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F
usion research is undertaken all over the
world with the objective of realising an
environmentally responsible source of
energy with essentially unlimited and
widely distributed fuel reserves. The

results of the worldwide efforts made in recent
years are now embodied in ITER, the
International Thermonuclear Experimental
Reactor, designed to produce at least 500 MW of
fusion power with a power gain of ten. ITER will
test for the first time the integration of fusion
plasma physics with  power station technology. 

The year 2004 was mainly characterised by the
expectation of the decision on the ITER site by
the six parties - the European Union, Japan, the
Russian Federation, the United States, the
People’s Republic of China and South Korea.
After eighteen months of negotiations, in June
2005 it was finally agreed that ITER will be built at

the European site of Cadarache, in France. Starting from 2006, the ITER Organisation will
be established; it will include the Central Team, located on the construction site, and the
Domestic Agencies, which will act as the interface between the project and the national
industries and be responsible for the supply of in-kind contributions to ITER. The
construction phase could last about ten years and ITER could be operational in 2015. At the
same time, other important projects for fusion development will be carried forward in the
international framework, in the so-called “broader approach”. The International Fusion
Materials Irradiation Facility (IFMIF) for extensive testing of materials in power plant
conditions is also an important part of the fusion effort.

In this international framework, during 2004 ENEA’s Fusion Technical and Scientific Unit
obtained important results in several key areas. At the Frascati Tokamak Upgrade the lower
hybrid microwave system was fully exploited to study the generation and control of the
plasma current, and the electron cyclotron heating system reached full power (1.5 MW).
With the simultaneous injection of the two waves, good energy confinement regimes with
internal transport barriers were obtained at the highest plasma densities ever achieved.
Advanced scenario regimes were also addressed in ENEA’s activities at JET. The
engineering design of the IGNITOR machine was finalised, and significant progress was
made in understanding the plasma physics regimes. Among the technology activities, the
qualification of the deposition process of a copper liner on carbon fibre composite (CFC)
hollow tiles may be mentioned as the most important achievement. This innovative
“pre–brazed casting” process is a competitive candidate for the fabrication of the CFC-
based ITER divertor components. ENEA participated in the European activity for the
definition and production on an industrial scale of an advanced Nb3Sn strand for the ITER
superconducting central solenoid and toroidal field coils. Contributions were also made to
the design of the final conductor layout and the characterisation tests. Inertial fusion studies
continued along the previous lines, namely, the study of the implosion dynamics of targets
in different conditions in the ABC laser and the development of a diode sub-array as a
pumping system. 

Although this Progress Report covers only the work carried out by the Fusion Technical and
Scientific Unit in 2004, it should be mentioned that ENEA is responsible for programming
and managing all the fusion activities carried out in Italian laboratories (Reversed Field



Experiment Consortium, Padua; Institute of Plasma Physics of the National Research
Council, Milan; Turin Polytechnic; CREATE Consortium; Catania University; Rome Tor
Vergata University) in the framework of the Euratom-ENEA Association Agreement and is
also responsible for coordinating the Italian participation in joint European undertakings and
international collaborations. Overall, the activities involve around 500 person-years and
account for about 20% of the entire volume of the European Fusion Programme, making
Italy, together with France, second only to Germany. 

In addition to the fusion-oriented activities, the Unit also works in the field of robotics for a
wider range of applications. Particularly worth mentioning is the continuation of the TECSIS
project, which concerns the use of innovative technologies (telepresence, autonomous
control and advanced sensing) for the conservation of the cultural and archaeological
heritage in the southern part of Italy. 

Research at ENEA benefited greatly from an increasing range of collaborations with groups
from Italian and foreign universities and laboratories. More than about 20 fellows and
students  were hosted at the Frascati Fusion laboratories. Throughout 2004, relations with
industry were strengthened, also in view of starting the construction of ITER. Eight new
patents stemming from fusion technologies were granted in the year, and several
commercial activities were undertaken, related to the supply of services and products
resulting from the competence generated by the research programmes.

Maurizio Samuelli

Frascati, December 2005
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1. Magnetic 

The Frascati Tokamak Upgrade (FTU) is a compact, high-magnetic-field tokamak capable of operating at
density and magnetic field values similar to - or even encompassing - those of the International
Thermonuclear Experimental Reactor (ITER) and therefore provides a unique opportunity to explore physics
issues that are directly relevant to ITER. 

During 2004 the experimental activities were focussed on fully exploiting the lower hybrid system (for
generating and controlling the plasma current) and the electron cyclotron heating system (joint experiment
with the Institute of Plasma Physics of the National Research Council, Milan). With all four gyrotrons in
operation, full electron cyclotron power was achieved up to a record level of 1.5 MW. By simultaneously
injecting lower hybrid waves, to tailor the plasma current radial profile, and electron cyclotron waves, to
heat the plasma centre, good confinement regimes with internal transport barriers were obtained at the
highest plasma density values ever achieved for this operation regime  (n≈1.5×1020m-3). Specific studies
were devoted to optimising the coupling of lower hybrid waves to the plasma (by real-time control of the
plasma position) and to generating current by electron cyclotron current drive. 

The new scanning CO2 interferometer (developed by the Reversed Field Experiment Consortium) for high
spatial and time resolution (1 cm/50 µs) density profile measurements was extensively used. The Thomson
scattering diagnostic was upgraded and enabled observation of scattered signals associated with the



Confinement

background plasma dynamics.

As for theoretical studies on the dynamics of turbulence in plasmas, the transition from Bohm-like scaling
to gyro-Bohm scaling of the local plasma diffusivity was demonstrated on the basis of a generalised four-
wave model (joint collaboration with Princeton Plasma Physics Laboratory and the University of California
at Irvine). The transition from weak to strong energetic particle transport above a certain threshold in the
energetic particle density in burning plasmas was further investigated by means of the hybrid
magnetohydrodynamic gyro-kinetic code developed at Frascati. 

The efforts devoted to the Joint European Torus (JET) campaign were limited to the first part of the year
because the machine was in shutdown for most of 2004. ENEA was responsible for the coordination of
Task Force S2 until the end of 2004 and was also in charge of the development of advanced scenarios for
ITER. Further progress was achieved in developing real-time control tools (the extreme shape controller
developed in collaboration with the CREATE Consortium [Universities of Naples, Cassino and Reggio
Calabria] and advanced modes of operation with dominant electron heating (ENEA/Commissariat à
l’Energie Atomique collaboration involving joint experimental activities on FTU, Tore Supra and JET).
Important results were obtained in exploiting gamma-ray spectroscopy for the measurement of fast-ion
distribution.
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1.2.1 FTU machine

Summary of machine operation. During 2004 the machine operated at the same high level (about 90%
of successful pulses) as it did in 2003.

Experimental activities started at the beginning of February, but had to be stopped after two weeks
because of a leak in the scattering window. As a consequence, the vacuum vessel had to be vented and
the conditioning procedures restarted. After three experimental days, activities were halted again in order
to install the CO2 interferometer.

Following the summer break, a two-month experimental campaign was devoted to achieving long-duration
electron transport barriers. The lower hybrid (LH) and electron cyclotron resonance (ECR) systems were
used simultaneously to heat the plasma and drive the current. The programme was successful.

Work on the control and data acquisition system included: 

• Implementation of a new module in the plasma position control system in order to minimise the
radiofrequency-lower hybrid power reflected by the FTU plasma.

• Completion and testing of a tool to simulate and generate new control modules by means of the
Simulink tool box of the Matlab application.

• Design and first implementation of a general restyling of the FTU plasma density and position control
system.

• Implementation of a three-node Andrew file system (AFS) cell by means of OpenSource software only:
this could be a first approach to study OpenSource systems for ITER and/or IGNITOR.

• Upgrading of the FTU archive from 1 to 3 TeraBytes by means of a new disk system in order to meet
the growing physics requests.

• Completion and testing of a Video Conference Server (Virtual Room Videoconferencing System [VRVS]
reflector) to allow participation in seminars or meetings from a desktop personal computer (PC), without
firewall restrictions.

During the reporting year, 1936 shots were successfully completed out of a total of 2172 performed over
89 experimental days. The average number of successful daily pulses was 21.75. Table 1.I reports the main
parameters used for evaluating the efficiency of the experimental sessions. The main source of downtime,
with a 26.5% share (fig. 1.1), was the time required to analyse experimental data. The indicator trend
(fig. 1.2) shows that the experimental days picked up slightly compared to 2003. The experimental time
indicator again shows a small decrease due, this time, to an increase in analysis time.
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Summary of machine maintenance. Maintenance of the FTU systems was carried out according to
schedule. At the end of June/October, the vacuum chamber was visually inspected. Only three old-type
tiles were found broken inside the chamber, so the new solution adopted for installing the tiles in the
support proved successful.  Some problems with thyristors at the beginning of the year were solved, and
more than 1000 shots were performed without any ruptures occurring.

New installations and changes. During the shutdown in the first part of the year, the new CO2
interferometer system for electron density measurements was installed and successfully tested. Compared
to the previous system, the new diagnostic enables measurements at higher density as well as a better
reconstruction of the density radial profile, with good space and time resolution. A new fast valve was
assembled on the lower hybrid antenna for coupling studies.

1. Magnetic Confinement
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Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec. Total

Total pulses 0 184 220 262 358 310 0 15 375 448 0 0 2172

Successful pulses (sp) 0 151 205 247 312 282 0 13 325 401 0 0 1936

I(sp) 0.82 0.93 0.94 0.87 0.91 0.87 0.87 0.90 0.89

Potential experimental days 0 14 11 11.5 15 14 1 1 17 17.5 0 0 102.0

Real experimental days 0 9 8 11.5 14 13 0 1 15 17.5 0 0 89.0

I(ed) 0.64 0.73 1.00 0.93 0.93 1.00 0.88 1.00 0.87

Experimental minutes 0 2683 3631 4787 6075 4875 0 192 6355 8286 0 0 36884

Delay minutes 0 2455 1418 2378 2787 2979 0 207 2764 2618 0 0 17606

I(et) 0.52 0.72 0.67 0.69 0.62 0.48 0.70 0.76 0.68

A(sp/d) 16.78 25.63 21.48 22.29 21.69 13.00 21.67 22.21 21.75

A(p/d) 20.44 27.50 22.78 25.57 23.85 15.00 25.00 24.62 24.40

Delay per system (minutes)

Jan. Feb. March April May June July Aug. Sept. Oct. Nov. Dec. Total %

Machine 0 393 48 95 423 161 0 0 217 91 0 0 1428 8.1

Power supplies 0 552 205 289 477 665 0 0 410 386 0 0 2984 16.9

Radiofrequency 0 13 217 474 220 634 0 0 143 310 0 0 2011 11.4

Control system 0 260 256 206 320 261 0 35 310 208 0 0 1856 10.5

DAS 0 204 5 183 55 23 0 24 237 182 0 0 913 5.2

Feedback 0 41 65 6 98 188 0 0 0 0 0 0 398 2.3

Network 0 0 0 0 0 92 0 0 401 0 0 0 493 2.8

Diagnostic system 0 498 176 283 185 189 0 54 157 276 0 0 1818 10.3

Analysis 0 247 441 623 2001 633 0 0 717 995 0 0 4657 26.5

Others 0 247 5 219 8 133 0 94 172 170 0 10 1048 6.0

TOTAL    2455 1418 2378 2787 2979 0 207 2764 2618 0 0 17606 100

Table 1.I – Summary of FTU operations in 2004



2004 Progress Report

Future activities. Experiments on FTU  with
a liquid lithium limiter in a capillary pore system
configuration. An innovative solution
proposed by Russian researchers at the
Institute for Innovation and Fusion Research,
Troitsk, Moscow [1.1] will be employed to
investigate the use of liquid lithium as a
plasma-facing component for the divertor
target plates. The technique is based on the
fact that the surface tension forces in
capillary channels can compensate the jxB
forces induced in lithium. This type of
structure should have high stability and
resistance, along with the intrinsic property of
the plasma-facing surface to regenerate. The
capillary pore system (CPS) limiter is a matt
of stainless steel 304 wire mesh with pore
radius 15 mm and wire diameter 30 mm. The
liquid lithium flows inside these capillaries
from one side of the system, which is in
contact with a liquid lithium reservoir, to the
other side facing the plasma. The high
plasma densities (up to 3.2×1020 m-3), high
currents (up to 1.6 MA) and high magnetic
fields (up to 8 T) attainable on FTU make it an
ideal machine for carrying out the first tests
on the CPS configuration in an ITER-relevant
experiment. The liquid lithium limiter will
evaporate during a plasma discharge from a
thin-film wall coating by controlled
displacement of the last closed magnetic
surface. It will be possible to study important
physical and technological issues, such as
the wall conditioning efficiency of the lithium
film in reducing plasma contamination and
recycling, lithium accumulation and
distribution inside the plasma, stability and
resistance of the CPS in stationary regimes
and during plasma disruptions, liquid lithium

erosion in high-magnetic-field tokamak conditions and the reduction in the thermal load on the limiter
because of the high latent heat of lithium vaporisation. 

To optimise the system configuration and verify its feasibility on FTU, exhaustive calculations, developed
by ENEA in collaboration with L.T. Calcoli, were carried out and then implemented by the Troitsk Institute
together with the State Enterprise “Red Star” of Moscow in the framework of a contract to supply two
lithium limiters for FTU. Thermal stress analyses in stationary and transient conditions showed that the ITER
structural-criteria limits for all the materials are satisfied. Electromagnetic (em) calculations showed that
lithium is well confined in the CPS structure, also in the presence of hard disruptions (Ip=1.6 MA, BT=8 T),
and that the contribution of em forces to the total stresses is within the structural-criteria limits [1.2].
Following these positive results, a prototype of the lithium limiter was developed and successfully tested in
the laboratory, and the manufacture of two lithium limiter sets was started (figs. 1.3, 1.4). Installation and
first experimental tests on FTU are planned for the second half of 2005.
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1.2.2 Diagnostics

New scanning CO2 interferometer for density
measurements [1.3]. This diagnostic was developed
by the Reversed Field Experiment (RFX) Consortium,
assembled and tested under a collaboration between
FTU and RFX, and installed in FTU at the end of 2003.
This is the first scanning interferometer ever used in a
tokamak system.

A resonant tilting mirror placed at the focus of a fixed
parabolic mirror is used to scan the laser beams within
the vertical port (fig 1.5). A CO2 laser (10 W, λ=10.6 µm)
is the main radiation source, while a CO laser (1 W,
λ=5.4 µm) serves to compensate for mechanical
vibrations. These wavelengths were chosen because of
the very high densities (of the order of 1021 m-3) reached
with multiple pellet injection. The CO2 and CO beams
are modulated by two Bragg cells at 40 and 30 MHz,
respectively, so that only one photoconductive detector,
instead of two, is needed to detect their interferometric
signals [1.4]. The two colour signals are separated
electronically. A full profile is scanned in 42 µs.

Two independent scanning beams, at a scanning frequency of 12 kHz, were initially used to cover the full
width of the FTU vertical port, providing 28-34 independent chords with a spatial resolution of about 1 cm.
Due to an obstruction in the vertical port, one beam had to be excluded because it was difficult to
reconstruct the correct phase crossing the obstruction. Three fixed chords are included in the apparatus.
One of the chords passes through the centre of the chamber and is used for plasma density feedback
control.

The scanning chord is shown schematically in figure 1.5. The CO and CO2 beams are split in two by the
Bragg cells and superimposed on an optical filter.  Two visible laser beams are also superimposed on the
infrared beams for alignment purposes.

One of the beams is deflected by the scanner and sent to the plasma by a parabolic mirror so that the
beam translates vertically in the plasma. The beams are reflected back to the scanner by a “roof-top” retro-
reflector made up of two rectangular flat mirrors forming a right angle.  The deflection is cancelled with a
second reflection on the tilting mirror. The scanning mirror has
to be positioned with particular care at the geometrical focus
of the parabolic mirror to ensure minimum variation in the
optical path and complete cancellation of the deflection.
Perfect alignment is obviously impossible and also the tilting
movement of the “roof-top” mirror anchored directly to the
tokamak flanges introduces a limit on alignment quality. The
beam is then recombined with the reference beam by a beam
splitter, and their interference is detected by a
photoconductive detector.

Data acquisition is based on a compact peripheral component
interconnect (PCI) crate controlled by a PC. Seven analog-
digital converter (ADC) cards (INCAA CP-TR32-5026), with
four channels at 3 MHz and 256 Mb memory on board, are
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used for acquisition. The fixed chords have an
acquisition rate of 200 kHz, the scanning
chords, 1.5 MHz, so 73 Mb are stored for
each tokamak pulse.

At present only remote monitoring of the
interferometer is possible, but remote control
of the complete interferometer is being
installed. The control system will be able to
read and set the laser power, check the signal
levels and optimise pre-amplifier gains, and
diagnose the status of components
(temperature, water cooling flux, etc.). It will
also be possible to remotely perform fine
alignment of the beams. The superimposition
of the two colours can be controlled by means
of a set of purposely installed detectors and
mirrors.

The scanning-chord data can be processed
either as a single chord up to the density
calculation and then separated into
independent fixed chords, or separating the
raw data into low-frequency sampled signals
(the scanning frequency) to be processed as
fixed chords. Both methods have to be used
to get a good reconstruction of the density in
all the discharges.

During the two experimental campaigns of
2004, data were routinely produced in
different FTU scenarios. Plasmas with internal
transport barriers, obtained with lower hybrid
current drive (LHCD) and electron cyclotron
resonant heating (ECRH), and pellet enhanced
performance (PEP) regimes sustained by
multiple pellet injection were diagnosed. 
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A potential disadvantage is the non-simultaneity of the measurements because of the finite time scan. If
the plasma is steady state within the scan time, the problem can be neglected and an inversion of the line
integrated profile can be performed, assuming the density as a function of magnetic flux (Ψ), with the
Cormack technique [1.5]. Figure 1.6 shows the density evolution at selected chords.

Particular attention has been paid to analysing pellet fuelled discharges [1.6], in which very peaked profiles
are obtained. During the penetration of relatively slow pellets injected from the high-field side, the evolution
of the profiles can be followed (fig. 1.7) and,  as the penetration time is slower than the scan time, profile
inversion can  be carried out. Figure 1.8 reports the  3D  evolution of inverted density profiles during pellet
injection; figure 1.9 shows the effect of a sawtooth crash on the line-integrated profile after a pellet.

Neutron diagnostics update. The IDL programme for analysing FTU neutron data was completely
rewritten in order to obtain Abel inversion of neutron brightness data from the FTU neutron camera by using
flux coordinates. The programme now determines the ion temperature profiles derived from inverted
density and inverted neutron emission profiles. Analysis of
neutron camera data for a set of selected discharges
showed agreement within about 15% between the total
neutron yield measured by the neutron camera and that
measured by the neutron yield monitors (BF3 and  fission
chambers). 

1.2.3 Additional heating systems

ECRH system. The ECRH system (140 GHz, 1.6 MW for
0.5 s) was used at 75% of its maximum power level for the
entire 2004 campaign. Following the previous technical
failures, three gyrotrons, with an improved version of the
collector and cathode design, were tested and installed to
complete the system. With the four gyrotrons in operation
it was possible to achieve full power up to a record level of
1.5 MW coupled to the plasma (fig. 1.10), but a fault in a
filament heater caused the available power to drop to
1.2 MW for the rest of the campaign. A new passive
adaptation network inserted at the end of a high-voltage
cable increased the stability of operations, while a new
remote control procedure to allow tube conditioning on the
loads in between plasma pulses improved system reliability. 

