator
M.A. Pedrosa, C. Hidalgo, E. Calderón, T. Estrada, A. Fernández, J. Herranz, I. Pastor, and
the TJ-II team
Stellarator News 94 (2004) 4-5
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Type-I ELM precursor modes in JET.
C. P. Pérez, H. R. Koswlowski, G.T.A. Huysmans, T. C. Hender, P. Smeulders, B. Alper,
E. de la Luna, R. J. Hastie, L. Meneses, M.F.F. Nave, V. Parail, M. Zerbini and JET-EFDA
contributors.
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Assesment of Structural and Silica Materials Under Irradiation in Inertial Fusion Reactors:
Comparison of Multiscale Modeling and Miscroscopy
J.M. Perlado, M.J. Caturla, L. Colombo, T.D. de la Rubia, E. Domínguez, D. Lodi, J. Marian,
F. Mota, M. Salvador
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Simulation of X-Ray Irradiation on Optics and Chamber Wall Materials for Inertial Fusion
Energy
S. Reyes, J.F. Latkowski, R.P. Abbott, W. Stein
in Inertial Fusion Sciences and Applications 2003. B.A. Hammel, D.D. Meyerhofer, J. Meyerter-Vehn, H. Azechi (Eds.), pp. 825-829. American Nuclear Society Inc. (2004). ISBN 089448-686-1.
Safety Issues of Beryllium Use in IFE Power Plants
S. Reyes, L.C. Cadwallader, J.F. Latkowski, J. Gómez del Río, J. Sanz
in Proceedings of 20th IEEE/NPSS Symposium on Fusion Engineering (SOFE). Published by
Institute of Electrical and Electronics Engineers (2004).
A Comparative Study of Photoionization Cross Sections by Using Several Atomic Models
R. Rodríguez, J.M. Gil, E. Mínguez, J.G. Rubiano, R. Florido, P. Martel, P. Sauvan
in Inertial Fusion Sciences and Applications 2003. B.A. Hammel, D.D. Meyerhofer, J. Meyerter-Vehn, H. Azechi (Eds.), pp. 997-1001. American Nuclear Society Inc. (2004). ISBN 089448-686-1.
Preparation and characterization of pixelated phosphor screens for high-resolution linear
imaging in the VUV and X-ray ranges
L. Rodriguez-Barquero, B. Zurro, P. Martín, K. J. McCarthy, and A. Baciero
Rev. Sci. Instrum. 75 (2004) 3998-4000
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Calculation of the Radiative Opacity of Laser-Produced Plasmas using a RelativisticScreened Hydrogenic Model.
J.G. Rubiano, R. Florido, R. Rodríguez, E. Mínguez et al.
Journal of Quantitative Spectroscopy & Radiative Transfer 83 (2): 159-182 (January 2004).
Real time data acquisition and processing platform for fusion experiments with remote
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M. Ruiz, E. Barrera, S. López, J. Vega, E. Sánchez, D. Machón, A. Marqueta.
Fusion Eng. Des. 71 (2004) 135-140
A distributed real time data processing architecture for the TJ-II data acquisition system.
M. Ruiz, S. López, E. Barrera, J. Vega, E. Sánchez.
Rev. Sci. Instrum. 75 (2004) 4261-4264
Dimensionless pedestal identity experiments in JT-60U and JET in ELMy H-mode plasmas
G. Saibene, T. Hatae, D.J. Campbell, J.C. Cordey, E. de la Luna, K. Guenther, Y. Hamada
et. al.
Plasma Phys. and Control. Fusion 46 (2004) A195-A205
Defect Energetic of SiC using a New Tight Binding Molecular Dynamics Model.
M. Salvador, J.M. Perlado, L. Colombo, A. Mattoni, F. Bernardini, P. Alippi
Journal of Nuclear Materials, 329-333 (2004) 1219-1222
Autonomous acquisition systems for TJ-II: controlling instrumentation with a 4th
Generation Language.
E. Sánchez, A. Portas, J. Vega, J. M. Agudo, K. J. McCarthy, M. Ruiz, E. Barrera, S.
López.