1.3.1 Progress in high-density internal transport
barriers in FTU 

In 2004 the programme on internal transport barriers (ITBs)
was focussed on the formation and characteristics of steady
ITBs at high plasma density (ne). Unlike most tokamaks, FTU
simultaneously meets the essential ITER requirements of high
ne, dominant electron heating and negligible momentum
injection. Steady barriers up to central values
ne0>1.4×1020 m–3 are produced through LHCD and electron
cyclotron heating (ECH) only. The crucial questions examined
are whether the collisional electron-ion (e--i+) coupling, which
is of utmost importance in ITER, degrades the ITB quality by
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affecting the turbulence stabilisation mechanisms
producing electron ITBs (e-ITBs) and whether a
barrier on ion transport can even be built by
electron heating  methods. The latter issue is very
relevant for ITER because so far ion transport has
been depressed only when the plasma rotates.

Internal transport barriers are formed in FTU in a
large range of plasma parameters, namely, line-
averaged density 0.3≤ne≤1.1×1020 m-3, plasma
current 0.35≤Ip≤0.7 MA and toroidal magnetic field
5.2≤BT≤7.2 T [1.7]. The only requirement to be
satisfied is to drive enough current off-axis to
create a safety factor radial profile q(r) with a
central value 1<q0<2, followed by a shearless or
inverted shear region with qmin≈1.2-1.3. This
avoids harmful magnetohydrodynamic (MHD)
activity, such as double tearing modes at the q=2
surfaces or sawteeth. Mild m=1 activity is, instead,
often present in ITBs, with possible beneficial
effects against impurity accumulation. These q
profiles are quite similar to those typical of hybrid
regimes [1.8] and are even steadier, essentially
because they do not need any mechanisms to
prevent diffusion of the current, which is mostly
fixed by an external drive. Duration longer than
35τE (with τE the global energy confinement time)
and about 1.5τR/L (with τR/L the Ohmic current
relaxation time) has been achieved [1.9]. No
significant difference is observed in the
construction of such steady q profiles, whether
LHCD is applied during either the Ip plateau or the
ramp-up phase, mainly because various
constraints do not allow LH power to be injected
at the very beginning of the discharge, when the
actual q profile is very far from relaxed [1.9]. Both
LHCD and ECH are also the heating sources for
the bulk plasma.

As density increases, ECH offers valuable twofold
assistance to LHCD in sustaining proper q profiles.
Regardless of the toroidal injection angle, it
enhances the LHCD efficiency by increasing the
plasma temperature, whereas in the counter
electron cyclotron current drive (ECCD)
configuration it can provide a small but centrally
well localised counter current drive, leading to a
slightly reversed q profile suitable for an ITB. The
use of central ctrECCD was essential to build a
steady ITB at the highest density obtained so far in
FTU (fig. 1.11). Otherwise, a marginal ITB is
obtained if ECH is launched perpendicularly to BT,
or sawteeth reappear and an ITB is not built at all
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in a coECCD configuration. Figure 1.11 shows that an
almost full current drive (Vloop<0.2 V, Ohmic current
<20%, duration ≈15τE or ≈1τR/L) is sustained for the
whole duration of the ECH pulse at ne0 and Te0
exceeding 1.4×1020 m-3 and 5 keV, respectively. The
fusion neutron rate is ten times higher than it is in the
Ohmic phase for a central ion temperature increment
of more than 35%. However, the still long thermal
e––i+ equipartition time τei≈180 ms, with τE≈22 ms,
does not allow Ti to approach Te. The strength of the
barrier given by ρ*T=ρL,s/LT, where ρL,s is the Larmor
radius of the ions moving at sound velocity and
LT=Te/(dTe/dr), is > 0.02, well above the threshold
value of 0.014, and it remains constant, as do  all the
other ITB relevant features.  According to the hard
x rays perpendicularly emitted via Bremsstrahlung by
the LH-generated fast electrons, the q profile always
maintains a mildly reversed shape in the centre, with
q0>1.5 and qmin≈1.2. As shown in figure 1.12, no
variation in the Te profile, and hence in ρ*T, is
observed. Consequently, the ITB radius, i.e., where
ρ*T=0.014, remains fixed at rITB/a≈0.35 (a=plasma
minor radius), where qmin≈1.5 and the shear is quite
small. Weak MHD activity, m=3 n=2, is observed, which is consistent with a double tearing mode
developing at the two radii where q(r) crosses the value of 1.5. The ITB foot is very often located close to
where q has a simple rational value and the magnetic shear is quite low. This latter feature facilitates good
alignment of the bootstrap and driven currents in LH-generated ITBs. Indeed, the largest modification of
the shear occurs close to the radial LH deposition peak, and it is right there that the steep pressure
gradient originating the bootstrap current starts.  Ibs/Ip>30% has been achieved in FTU, against the target
of 50% required for ITER (Ibs/Ip ≥20% for the case of figure 1.11).

The first direct evidence of a change in the nature of the turbulence when an ITB is built was recently
obtained just in a high density case. Measurements with a two-channel fixed-frequency reflectometer show
a remarkable reduction both in the fluctuation and in the coherence power spectra when an ITB is built, as
pointed out by comparison with a non-ITB discharge (fig. 1.13). The two discharges are identical except
for the fact that the non-ITB discharge lacks ECH power. Since the reflection radius is located just at the
ITB foot, phenomena linked to reduced transport are observable in FTU even outside the ITB zone, in
disagreement with the DIII-D claims that turbulence is
stabilised only inside the ITB [1.10]. The reasons for such
observations are being examined. The 5° poloidal separation
between the two viewing chords corresponds to kθρi in the
range ≈0.2-0.3 (ρi=ion Larmor radius, kθ=poloidal wave
vector), which is a scale length at the boundary between the
ion temperature gradient and trapped electron modes. 

While the drop in electron heat conductivity in electron ITBs
has been well assessed [1.7], the drop in ion thermal diffusivity
to an almost neoclassical level (fig. 1.14) has only recently
been identified after obtaining reliable Ti profiles from the
neutron multicollimator, which have also been validated by
x–ray curved-crystal data. This confirms the early assumptions
about lower density and power [1.11] and accounts for the
global ion behaviour inside the ITB, i.e., the tenfold neutron
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rate increase and the stronger ion heating with respect to an Ohmic case with very similar density and e––i+
collisional coupling [1.9]. Particle transport in almost full current drive conditions [1.12] gives in turn good
expectations for peaked density profiles in ITER ITBs, where central particle fuelling is very problematic and
the Ware pinch mechanism will be very weak due to the low (or null) toroidal electric field. Indeed, in very
similar conditions the density profile in FTU maintains quite a high peaking factor. As shown in figure 1.15
(same discharge as in fig. 1.11), ne0/<ne> remains above 1.7, larger than the figure quoted (≈1.3) for other
devices, such as JET [1.13] or ASDEX Upgrade [1.14], for similar values of the adimensional collisionality
(ν*e≈0.2 at rITB).

The FTU results then indicate that operations close to ne and BT of ITER and electron-ion collisions do not
prevent ITBs from being achieved. The collisional heating of ions produces ∆Ti0/Ti0>35% and a tenfold
increase in the fusion neutron yield, with a drop in heat diffusivity to the neoclassical level and below the
Ohmic phase. A reduction in the fluctuation amplitude at the barrier radius is observed to be closely
correlated with the onset of the ITB, together with a decrease in coherence between two regions 5°
poloidally apart, which is consistent with a reduction in the turbulent spectrum in the medium-low kθ range.

1.3.2 ECRH experiments

Electron cyclotron current drive results. Preliminary ECCD experiments have been performed at
PEC=1.2 MW to establish the related database on FTU. For a complete first-pass absorption, the plasma
parameters were  0.5<n-e<0.6×1020m-3 and 3<Te<5 keV. A series of experiments with the toroidal injection
angle set at ±10°, ±20°, ±30° (off the radial direction) allowed a first assessment of the driven current in
discharges with Ip up to 400 kA and 2.5<Zeff <3.

The electron cyclotron driven current was calculated both through the plasma resistance (using neo-
classical resistivity) and from comparison of co- and counter-experiments, considering the difference in
∆Vloop. The resulting IECCD is given in figure 1.16, where results of the different techniques are compared
with theoretical calculations. The values of up to 15-20 kA (at the best angle of ±20°) obtained are in
agreement within ±10% with linear theory calculations
performed with the electron cyclotron wave Gaussian beam
(ECWGB) code, which is a satisfactory output for these very
first experiments at FTU [1.15].

Synergy experiments. Electron ITBs at high densities and
high magnetic field (Bt=7.2 T) have been produced using
synergy between electron cyclotron resonance frequency
(ECRF) and LHCD in the down-shifted resonance absorption
scheme. In these experiments the electron cyclotron wave can
be absorbed by the fast electron tail generated by LHCD
through the Doppler shift [1.16], even if the cold resonance
(B0=5 T) is outside the vacuum chamber. This effect has
already been documented for FTU [1.17]. In 2004 experiments
with ECRH were used to enhance the current drive generated
by lower hybrid waves. Almost full current drive was achieved
at Bt=7.2 T, Ip=0.5 MA and ne0=0.9×1020 m-3 with 1 MW of
LHCD and 1.1 MW of ECRF power, while the hard-x-ray (HXR)
signal from the fast electron (50-200 keV) Bremsstrahlung
(FEB) camera was doubled during ECRF application. As
shown in figure 1.17a, an ITB was triggered by electron
cyclotron suprathermal absorption during the ramp-up phase
of a 7.2T/0.8 MA pulse at a central density in excess of
ne0=1.0×1020m-3, as shown by the electron temperature
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profiles (fig.1.17b). The radial inverted HXR signals from the FEB camera are shown in figure 1.17c. When
ECRF is applied, spectra are substantially enhanced initially, but are subsequently reduced because of the
increase in density during the current ramp-up phase, which leads to a reduction in energetic electron
population. As a consequence, the less effective damping of the electron cyclotron waves reduces the
amount of non-inductive current drive and, hence, the ITB is lost, at least at the available power level of
these experiments. In effect, at t=0.36 s, the electron cyclotron power coupled to the fast electrons is
estimated to be about 50%, while when the density increases the coupled electron cyclotron power
decreases (by about 40%), the HXR spectrum is reduced and the ITB cannot be maintained. Higher power
would be necessary to maintain e-ITBs in these high-density/high-current plasmas.

Collective Thomson scattering (CTS) experiments. In 2004 significant technical and methodological
improvements were implemented on the 140-GHz CTS diagnostic experiment supporting the investigation
of anomalous spectra systematically detected in previous campaigns. A movable probe carrying a linear
array of sensors and purposely inserted in the plasma vessel allowed better control and good
reproducibility of beam alignment (scattering volume). Optimised rejection of the stray radiation was
achieved by the innovative procedure of finely matching the gyrotron frequency to the central frequency of
the notch-filter. A number of operations, including frequency matching, measurement of the gyrotron noise
spectrum, and accurate calibration of the 32-channel radiometer by ECE, were greatly facilitated by the
implementation of a remotely controlled synthesizer and a new multi-purpose front-end. 

Experiments with Prf=300 kW for 200 ms were performed during the ramp-up phase of high-performance
plasmas (B0=7.2 T, Ip=1.1 MA). The anomalous spectra, observed also in these shots, were definitely
ascribed to plasma-wave interaction.

Both a 1/f-like feature and a complex line structure can be distinguished in the observed spectra. Partially
overlapping but sufficiently well-resolved harmonics of the central ion cyclotron frequency (nfci0) for a
B0=7.2 T deuterium plasma (fci0=56 MHz) were observed up to n=7 in the lower half (50≤f≤500 MHz) of
the detection range where narrower channel widths allow higher resolution. For long enough interaction
times, the ion cyclotron lines decay and the spectra reduce to the smooth 1/f-like feature. A sensible
dependence on beam polarization was manifest in a reduced (±20°) polarization scan. While an exhaustive
analysis of these data will require time and effort, an attempt to define the underlying scenario is under way
to provide guidelines for the ongoing work. 

1.3.3 Lower hybrid  reflection coefficient control system

It is well known that the coupling conditions between a grill and a plasma depend mainly on the electronic
density and its decay length in the scrape-off layer (SOL). These quantities are complex functions of several
plasma and first-wall parameters. It can be shown by a simplified model of the plasma-SOL-antenna
system that, for any given density gradient in the SOL and launched spectrum, the reflection coefficient is
a convex function of the density in front of the antenna and then of its position inside the SOL.

Within this frame it is possible to envisage a control scheme based on real-time control of the position of
the last closed surface (LCS) in order to minimise the reflection coefficient. 

The problem of “search for a minimum” has been widely analysed, taking into account the theoretical and
numerical approach of the properly called extremum seeking method. By exploiting the convex shape of
the “transfer function”, the input  (the LCS position in the present case) of the system can be perturbed by
a “sinusoidal” signal. On the negative slope branch of the function, the output signal (the reflection
coefficient in this case) will be a sinusoid with opposite phase. On the other branch the sinusoid will be in
phase. The input and output signals are processed by a bandpass filter to enhance the driving frequency
and multiplied and processed by an integrator with saturation and gain control. The output will be the
correction signal to the reference (the reference of the LCS position). The scheme is summarised in
figure 1.18.
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In the second half of 2004 a
preliminary control system based on
Versa Module Eurocard (VME)
hardware architectures was
realised. A 16-channel analogue-
digital converter acquires the direct
and reflected lower hybrid power
measured by a subset of  eight
waveguides of the entire grill (48
waveguides, see fig. 1.19). A central
processing unit (CPU) deals with
data acquisition and the
computation of the reflection
coefficient. The datum is transferred
to the main control system of the
FTU experiments, which generates
the reference waveform that drives
the different coils and controls, in
particular, the external radius of the
LCS.

At this very early stage external
perturbative methods are not used.
A preliminary study on the quality of
the signals involved in the control
loop demonstrated that the current
of the relevant coil shows a set of
harmonics, the strongest being
about  50 to 60 Hz (a residual of
rectifier circuits). This “natural”
oscillation induces a sensible
oscillation of the external radius,
which can be used in the control
scheme. Figure 1.20 summarises
the results of a series of
experiments aimed at precise tuning
of the different feedback parameters
(bandpass frequency 20-100 Hz,
gain and saturation of the
integrator). In the figure the external radius of the LCS actually obtained is the violet waveform. The
correction saturates due to safety limits imposed on the values required from the control system. Reference
is made to shot #26725 because this was the first time a complete evolution in the control of the external
radius was recorded, that is, the control system reaches and exceeds the minimum of the convex function,
then correctly drives the inversion of the displacement. 

The system is now applied to one of the six lower hybrid launchers of FTU. The launchers are divided in
two groups, placed at different toroidal positions. In each group the three launchers are poloidally
distributed and rigidly connected. In future experiments it is hoped to establish what effect the poloidal
anisotropy of the coupling has on the remaining two grills by maintaining control on only one of the grills.
The second obvious step is to extend the control to the remaining systems and, in the case of incorrigible
poloidal anisotropy, to try and include in the control scheme the coil which is related to the vertical position
of the LCS.
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1.3.4 MHD studies

Slow sawtooth reconnection in the
hybrid advanced mode of operation. Fast
magnetic reconnection is commonly
observed during sawtooth collapses in
tokamaks. The reconnection time scale is
orders of magnitude faster than the resistive
time scale proposed by Kadomtsev, and
numerous theoretical studies have been
devoted to reconciling this discrepancy by
including electron inertia and compressibility
effects. 

On the other hand, very slow sawtooth
reconnection has been observed in recent
experiments on the hybrid regime at JET
[1.18]. The magnetic island formed by
reconnection grows exponentially with an e-
folding time of 90 ms (fig. 1.21), which is
longer than the Kadomtsev time (about 30
ms). The distinctive feature of these
experiments was the presence of a wide
central region with low magnetic shear and
qmin≈1. The q profile was tailored by adjusting
LHCD power and by properly timing the onset

of the main heating (neutral
beam injection plus ion
cyclotron resonance
heating). Slow pulsations of
magnetic activity with n=1
toroidal mode were
observed during the main
heating. Soft-x-ray and ECE
analysis demonstrated that
this activity is due to the
formation of a magnetic
island at the q=1 radius.
Central temperature slightly
decreased during each
pulsation, but no fast crash
was observed. The
observation of slow
reconnection in plasmas
with low magnetic shear, in
contrast to fast reconnection
in plasmas with higher shear
in the plasma core, indicates
that a threshold in magnetic
shear could be the critical
element for the onset of fast
magnetic reconnection. 
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Progress in the analysis of high-
frequency modes in FTU. A new
plasma phenomenon discovered on FTU
is the generation of high-frequency (HF)
oscillations by large magnetic islands
[1.19,1.20] with (-2, -1) poloidal and
toroidal mode numbers. The relevant
experimental observations can be
summarised as follows: 1) HF modes only
appear when the magnetic island reaches
a threshold amplitude. 2) HF mode
frequencies range from 30 to 70 kHz. 3)
HF modes form standing-wave structures
in the island rest frame (fig. 1.22). 4) HF
modes are observed in Ohmic plasmas in
which fast ions are absent.

The frequency range of HF modes is inside
the low-frequency gap introduced in the
shear Alfvén continuous spectrum by finite
beta effects, while the toroidicity-induced
gap is one order of magnitude higher. Since in these Ohmic plasmas there are no fast ions that can excite
Alfvén modes, the observed perturbations are likely to be due to the nonlinear excitation of shear-Alfvén
waves by the magnetic island. More precisely, it is conjectured that modes of the beta-induced Alfvén
eigenmode (BAE) branch are marginally stable in the case under investigation and can be nonlinearly
excited in the presence of a sufficiently large magnetic island. The lowest order BAE angular frequency can
be estimated by

i.e., by the accumulation point of the low-frequency gap introduced in the shear Alfvén continuous
spectrum because of finite beta. This frequency is an upper bound for the expected mode frequencies,
consistent with experimental observations; in fact, for deuterium ions with Ti=Te=0.5 keV, one has
ωBAE/2π≅63 kHz. Pairs of BAEs, with given helicity and
localised near the q=2 surface, can interact with the (-2,-1)
island via three-wave couplings and be nonlinearly excited
provided that the energy transfer rate from the island to the
BAEs be sufficient to overcome the linear mode damping,
thereby setting a threshold condition for the island amplitude.

For each BAE propagating in the electron diamagnetic
direction, the model predicts that there will be a twin BAE wave
propagating in the ion diamagnetic direction. These twin
waves will look like standing waves in the plasma rest frame,
the phase coherence being set by the common nonlinear
excitation mechanism, i.e., the (-2,-1) island. Detailed
theoretical work is under way; for the moment, it can be stated
that the present conjecture is in qualitative agreement with all
the relevant observations.

Helical equilibria. Helical distortions of the axisymmetric
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tokamak equilibrium have been systematically observed in FTU following injection of deuterium pellets
[1.21,1.22]. Similar single-helicity states have been found in reversed field pinches, in conjunction with
improved confinement. Since the observed distortions have large and steady amplitude, they have been
studied as solutions of the nonlinear Grad-Shafranov equation in helical geometry [1.23]. Equilibria resulting
from preliminary numerical calculations are in qualitative agreement with measured soft-x-ray maps. 

MHD activity during high-power LHCD with ECCD. FTU discharges with high-power LHCD and
counter ECCD show two central MHD modes oscillating at 15 and 10 kHz that are clearly observed on
soft-x-ray signals and just visible on the Mirnov coils, and that have amplitudes δB/B of 5×10-5 and
1.3×10–4, respectively, relative to the poloidal field. The 15-kHz mode has two phase inversions on the soft
x rays at r=2 cm and r=6 cm, indicating that two distinct islands rotating at a common frequency are
present. Magnetic data give m=3 and n=1-2 for this mode. These results indicate that a pair of q=1.5
surfaces exist in the plasma.