Fusion Eng. Des. 71 (2004) 123-127
High Resolution CO2 Interferometry on the TJ-II Stellarator by using an ADC-based Phase
Meter
M. Sánchez, J. Sánchez, T. Estrada, P. Acedo, H. Lamela and E. Sánchez
Rev. Sci. Intrum. 75 (2004) 3414-3416
Irradiation Effects in Ceramics for Heating and Current Drive, and Diagnostic Systems
Deliverable 2.2: Report on radiation enhanced tritium diffusion in KU1 and KS-4V quartz glass
using ionizing radiation: diffusion-permeation effects:
Development of an experimental set-up for the measurement of H-isotope transport properties
under ionizing radiation. Preliminary tests & first results
L. Sedano, A. Moroño, and E.R. Hodgson
TW4-TPDC-IRRCER Final report Dec 2004
Monitoring Alfvén cascades with interferometry on the JET tokamak.
S.E. Sharapov, B. Alper, J. Fessey, N.C.Hawkes, N. Young,..., E. de la Luna, ..., et al.,
Phys. Rev. Lett. 93 (2004) 165001
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Criticality of the Grad-Shafranov equation: transport barriers and fragile equilibria.
Emilia R. Solano
Plasma Phys. Control. Fusion 46 (2004) L7-L13
Separatrix Instabilities and ELMs
Emilia R. Solano and F. Villone
EFDA-C(04)03/52
http://www.iop.org/Jet/article/?EFDC040352
ELMs and strike point jumps
Emilia R. Solano, S. Jachmich, F. Villone et al.
EFDA–JET–CP(04)02-24
http://www.iop.org/Jet/fulltext/EFDC040224.PDF
ELMs, strike point jumps and SOL currents
Emilia R. Solano, S. Jachmich, F. Villone, N. Hawkes, Y. Corre, A. Loarte, R.A. Pitts, K.
Guenther, A. Korotkov, M. Stamp, P. Andrew, J. Conboy, A. Cenedese, M. Kempenaars,
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Guest editors of the special edition: R Dendy, J-L Dorier, J Meyer-ter-Vehn, P Norreys and
E R Solano
Mass spectrometric studies of the mechanism of film inhibition in hydrogen/methane
plasmas in the presence of nitrogen.
F.L. Tabarés, D. Tafalla, I. Tanarro, V. Herrero and A. Islyaikin
Vacuum 73 (2004) 161
Plasma Processing Techniques for Tritium Inventory Control in Fusion Research.
F.L.Tabarés, V. Rohde and the AUG Team
Plasma Phys.Control.Fusion 46 (2004) B381-B395
Materials design data for reduced activation martensitic steel type
A-A. F. Tavassoli, A. Alamo, L. Bedel, L. Forest , J.M. Gentzbittel, J-W. Rensman, A.M. Lancha,
P. Fernández et al.
Journal of Nuclear Materials. 329-333 (2004) 257.
A distributed synchronization system for the TJ-II local area network.
J. Vega, E. Sánchez, A. Portas, M. Ochando, A. Mollinedo, J. Muñoz, M. Ruiz, E. Barrera,
S. López.
Fusion Eng. Des. 71 (2004) 117-121
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A multi-tier approach for data acquisition programming in the TJ-II remote
participation system.
J. Vega, E. Sánchez, A. Portas, M. Ruiz, E. Barrera, S. López.
Rev. Sci. Instrum. 75 (2004) 4251-4253
The Role of Organically Bound Tritium After Ingestion in Normal and Accidental Scenarios
Caused by Releases from Inertial Fusion Reactors
M. Velarde, J.M. Perlado, L. Sedano
in Inertial Fusion Sciences and Applications 2003. B.A. Hammel, D.D. Meyerhofer, J. Meyerter-Vehn, H. Azechi (Eds.), pp. 842-845. American Nuclear Society Inc. (2004). ISBN 089448-686-1.
Target Ignition by Jet Interaction
P. Velarde, F. Ogando, S. Eliezer, M. Saule
in Inertial Fusion Sciences and Applications 2003. B.A. Hammel, D.D. Meyerhofer, J. Meyerter-Vehn, H. Azechi (Eds.), pp. 88-91. American Nuclear Society Inc. (2004). ISBN 0-89448686-1.
Radiation Transport in AMR
P. Velarde, F. Ogando
in Lecture Notes in Computational Science and Engineering, vol. 41. Plewa, T.; Linde, T. and
Weirs, V.G. (Editors) (Springer Verlag, 2004). ISBN 3-540-21147-0.