1.4.1 Introduction

The first-principle-based theory of spontaneous excitation of zonal flows by ion temperature gradient (ITG)
turbulence in non-uniform toroidal plasmas, developed in collaboration with the University of California at
Irvine and the Princeton Plasma Physics Laboratory, has been applied to demonstrate that the ITG
turbulence intensity level exhibits a transition from Bohm scaling at small system size to gyro-Bohm for
large system size, and this transition is displayed by the fixed point solutions of the nonlinear ITG zonal flow
system. Under the collaboration with the University of California at Irvine, a first-principle-based theory of
nonlinear electron trapped gradient (ETG) dynamics was formulated as well, providing the basis for
understanding and explaining recent results on ETG turbulent transport, suggesting that the electron heat
conductivity is much smaller than the values of experimental relevance, at least for positive magnetic shear. 

Existing numerical tools for rapid and reliable analyses of electrostatic drift wave microinstabilities have
been upgraded to account for finite collisionality at high plasma density and have been extensively used
for systematic transport studies in FTU as a complement of other routinely used transport codes, with
particular emphasis on turbulent particle pinch.

Another theoretical activity closely connected with experimental campaigns both in FTU and in JET is
modelling of lower hybrid wave (LHW) propagation in toroidal plasmas. Further developments of numerical

investigation tools in this area are also discussed in the
relative section. Ion cyclotron resonant heating scenarios in
JET have been systematically investigated and the
prerequisites for their analysis and development are
discussed.

The theoretical analysis and reconstruction of the shape of
an m=1 magnetic island, as observed in FTU, are also
reported.

It has been demonstrated that fast ion transport in burning
plasmas is characterised by a transition from weak (diffusive)
to strong (ballistic) processes above a threshold in fast ion
energy density that is close to the linear excitation threshold
of energetic particle modes (EPMs). These findings
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motivated studies on the alpha-particle behaviour in realistic
ITER scenarios. The relative numerical investigations, done
with the hybrid MHD gyrokinetic code (HMGC), demonstrated
that strongly reversed plasma equilibria are unfavourable for
the transport of energetic particles.

The final issue addressed here concerns distributing parallel
computation in a grid environment, for the case of a particle-
in-cell code (e.g., HMGC).

1.4.2 Zonal flow dynamics and anomalous
transport

Anomalous transport in magnetically confined plasmas has
been found to be significantly reduced by the existence of
turbulence driven zonal flows (ZFs) consisting of narrow radial
bands of poloidally rotating plasma, which reduce the radial
coherence length of the fluctuations [1.24,1.25]. In 1998
Rosenbluth and Hinton [1.26] showed that linear collisionless
processes do not damp poloidal flows driven by ITG
turbulence. Shortly afterward these results were confirmed by
large-scale numerical gyrokinetic calculations [1.27], which
also showed that zonal flows could significantly reduce
turbulence levels. To understand the interplay of zonal flow
dynamics and turbulence levels, a local four-wave model was
constructed by Chen, Lin and White  [1.28]. This model, which
can be extended from electrostatic fluctuations to
electromagnetic [1.29], successfully captured the saturation of
the turbulence, but being local could not predict the scaling of
the saturation phenomenon with system size, (Lp/ρi), with Lp
the equilibrium gradient scale length and ρi the ion Larmor
radius. More recently, by assuming a hierarchy among
nonlinear interactions, equations were derived  [1.30,1.31] for
the slow space-time evolution of the drift wave radial envelope
and zonal flow structures, starting from the nonlinear
gyrokinetic equation [1.32]. These equations incorporate the
effects of equilibrium variations, i.e., turbulence spreading and
size-dependence of the saturated wave intensities and
transport coefficients [1.27,1.33-1.35], and they reduce to the
local four-wave model in the limit of large system size. These
equations are examined numerically and analytically. The
nonlinear system converges to stable fixed points in the limit of
weak drive both for small and for large system size. The
turbulence intensity level exhibits a transition from Bohm
scaling at small system size to gyro-Bohm for large system
size, and this transition is displayed by the fixed-point solutions
(fig. 1.23) [1.36]. For intermediate system size and for stronger
drive, there is chaotic behaviour and intermittency [1.30].
However, in the chaotic domain, where the fixed points are
unstable, the nonlinear behaviour is given by fluctuations about
the fixed point, which therefore still gives an estimate of the
mean fluctuation level. The introduction of a nonlinear stability
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parameter in symbolic dynamics provides a useful means of analysing turbulence levels with the use of a
single time sequence data stream, and gives a number that is similar to the Lyapunov exponent.

1.4.3 Role of nonlinear toroidal coupling in electron temperature gradient turbulence

Key findings from recent global gyrokinetic particle simulations [1.37] are that electron temperature gradient
(ETG) instability saturates via nonlinear toroidal couplings and that turbulence streamers do not drive a
large electron thermal transport, as expected from mixing length estimates. The nonlinear gyrokinetic
theory confirms qualitatively key simulation results, among which, that the ETG spectral energy cascades
to longer poloidal wavelengths [1.38] (fig.1.24). These analyses focus on toroidal ETG turbulence with a
strong positive magnetic shear s≈1, of which flux-tube simulations predict large electron transport. The
mechanism of instability saturation and electron transport could be very different in the weak shear region
⏐s⏐�1, where the dominant instability is a slab ETG [1.39]. The crucial role of low-η quasi-modes as
mediators in nonlinear toroidal couplings is a possible explanation for the big difference in saturation and
transport levels between flux-tube and global simulations. In fact, the mode number of low-η quasi-mode

is n1/2 [1.37,1.38]. Thus, proper radial resolution to
describe their dependence imposes that the radial box
size scale as n1/2 ρe, ρe being the electron Larmor
radius. If quasi-mode dynamics is suppressed, then
only parallel mode structure modification via the (0,1)
mode and zonal flow dynamics can set the (much
higher) saturation level of ETG turbulence. Finally, since
all unstable eigenmodes participate in nonlinear
toroidal couplings, using a small number of toroidal
eigenmodes [1.40] may not accurately predict the
saturation amplitude.

It should be noted that there is accumulating evidence
from first-principle turbulence simulations that
contradicts the heuristic mixing length rule, which
underlies most of the existing transport models. A
gradual transition from Bohm to gyro-Bohm scaling for
ion transport driven by ITG turbulence was reported
earlier [1.23,1.24,1.27], although the ITG eddies are
isotropic. It has further been demonstrated that the
scaling of electron transport driven by ETG turbulence
is gyro-Bohm, even though the size of ETG streamers
scales with the device size. The key to reconciling this
obvious contradiction is that transport is diffusive
(fig. 1.25) and driven by the local fluctuation intensity,
rather than the eddy size. The deviation from gyro-
Bohm scaling in ITG transport comes from the fact
that the fluctuation intensity is driven by nonlocal
effects such as turbulence spreading [1.23,1.24,1.27-
1.29]. Meanwhile, ETG fluctuation intensity is
determined by nonlinear toroidal coupling, which does
not depend on the streamer (or system) size. In
summary, global gyrokinetic particle simulation and
nonlinear gyrokinetic theory find that ETG instability
saturates via nonlinear toroidal couplings, which
transfer energy successively from unstable modes to
damped modes, preferably with longer poloidal
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wavelengths (fig. 1.24). Electrostatic ETG turbulence is dominated by nonlinearly generated radial
streamers. The length of the streamers scales with the device size and is much longer than the distance
between mode rational surfaces or electron radial excursions. Both fluctuation intensity and transport level
are independent of the streamer size. Simulations with realistic plasma parameters [1.38,1.39] find that the
electron heat conductivity is much smaller than the experimental value, in contrast with the recent findings
of flux-tube simulations that ETG turbulence is responsible for the anomalous electron thermal transport in
fusion plasmas. Nonlinear toroidal couplings represent a new paradigm for the poloidal spectral cascade
in plasma turbulence.

1.4.4 Effect of collisions on ITG-TEM and ETG turbulence in tokamaks 

In collaboration with the Commissariat à l’Energie Atomique (CEA) Cadarache, France, stability analyses of
electrostatic turbulence, i.e., ITG-driven and trapped electron modes (TEMs) and ETG-driven mode
instabilities, have been carried out on FTU discharges by means of the numerical code KineZero [1.41].
The code, developed at Cadarache, computes the linear growth rate of the above-mentioned instabilities
by solving the analytic dispersion relation obtained from gyrokinetic theory for non-collisional tokamak
plasmas, by adopting the electrostatic approximation together with a ballooning ansatz for the
eigenfunctions. However, collisionality is expected to play an important role in high-density plasmas, such
as those of FTU as well as of pellet experiments in other fusion devices [1.42]. For this reason, corrections
for finite collisionality have been included in a new version of
the code. A Krook collision operator has been added to the
Fokker-Planck equation, producing the following expression
for the first-order perturbed distribution function:

where

and the Krook collision operator has been chosen in order to
conserve particle number, but not momentum and energy
[1.43,1.44]. An example of collision effects on the linear growth
rates of ITG-TEM and ETG turbulence is shown in figures 1.26
and 1.27. The new version of the code was tested to verify its
consistency with the previous version of KineZero in the limit of
low collisionality (νei≈0). Also, the code outputs were compared
with those of GS2, an electromagnetic code that solves the
gyrokinetic equations in a flux tube. As previously done in
[1.45], different runs were performed with the modified
KineZero by changing both the collision frequency and the
density gradient. The results obtained are in agreement with
GS2 findings and show that the density gradient has a
stabilising effect for ITG instabilities at high collisionality,
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whereas at low collisionality the effect is
the opposite. The advantage of using
the modified version of KineZero is that
of having a quick, reliable tool for
studying electrostatic instabilities in a
tokamak, whereas other codes, such as
GS2, require more computer resources
and CPU time to run. 

1.4.5 Transport studies on FTU

Transport and confinement on FTU have
been extensively studied. A set of
validated transport codes (JETTO,
EVITA and CRONOS) was used to study
the transport properties of a variety of
discharges, with particular emphasis on
density scan, pellet-fuelled and
radiofrequency-heated discharges. It
was shown [1.46] that electron
transport is the main heat loss channel
in low-density Ohmic discharges  [linear
Ohmic confinement (LOC)], with
electron thermal conductivity values two
orders of magnitude larger than the
values of neoclassical conductivity. By
increasing the density, a region of
saturated Ohmic confinement is
approached, where the electron heat
conductivity decreases down to the ion

neoclassical value, but the ion heat conductivity remains between three and six times the neoclassical
transport level. It was recognised that the improved confinement in pellet-fuelled discharges is due to the
ion heat conductivity decreasing down to its neoclassical value, whereas the electron heat conductivity
remains the same order of magnitude. The study of micro-turbulence in FTU pellet-fuelled discharges
[1.43] indicates the stabilisation of ITG-TEM and ETG instabilities, mainly due to the change in the density
profile. It was shown that this stabilisation is essentially allowed by the high collisionality regime
characterising FTU discharges (Te=keV, ne0=1×1021 m–3). The possible stabilising effect due to
electromagnetic modes (namely Alfvén ion temperature gradient) was assessed, and it was found that FTU
pellet fuelled discharges lie in a region where the ballooning alpha parameter is about half the critical value,
and the possibility of further stabilising small-scale turbulence by increasing the pressure gradient was
indicated. Electron ITBs are now routinely achieved on FTU with ECRH and LH heating. JETTO was used
as a predictive tool to study the time evolution of the current density profile during the current ramp up
phase in order to optimise the LH heating and current drive schemes. The time evolution of temperatures
is well described by the Bohm-gyro-Bohm shear-dependent transport model [1.47]. The study of e-ITB
formation in terms of turbulence suppression and change in the transport channels is the subject of
ongoing  research activities.

1.4.6 Particle transport studies in FTU

The mechanisms underlying particle transport and the formation of peaked density profiles have been
addressed. Clear evidence of anomalous peaking of the density has been given by the experiments carried
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out on Tore Supra where the main neoclassical drive (Ware pinch) was eliminated by performing long-
lasting LH current drive discharges. The residual particle pinch due to turbulence was measured in terms
of the temperature gradient (thermodiffusion) and the safety-factor gradient (turbulence equipartition)
[1.48]. Analogous experiments were carried out on FTU at higher densities (ITER-relevant) and higher
magnetic field. Analysis of zero loop voltage FTU discharges has already indicated the presence of an
anomalous pinch, which scales with the gradients of temperature and safety factor. Further analyses and
modelling of the new experimental data are in progress.

1.4.7 Analysis and modelling of LHW propagation in toroidal plasmas

A new approach for modelling LHWs in plasmas has been successfully applied to JET experiments in the
strong ITB regime [1.49]. The approach is characterised by including, in the ray-tracing quasi-linear
analysis, the spectral broadening induced by the LH parametric instability at the plasma edge [1.50]. The
modelling of such a nonlinear process leads to a much broader spectrum than the usual one calculated
by linear models, which propagates towards the plasma core. The formation and localisation of the ITB in
selected JET discharges have been described successfully by using this approach.

At the same time, the LH full wave equation in the electrostatic approximation and in general magnetic field
equilibria, which goes beyond the usual Wenzel, Kramer, Brillouin (WKB) approximation (ray-tracing
equations), was numerically integrated when the magnetic equilibrium reduces to a system of circular and
concentric magnetic surfaces. This work was done in view of comparing the full numerical integration with
a new analytical approach, which treats the wave equation by a multiple spatial scale method based on
the Poisson summation formula [1.51,1.52]. 

In applying this formalism, in fact, the starting equation for the scalar potential in the cold plasma limit
reduces to two nested 1D equations: the first governs the wave structure along the magnetic field lines;
the second describes the slow radial dependence of the wave
envelope, for which the usual WKB asymptotic technique is
applied. 

The numerical solution of the full 2D wave equation was
obtained by using a spectral approach based on Fourier
analysis of the scalar potential in the periodic variables θ and
φ. The starting partial differential equation (PDE) for the
potential is replaced by a system of coupled ordinary
differential equations in r. The solution of the set of coupled
equations requires the use of non-standard methods (shooting
methods) because of difficulties in properly fixing the correct
boundary conditions and also to avoid consuming a large
amount of computational memory. The complete solution can
be finally obtained by numerical methods based on the fast
Fourier transform. Well-known characteristic behaviour of
LHW propagation, such as resonance cones of a Gaussian
beam in a cold plasma etc., is studied as benchmarks of the
numerical solution.

1.4.8 Modelling of the ICRH experiment on JET

The aim of this modelling study is to first evaluate the main
features of the proposed ion cyclotron resonance heating
(ICRH) experiment and then to perform a detailed analysis of
the experimental discharges. The proposed experiment
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concerns essentially the possibility of obtaining ITBs on both the ion and the electron species with only the
use of the ICRH system in an ion-heating scheme and without the help of neutral beam injection (external
momentum input) [1.53]. In this context, an ITB regime on JET was obtained by using 6 MW of ICRH in
the minority heating scheme [1.54].

The minority species involved is 3He. The scheme should act at the fundamental cyclotron harmonic of the
minority species (ω=Ωcm) located near the plasma centre, while either the fundamental or the first harmonic
of the majority ((ω=ΩcM) or (ω=2ΩcM) is outside the plasma. This is the so-called isolated case. Cyclotron
resonance heating of the minority is very efficient, the reason being that the fast wave polarization is
essentially determined by the majority species alone, while damping is due mainly to the resonant minority
ions (minority heating regime). If the minority concentration increases too much, the screening due to the
rotating electric field is no longer negligible and cyclotron damping drastically decreases, entering the
“mode conversion regime”. When programming an ICRH heating experiment, it is important to establish
plasma and antenna parameters that fit the goals well. In the ICRH minority heating experiment on JET,
antenna and plasma parameters are chosen by maximising the power coupled to the plasma, without
dealing with edge cut-offs on the low field side (n�=r), and by choosing the right minority concentration in
order to avoid the mode conversion regime.

The characteristics of the codes used to plan and model the ICRH experiment are reported below:

(i) A code which solves the cold plasma electromagnetic dispersion relation in slab geometry so as to make
the dispersion characteristics of the experiment clear. Then, it is possible to establish the range of variation
in the main parameters, such as the power spectrum n� vs. the plasma density profiles, in order to assess
accessibility conditions, such as the minority concentration, in a plasma with two ion species (or more) and
the localisation of the ion-ion resonance (and the associated cut-off), which turns out to be very close to
the ion cyclotron resonance of the minority species, etc.

(ii) A code which solves the warm plasma electromagnetic dispersion relation in the complex space of the
wavenumber, in order to clarify the role of wave damping on the minority species, and the effects of the
plasma parameters (minority concentration, ion and electron temperature, parallel wave-numbers involved)
on the transition to the mode conversion regime. The use of this code should also provide the power
deposition profiles and power damping rate for the whole launched spectrum.

(iii) A 1D ray-tracing code in cylindrical geometry to take into account, at the lowest order, the geometry of
the tokamak plasma. The code uses the warm plasma electromagnetic dispersion relation at point (ii).

(iv) Eventually, a 2D complex ray-tracing code in tokamak geometry to take realistic geometry into account.
This code is based on a complex full electromagnetic dispersion relation and complex integration of the
trajectories.

(v) A 1D full-wave code FELICE, which gives the linear distribution of the wave power on the ion and
electron species, which accounts correctly for the electron Landau damping in the fast-wave branch and
in the IBW branch, as well as for the realistic antenna-plasma coupling, calculating the whole effect of the
power spectrum on the various species.

(vi) A 2D full-wave code TORIC, with the same characteristics as the 1D FELICE code, but including the
real plasma geometry (in the flux surface coordinate system).

(vii) A 2D full-wave code Fokker-Planck/TORIC, which does the same as (vi) but includes the evolution of
the 2D distribution function for ions and electrons.

1.4.9 Geometry of the m=1 magnetic island

The shape of an m=1 magnetic island, as observed in FTU, has been realistically reconstructed
theoretically. Experimental results lead one to consider a cylindrical equilibrium. The plasma cross section
is divided into three radial areas:  an internal area, from the plasma centre up to r=rs-∆r, an external one,
from r=rs+∆r up to the plasma edge (rs is the radius of the q=1 magnetic surface and ∆r is finite), and a
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toroidal annulus of 2∆r width, centred about rs. In the internal and external regions, one writes a helical
modification of the Grad-Shafranov equation, which is further linearised by considering the helical magnetic
flux as being composed of a dominant axisymmetric part plus a small single helicity perturbation. A
numerical approach is used to find this perturbation.

In the toroidal annulus, centred about the q=1 surface, the
equilibrium condition is rewritten, using r as radial coordinate,
since the radial derivative of the helical flux vanishes on the
q=1 surface, leading to an infinite Jacobian when using flux
coordinates. This equilibrium equation is solved numerically,
keeping the full nonlinearity. The three solutions are then
matched to finally obtain the complete shape of the helical flux
surface sections (fig. 1.28), which is comparable with the
experimental observations. Studies indicate that nonlinearities
cannot be neglected in the island geometry and that
considering finite toroidicity would include next-order
corrections in the results but is not essential for reproducing
the fundamental shape of the island.

1.4.10 Avalanches in fusion product transport

Simulation results indicate that, above the threshold for the
onset of resonant EPMs, strong fast ion transport occurs in
avalanches [1.55] (fig. 1.29). Such strong transport events
occur in time scales of a few inverse linear growth rates
(generally 100-200 Alfvén times) and have a ballistic character
[1.56] that basically differentiates them from the diffusive and
local nature of weak transport. Meanwhile, numerical
simulations have demonstrated that Alfvén cascades in JET
[1.57] are consistent with both weak and strong fast ion
transport [1.58]. Recently, experimental observations at the JT-
60U tokamak have also confirmed macroscopic and rapid (in
the sense discussed above) energetic particle radial
redistributions in connection with the so-called abrupt large
amplitude events [1.59]. Therefore, it is crucial to theoretically
assess the potential impact of fusion product avalanches on
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burning plasma
operation in the per-
spective of direct
comparisons of those
predictions with ex-
perimental evidence.
The change in
nonlinear EPM
dynamics that ac-
companies the transi-
tion from weak to
strong energetic ion
transport has been
studied. It has been
demonstrated that the
nonlinear threshold in
fast ion energy
density for the onset
of avalanches is close
to the linear EPM
excitation threshold.
This phenomenology

is strictly related to the resonant character of the modes,
which tend to be radially localised where the drive is
strongest [1.60,1.61]. When the nonlinear threshold is
exceeded, the EPM envelope propagates radially for two
reasons: the radial dispersiveness of the mode and the
rapid redistribution of the energetic particle source.
These two effects can be viewed as manifestations of
linear and nonlinear EPM radial group velocities,
respectively. As it propagates, the EPM radial envelope
is convectively amplified due to resonant wave-particle
interactions (fig. 1.30), which are responsible for the
secular motion of the unstable front, too, and, ultimately,
of the avalanching process [1.62]. After the convective
loss phase, during which the nonlinear EPM mode
structure is displaced outwards, fast ion transport
continues due to diffusive processes. The theoretical
analyses are the basis for consistency analyses of the
operation scenarios of the proposed burning plasma
experiments.

1.4.11 Alfvénic instabilities in ITER scenarios

The work on Alfvénic instabilities in ITER scenarios was done in collaboration with the Association
Euratom-CEA, CEA/DSM/DRFC Cadarache, France. The stability of the proposed ITER scenarios with
respect to Alfvénic fluctuations driven by fusion-produced alpha particles has been analysed by means of
particle-in-cell simulations. Three scenarios have been considered: SC2, characterised by a monotonic q
profile; the reversed-shear SC4 scenario; and a flat q-profile “hybrid” scenario, SCH (here q is the safety
factor). All these cases were found to be unstable, though the mode growth rates are quite small. For all
the scenarios, the most unstable modes correspond to low toroidal numbers (n=4 in the SCH case, n=2
in the other two cases). They are localised in low-shear regions (the inner portion of the plasma for SC2
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and SCH, mid-radius for SC4), where they can easily avoid the damping interaction with the Alfvén
continuum. A common feature of these modes is represented by their MHD-like nature: in the limit of zero
drive, they smoothly connect to MHD quasi-marginally-stable modes. The radial localisation of the modes
almost coincides with that of the maximum drive for SC2 and SC4, but not for SCH. In SCH, the mode
grows around an inner flux surface with respect to the αH=-R0q2βH' peak (here R0 is the major radius of
the torus, βH is the ratio between alpha-particle and magnetic pressure and prime denotes radial
derivative). The fact that the mode can grow even though the drive is quite small is not surprising, because
of its MHD nature (it exists even in the absence of energetic particles); at the same time, it justifies the very
low growth rates obtained in this case.

If the drive is artificially increased above that of the reference scenario (preserving its normalised radial
profile), apart from the obvious increase in the growth rates of these MHD-like modes, destabilisation of
fast-growing EPMs can occur in the SCH case around the maximum drive radial position. At that position
only heavily damped Alfvén oscillations can take place in the MHD limit. Energetic particle modes appear
only if the energetic-particle drive exceeds a certain threshold. In the SCH case, this threshold corresponds
to an alpha-particle energy content greater than the reference value by a factor of  ≈1.6. This should not
be considered unrealistically high, because at least two factors can cause an underestimation of the fast-
ion energy density: first, the strong dependence of the fusion-produced alpha-particle density on the
electron and bulk-ion temperatures, along with the intrinsic uncertainties of transport models (a 60% error
in βH can be accounted for by a 15% error in bulk-plasma temperatures); second, the fact that equilibrium
profiles used in the simulations neglect the concurrent drive associated with the energetic particles
produced by additional heating.

Concerning the destabilising mechanisms, it has been shown that n≤8 EPMs are driven unstable mainly by
the resonance with trapped energetic particles: indeed, they disappear if the mirroring term in the
energetic-particle parallel dynamics is artificially removed. The MHD-like modes are apparently less
sensitive to a specific resonance and, consistent with their character, they do not discriminate between
trapped and transit particle dynamics.

Investigation of the system nonlinear dynamics has shown that the effects on the alpha-particle
confinement at the reference drive values are very small for SC2 and SCH. For the SC4 scenario, some
broadening of the alpha-particle pressure profile is observed, indicating that the scenario itself has a certain
level of inconsistency. Simulations performed with increasing drive intensity show that a strong flattening of
the alpha-particle pressure profile can occur in the inner plasma region for SC2, while the global
confinement of such particles is not significantly affected. The SC4 case presents effects that are more
pronounced in the outer portion of the discharge because of the outer localisation of the modes, with less
impact on the on-axis pressure value. Further diffusion due to saturated fields leads to particle losses even
for relatively moderate drive increase. In the SCH scenario, no
significant consequences are observed below the EPM
threshold. If such a threshold is exceeded, the effects on the
alpha-particle pressure are similar to those in the SC4 case,
but are more limited for a given growth rate.

On the basis of these results, it is possible to conclude that all
the considered ITER scenarios deserve further investigation in
order to assess their consistency with Alfvén mode dynamics.
This is apparent for the SC4 case, which presents
modifications of the alpha-particle pressure profile even at the
reference value. For the other two cases, more accurate
analyses are needed due to the difficulties in predicting exactly
the energetic-particle energy content and, hence, in excluding
that the system be characterised by significantly more
unstable regimes.
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1.4.12 Grid-based distributed particle-in-cell simulation

The issue of distributing parallel computation among the Globus machines of a grid environment in the
case of a particle-in-cell code has been studied in collaboration with the Second University of Naples. A
cluster of workstations was configured as a distributed system of four single-node symmetric
multiprocessor (SMP) Globus machines, as a lowest-order approximation of a more complex,
geographically-distributed, heterogeneous grid. Installing the MPICH-G2 library and the Intel FORTRAN
compiler on the cluster allowed porting of a parallel version of the application, based on the hierarchical
integration of the message-passing interface (MPI) and OpenMP, originally developed for generic (non-grid)
clusters of SMP nodes. It was then possible to compare the performance obtained on the grid environment
with that obtained with the simple cluster of SMP nodes (same hardware). It was found that although the
parallelization efficiency is slightly reduced it still remains at a fairly high level.

Although integration of the Globus toolkit and Intel compiler was not a straightforward task, the related
effort was valuable, as the Intel compiler allows one to use the OpenMP facility and fully exploit the SMP
architecture of each node. Replacing OpenMP programming with the execution of as many MPI processes
as the processors owned by each node yields indeed lower efficiency values.

Finally, the time offsets due to submitting the request to the gatekeepers, activating the processes and
releasing the resources, although scaling with the number of Globus machines, appear to be negligible
compared to realistic-simulation elapsed times.

These conclusions are partly affected, of course, by the almost-ideal character of the grid environment
considered (close, homogeneous, dedicated nodes): real grid porting of the same application, which will
be the subject of future work, could turn out to be much less efficient. Nonetheless, such porting would
maintain its relevance with respect to the task of increasing memory resources (and, then, the achievable
simulation size).

1.5.1 Introduction

ENEA’s participation in the JET experimental (C8 and C14) campaigns continued with one task force leader
and two deputies in charge of programme preparation and with the execution of activities related to Task
Forces S2 (Advanced Tokamak Scenario), S1 (H-mode), D (Diagnostics), M (Magnetics) and H (Heating),
DT (Deuterium–Tritium). 

Campaigns C12b, C13 and C14 were carried out from 7 January to 5 March 2004. A general review
meeting (GRM) was held in September 2004 to discuss the JET-related activities of the ENEA Association
laboratories (ENEA Frascati, Institute of Plasma Physics of CNR Milan, CNR-RFX Padua) and the
universities (CREATE Consortium, Turin Polytechnic). It was agreed to focus the activities of the ENEA
Association on just a few headlines of the JET programme so as to increase the efficiency of the
participation.

1.5.2 ENEA Frascati experiments in C14

Development of dominant ICRH in electron ITB scenario. As described in the 2003 Progress Report,
ion internal transport barriers (ITBs) were obtained with low torque injection by heating the ions with a high
(5-8%) 3He concentration, ICRH minority scheme on pure LHCD electron ITBs. This suggests that, in
addition to the ExB shearing rate, other turbulence stabilising mechanisms are present. Typical discharge
parameters (shot #62607) were BT=3.45 T, IP=2.5 MA, <ne>∼2×1019 m-3, PLH=2 MW, PICRH=6 MW at
37 MHz in the 3He minority heating scheme. In these conditions an ion ITB was generated in the presence
of an electron ITB with a q profile with flat shear (1/q (dq/dr)). The main traces related to shot #62607 are
shown in figure 1.31.
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An ion ITB was obtained for lower toroidal
plasma rotation values than those usually
obtained in ITB discharges with dominant
neutral beam injection (NBI) heating. Figure 1.32
shows the time evolution of plasma rotation
velocity for shot #62607.

The confinement properties of the discharge can
be appreciated in figure 1.33, which shows the
ion diffusivity and the ExB shearing rate (ωs) time
evolution, together with two evaluations of the
ITG growth rate. The shearing rate for shot
#53521 is also reported for comparison.

Hybrid scenario with dominant electron
heating.  Scenarios dominated by radio-
frequency (rf) heating were obtained at Bt=3.2 T,
IP=2.6 MA, q95=3.8 (with q95 the safety factor at
95% of the poloidal flux) , achieving a quality
factor of H89N/q95

2~0.2 (H89N is the
enhancement factor over the L-mode
confinement scaling), with Ti~0.8 Te, very low
edge pedestal and low edge localised mode
(ELM) activity (#62789). Motional Stark effect
measurement of the safety factor spatial profile
shows a wide low magnetic shear (q~1) area
extending to half radius. Magnetohydrodynamic
events include toroidal Alfvén eigenmodes,
neoclassical tearing modes (3/2 mode saturates
at low amplitude, full island width 0.05r/a) and
n=1 modes (with slow temperature oscillations
which do not  affect global performance). Scans
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in plasma current (IP~1.9-2.6 MA) (at Bt=3.2 T,
and Ptot~16-20 MW) suggest that H89N is not
dependent on q95, and that the quality factor
H89N/q95

2 seems limited by power, and not by
MHD. The maximum normalised beta achieved
is still not very high (βN=1.5), as a consequence
of the relatively low additional heating available.
In this scenario the shear was flat and q0 close
to one; however, unlike the standard scenario,
fishbone activity was missing and mild sawtooth
(with a very long crash time) activity was often
present. The main traces related to shot #62789
are shown in figure 1.34.

Slowly growing n=1 internal kink modes have
been identified as the main core MHD activity in
a hybrid regime with strong electron heating.
The effect of these modes on plasma
performance has been studied and their
interaction with Alfvén eigenmodes,
neoclassical tearing modes and fishbones has
been documented.

Dependence of configuration on neutral-point perturbation. Plasma disturbances such as radiative
collapse or giant ELMs induce eddy currents in the passive structures. The currents interact with the
plasma, causing perturbation in the plasma position. Since the n=0 mode is unstable for elongated
plasmas, the vertical plasma position will evolve exponentially in a preferential direction (i.e., up or down).
The initial excitation of the unstable mode, and hence the direction of movement, will depend in general on
the position of the plasma before the disturbance. In fact the neutral point (NP) is defined as the position

where the unstable mode is not
excited by a given perturbation.
The existence of a NP has been
clearly demonstrated for plasma
disruptions following radiative
collapses in JET. The same
investigation was performed for
vertical instabilities triggered by
ELMs and, contrary to the
previous case (i.e., radiative
collapse), no NP was found.

Extreme shape controller.
The extreme shape controller
(XSC) is designed to keep the
plasma shape (high triangularity
and/or elongation) constant
while varying the beta poloidal
and internal inductance. This
tool has a certain relevance for
ITER because it will work at high
values of triangularity and
elongation. A linearised plasma
model approach was used to
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design the XSC for JET single-null configurations. The plasma modelling tools (CREATE-L and CREATE-
NL codes) have been set up on the JET configuration. The codes include an equivalent axisymmetric
model of the iron core and also take into account the eddy currents induced in the passive structures. The
input quantities are the poloidal field circuit currents (or voltages) and a number of parameters related to
the plasma current density profile. The output quantities include the signals provided by the magnetic
diagnostic system for measuring the JET plasma current and shape. The model was validated with closed
loop simulations, which provided a reliable starting point for the design  and assessment of a new current,
shape and position control system for JET. The model also allowed a better understanding of a set of
experiments devoted to detecting the neutral point when density limit disruptions occur and when the
strike points jump in correspondence to ELMs. The shape is accurately described by 32 plasma-wall gaps,
the positions of the inner and outer separatrix strike points and the radial/vertical location of the X-point.
As only a limited set of actuators was available, a singular value decomposition was used to identify the
principal directions of the algebraic mapping between coil currents and geometrical descriptors. The
principal directions identify eight linear combinations of currents, each one influencing one linear
combination of geometrical descriptors. In this way the
original multivariable control problem can be solved by
using a set of separate proportional integrative
derivative (PID) controllers. The XSC was run on JET in
a set of dedicated experiments and then successfully
used in a number of JET sessions: in shot #61995 the
desired high triangularity was kept within a 2–cm
tolerance, even in the presence of wide excursions  of Ip
and li (1-1.5).

Confinement of fast 4He ions: gamma-ray and
neutron diagnostics. The gamma-ray spectroscopy
diagnostic for measuring the fast-ion distribution
function was exploited during the Alpha Physics
Experiment. The technique is based on the detection of
gamma rays from nuclear reactions which have a high
energy threshold for alphas (E>1.7 MeV) and deuterium
(E>0.8 MeV). The gamma rays are sufficiently separated
in energy (4.44 MeV for alphas, 3.01 MeV for deuterium)
to allow good discrimination between the alphas and
the deuterium, thus allowing simultaneous
measurement (fig. 1.35). The confinement of the fast
alphas could be directly observed in various plasma
regimes by analysing neutron/gamma measurements.

The trace tritium experimental (TTE) campaign
continued [1.63,1.64] with tritium transport studies,
investigation of the influence of fast particles on the
plasma, new heating scenarios and ITER-relevant
developments in burning plasma diagnostics [1.65-
1.67].

Neutron spatial distribution. The neutron emission
profile diagnostic played a key role in providing
information on the tritium transport features in different
plasma scenarios [1.68]. In the experiments on new
heating schemes and fast particle physics, clear
evidence of spatial asymmetries in the neutron emission
was observed in the vertical camera measurements. In
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the tritium fundamental rf heating scenario
[1.69] (a possible ITER heating scheme), the
14-MeV neutron emission axis is not located
along the magnetic axis but is shifted
towards the high-field side near the tritium
cyclotron resonance layer, located at
R=2.55 m (fig. 1.36).

Off- and on-axis tritium beams in strong
reversed shear plasmas were used as fast
probe particles for studying the effect of
current holes on fast-particle confinement.
An outward or inward displacement of the
neutron emission from the magnetic axis
was also detected for on/off-axis beam
injection, respectively, indicating the effect of
orbit distortion due to the low poloidal field
in such plasmas [1.70].

Gamma diagnostics. During the TTE, the
slowing down of fusion-born alphas was
measured for the first time [1.71] by means
of the gamma emission due to the nuclear
reaction 9Be(α,nγ)12C. Classical estimates
of alpha confinement were confirmed, but
some advanced scenarios with a current
hole  show significant losses of the fusion
alphas. These experimental results can be
reconciled with the theory of classical
collisions if the region of almost zero current,
and therefore negligible poloidal field, is
properly taken into account. For magnetic
configurations with a current hole, therefore,
gamma-ray spectroscopy confirms the
evidence of enhanced collisional losses,
implying a reduction in fast-particle
confinement, as indicated by the neutron
profile monitor. 

Moreover, during the alpha physics
experiment, the energy distributions of
accelerated 4He ions and fast deuterons in

He plasmas were determined by means of gamma and neutron spectroscopic measurements. Two-
dimensional imaging of the gamma radiation, obtained with the CsI(Tl) detectors of the neutron profile
monitor, provides information on the spatial distribution of both accelerated 4He ions and fast deuterons
[1.72]. 

Neutron energy distribution. Compact broadband neutron spectrometers based on scintillators with
pulse-shape discrimination features have been considered as possible diagnostic systems for ITER [1.73].

In collaboration with the Physikalisch-Technische Bundesanstalt (Germany), measurements with a NE213
liquid scintillator were successfully carried out during the TTE, achieving energy resolutions of ∆E/E<4%
and ∆E/E<2%, at neutron energies of 2.5 and 14 MeV, respectively. New data-analysis techniques based
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on Bayesian methods, L-curve techniques and maximum entropy unfolding have been developed.
Pulse–height spectra were acquired from different plasma heating scenarios ([1.74] and (fig. 1.37).

The digital pulse-shape discrimination system developed at ENEA Frascati (see 2003 Progress Report) for
neutron counting and pulse-height gamma and neutron spectroscopy was successfully implemented
during the TTE with a NE213 liquid scintillator at high count rates (MHz range) [1.75,1.76].

1.5.3 General Review Meeting of ENEA Association and participation in 2005-6 JET
campaigns

At the General Review Meeting in September 2004, participation in the 2003-4 JET campaigns was
discussed in detail and general guidelines were established for participating in the 2005-6 campaigns. The
ENEA Association suggested focussing the activities on a few headlines.

Consequently, the proposals will be organised as follows:

1. ITER-relevant ITB scenario at high bootstrap fraction (fB) to
produce and sustain an ITB with a fraction of bootstrap for
a steady-state scenario fB ≥ 50%: q95=4-5, βN ≥2, ρ*~5-6.

2. Optimisation of the hybrid advanced regime with electron
heating to i) achieve an advanced regime of the hybrid type
with dominant electron heating in stationary conditions; ii)
investigate transport properties of optimised hybrid
discharges; iii) prepare the development of hybrid scenarios
with high βN and low ρ*.

3. Burning plasma. 

4. Diagnostics experiments for i) characterisation of edge
plasma; ii) measurements of oblique ECE; iii) validation of
polarimetry data; iv) neutronics; v) assessment of accuracy
of q-profile determination by motional Stark effect and vi)
real-time control.

Comparison between the number of the proposals presented
by ENEA, the United Kingdom Atomic Energy Authority
(UKAEA), the Max-Planck Institute for Plasma Physics (IPP)
and Forschungszeuntrum Jülich  (FZJ) divided per task force
(fig. 1.38) shows that the ENEA Association has presented
proposals mainly for TF S2 (~30% out of a total of 42), D
(~30% out of a total of 43)  and M (~15% out of a total of 65). 
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2. IGNITOR 

WWhile finalising the design of IGNITOR, considerable progress has been made in understanding the plasma
physics regimes expected to be experimented on the machine. Even before reaching its main goals,
IGNITOR will produce intermediate results and provide assessments for some of the most critical
extrapolation involved in designing burning plasma experiments. Although significant tritium burning is a



Programme

necessary step for any new, advanced fusion facility, it is important to note that even with hydrogen, helium
and deuterium IGNITOR will provide results, which alone would justify the machine’s construction. Another
significant feature of IGNITOR - and probably the most important - is the high level of internal power density
that will be available.