RIEMF in MgO and Al2O3 insulated MI cable ITER magnetic diagnostic coils
R.Vila, E.R. Hodgson
J.Nucl. Mat. 329-333 (2004) 1524-1528
The Role of C-Impurities in Alumina Dielectrics
R.Vila, M.González, M.T.Hernández, and J.Mollá,
Journal of the European Ceramic Society, Vol.24/6 (2004) 1513-1516
Irradiation Effects in Ceramics for Heating and Current Drive, and Diagnostic Systems
Deliverable 5: Report on thermally generated voltage/current for selected MI cable coils
R. Vila and E.R. Hodgson
TW4-TPDC-IRRCER Final report Dec 2004
Confinement study based on an extended international stellarator database: An interim
report
H. Yamada, J. H. Harris, A. Dinklage, E. Ascasíbar, F. Sano, S. Okamura, J. Talmadge, U.
Stroth
Stellarator News 92 (2004) 6-8
Configuration Effect on Energy Confinement and Local Transport in LHD and
Contribution to the International Stellarator Database
H.Yamada, K.Ida, S.Murakami, K.Y.Watanabe, E.Ascasíbar et al.
Fusion Science and Technology 46 (2004) 82-90
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A method to deduce local impurity transport quantities from the evolution of
tomographycally reconstructed bolometer signals during tracer injection at TJ-II
B. Zurro, M.A. Ochando, A. Baciero, R. Dux, K. J. McCarthy, F. Medina, A. LópezSánchez, D. Rapisarda, A. Fernández, I. Pastor, J. Herranz
Rev. Sci. Instrum. 75 (2004) 4231-4233
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IX.2 Conferences and workshops
Workshop on Quasi-optical Control of Intense Microwave Transmission, Nizhny
Novgorod, Russia, 17 - 20 February 2004
Quasi-optical transmission lines at CIEMAT and GPI
A.Fernández, K.Likin, K.Sarksian, G.Batanov, R. Martín
Joint Meeting of US Japan Workshop and Kyoto University 21st COE Symposium on
“New approach in plasma confinement experiment in Helical systems”, Kyoto, Japan,
2-4 March 2004
http://www.center.iae.kyoto-u.ac.jp/plasma/usj04/index.html
First experiments in Neutral Beam Heated Plasmas in the TJ-II stellarator
M. Liniers and the TJ-II team
15th Topical Conference on High-Temperature Plasma Diagnostics, San Diego,
California USA, 19-22 April 2004
http://fusion.gat.com/conferences/htpd2004/
1. Improvement of the electron temperature profile on JET measured by ECE.
P. Blanchard, E. de la Luna, C. Gowers and JET-EFDA contributors.
2. 2D Full-Wave Code for Reflectometry Simulations in TJ-II
E. Blanco, S. Heuraux, T. Estrada, J. Sánchez and L. Cupido
3. On the influence of probe presheath on the measurement of fluctuation and ExB turbulent
transport by Langmuir probes
E. Calderón, C. Hidalgo, M.A. Pedrosa, C. Silva
4. Frequency Hopping MMW Reflectometer
L. Cupido, J. Sánchez, T. Estrada, L. Meneses, E. Blanco, M.E. Manso and F. Serra
5. TJ-II Waveforms Analysis with Wavelets and Support Vector Machines.
S. Dormido-Canto, G. Farias, R. Dormido, J. Vega, J. Sánchez, M. Santos, and the TJ-II
Team.
6. Multipulse Supersonic Beam Diagnostic in the TJ-II Stellarator
A. Hidalgo, D. Tafalla, B. Branas and F.L.Tabarés
7. Electron cyclotron emission radiometer upgrade on the JET tokamak.
E. de la Luna, G. Conway, J. Fessey, R. Prentice, D.V. Bartlett, J. M. Chareau, C. Gowers,
J. Sánchez, W. Suttrop, V, Tribaldos and JET-EFDA contributors.
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8. The neutral beam diagnostic injector and associated diagnostic systemsfor the TJ-II
stellarator device
K. McCarthy et al.
9. Preparation and characterization of pixelated phosphor screens for high-resolution
linear imaging in the VUV and X-ray ranges
L. Rodriguez-Barquero, B. Zurro, P. Martín, K. J. McCarthy, and A. Baciero
10. A distributed real time data processing architecture for the TJ-II data acquisition
system.