2004 Progress Report

The main reference ignition scenario and other closely related scenarios have been extensively analysed
[2.1]. However, in 2004 it was decided to look again into the details of the diverse experiments and studies
that can be carried out in each of the three experimental phases. The aim of this ongoing investigation is
to identify the accessible regions of the plasma parameters and their requirements, taking into account the
structural features of IGNITOR and the characteristics of the power supply systems [2.2]. 

Scenarios with ion cyclotron resonance heating (ICRH) are being analysed, with the use of the latest
versions of the FPPRF and FELICE codes, to verify power deposition profiles and absorbed power
fractions in the most relevant configurations. The preliminary results of ICRH injection at 115 MHz in D-T
plasmas indicate very efficient depositions throughout the initial magnetic field ramp up to 13 T. The
analysis supports the simulations carried out early in 2004 with the JETTO 1+1/2 D transport code, which
showed that a realistic form of  plasma-temperature control can be applied for the onset of “thermonuclear
instability” as ignition is approached. The control consists in coordinating the value of the plasma
temperature (which influences plasma resistivity) with the ICRH power used to keep the plasma slightly
“sub-critical” but still with high Q-values [2.3].  

The ICRH antenna and related Faraday shield (fig. 2.1) were initially designed with reference to the previous
plasma chamber (PC) wall thickness
(uniform 26 mm). These calculations are
going to be reviewed to meet the
requirements of the new 26/36/52 mm
thickness. In particular, the Faraday shield
(segmentation, attachment to the PC
wall,…) has been designed to facilitate
remote handling as well as integration with
the first-wall tile carriers. The reference
design of the whole ICRH system has also
been worked out so as to have radiation
phase control in both poloidal and toroidal
directions. 

Four straps, located inside one port, are
expected to generate about 4×400 kW at
115 MHz and about 4×700 kW at 70 MHz.
Up to six ports can be used for the ICRH
system, reaching a total power of around
10 MW at 115 MHz or 17 MW at 70 MHz.

The two-stage, four-barrel fast pellet
injector is being developed in the framework of a collaboration between ENEA Frascati and Oak Ridge
National Laboratories (ORNL), Fusion Energy Division, in the USA. According to preliminary simulations, 3-
4 km/s will be adequate to reach the inner part of the plasma column and thus provide the means for fine
control of the density profile in IGNITOR, particularly during the critical phase of the initial current and
temperature rise. A key component for this device, the fast valve, was successfully tested in Italy, while
most of the other components were procured at ORNL and are being assembled. The new fast valve
considerably reduces the requirements on the expansion volumes needed to prevent the propulsion gas
from reaching the PC and is necessary for reaching the desired pellet speeds [2.4].

The IGNITOR design is characterised by the absence of a separate divertor volume. The PC is covered by
a first wall of molybdenum tiles acting as an extended limiter closely following the plasma shape. The
available 2D simulation codes are unable to deal with this configuration because of the singularity at the
tangency point between the last closed flux surface and the first wall, so more flexible numerical schemes
are being explored [2.5]. In the meantime, simple calculations have shown that a large fraction of the power
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available during a high-performance discharge in
IGNITOR can be radiated. The remaining fraction is
assumed to be deposited on the first wall by
convective/conductive mechanisms, and the resulting
thermal loads on the tiles have been re-estimated.

Following the results of  a sensitivity analysis (performed
on a 360°Abaqus model), the PC wall thickness was
substantially modified – from a uniform 26 mm to a
variable 26/36/52 mm (fig. 2.2) in order to minimise
deformation, mechanical stress and displacement of the
structure due to electromagnetic (em) loads of up to
17 MN  (eddy + halo currents)  in the case of the worst
vertical plasma disruption event (VDE) (VDE; ∆IP=-10 MA
within 5 ms) [2.6]. A vertical elastic-plastic displacement of about 15 mm max, occurring at the bottom
zone of the PC during the VDE, was also calculated (fig. 2.3).

The PC top/bottom walls have to withstand stresses beyond the yield (420 MPa), see figure 2.4.

The toroidal asymmetry of the em loads due to halo currents also causes displacement of the plasma
chamber. Scaling (Ip×BT×R) what has been experimentally observed in the JET machine, lateral loads of
~10 MN have been taken into account in IGNITOR. This net horizontal force is resisted on the equatorial
port by a clamping sleeve system (Kostyrka) during plasma operation. The design has also been upgraded
to include strengthening of the clamping support and easier accessibility for clamping system maintenance
from outside the cryostat.

The Inconel 625 sectors of the PC are welded together by automatic remote equipment. Preparation of
the edges (26 mm thick) of the sectors envisages a butt
welding root pass (~4 mm) (Nd-YAG laser) to make up the
360° torus and then tungsten inert-gas narrow-gap welding
with filler material to complete the welding thickness. Hence,

2. IGNITOR Programme
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experimental activities will be launched to optimise a remotely controlled welding procedure. Using this
procedure, it has to be demonstrated that structural deformations can be controlled within the very tight
limits imposed.  Coordinated work is also in progress to numerically evaluate the deformations due to
shrinkage and residual stresses. The numerical simulations, based on the Abaqus/S code, refer to a simple

46

3 Horizontal net force

+7.890e+08
+7.232e+08
+6.575e+08
+5.917e+08
+5.260e+08
+4.602e+08
+3.945e+08
+3.287e+08
+2.630e+08
+1.972e+08
+1.315e+08
+6.575e+07
+1.283e -03

2

1

3

Fig. 2.4 - Maximum Von Mises stresses at outer PC wall at t=56.7 ms

+5.322e+08
+5.109e+08
+4.685e+08
+4.262e+08
+3.838e+08
+3.415e+08
+2.991e+08
+2.568e+08
+2.145e+08
+1.721e+08
+1.298e+08
+8.743e+07
+4.509e+07
+2.743e+06

+5.109e+08
+4.685e+08
+4.262e+08
+3.839e+08
+3.416e+08
+2.993e+08
+2.570e+08
+2.147e+08
+1.723e+08
+1.300e+08
+8.770e+07
+4.539e+07
+3.071e+06

S, Mises
(Ave. Crit. : 75%)

S, Mises
(Ave. Crit. : 75%)

a) b)

Fig. 2.5 - PC-sector welding simulation: residual stress contour (Pa) for 2 kW a) and 4 kW b) of laser source power (bottom view)



plate model (100×160 in mm; 26 mm thick) of
Inconel 625 welded by a 2- or 4-kW Nd-YAG
laser. Figure 2.5 shows the temperature
distribution of the thermal calculation and the
distribution of the residual stresses after cooling
the sample to room temperature.

The first-wall protection is made up of TZM
(molybdenum) tiles mounted on Inconel 625 tile
carriers. The worst disruption event in IGNITOR
was simulated with the MAXFEA code. Detailed
em analyses of the tile carriers in the reference
scenario were also carried out [2.7]. A detailed
calculation of the heat load on the tiles, including
plasma asymmetry, resulted in a maximum value
of 1.8 MW/m2. 

Preliminary structural analyses taking into
account eddy and halo currents plus heat loads
were carried out to identify the most loaded tile
carrier (the third, occurring at t=53.5 ms). A
detailed elasto-plastic structural analysis was
also done for the same set of tiles (fig. 2.6). The
em bending moments acting on the tiles require
a 35-KN pre-load on the screw to improve the
working conditions of the tile fastener. 

The dimensions and activation of the vessel
require the use of remote handling technology.
The design of the in-vessel remote handling
system, with its boom and enclosure, has been
defined, based on a two-port concept (fig. 2.7).
Also included are studies of 3D boom kinematics
inside the vessel, failure analysis and recovery
procedure.

The end-effector is being optimised for
installation and removal of the tile carriers.

Two full-size IGNITOR toroidal field coil (TFC)
turns have been manufactured by Kabel Metal to
evaluate the technical difficulties in cold
hardening oxygen-free high-conductivity (OFHC)
material. To exploit the good weldability of OFHC,
the design of the cooling system has been
changed from the previous epoxy box solution to
one where a channel is machined in each
individual turn. Several samples have been
machined and are ready for qualifying and
validating the electron beam welding process
(fig. 2.8).

A finite-element method (FEM) ANSYS
programme was used to assess the mechanical
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behaviour of the load-assembly components during
the operating scenarios [2.8, 2.9]. All the composite
materials were modelled by smeared mechanical
and thermal properties. Friction coefficients were
taken into account at main interfaces (central
solenoid coils-TFC-C-clamps). The analysis was
performed at the most significant time instants of the
operating scenario.

The highest stress values in the TFCs occur at the
end of the plasma current flat-top (fig. 2.9) (t=7.65 s,
maximum em loads) and are below the yield stress of
the copper material at that temperature. The
maximum Von Mises smeared stress on the outer
coil of the magnetic press is 216 MPa at t=3.65 s
(σY0.2%=320 MPa at 77 K) and the maximum shear
stress on the insulation is about 8 MPa. The
maximum Tresca stress intensity on the outer coil

bracing ring steel material is 434 MPa (AISI 316 LN steel sheet 25% cold worked, σY0.2%=800 MPa at
77 K), with the maximum shear stress on the insulation about 4 MPa. The maximum preload on the passive
bracing ring is 316 MN, which gives a maximum Tresca stress intensity on the stainless steel of 405 MPa
(σY0.2%=800 MPa at 77 K). The stresses in the structural components (i.e., C-clamps, central post) are
within the ASME allowable limits at the operating temperature. Stresses on the copper material of the coils
at plasma start-up have also been calculated. The maximum stresses on the copper occur during the
plasma flat-top because of the high compressive stresses between the TFC magnets and the central
solenoid coils. Stress analyses including the out-of-plane forces in the worst VDE conditions are in
progress.

In collaboration with the CREATE Consortium, a preliminary analysis of both plasma-position and plasma-
shape control was carried out using the CREATE_L linearised antisymmetric plasma response model. The
model assumes that the electromagnetic plasma - structures interaction is described by a small number
of global parameters (i.e., DIP, Db, Dli).

Studies demonstrated that plasma-position control can be efficiently performed by providing up-down
antisymmetric currents in the PF6 and PF12 coils with ENEA’s power amplifier scheme, which is able to
fully decouple the control amplifiers with respect to the current scenario amplifiers [2.10]. The studies also
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Fig. 2.8 - Toroidal-coil cooling channel: linear sample ready
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confirmed that, taking into account an initial
perturbation of 5 mm and a control dead time of
2 ms, the plasma position can be controlled within
the range ±6 mm, with a power of about 12 MW
from each amplifier.

Preliminary studies of the plasma shaping control
have shown that only two coils (PF10 and PF14)
can be used, but that a significant increase in power
could be required from the scenario amplifiers. In
the preliminary study the possible causes of plasma
de-shaping (i.e., DIP, Db, Dli) were considered
separately, so a deeper investigation is necessary.

For both plasma-position and plasma-shaping control, more detailed analyses to optimise the amplifier
control are foreseen for 2005.

During 2004 the design of the whole system (400-kV switchyard, harmonics current rejection, reactive
power static compensation, thyristor converters, static switches and pyro-breakers for breakdown and de-
energised resistors,…) was completed and technically and economically verified with industry [2.11]. The
system was designed so as to obtain full flexibility by locating power amplifiers and related auxiliaries inside
standard outdoor containers and connecting these to the loads by means of coaxial, segregated outdoor
bus-bars. The design was iteratively optimised with the current scenario in order to reduce, as far as
possible, the total installed power (2600 MW) and the power drawn from the main grid (fig. 2.10) [2.12].

The detailed design is now in progress and will be completed within June 2005.
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3. Technology 

The technology activities carried out by the Euratom-ENEA Association in the framework of the European
Fusion Development Agreement concern the Next Step (International Thermonuclear Experimental
Reactor - ITER), the Long-Term Programme (breeder blanket, materials, International Fusion Materials
Irradiation Facility - IFMIF), Power Plant Conceptual Studies and Socio-Economic Studies. The Underlying
Technology Programme was set up to complement the fusion activities as well to develop technologies
with a wider range of interest. 

The Technology Programme mainly involves staff from the Frascati laboratories of the Fusion Technical and
Scientific Unit and from the Brasimone laboratories of the Advanced Physics Technologies Unit. Other
ENEA units also provide valuable contributions to the programme. ENEA is heavily engaged in component
development/testing and in design and safety activities for the European Fusion Technology Programme.
Although the work documented in the following covers a large range of topics that differ considerably
because they concern the development of extremely complex systems, the high level of integration and
coordination ensures the capability to cover the fusion system as a whole.
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In 2004 the most significant testing activities concerned the ITER primary beryllium-coated first wall. In the
field of high-heat-flux components, an important achievement was the qualification of the process for
depositing a copper liner on carbon fibre composite (CFC) hollow tiles. This new process, pre-brazed
casting (PBC), allows the hot radial pressing (HRP) joining procedure to be used also for CFC-based
armour monoblock divertor components. The PBC and  HRP processes are candidates for the
construction of the ITER divertor. In the materials field an important milestone was the commissioning of a
new facility for chemical vapour infiltration/deposition, used for optimising silicon carbide composite
(SiCf/SiC) components.  Eight patents were deposited during 2004. Many design activities involving
neutron, electromagnetic and thermal-mechanical computations were performed for the Joint European
Torus (JET) and ITER.  Significant contributions were also made to the studies on safety and environment,
the Power Plant Conceptual Design and socio-economics.

The most relevant activities and the main results are documented in the following sections.



2004 Progress Report

3.2.1 ITER divertor

Manufacturing of small-scale tungsten monoblock mockups. The work on manufacturing a
prototype component by using hot radial pressing (HRP) continued (Underlying Technology and EFDA
contract 03/1054). A new CFC//Cu joining technique (pre-brazed casting [PBC]) was also developed and
successfully applied in manufacturing the CFC monoblock components. Finite-element (FE) analyses were
used to simulate the thermal-mechanical behaviour of the CFC material under HRP conditions, taking into
account the anisotropic properties and low mechanical strength of CFC. A “compressing rig” was
designed and manufactured according to the FE calculations performed to simulate the temperature
transient and inner tube pressure and considering the fact that the CFC tiles have to be mechanically

contained to avoid failure of the material. A small
mockup with three CFC tiles tested under thermal
fatigue cycling (fig. 3.1) withstood, after intermediate
loading steps, up to 1000 cycles at 25 MW/m2

without incurring damage. The HRP technique was
also successfully used to manufacture a small curved
mockup with four tungsten tiles. The next step will be
to use HRP to manufacture the 250-mm prototypical
component with both CFC and tungsten armour. The
prototype consists of a high-heat-flux unit with a
straight CFC monoblock segment and a curved
tungsten monoblock segment, attached to a steel
supporting structure. The roughly 250-mm-long
cooling tube is made of CuCrZr [3.1-3.5].

Integration and hydraulic tests of full-scale ITER divertor components. The activity involves
identifying and preparing all the procedures needed to perform the assembly and integration of the ITER
divertor components on a cassette body, as well as the definition of the experimental thermal hydraulic
tests on the draining and drying of a full-scale prototype to be manufactured (EFDA contract 02/682).
Theoretical analyses of the flow distribution and pressure drop in each cooling channel of each component
were concluded in mid-2004. The steady-state hydraulic behaviour of the cassette and its plasma-facing
components (PFCs) was investigated by means of the MS-Excel model and the RELAP5 code. The
RELAP5 model (fig. 3.2) also permits analyses of flow distributions and can be used for the transient
calculation of the cassette draining procedures. Estimation of the total pressure drop between the I/O
manifolds by MS-Excel and RELAP5 resulted in values of 1.28 and 1.27 MPa, respectively, at the nominal

flow rate of 17.3 kg/s for each cassette assembly; the
overall hydraulics were, respectively, P(MPa)=5.55×10-3 G
1.90514 (kg/s) and P(MPa)=5.02×10-3 G 1.92560 (kg/s).
Although cooling of the whole divertor assembly by a
serial flow organisation with different and complicated
PFC geometries was considered a challenge, the
solutions adopted meet all the design requirements: i)
pressure drop lower than the design value (1.4 MPa); ii)
adequate margins against the occurrence of the critical
heat flux (>40%); iii) acceptable flow distortion in the
draining-loop tubes (<20%). For maintenance purposes,
each cassette will be drained of the residual internal water
and then dried. Due to the complex pipe geometry,
discharge by gravity is incomplete, but compressed gas,
supplied through the cooling channels at appropriate
input pressure and flow conditions, should cause rapid
evacuation, without either bubbling in the vertical
channels or separated streams in the horizontal channels.
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Fig. 3.1 - Monoblock mockup with three CFC tiles after HRP

manufacturing

Fig. 3.2 - RELAP5: geometrical model of ITER divertor



During draining  the water coolant at atmospheric pressure is blown
out at 4.5 MPa by N2 injected in the inlet manifolds. The results
obtained with the codes confirm that evacuating the divertor cassette
by gas blowing would be possible. Experimental comparisons will
contribute both to assessing this procedure and to qualifying the
RELAP5 code for specific fusion-relevant applications.

Characterisation of plasma-facing materials. Two of the four
samples of W and W + 1% Al2O3 macrobrush, provided by the
European Fusion Development Agreement (EFDA), were exposed to
the FTU boundary plasma by means of the sample-introduction
system and characterised (task TPP-ERTUBE-D3) by scanning
electron microscopy (SEM) and x-ray diffraction (XRD) analyses
(fig. 3.3). Because of parasitic exposure during other
experimental campaigns, strong plasma-sample
interaction sometimes led to overheating and
consequent melting of the samples, with an
unpredictable loss of retained deuterium. The
remaining samples will be exposed to mild
discharges. The recently available optical
multichannel analyser will allow both the deuterium
and the tungsten flux to be monitored. Due to the
crowded FTU experimental programme and the
shutdown at the end of October 2004, the contract
has been extended by six months (up to June 2005).

3.2.2 ITER first wall

Qualification tests on Engineering Design
Activity (EDA) mockups. The qualification of the
small mockups (DS12I, DS8J, DS2I [manufactured
by FRAMATOME France] and DS 10J
[manufactured by NNC Ltd. UK]) representative of the ITER
primary first wall (EFDA contract 00/529–task FW-MUFT)
continued under the EDA III test campaign. Mockup DS2I was
a dummy spare element representing a first wall without Be
tiles. The same base fabrication route was used for all the
mockups, but the joining of the Be tiles to the DS-Cu (Glidcop-
Al25) heat-sink support was performed under different hot
isostatic pressing (HIP) conditions to check the corresponding
thermal fatigue behaviour. Mockup DS10J had already been
tested during EDA I for a total of 50 fatigue cycles with the heat
flux up to 0.32 MW/m2 and during EDA II for a total of 180
fatigue cycles up to 0.50 MW/m2; mockup DS8J, during EDA
II for a total of 180 fatigue cycles up to 0.5 MW/m2.
Nondestructive examination (NDE) by ultrasonic tests
performed by FRAMATOME before EDA III excluded any
defects at the Be-Cu alloy HIP joints. The four mockups were
assembled on an appropriate frame and housed inside the
EDA-BETA. Thermocouples (ANSI K) were positioned on the
back of the mockups  at different depths from the first wall, in
the Cu alloy layers and in some Be tiles. The results of a
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campaign to monitor current dispersion to the ground, evaluate the
efficiency of heat transfer between resistor and mockups and
validate the ANSYS code calculation demonstrated the excellent
behaviour of the facility. 

The task had the initial aim of reaching a total of 30000 fatigue
cycles up to 0.80 MW/m2 at the reference fatigue period of 300 s.
During the test preparation EFDA decided to reduce the maximum
superficial heat flux to 0.65 MW/m2, keeping the reference period
at 300 s, so the tests were performed (at the reference period) with
60 s of linear ramp-up, 180 s at constant power and 60 s of linear
ramp-down.

Continuous monitoring of the current dispersion to the ground
demonstrated that this value always remained below 2 mA when
the current to each arm of the resistor was about 1000 A. No
electric arc discharge between the resistor and the mockup
assembly was recorded. In August 2004, the EDA III test campaign
was suspended after having reached 8244 fatigue cycles, divided
as follows: 4126 fatigue cycles ( 5-40 kW - 300 s), corresponding
to a heat flux of 0.05-0.43 MW/m2; 4118 fatigue cycles (15-60 kW
- 300 s), corresponding to a heat flux of 0.16-0.65 MW/m2. In
September, after the decision to stop EDA III and launch EDA IV
with a different mockup assembly, final dismantling was started. No

failures, melting or detachments were found for any of the Be tiles (fig. 3.4). DS12I was further examined
prior to sending it back to the FRAMATOME for final US inspection. The CFC electric resistor was still in
good condition, with only limited graphitization on its surface. After mounting the new mockup assembly
and preliminary testing, the EDA IV test campaign was launched at the beginning of November 2004.

First-wall inspection. The aim of the activity (EFDA contract 03/1113) is to assess whether the ITER
wide-angle viewing/thermography system can supplement other systems, in particular visible/infrared
spectroscopy. The completion date was extended by six months (to July 2005) because of the extension

of the Commissariat à l’Energie Atomique (CEA) task
related to the activity. In 2004 work was devoted to
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reviewing the visible/infrared spectroscopy and first-wall inspection requirements and to preliminary
calculation of the system "etendue" needed to meet the requirements.

3.2.3 Electromagnetic analysis of ITER blanket 

The electromagnetic (em) loads during plasma disruptions on the ITER shielding blanket modules were
evaluated. A special technique was adopted to overcome the difficulties in modelling extremely small
details in a very large structure. A course 3D finite-element method (FEM) model of a 10° toroidal sector
of ITER was developed (fig. 3.5) and then used to determine the boundary conditions for detailed analyses
of each single component. Some of the analyses (for the upper port plug, electron cyclotron resonance
heating launcher and module 18) have
already been performed. Detailed models
of some of the components are shown in
figure 3.6. The main results are
summarised in the tables 3.I and 3.II. All
the data were obtained with the FEM em
code EMAS. The most severe disruption
was used as excitation load in analysing
each component. The 10° toroidal sector
was also modelled with the em module of
the ANSYS code in order to have an
alternative and more flexible numerical
tool.  The model was run with simplified
excitation (a pure central disruption lasting
40 ms) and the results compared with
those of the coarse EMAS model. The
ANSYS and EMAS results are in quite
satisfactory agreement, while in terms of
computer performance the ANSYS code,
considering the different number of
degrees of freedom in the two models,
seems to be more advantageous than
EMAS.

3.3.1 Liquid breeder blanket

Water-cooled lithium-lead (WCLL)
blanket. Work on tritium kinetics in the
WCLL blanket continued (task TTBA-004-
D1). In the second half of 2004 the
experimental data from the SOLE and
LEDI devices were used to develop a
model of the behaviour of hydrogen in the
eutectic alloy Pb-16Li. Literature data on
diffusivity from Reiter and solubility from
Wu were confirmed, and now a complete
set of parameters is available for use in the
design of the system for tritium extraction
from Pb-16Li in the new helium-cooled
lithium-lead blanket concept.
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Table 3.I - Main results of em analyses of the upper plug assembly.

Excitation load: upward VDE (linear current quench of 40-ms

duration)

Torque point: x(radial)=11.687; y(vertical)=5.467; z=0 - geometric

centre of the port end - load components in ITER global reference

frame

Mg(MNn) My(MNm) Mz(MNm) Fx(MN) Fy(MN) Fz(MN)

-1.15 -0.25 -0.1 0.07 0.04 0.093

Table 3.II - Main results of em analyses module 18

A: Excitation load: downward VDE (18-ms exponential current

quench decay time)

Torque point: geometric centre of the module (m): x(radial)=7.248;

y(vertical)=2.893; z=0

Load components in local reference frame

Mrad(MNn) Mpol(MNm) Mtor(MNm) Frad(MN) Fpol(MN) Ftor(MN)

-0.3 -0.035 -0.015 0.002 0.001 0.003

Reaction forces from support housing and stub keys

Reaction force from support Reaction force from stub
housing (MN) keys (MN)

0.2 0.26

B: Excitation load: downward VDE (40-ms linear current quench)

moment relative to geometric centre between attachments

Moment relative to geometric centre between attachments

TMM (0.676) -0.32 0.46 -0.02 0.000 -0.02 -0.01

Reaction forces from support housing and stub keys

Reaction force from support Reaction force from stub
housing (MN) keys (MN)

0.41 0.31
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Helium-cooled lithium-lead (HCLL) blanket.
The activity on the characterisation of coatings
acting as permeation and/or corrosion barriers (task
TTBC-003-D1) was concluded. In situ oxidation
apparatus was used to verify the reliability of the
self-healing effect. This procedure also showed that
it is possible to maintain the starting permeation
reduction factor (PRF) during operation. The PRF is
strongly affected by the original pre-oxidation
procedure, and in-situ oxidation simply repairs the
damage to the original oxide layer through
nucleation of an inner adherent oxide (fig. 3.7). In
any case the PRF values obtained are high enough
to allow the use of this technique for the HCLL
blanket module. 

Construction of the European Breeding
Blanket Test Facility. The design of the loop was

concluded in October 2003 and a new deliverable was assigned to ENEA for the construction of the facility
(task TTBC-004-D1). A European call for tender was launched in October 2004, and the selection of
primary firms was concluded in November 2004. The procedure is still ongoing and assignment of the
contract is expected in February 2005. The facility will consist of a liquid metal loop to simulate the
thermofluidodynamic conditions foreseen in the HCLL blanket concept; a He cooling circuit (He-FUS3); a
gas circuit for injecting hydrogen/deuterium; an extractor to purge gas from liquid metal; instrumentation
and a complete data acquisition and control system. 

Flowing Pb-16Li corrosion on EUROFER steel. The experimental campaign was concluded in March
2004 after reaching a total exposure time of 6000 h (task TTBC-003-D3). The results reported in 2003 were

confirmed, that is, a linear increase in corrosion, a constant
corrosion rate of about 30 mm/y, and uniform corrosion with no
preferential elemental depletion.

System for tritium recovery from Pb-16Li. Construction of
the TRIEX loop started in July 2004, and the facility will be
operative in April 2005 (task TTBC-004-D1). The original design
was maintained, and a numerical simulation demonstrated the
feasibility of the technical solutions adopted to extract hydrogen
from liquid metal. 

Mechanical properties of RAFM steels in Pb-16Li
environment. A procedure was developed for investigating
irradiation effects on the liquid metal embrittlement of the
reduced-activation ferritic-martensitic (RAFM) steel EUROFER
97 in Pb-16Li alloy (task TTMS-003-6). Specimens for tensile
testing, a capsule, a suspension system and the BOR-60
irradiation assembly were designed. The specimens were
loaded in capsules filled with Pb-16% Li alloy. The assembly
was irradiated in the BOR-60 reactor. The irradiation
temperature varied from 315 to 332°C, and the damage dose
was 0.26-5.9 dpa, depending on the location of the specimens
in the core. Out-of-reactor tensile tests on the specimens have
to be carried out in the same alloy. At present the irradiated
specimens are being tested in a dedicated facility (fig. 3.8).
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3.3.2 Solid breeder blanket

HELICHETTA III test campaign. The campaign has
further confirmed that both the Li2TiO3 and the
Li4SiO4 pebble beds, when correctly filled in a rigid
breeder cell containment and swept by helium purge
flow, exhibit cyclically repetitive behaviour vs. the heat
flux stepping ramp thermal behaviour (fig. 3.9). The
goals of evaluating the reduction in bed height and the
lateral load exerted during cycles were achieved. The
pebble temperatures and measured lateral loads were
mainly affected by the inhomogeneous mechanical
and thermal (i.e., load cell temperature) boundary
conditions, but the influence of the variation in bed
packing, probably due to relocation of the pebbles in
a vertical direction, cannot be excluded. The lateral
loads were very low because the bed reduction allowed free expansion vertically. Although the fillings were
done with high-frequency vibrations, the overall bed-height reduction was very evident for both Li2TiO3 and
Li4SiO4 pebbles at the  beginning of the thermal cycling, reaching saturation within around 20 cycles.
Despite a noticeable overall reduction ranging from 1.6 to 4%, the beds showed very regular thermo-
mechanical behaviour during the cycles, with few minor exceptions.  Indeed, as the mockup operated in
the vertical position, the bed-height reduction was not expected to have much effect on the efficiency of
thermal exchange with the cooling/heating plates. At the end of each test, the pebbles were discharged
by an air ejector and filtered in the range of 0.5 - 1 µm. Submicrometric powders were released, especially
in the case of Li4SiO4.

Design of the new pebble-bed test blanket module mockup. The objective is out-of-pile testing of the
helium-cooled pebble bed (HCPB) blanket mockups, in particular, simulation of the thermal-mechanical
loads on the pebble beds and their relevant structures. The design of the new test blanket module (TBM)
mockup to be tested in He-FUS3 is being developed under a collaboration between ENEA,
Forschungszeuntrum Karlsruhe (FZK), CEA and EFDA. Fabrication of the TBM mockup has been assigned
to CEA Grenoble. 

The new TBM mockup will represent a 1/3 scale U-bend HIP simulacrum of  the first wall with welded caps
and stiffening plates, in a geometry (pebble-bed-layer thickness, cooling plate and first-wall dimensions,
instrumental lead and piping feedthroughs) adapted to the experimental requirements. Steady-state and
thermal cycling fatigue tests at the reference helium pressure, temperature and heat loads will be simulated
by internal and external flat electrical heaters. The timing of the  mockup fabrication has still to be precisely
defined, but the first small-scale mockups should be available by early to  mid-2005.

Ceramic Breeders. Work on the wet reprocessing of Li2TiO3 pebbles and the reprocessing of Li2TiO3
pebbles by a direct sol-gel route continued. The reprocessing of Li from ceramic Li2TiO3 breeder ceramics
[3.6] was improved, using two routes. In the first the Li2CO3
was recovered by adding Na2CO3 to a solution obtained from
Li2TiO3 pebbles and HNO3 and then the precipitated powders
were washed for Na impurities (fig. 3.10). The second route
was developed in cooperation with the Japan Atomic Energy
Research Institute (JAERI) under an International Energy
Agency (IEA) programme. Li2TiO3 dissolution was performed
in commercial H2O2 at room temperature, and a syrup based
on citric Li-Ti-peroxide complexes was obtained [3.7]. The
syrup was initially gelled by dropping it in cold acetone, but the
particles obtained could not be sintered at a density >90% of
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the theoretical density. However higher density was obtained from the dried – calcined - granulated syrup.

The effect of Li-depletion (due to Li-burn-up) on the chemical interaction between Li2TiO3 and He+0.1%H2
(at 900°C) sweeping gas was studied under the IEA programme. Burn-up was chemically simulated by
preparing and examining a large number of pellet and pebble specimens with a Li/Ti atomic ratio between
the limits 0 (pure TiO2) and 2 (pure Li2TiO3) and inducing  a known fraction alpha of the Li4Ti5O12 spinel
phase. 

3.3.3 Fuel cycle

Permeator tubes. Production of the thin-walled (500 mm long, 6 mm thick and 6 mm in diam) permeator
tube was completed (task TTFD-TR31). The design of the permeator module of the PERMCAT reactor was
modified in order to meet the safety requirements (minimum shell thickness of 3 mm) and to allow the
catalyst filling procedure [3.8]. The main parts of the reactor (fig. 3.11) were constructed according to the

new design. 

The production of Pd-Ag membranes of reduced
thickness and the use of metals alternative to
palladium were also studied [3.9,3.10]. 

Vent detritiation system. The objective is to
experimentally investigate the behaviour of the vent
detritiation system (VDS) in the presence of smoke
and combustion products generated by a fire
occurring in an operating area of the tritium plant
(task TTFD-TR49). Under heating, some plastics in
the tritium laboratory burn or decompose by
generating smoke as well as combustion products,
such as hydrochloric and hydrofluoric acid, that can
poison the catalyst and impair the detritiation
process. The experimental plan for testing the
catalysts, indicating the test parameters (gas
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compositions, temperatures, exposure times, materials to be tested), has been worked out and the
experimental apparatus designed. The efficiency of the VDS recombiner catalyst will be tested by
reproducing a fire environment in a test cell and then measuring the efficiency by injecting some tritium, as
a tracer, in the stream of smoke routed to the catalyst bed. The tritium concentration will be measured by
the liquid scintillation technique in water samples [3.11].

3.4.1 ITER pre-compression ring material

Studies continued on the unidirectional fibreglass composite for the ITER pre-compression ring. Three
further melts were produced, but the samples were not long enough to allow for the very high shear force
and, as a result, the gripping tabs became detached before failure of the resistant section (fig. 3.12). A new
mould was developed for manufacturing 600-mm-long samples [3.12].

3.4.2 ITER magnet casing design

Additional tests were performed at Ansaldo Superconduttori in order to find the maximum thickness of
modified AISI 316LN (high nitrogen content) that could be electron-beam welded (EBW) without
unacceptable defects (fig. 3.13). Limited-extent defects were found in welding 40-mm-thick samples, while
unacceptable defects were found in 60-mm and 80-mm-thick samples. A study is in progress to find the
parameters for welding 60 mm of steel.
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Fig. 3.13 - Melt runs performed on AISI stainless steel to set up the welding

characteristics of the EBW machine at Ansaldo Superconduttori

Fig. 3.12 - Collapsed sample of fibreglass
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3.4.3 High-frequency/high-voltage solid-
state body power-supply for ITER
gyrotrons

An innovative body power-supply (BPS) has been
designed to modulate the voltage of the body of the
ITER ECRH  collector depressed potential (CDP)
gyrotron [3.13] in the range 0-45 kV within a
frequency band of 10 kHz. During 2004 the first
module of the BPS was built and successfully tested
at OCEM, Bologna, Italy (fig. 3.14). The BPS will be
completed within 2005.

At the same time, the design of the solid-state
modulator for the European CDP Gyrotron Test
Facility progressed in collaboration with OCEM.
ENEA was in charge of performing digital simulation
of the entire system under normal and fault
conditions and of supervising the manufacture of the
BPS for the facility.

3.5.1 Remote handling maintenance

The remote handling group at ENEA Brasimone was involved in the ongoing activities concerning
refurbishment of the divertor cassette mockup of the ITER reactor and remote maintenance of the IFMIF
target system at the divertor refurbishment platform (DRP) facility. Work in  2004 was related to upgrading
the systems for the facility and to performing a reliability assessment of the IFMIF replaceable back-plate
bayonet concept prototype.

Upgrading of the DRP facility. Since delivery of the new ITER divertor cassette mockup, the DRP facility
has undergone substantial upgrading of its major areas and systems: for example, separation of the hot-
cell simulation and operator areas by a number of large portable screens, installation of a window to enable
the operator to see inside the hot-cell area, installation of a new dual light manipulator station for the far
side of the hot-cell simulation area, improvement of the viewing system (both hardware and software) and
data acquisition system, installation of a safety system to enable workers and visitors to move about in a
safe working environment, installation of the
plasma-facing component transporter (PFCT).
Figure 3.15 shows the layout of the hot-cell
simulation area of the DRP facility. With the final
architecture of the DRP facility, refurbishment
operations can be carried out both for the cassette
prototype and for the  IFMIF target system.

Plasma-facing component transporter. The
refurbishment operations of the new ITER divertor
cassette mockup include remote
attachment/detachment of the plasma-facing
components (PFCs) - or “targets”. The cassette
design was substantially changed (i.e., shape,
weight and so on) after the review of the ITER
project, which means that the devices and tools
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required as well as the refurbishment procedures
might have to be modified and, in some cases,
completely redesigned. To carry out the
refurbishment operations, a new device, the plasma-
facing component transporter (PFCT), was
mechanically designed and fabricated by the Italian
firm of Ing. Candotti Impianti Industriali, Gorizia,
installed and successfully tested by the end of July
2004. (fig. 3.16). The hardware and software control
systems were designed and assembled by ENEA.
The commissioning tests of the entire system were
started in December 2004, and completion is
expected by the end of February 2005.

Development and modification of the tools. This
activity began after the arrival of the new cassette
mockup, but has proved to be much more complex than originally planned. The new cassette mockup
requires general installation and removal of the three targets from both sides of the cassette. Furthermore,
the pin for the multilink systems has to be disassembled by pulling rather than pushing, which means that
the tools for the refurbishment cycle of the cassette mockup have to be modified or new ones developed.
Some of the tools (new frame for drilling the pin; new and a modified version of the pin-extraction tool; new
lifting frame for the inner vertical target) were delivered in December 2004 by Gradel S.A. of Luxemburg,
who are manufacturing/modifying the tools under ENEA’s supervision, and the remainder is expected at
the end of February. The fabrication of a second new cassette mockup (fig. 3.17), especially equipped for
thermal-hydraulic testing, has been planned. Assembly of this new cassette will require water-tight welds
on all the cooling pipes, qualification of the welding process, design of appropriate procedures and
procurement of suitable welding equipment. In June 2004 under an EFDA agreement ENEA was assigned
the task of qualifying the process to be used for welding the PFC cooling pipes to the cassette body
manifolds. Following a preliminary study, an internal automatic orbital tungsten inert gas welding process
was selected by ENEA. During welding the pipe remains stationary, while the welding torch automatically
rotates around the joint. A specific tender to select an industry with expertise in this field will be launched
early in 2005. 

Alternative methods for multilink pin extraction. The refurbishment trials executed during the last test
campaign on the divertor cassette mockup, while demonstrating the feasibility of the assembly operations
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also indicated that the dismantling operations needed improvement in terms of the effectiveness and
reliability of the process used to extract the pins. The process was initially based on a drilling tool that
removed the stressed material in the centre of the pin, causing the remaining outer part to collapse and
enabling its extraction by simply pushing it out. This dismantling process had various problems, including
breakage of the drill bit, damage to the multilink blocks and damage to the pin itself. To improve this kind
of extraction process, several potential alternative methods to extract the pins from the multilink
attachment systems were investigated. The investigation was based on the following premises: the pin
should be exactly the same as that used in the previous multilink trials (i.e., material already fixed and
identical pin dimensions); the assembly process should be executed by means of the existing expanding
tool; the pin disassembly process should not produce swarf. Three thermo-mechanical methods were
proposed: a cooling method based on rapid cooling of the pin by means of a cryogenic cylinder; a heating
method, changing the dimensions of the materials by high-temperature heating only; a mixed method
based on a combination of both cooling and heating. ANSYS simulation of the processes demonstrated
that the mixed method would be the most suitable for pin extraction, and the tool proposed for this
operation appears to be feasible. The work was carried out in collaboration with the University of Pisa.