M. Ruiz, S. López, E. Barrera, J. Vega, E. Sánchez.
11. High Resolution CO2 Interferometry on the TJ-II Stellarator by using an ADC-based
Phase Meter
J. Sánchez, M. Sánchez, T. Estrada, P. Acedo, H. Lamela and E. Sánchez
12. A multi-tier approach for data acquisition programming in the TJ-II remote
participation system.
J. Vega, E. Sánchez, A. Portas, M. Ruiz, E. Barrera, S. López.
13. A method to deduce local impurity transport quantities from the evolution of
tomographycally reconstructed bolometer signals during tracer injection at TJ-II
B. Zurro, M.A. Ochando, A. Baciero, R. Dux, K. J. McCarthy, F. Medina, A. LópezSánchez, D. Rapisarda, A. Fernández, I. Pastor, J. Herranz
13th Joint Workshop on Electron Cyclotron Emission and Electron Cyclotron
Resonance Heating, Nizhny Novgorod, Russia, May 17-20, 2004
http://www.ec13.iapras.ru/on-line-papers.htm
1. Effect of TJ-II complexity on efficiency of Electron Bernstein Waves heating
F. Castejón, A Cappa, et al.
2. Electron Bernstein waves heating for TJ-II stellarator
A.Fernández, K.A.Sarksyan, F.Castejón, A.Cappa, M.A.Tereshchenko, N.V.Matveev,
J.Doane, C.Moeller, N.K.Kharckev, J.Doncel
3. Modulation of Microwave by Influence of Weak Reflected Power
L.Kolik, G.Batanov, N.Kharchev, A.Pshenichnikov, K.Sarksyan, M.Petelin,
Yu.Novozhilova, A.Fernandez, R.Martin
4. Recent developments of ECE diagnostics at JET
E. de la Luna, M. Zerbini, J. Fessey, P. Blanchard, A. Bruschi, C. Cientoli, G. Conway, R.
Felton, C. Gowers, E. Joffrin, D.Mazon, A. Murari, S. Novak, R. Prentice, M. Riva, A.
Simonnetto, C. Sozzi, J. Sánchez, W. Suttrop, and JET-EFDA contributors..
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International Workshop on Hydrogen isotopes in Fusion Reactor Materials, Sebasco,
Maine (USA), 20-21 May 2004
http://www.psfc.mit.edu/psi16/satellite_workshop.html
Initial results on carbon film removal by thermoxidation in low pressure nitrogen oxides
D. Tafalla and F.L.Tabarés
16th International Conference on Plasma Surface Interactions in Controlled Fusion
Devices (PSI 16) Portland, Maine (USA), 24-28 May 2004
http://www.psfc.mit.edu/psi16/
1. Fuelling efficiency of hydrocarbons in TJ-II plasmas
I. García Cortés, F.L. Tabarés, D.Tafalla, et al
2. Statistical description of the radial structure of turbulence in the JET plasma boundary region
B. Gonçalves, C. Hidalgo, C. Silva, M.A. Pedrosa, K. Erents, G. Matthews
3. ELMs and strike point jumps
Emilia R. Solano, S. Jachmich, F. Villone et al.
4. On the energy transfer between flows and turbulence in the plasma boundary of fusion devices
E. Sánchez, C. Hidalgo, B. Gonçalves, C. Silva, M.A. Pedrosa, M. Hron, and K. Erents
5. Determination of the particle and energy fluxes in the JET far SOL during ELMs using the
reciprocating probe diagnostic
C. Silva, B. Gonçalves, C. Hidalgo, K. Erents, A. Loarte, G. Matthews, M.A. Pedrosa
6. Studies of a-C:D film inhibition by Nitrogen Injection in Laboratory Plasmas and
Divertors.