3.5.2 Viewing and ranging systems for ITER 

During 2004 the activities in collaboration with the ENEA Applied Physics Technologies Unit (for the electro-
optics) were mainly devoted to deeper experimental analyses of the probe performance [3.14,3.15] and
those in collaboration with CEA to identifying the target (first wall and divertor) area that can be scanned
with the presently foreseen number of probes, i.e., np=6. In fact, the submillimetric viewing and ranging
(i.e., 3D images built by merging target ranging and viewing data) performance of the system depends both
on the target distance (2–10 m) and on the beam incident angle (≤ 60°) on the target. While the first
parameter can be managed by installing an autofocus device on the probe launching optics, the beam
incident angle depends on the number and position of the probes. Studies show that in the present
situation not more than 75% of the first wall and less than 50% of the divertor zone can be efficiently
scanned. Hence, experimental characterisation of the probe on typical ITER in-vessel components has
been planned for 2005.

A special version of the in-vessel viewing and ranging system (IVVS) probe for use inside hardly accessible
archaeological zones has been developed and built outside the ITER programme. Its experimental testing
is expected during the second half of 2005.

3.6.1 Design of ITER neutron camera

A detailed design analysis for the ITER neutron radial camera (EFDA contracts 02-1002 and FU06/CT
2003-00020) was performed [see ref. 1.73] by means of the MCNP code and a general model that was
modified to include the radial camera system in one of the equatorial ports as well as to describe both the
ex-vessel (12×3 lines of sight) and in-vessel (9 lines of sight) detecting systems. The aim was to determine
the expected neutron/gamma-ray fluxes and spectra at the detectors and, more in general, to assess the
performance of the diagnostic. The effect of the camera movements relative to the machine was also
investigated. Neutron fluxes/spectra as well as photon fluxes/spectra were determined in different regions
where detectors are supposed to be placed (for the ex- and in-vessel systems). The neutron spectra
provided by MCNP calculations indicate that for the ex-vessel lines of sight the scattered neutrons are
about a fraction of 0.1% of the 14-MeV neutrons for the 1-cm-diam collimator and about 0.4% for the
2–cm-diam collimator. The scattered neutron contribution for the in-vessel lines of sight is higher (in the
range 1-5%). Cross-talk and backscattering were also studied. Neutron fluxes at the detectors were cross
checked with analytical calculations. Response variations to the reciprocal movements of the in-vessel
components and the radial camera were also investigated.
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3.6.2 Experimental validation of
neutron cross sections for fusion-
relevant materials

Neutronics experiment on a TBM–HCPB
mockup. A neutronics experiment is to be
performed on a mockup of the test blanket
module (TBM)-HCPB concept at the 14–MeV
Frascati neutron generator (Task TTMN-002
–D2) [3.16]. The experiment will be conducted in
2005 and will be followed by a second
experiment on a HCLL mockup. The purpose of
the experiments is to validate the codes and
nuclear data used in the design of TBMs and
later in the breeder blanket for fusion reactors.
They will include the measurement of the tritium
production rate in the breeder material and the
neutron/gamma-ray fluxes and spectra in and
behind the mockup. The experimental results
will be compared with the numerical predictions.
During 2004, the mockup of the TBM-HCPB was built according to the previously agreed design. The steel
components (container, tubes and the capsule used for the detectors) and breeder cassettes (filled with
Li2CO3 powder) were built by ENEA. The mockup was then filled with metallic beryllium at the Bochvar
Institute of Inorganic Materials (VNIINM) of Moscow, Russia. While the mockup was being constructed,
tritium measurements and calibration techniques were inter-compared between ENEA, the Technical
University of Dresden (TUD) and JAERI, using Li2CO3 pellets irradiated with 14-MeV neutrons [3.17]. The
intercomparison of measurements obtained in the three laboratories on equivalent samples showed a
relative standard deviation of about 7-8% (fig. 3.18). The three laboratories will participate in the TBM-
HCPB mockup experiment in 2005. 

Validation of activation cross sections of tantalum.
Tantalum is found in materials such as EUROFER and in the
brazing alloys used in a fusion reactor. Pure samples of
tantalum were irradiated with 14-MeV neutrons at FNG to
compare the activation characteristics of the material with the
prediction of the inventory code EASY-2003 (task TTMN-002-
D8). The neutron-induced decay heat in the irradiated samples
in a first-wall-like neutron spectrum was measured. 

Two tantalum samples were irradiated for about four hours.
One sample was monitored by the ENEA decay-heat
measuring system, which  simultaneously measures gamma
and beta decay heat. The other sample was monitored by
high-purity germanium detectors. The decay times studied
ranged from a few minutes up to some days after irradiation.
Experimental data and EASY predictions for both beta and
gamma rays compare quite satisfactorily for all the measured
decay-time intervals (fig. 3.19). With gamma spectroscopy it
was possible to identify the radionuclides produced by
neutrons and hence the nuclear reactions that mainly
contribute to the induced activation. One of these nuclear
reactions, predicted by EASY, had never been validated by
experimental measurements. Seven reactions were identified
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as being responsible for more than 99% of the heat produced in
the measured decay time and can be used to validate the
European Activation File (EAF) database.

3.6.3 Development of single-crystal CVD diamonds for
radiation detection

It has been shown that synthetic diamond is a suitable material for
both radiation and high-energy-particle detectors. Radiation-hard
diamond-based neutron detectors have been developed under a
collaboration between ENEA and the Department of Mechanical
Engineering of Rome Tor Vergata University and are being tested
in JET for prospective applications in ITER. The collaboration has
led to Tor Vergata becoming an associate in the Euratom project
on fusion. 

The most widely used technique to produce artificial diamond films
is probably chemical vapour deposition (CVD) because of its high
reliability. However, the polycrystalline nature of heteroepitaxial
CVD samples constitutes a severe limitation on the device
performance in any field in which good electronic properties are
mandatory. This is why a great effort is now being devoted in many

laboratories to the growth both of synthetic single-crystal diamond and of homoepitaxial diamond films.

Homoepitaxial diamond films were deposited in a modified microwave plasma CVD tubular reactor on a
low-cost synthetic high-pressure high-temperature (HPHT) single-crystal diamond substrate. The CVD
diamond layers were deposited at 700°C in a 1% CH4/H2 mixture with a 1.2 µm/h growth rate. The lattice
parameter was estimated by SEM and XRD analysis to be 3.571 Å. A detector prototype was built up from
such a diamond film by evaporating metallic contacts in a sandwich geometry, without removing the HPHT
315-mm-thick substrate. Both circular Au and Al were tested as 2-mm-diam, ~100-nm-thick metallic
contacts. The sample was placed in an Al housing, so that irradiation on both the growth and the substrate
side was possible. Figure  3.20 reports the response to the triple Pu-Am-Cm alpha source in the case of
a +80 V bias polarity, i.e., with +80 V on the CVD diamond growth surface. A full width at half maximum
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(FWHM) better than 1% was measured. The detector was thus exposed to 14-MeV neutrons at FNG and
the pulse height spectrum was recorded. The peak due to the 12C(n,a0)9Be reaction, produced by the
14–MeV neutrons (reaction threshold >6 MeV) is clear (fig. 3.21). The energy resolution (FWHM) is <3%
and is directly comparable to the best performance of natural diamond detectors as well as of other single-
crystal diamond detectors. The detector has been proposed as a 14-MeV neutron spectrometer at JET for
the 2005 campaign.

3.7.1 SiC/SiC composite development

The activity concerning the use of SiC/SiC ceramic composites for plasma-facing components is aimed at
manufacturing SiCf/SiC composites with advanced fibres and improved interphase and matrix by the
isothermal chemical vapour infiltration (CVI) technique. Under a collaboration between ENEA and
FN–Nuove Tecnologie e Servizi Avanzati SpA Italy, a medium-size facility (fig. 3.22) allowing both CVI and
CVD processes was built and installed at FN in 2004. The facility is intended as a flexible tool for
investigating alternative infiltration processes and
manufacturing small samples or medium-scale mockups
with a half-finished shape (tubes or boxes). The volume
available for processing is a 300-mm-diam, 400-mm-high
cylinder accessible from the top of the reactor. Small
samples (e.g., flat tiles), tubes or  half-finished shape
preforms can be infiltrated. The total power of the facility is
25 kW, and the maximum reachable temperature in the
reactor is 1400°C. The resistors are housed in a double-
shell AISI 304 stainless steel vessel actively cooled by
water. The maximum vacuum obtainable is 0.5 mbar with
no gas and 10 mbar during the process. The gas duct
system includes CH4 (for C interphase deposition on
fibres), metil-thrichloro-silane as SiC precursor, N2 and Ar
as purge gas and H2 as carrier. Filters and a Venturi-
scrubber system are used for gas purification. The
process can be monitored by means of a remote control
panel which is computer-assisted for data recording. A
final check of the facility was completed successfully.

Preliminary cyclic testing was performed to investigate the fatigue behaviour of Cerasep N4-1 commercial
grade SNECMA [3.18]. Flexural cyclic tests were done at room temperature (RT) and at 1000°C; a
sinusoidal wave form stress amplitude was used with a frequency of 1 Hz. The peak stress (σMAX) imposed
for testing varied  from 50 MPa to 80, 100 MPa, but tests with higher sMAX were also carried out stepwise
up to 290 MPa. A minimum stress (σMIN) of 20 or 50 MPa (depending on the σMAX value) was imposed in
order to keep the specimen in place in the bending test fixture. Early studies on the fatigue of ceramic
matrix composites support the observation that the fatigue stress threshold is below the threshold at which
crack growth occurs.  In the present case preliminary tests at RT suggest that the stress threshold is lower
than the matrix cracking stress. The composite investigated is
able to withstand  peak stresses of 50 and 80 MPa for more
than 10000 cycles, but 100 MPa can be withstood for about
1000 cycles. The number of cycles to failure is sensibly
reduced with testing at 1000°C. In this case a peak stress of
80 MPa can be withstood for about 1000 cycles (10000 cycles
with 50 MPa peak stress). Cyclic stress-strain curves showed
no degradation of the hysteresis loop with low peak stress
(sufficient to allow the material to withstand 10000 cycles, i.e.,
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up to 80 MPa at RT and 50 MPa at 1000°C) but sensible
changes in the loop when the peak stress is higher
(fig. 3.23).

Preliminary stress rupture testing was performed to
investigate the creep behaviour of Cerasep N4-1. Four-
point bending tests were carried out using the same
specimen size as in the cyclic tests. As-received Si-coated
specimens were used to evaluate the effect of the testing
atmosphere. The testing temperature was 1000°C, the
applied bending stress 100 Mpa and the test atmosphere
was an argon gas flow (20 l/h) with renewal five times/hour
in the furnace. The thermal cycle consisted of heating to
1000°C, 4.5°C/min, 40-min hold time, load application,
testing and natural cooling (with flowing gas). The outcome

of the tests is that the creep resistance of the material investigated appears rather poor at the stress value
used (100 MPa). Due to the matrix cracks after load application, the crack bridging fibres are directly
exposed to the environment. The time to rupture ranged from 16 to 143 h. No substantial difference in
results was found between as-received and Si-coated specimens. The failure was almost brittle with
pullout nearly zero and no detachment of the fabric  layers. Figure 3.24 shows a typical strain vs. time curve
(total and creep strain).

The molecular dynamics simulations of radiation damage in crystalline cubic SiC were continued. The
reliability of the CAST code was assessed by incorporating a special version of the Tersoff potential. The
CAST code was improved for low-energy recoil simulations by performing selected molecular dynamics
experiments at very low energies (of the order of 20-50 eV PKA for both Si and C primaries) and well
controlled streaming directions in the crystal lattice. The results of the simulations were compared with
other published data. The short-range part of the interaction potential was characterised. In a first

implementation of the code the range of the
simulations was extended up to 2 keV PKA at 300K
for both Si and C primaries. In such conditions an
almost linear increase of permanent damage with
increasing primary energy was found. A somewhat
pronounced preference for defect cascade creation
was observed in the case of C primaries. By
comparing the initial damage with the cascade
distribution after equilibration, no major differences
were found between Si and C primaries in the range
0.25-2 keV. In general C interstitials were the
prevalent type of defect over the whole range of
energies explored, but at energies higher than
1 keV, a sizeable fraction of substitutional defects
(antisize) was observed.

3.7.2 Reduced-activation steels

The work on characterising improved EUROFER welds (CEA-made) relative to fatigue or impact resistance
continued. Data on the effect of post-welding heat treatment (PWHT) on the mechanical properties and
structural features of gas-tungsten arc-welded (GTAW)+filler material joints are available. Properties such
as tensile and impact strength were studied on welded plates heat treated at 730 and 750°C for a soaking
time of 1 and 2 h. Although the short-term properties of the  welded joints seem to be acceptable, the
results from creep and fatigue tests were unsatisfactory. Stress-rupture creep tests were carried out at
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500°C on base material and EBW joints, “as welded” and PWH treated. At high stress (280 MPa) the times
to rupture of the joints are fairly similar; at medium stress (250 MPa) and at the lowest stress level (220
MPa) a significant loss of strength was observed for the PWHT samples.  

Low-cycle fatigue (LCF) tests on EBW joints were performed by using a load-control method and, to
shorten the test duration, an extremely severe loading condition was used. The test parameters were a
temperature of 450°C, a maximum load corresponding to 435 MPa and a minimum load of 43.5 MPa
(R=0.1). Although the base material showed a fatigue-life of about 1×105 cycles under the same test
conditions, the joint treated at 730°C for 1 h failed after 4692 cycles, and the joint treated at 750°C, at 382
cycles. Long-term properties seem seriously affected, due perhaps to precipitation or to segregation
phenomena occurring during the PWHT.

The physical-mechanical properties of EUROFER steel, the thermal expansion coefficient (CTE) and
Young’s modulus as a function of temperature were investigated. The CTE was measured under static and
dynamic thermal conditions. The results showed that there is no relevant difference between EUROFER
and F82H alloys. The tests were carried out in the range 20-700°C. 

The impact properties of the CEA-manufactured EUROFER oxide dispersion strengthened (ODS) were
studied from 300°C to –300°C. The specimen orientation seems to have no influence on absorbed
energies. Therefore, it can be said that no texture is present in the 6-mm-thick plate tested; the material
appears homogeneous. The longitudinally and transversally oriented DN 50 115 Kleinstprobe standard
specimens showed a ductile-to-brittle transition temperature (DBTT) close to 10-12°C, which is a good
improvement on the 90-100°C estimated for the previous ODS generation. Unfortunately, these good
characteristics are zeroed by the absorbed-energy
values. In the upper shelf energy field, a mean value
of 2.33 J was measured at a temperature over 60°C.
Fracture toughness, although roughly estimated,
showed very low values.

Hydrogen degradation effects on the mechanical
properties of EUROFER 97 base metal and GTAW
joints were investigated by means of fully-reversed
load-control LCF testing at room temperature and
under cathodic charging on specimens pre-
saturated with hydrogen. Two electrochemical
conditions were selected for base steel, which
provided hydrogen contents at around 2-2.5 wppm
and 6-6.9 wppm. Increasing the hydrogen supply
caused the material to become increasingly
receptive to damage, but enlarged the data scatter
in terms of fatigue lifetimes and cracking modes,
especially at lower frequency. Specimen fracture was fully
ductile in the uncharged condition, but varied from
intergranular to transgranular as internal hydrogen was
increased. Microscopic inspection suggested that the
damaging mechanisms for steel in the normalised and
tempered state probably involve hydrogen-induced plastic
flaw blocking and interface de-cohesion. There was also
some fractographic evidence supporting the inference that
the EUROFER microstructure is inhomogeneous [3.19]. Low
cycle fatigue failure of the uncharged EUROFER welded joint
(fig. 3.25) always occurred in the heat affected zone. The
corresponding fatigue lives were longer than those of base
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steel and were variably impaired by hydrogenation under the most severe condition (6–6.9 wppm).
Premature fracture through tests on hydrogenated samples occurred either in the hard molten zone (by
brittle microcleavage) with reproducible cycles to failure, or within the soft overaged region of the heat-
affected zone (by brittle fracture through trans-granular shearing starting from coarsened carbides) with
scattered lifetime reduction. 

Post-irradiation small-angle neutron scattering (SANS) inspection of irradiated RAFM steels continued. The
final SANS data on 2.5 dpa EUROFER were presented at the SOFT23 Conference in collaboration with
FZK and the Energy Research Foundation (ECN) Petten [3.20]. A new SANS experiment on several
9–15 dpa neutron-irradiated EUROFER 97 samples to be provided by FZK has been prepared at the High
Flux Reactor of the Institute Laue Langevin (ILL) Grenoble. Delivery of the irradiated material has been
delayed, but the experiment should be carried out in March 2005. Unirradiated reference samples will be
tested as well. Unirradiated EUROFER ODS material will also be studied to continue the microstructural
investigation of different metallurgical treatments.

3.8.1 Lithium corrosion and chemistry

The LIFUS III loop for testing cold and hot traps, non-metallic monitoring devices and evaluating the
corrosion/erosion rate in IFMIF representative conditions is being characterised by means of water (task
TTMI-002-D4). The most promising techniques  for the non-metallic control and monitoring systems were
selected by ENEA and the University of Nottingham, and suitable sensors and traps to be installed in the
loop have been designed. Some offline analytical techniques for detecting dissolved impurities have been
tested, i.e., capillary specific resistivity measurements for nitrogen, the equilibrium foil method for other
impurities. The preliminary experimental results are under analysis.

3.8.2 Lithium target replaceable
back-plate

Cavitation tests at the electro-
magnetic pump and at the joint of
the replaceable black-plate. The
occurrence of cavitation was tested at
Osaka University lithium facility from
19-23 April 2004 (task TTMI-002-D2).
Two ENEA CASBA-2000 accelero-
meters were screwed onto the loop
close to the inlet of the electromagnetic
pump (EMP) and at the outlet of the
flow straightener. A dedicated data
acquisition system on a PC notebook
and LabView software were prepared
by ENEA and linked to the loop control
process system in the control room.
The loop hydraulic performance at the
nominal lithium temperature of 310°C
was calculated on the basis of the
available data of the EMP, piping
geometry and experimental
measurements. During the tests the
argon pressure in the gas separator at
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the outlet of the nozzle was kept constant, while increasing stepwise the EMP flow rate. Five different flow-
rate ramps were performed at absolute argon pressures of 0.05, 0,065, 0.09, 0.11 and 0.135 MPa. During
the whole test campaign, the temperature of the lithium inlet to the EMP was kept at about 305-310°C.
The first detection of cavitation noise was recorded by CASBA 2000 close to the EMP inlet at an argon
pressure of 0.05 MPa and a nozzle velocity of 12 m/s; the second was recorded at 0.065 MPa and
13.3 m/s (fig. 3.26) and the third at 0.09 MPa at 15 m/s. In all three cases, some acoustic noise was also
heard during cavitation. The magnitude of the CASBA 2000 response and its signal amplification are
evident both in dB and in the linear plot of the root-mean-square signal, DC-out. No cavitation was
recorded at the EMP inlet at an argon pressure of 0.11 MPa up to the maximum permissible nozzle velocity
of 15 m/s. No cavitation signal was detected at the flow straightener-orificed plates upstream of the nozzle
up to 15 m/s of lithium flow velocity with argon absolute pressure higher than 0.05 MPa. 

Water experiments at the joint of the replaceable back-plate. Additional water jet experiments on the
IFMIF simulated target system were started at the end of 2004 at the CEF 1-2 thermal hydraulic facility at
ENEA Brasimone (task TTMI-002-D3). The
hydraulic tests were performed on the HY-JET
mockup simulating the IFMIF lithium jet flow
with a double reduced nozzle on a curved
target back-plate of curvature 250 mm and
surface roughness 1 mm. The tests on the
hydraulic characterisation and the flow
instabilities close to the nozzle-backwall zone
were repeated (fig. 3.27). 