F.L. Tabarés, D. Tafalla et al
Coordinating Committee for Neutral Beams (CCNB) 1/04 Meeting, DCU Dublin,
Ireland, 8-9 June 2004
http://efdasql.ipp.mpg.de/ccnb/ccnbindex.xls
Status of the Neutral Beam Injection into TJ-II
M. Liniers
16th International Vacuum Conference, Venice, June 2004
http://www.ivc16.org/
Kinetics of hydrogenated carbon film removal by low pressure oxidation for tritium control
in fusion devices
D. Tafalla and F.L.Tabarés
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Electroceramics IX-2004, Cherburg (France) June 2004
Ti-Doped Corundum Policrystals: Dielectric and optical Behaviour versus the Synthesis Procedure
R. Vila, T. Hernández, P. Martín, J.Mollá.
VIII Congreso Nacional de Materiales, Valencia (Spain) 15-17 June 2004
Aspectos microestructurales y eléctricos de la incorporación de carbono en Al2O3 policristalino
R. Román, M. González, M.T. Hernández
31th European Conference on Controlled Fusion and Plasma Physics. London, 28 June-2 July
2004
http://www.fusion.org.uk/eps2004/
ISBN 2-914771-22-3
1. On the link between intermittent turbulent transport and non-exponential profiles in the plasma
boundary of the TJ-II stellarator
E. Calderón, M.A. Pedrosa, P. Balan, C. Hidalgo et al.
2. EBW launching optimisation in TJ-II
A.Cappa, F.Castejón, A.Fernández, K.A.Sarksyan, M.A.Tereshchenko, N.K.Kharckev
3. Estimation of positive radial electric field created by ECRH-pump out in magnetic confinement
device
F. Castejón and S. Eguilior
4. On the influence of magnetic topology on transport and radial electric fiels in the TJ-II
stellarator
F. Castejón. M. Ochando et al.
5. The Scaling of the Energy Confinement in JET ELMy H-Modes with the Dimensionless
Physics Parameters
J. G. Cordey, D. C. McDonald, I. Voitsekhovitch, M de Baar, E. de la Luna, P. de Vries, G.
Maddison, P.J. Lomas, J. Snipes, J. Stober and contributors to the EFDA-JET
workprogramme
6. Benchmarking of electron heat difussion models in TJ-II plasmas
J. Dies, F. Castejón et al.
7. Trace-Tritium Measurement of Magnetic Island Effect on Particle Confinement
T C Hender, R J Buttery, E de la Luna, J S Ferreira, D F Howell, D C McDonald, M F F
Nave, J D Strachan, A D Whiteford, K-D Zastrow and JET EFDA contributors
8. On the momentum re-distribution via turbulence in fusion plasmas
C. Hidalgo, B. Gonçalves, M.A. Pedrosa et al.
9. Radial electric fields and confinement in the TJ-II stellarator
L.I. Krupnik, A. Alonso et al.
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10. First experiments in NBI Heated Plasmas in the TJ-II stellarator
M. Liniers, C. Alejaldre et al.
11. Propagating turbulence bursts and preferred location for transport barriers
D. López-Bruna
12. Evolution of rotational transform in ECRH discharges with induced current in TJ-II
D. López-Bruna, F. Castejón et al.
13. Tritium fuelling of JET plasmas with internal transport barriers
J. Mailloux, C.D. Challis, M. Adams, B. Alper, Yu. Baranov, …, E. de la Luna, … et al.
14. Simultaneous real-time control of the current and pressure profile in JET experiments
and modelling.
D. Mazon, A. Murari, M. Ariola, L. Laborde, D. Moreau, …, E. de la Luna, …, et al.

15. Electron distribution function and radial electric fields in the TJ-II stellarator
F. Medina, M. A. Ochando, M.A. Pedrosa,
16. Probabilistic transport models for fusion
B. Ph. van Milligen, B. A. Carreras et al.
17. Direct experimental evidence of coupling between sheared flows development and increasing in
level of turbulence in the TJ-II stellarator
M.A. Pedrosa, C. Hidalgo et al.
18. Low Activation Materials and Tritium Effects in Inertial Fusion Reactors:. Assessment
and Strategy for Adequate Irradiation
J.M. Perlado, C. Arévalo, O. Cabellos, M.J. Caturla, E. Domínguez, D. Lodi, J. Marian, E.
Martínez, F. Mota, M. Salvador, J. Sanz, M. Velarde, G. Velarde
19. Toroidal rotation of protons and impurities in the TJ-II stellarator: ECRH heating
versus unbalanced NBI
D. Rapisarda, B. Zurro, A. Baciero, K. J. McCarthy, C. Fuentes, M. Liniers, J. Guasp and
V. Tribaldos
20. Study of TJ-II configurations with net toroidal current using the PIES code
A. Salas, J. A. Jiménez et al.
21. Separatrix instability and ELMs
Emilia R. Solano and F. Villone
22. Plasma Processing Techniques for Tritium Inventory Control in Fusion Research
(Invited talk)
F.L.Tabarés, V. Rohde and the AUG Team
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23. Study on Energy Confinement Time of Net-Current Free Tor oidal Plasmas Based on
Extended International Stellar ator Database
H.Yamada, J.H.Harris, A.Dinklage, E.Ascasibar, F.Sano, S.Okamura, J.Talmadge, U.Stroth
24. Probing the Influence of the Power Deposition Profile on Impurity Transport by
Injecting Silicon into the TJ-II Stellarator
B. Zurro, M. A. Ochando, A. Baciero, R. Dux, A. Fernández, A. Cappa , V. Tribaldos, K. J.
McCarthy, F. Medina, A. López-Sánchez, D. Jiménez, D. Rapisarda, I. Pastor, J. Herranz,
and TJ-II Team.
15th Int. Conf. on Defects in Insulating Materials (ICDIM-2004) July 11-16 Riga (Latvia)
Optical Absorption and Luminescence in neutron irradiated fused silica
P. Martín, M. León, A. Ibarra
NATO Int. School on Radiation Effects in Solids, July 17-29, 2004, Erice (Italy)
Neutron irradiation effects in the optical properties of SiO2
M. León, P. Martín, A. Ibarra
TRITIUM 2004 Baden-Baden September 2004
H- isotope solubility in Sn-Li alloys: a theoretical calculation from thermodynamic data
L. Sedano
23rd Symposium on Fusion Technology (SOFT-23), 20-24 September 2004, Venice,
Italy
http://soft2004.igi.cnr.it/conference_program.html
1. Conceptual design of the blanket attachment for the helium-cooled lithium-lead reactor
G. Barrera, B.Brañas, J.Doncel, A. García, L Giancarli, A. Ibarra, D Maisonnier, M.
Medrano
P1T-I-368
http://soft2004.igi.cnr.it/book/book_abstracts.pdf (pág. 413)
2. Status of the TJ-II Electron Bernstein Waves heating project
A.Fernández, K.Sarksyan, A.Cappa, F.Castejón, N.Matveev, A.García, M.Medrano,
J.Doane, C.Moeller, J.Doncel, A.Pardo, M.Tereshchenko, N.Kharckev, A.Tolkachev
P3T-B-267
http://soft2004.igi.cnr.it/book/book_abstracts.pdf (pág. 69)
3. Creep strength of reduced activation ferritic/martensitic steel Eurofer’97
P. Fernández, A.M. Lancha, J. Lapeña, R. Lindau, M. Rieth and M. Schirra.
4. Optical and Electrical Degradation of Hydrogen Implanted KS-4V Quartz Glass
S.M. González, A. Moroño, and E.R. Hodgson.
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5. Neutral beam injection optimization at TJ-II
C. Fuentes, M. Liniers, G. Wolfers , J. Alonso, G. Marcon , R. Carrasco, J. Guasp, M.
Acedo, E. Sánchez, M. Medrano, A. García, J. Doncel, C. Alejaldre, C.C. Tsai, G. Barber,
D. Sparks
P3T-B-385
http://soft2004.igi.cnr.it/book/book_abstracts.pdf (pág. 88)
6. Irradiation Tests on Water Hydraulic Polymer Components
T. Hernandez and E.R. Hodgson.
7. Radiation enhanced degradation of SiO overcoated aluminium mirrors
T. Hernandez, A. Moroño, and E.R. Hodgson
8. Radiation Induced Conductivity and Surface Electrical Degradation of Plasma Sprayed Spinel
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Aspectos Críticos en las Barreras de Trasnporte
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Escuela Técnica Superior de Ingenieros Industriales
Universidad Politécnica de Madrid

3 December 2004

"Turbulent transport and plasma flow in Reversed Field Pinch
plasmas"
Vanni Antoni
Istituto Gas Ionizzati CNR

IX.25