Reliability assessment of the replaceable
back-plate. The remote handling (RH),
vacuum and leak-rate requirements for the
removable back-plate (bayonet concept) were
assessed. In 2004 a reliability test campaign on
the RH procedure was carried out, completing
100 RH cycles including 50 mounting and 50
removal procedures (fig. 3.28). The reliability
trials confirmed the main results already
obtained in the 2003 campaign: the prototype is well suited to remote handling (i.e., back-plate
replacement operations were completed successfully each time) and the repeatability replacement time is
less than two days. The replacement time was reduced after improving the prototype characteristics and
modifying the procedure (back-plate replacement is currently carried out using only one tool); in general
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the prototype did not suffer significant damage; the vacuum test confirmed the results obtained during the
test campaigns; the back-plate positioning repeatability was within ±0.1 mm from the average back-plate
position. 

The rescue procedures to assess the behaviour of the prototype under possible failure conditions are under
development. The procedures for the failure conditions identified are based on the results of the reliability
assessment and on the experience gained during the previous tests. A set of tools for performing the
rescue procedures has been selected.

3.8.3 Safety analysis

The activity had two objectives: identification of a set of reference accident sequences [3.21] involving the
whole IFMIF plant and deterministic assessment of a couple of the sequences [3.22]. The study identified
qualitatively the most significant accident sequences that could potentially occur during normal operation
and possibly constitute a public and environmental hazard. The accident sequences were developed
starting from selected initiators and then defining sequence families (or plant damage states). The initiating
events considered were based on similarities in plant response and accident evolution. Then for each
sequence family, reference sequences were selected as being considered the most challenging from the
safety viewpoint. The “credibility” of these sequences should be supported by a probabilistic quantification
analysis, which would exclude the sequences having a negligible likelihood of occurrence. Deterministic
analyses will be required to evaluate the potential of the reference accident sequences to impair the
integrity of safety barriers (e.g., containment) and cause the release of radioactive material. The accident
analyses considered two sequences involving the lithium target and accelerator-beam cooling loop. The
aim was to verify whether in out-of-normal conditions the integrity of the components be compromised and
there exist the risk of radiological release. The first accident hypothesized was a 10% overpower for 20 s
in one of the beams because of over-voltage or over-current. The beams of today’s accelerators are not
entirely stable, so it is necessary to know what effects their behaviour has on the thermal structures of the
lithium target (thermal shocks) and on the cooling in the pipes. This type of accident initiator is unique to
accelerator-driven systems and the phenomena behind it are still an open question. Although the
probability that this kind of accident occur is extremely low as there are numerous control systems, its
analysis is important in the design of a safe facility. The consequences identified are a very limited increase
in the temperature of structures and coolant, which has no effect on fluid pressure because of the short
duration of the anomalous transient. The second accident analysed was water leaking from the beam
cooling loop, entering the beam duct and breaking the vacuum conditions. Because of the low water-
temperature, a very limited amount of vapour is
generated due to flashing in the vacuum environment.
Nevertheless, spray from the jet of water can cause
droplet atomization, and some vapour can come into
contact with the lithium flowing in the target zone when
the fast-isolation valves fail. The reaction between vapour
and lithium generates heat and hydrogen. Analyses
showed that although the hydrogen in the total beam
volume is not sufficient to detonate or deflagrate, it can
constitute a risk if it becomes concentrated in zones and
oxygen enters the beam duct.

Assessment of the impact of the neutron source on dose
rates outside the test cell shielding walls continued. A
new neutron source model, McEnea, was developed
according to the measurements of neutron emission
spectra in Li(d,n) reactions for 40-MeV deuterons
performed at the Cyclotron and Radioisotope Centre
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(CYRIC), Tohoku University, Japan. Full 3D neutron transport calculations were performed by MCNP codes
to obtain the dose rates outside the test cell shielding walls and in the access/maintenance room. The
reference shielding material of the test cell walls was assumed to be heavy concrete. The results obtained
with McEnea were compared (fig. 3.29) with those obtained using other available neutron sources, i.e.,
Oyama, McDeli and the MCNPX 2.5b internal model. It was found that high-energy neutrons (>40 MeV)
are significant (90% of the total dose) in evaluating the shielding. The Oyama and McDeli models do not
take into account the neutrons produced in exothermic D-Li reactions, so they are not suitable for
application in IFMIF dose rate calculations (148 µSv/h and 320 µSv/h respectively for 300 cm). The
MCNPX-2.5b internal model uses a statistical model which is not correct for light nuclei and unrealistically
predicts neutron energies up to 80 MeV (7496 µSv/h for 300 cm). According to the new McEnea model,
based on recent experimental data, the thickness (400 cm) of the heavy-concrete shielding front wall is
sufficient  to meet the requirements of the maximum allowable limit of 10 µSv/h in the operative areas of
the IFMIF facility (3281 µSv/h for 300 cm and 5 µSv/h for 400 cm).

3.8.4  Cost assessment of conventional facilities

The cost assessment review of the IFMIF conventional facilities took into account the design development
reported in the IFMIF Comprehensive Design Report (December 2003).  The assessment considered the
main building complex, administration building and other service buildings; heating, ventilation and air
conditioning (HVAC) system; central control and common instrumentation (CC & CI) system [3.23].

The main building complex was divided into i) the bunker building, which is a basement consisting of
shielded areas and cells and ii) the industrial building and the rest. The building cost was estimated by a
bottom-up procedure based on prices quoted in the Italian civil engineering manuals published in 2004.
The overall estimate, including cranes, stack and site preparation is 51,211 k€. Comparison with the
estimate reported in the IFMIF Cost Estimate, Appendix F, is quite good, with only a +0.03% difference in
the overall cost, although some items (i.e., cranes, stack and
administration and service buildings) show a larger difference.

The cost of the HVAC system cost was assessed dividing the
system into i) the industrial HVAC and ii) nuclear HVAC, which
in turn was divided into three subsystems (nuclear HVAC,
nuclear HVAC plus emergency detritiation, and nuclear HVAC
treating argon gas). The results of the assessment were
industrial HVAC system ~ 1135 k€ and nuclear HVAC system
14,751 k€, for an overall cost of ~15,886 k€.

The cost of the CC & CI system was estimated to be 11,349 k€.

3.9.1 Collection and assessment of JET
occupational-radiation data

The 2003 analysis of annual worker doses was repeated with
the additional data obtained from JET, and a new analysis
based on the monthly dose information from JET was also
carried out [3.24].
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Two empirical dose correlations for the pre-ALARP (as low as reasonably possible) period and two for the
ALARP period were obtained. For the pre-ALARP period CD=0.975 SDT, CD=0.0221 NP T, while for the
ALARP period CD=0.185 SDT, CD=0.0323 NP T, where CD is the collective dose, SDT the shutdown time
in days, NP the number of monitored people and T the exposure time. Although there is a level of
uncertainty associated with the analysis results, the above correlations demonstrate a significant
improvement in machine operation from a radiation protection perspective, after the introduction of the
ALARP policy. The monthly data enabled a more detailed analysis of JET radiation exposure experience.
The analysis was focussed on work effort, as this is the most difficult parameter to determine when
estimating future doses for either JET or ITER. Despite the large uncertainty with respect to the work effort
estimates, and despite the stochastic errors in the statistical analysis, results relying only on comparisons
have a higher level of confidence. It can be concluded from the analysis that the introduction of the ALARP
policy at JET had a significant positive impact on worker radiation exposure. A better understanding of the
improved work practices resulting from the application of ALARP at JET would be of benefit to ITER as the
JET experience will establish de facto benchmarks.

3.9.2 Collection of JET component-failure data

A collection of fusion-specific data relative to JET component failures was built up  [3.25]. The work
concerning the vacuum and active gas handling systems [3.26] was extended in 2004 to the JET neutral
beam injectors (NBIs) and power supply systems.  The overall set of available information related to out-
of-normal operating experience at JET was retrieved and collected in spread sheets of “data events”. The
components installed in the two systems were classified by type, number of installations, total operating
hours and total number of operations on demand, as well as failure modes and causes. Failure rates with
regard to operating days, pulse duration and failure probability on demand were estimated, where possible,
and their mean values and uncertainty distributions calculated.

About 1935 records related to failures/malfunctions of the coil and NBI power supply and 90 failures related
to NBI mechanical components were singled out. Statistical evaluations were performed for subsystems
and main components, such as converters, flywheel generators, transformers, busbars, capacitors,
inductors, resistors, circuit breakers, switchgears, vacuum switches, solid state devices, neutralizers, ion
sources, etc. It should be noted that the present set of
reliability data is one of the most consistent ever to be
evaluated in the field of fusion facilities, both for the
number of components and for the total operating hours
dealt with. The calculated data will be very useful for
evaluating reliability parameters in support of safety
assessments and for availability/reliability analyses of
fusion machines/plants. Statistical data obtained from
“data events” will be recorded in the “Fusion Component
Failure Rate Database”.

3.9.3 Tritium diffusion

The objective of the experiments, performed at the
Frascati STARDUST facility, is to investigate how tritium
diffusion from the vacuum vessel (VV) to the vault can be
counteracted if a connection is opened between the two
volumes because of a loss-of-vacuum accident (LOVA) or
a loss-of-coolant accident (LOCA). It is important to
reduce tritium diffusion both to limit possible effects on
operators and to allow for delayed intervention [3.27].
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Two types of tests were carried out: with cold walls (20°C) and with hot walls (110°C),  at initial atmospheric
pressure in the VV. The cold-condition test was aimed at demonstrating that the diffusion phenomenon is
not so significant because the light gas (helium in the experiments, due to its affinity with tritium)  is stratified
in the upper parts of the VV and, in this case, its diffusion can be safely controlled even in the worst
situation. 

In all the tests a pipe break was used to simulate a leak at the equatorial level of the VV. The gas was
pumped out by a dedicated pumping system to avoid its exit towards the vault. This setup demonstrated
(fig. 3.30) that in hot conditions, if leakage does not occur in the vessel dome, the pumping system can
stop the gas from diffusing in the volume simulating the vault. Therefore, an appropriate pumping system
in the ITER VV could prevent tritium from escaping into the environment in the case of a LOVA, provided
the pump can intervene soon enough after the break [3.28].

3.9.4 Analysis of selected ITER accident sequences

The objective of the analysis [3.29] was to identify the bounding accident sequences with the highest
environmental impact, relative to the ITER tritium plant. The postulated initiating event - potential impact
table (PIE-PIT) methodology was used. The potential consequences of each PIE were studied in detail to
better understand the  possible accident sequences related to tritium systems.  The PIE-PIT pointed out
the relationship between PIEs and plant confinement states (PCSs), which represent the plant conditions
at the end of accident sequences. The PCSs were defined
according to the source terms and the confinement barriers
challenged during accident evolution. Each source term and
each possible pathway through confinements were
considered. Three bounding accident sequences were
identified: 

1. Break of a tritium process line inside the glove box (GB) of
the storage and delivery system, aggravated by loss of GB
confinement integrity and failure to isolate the nuclear HVAC
system.

2. Break of isotopic separation system process line inside cold
box (CB), loss of CB integrity, aggravated by failure to
promptly isolate the HVAC.

3. Break of the water detritiation system blow-down tank in the
operating room, aggravated by failure to promptly recover
the pool generated in the room sump and by failure to
isolate the HVAC.

A probabilistic approach based on the event tree (ET) models
was also used for PIEs related to some systems of the tritium
plant. Comparison between the results of the PIE-PIT and the
ET probabilistic approach confirmed that the selection of the
first two bounding accident sequences above was correct.
The third sequence has not been treated probabilistically.

Fire-impact analysis for the tokamak and tritium
buildings. The aim of the fire hazard analysis was to
demonstrate that environmental releases of tritium, as a
consequence of the worst conceivable fire, remain within the
limits specified by the project release guidelines. The fire
severity is based on an inventory of combustible materials,
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defined by fire load, in each area of the plant. The temperatures reached by the process components were
evaluated by the standard ISO-834 curve and compared with the temperatures specified by the design
conditions, as a simplified screening criterion. The comparison showed that the temperatures were close
to exceeding those of the  design conditions and that several components could fail in a fire accident. As
fire-severity categorisation is too conservative, fire-impact analyses are performed to get a more accurate
evaluation of the consequences. A detailed fire-impact study [3.30] was therefore done for a number of
representative rooms and areas (storage and delivery system [SDS] and analytical system [ANS], power
distribution and control cubicles, standby-ventilation detritiation system/dedicated regeneration system
[S–VDS/DRS], tritium monitoring, vacuum pumping system [VPS], port cell, drain tank area, gallery) to
determine whether a fire can lead to tritium release. The simplified Fire Dynamic Simulation (FDS) model
was used. The first evaluation gave the ANS and SDS room as being the most critical. The fluid dynamic
analysis of the fire evolution was performed by means of the FLUENT code, which simulates the fire
phenomenon in a more detailed and precise form. Although the analyses were very conservative, they
demonstrated that the consequences of a fire accident (fig. 3.31) would be less severe than those resulting
from a classical fire analysis (in which oxygen is
never exhausted, all the combustible materials
are supposed to burn and flashover conditions
are assumed). The classical fire analysis results
in an overestimation of the temperatures and
thermal loads on structures and equipment.
One of the parameters included in the fire
analysis performed by the FDS is the ability to
ignite; hence, as all the materials were
considered to be practically flameproof, even a
strong source of ignition would not be capable
of priming a fire.

Another result was that the spread of fire can
often be limited by oxygen depletion inside the
rooms. The flow rate of ventilation in the range
of one air change/hour is not sufficient for a fire
to develop inside a sealed room.
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Table 3.III - Comparison of  EVITA experimental results and

CONSEN simulation results; error=(C-E)/E 

TEST LIQUID MASS (g) ICE MASS (g)
Calcul. Experim. Error Calcul. Experim. Error

6.1 0 19 - 387 345 12%

6.22 1299 1370 -5% 280 274 2%

6.3 1913 1980 -3% 576 510 13%

6.4 4257 4350 -2% 264 340 7%

6.51 120 53 126% 215 250 -14%

6.61 1064 1017 5% 425 440 -3%

6.7 1431 1385 3% 156 160 -7%

6.8 3931 3750 4% 233 330 -29%

6.9 0 0 0 184 191 -4%

6.10 0 0 0 141 157 -10%

6.11 0 6 - 327 367 -11%
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Fig. 3.31 - Maximum temperature in the ventilation ducts of ANS and SDS room and confining zone (long-term storage room) 



3.9.5 Validation of
computer codes and
models

Work continued on the
validation, verification and
qualification of the computer
codes CONSEN, PACTITER
and ANITA-2000 used for the
ITER safety assessment. 

CONSEN. The CONSEN
code [3.31] was validated
against the cryogenic tests
performed at the experimental
facility EVITA (CEA labora-
tories-France). CONSEN is
well able to simulate steam
condensation on a cryoplate. The code was validated against eleven tests in 2004. When the boundary
conditions are accurately defined, the trends of temperature, pressurisation and the mass of ice formation
agree with the experimental results. Sometimes, the difficulty in getting information on heat exchange in
the cryoplate cooling loop, where nitrogen is present in two phases (liquid and gas), leads to discrepancies
between the code and the experimental results. The heat removed from N2 in tests with cold walls (tests
6.51, 6.61, 6.7 and 6.8) is greater than in the experiments. Agreement was generally good when
calculating the final pressure and was also satisfactory for the residual liquid masses, apart from test 6.51
(table 3.III).

PACTITER. The  PACTITER v2.1 code was used for simulations of the CORELE experiments [3.32]. The
objective was to determine the stainless steel (SS316L) release rate under the thermal-hydraulic and
chemical conditions of the primary cooling loops. The results showed an increase in release rate with fluid
temperature T, fluid velocity and the parameter POROS, i.e., porosity of the oxide layer on the inner surface
of the tube. Temperature has a strong influence; simulations at T=100°C provided lower material release
rates than those calculated at T=150°C (factor of ~10), in fair agreement with the experiments. With
reference to fluid velocity instead calculated  results were in disagreement with experiments: the release
rate in the experiments decreases with increasing fluid velocity, but according to the code it increases.  In
fact, the CORELE tests that were carried out at a fluid velocity of 4 m/s were characterised by a lower Re
number than those at v=1 m/s. The reason for this was the
change in the tube geometry (presence of the Zircalloy insert
placed in the tube to overcome the reduced fluid flow rate).
The calculated SS316L release rates agreed fairly well with the
experimental results using the same Re Number as correlation
factor.

It was impossible to get a full match between measured pH
and Li content and the corresponding input data for code
simulations. The best fit with the CORELE experiments was
obtained with pH25°C=9.2 for tests at T=100°C, and with
pH25°C=7.9 for tests at T=150°C. The porosity of the oxide
layer on the inner surface of the tube (POROS) is important, as
already demonstrated in previous CORELE test simulations.
Two values were used: 40% and 80%. The simulation results
showed a better agreement with experiments by adopting
POROS = 0.8 for T=150°C and POROS=0.4 for T=100°C. See
table 3.IV for details.
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Table 3.IV - Best fit results

Test T(°C) Re CORELE Release rate PACTITER Release rate

[mg/(dm2 xmonth)] [mg/(dm2 xmonth)]

POROS=0.8, pH25°C=7.9

2004-01 SE1 150 5.93×104 22.0 19.40

2004-01 SE2 150 8.57×104 36.0 24.50

150 3.45×105 - 31.00

POROS=0.4, PH25°C=9.2

2004-03 SE3 100 3.62×104 0.8 1.05

2004-04 SE4 100 5.76×104 2.8 1.55

100 2.11×105 - 4.48
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ANITA. A new validation effort was performed for the ANITA neutron activation code [3.33, 3.34]. The
decay heat measurements on fusion-relevant materials (cobalt, copper, iron, Inconel-600, nickel, nichrome
(NiCr), tantalum, titanium, SS-304, SS316) irradiated by 14-MeV neutrons at the JAERI fusion neutron
source were analysed by ANITA with EAF-2003 data and FENDL/A-2 nuclear data libraries. JAERI provided
the source neutron-energy spectrum and intensity as well as the 175-n Vitamin-J energy-group structure
flux distribution for each one of the material samples. The decay-heat calculation and experimental results
were compared. The general conclusion from the calculation/experiment comparison is that EAF-2003
generally provides a better agreement with the experiments than FENDL/A-2. The photon and electron
decay-heat measurements from the Frascati FNG were compared with ANITA/FISPACT results, based on
EAF-2003 data, for Mo, Cu, Hf, Mg, Ni, Cd, Sn, Re, Ti, W, Ag, and Al. The impact of different activation
libraries (i.e., EAF-99, EAF-2003 and FENDL/A-2) on the ANITA-2000 results was also assessed. The
decay-data library FENDL/D-2 was used for the calculations. The ANITA-2000 and FISPACT calculations
(using the EAF-2003 activation library) for both activity and gamma-beta decay heats differ by less than
1% for all the materials except Hf and Sn. Some slight differences in the decay data used in the calculations
(life-times, gamma energies, etc.) and the different numerical treatment of the nuclear chains are
responsible for the observed discrepancies. 

The SCALENEA-1 calculation sequence developed to evaluate various nuclear response functions
includes three main steps: processing of nuclear data (from evaluated nuclear data files) to produce master
and working data libraries (problem dependent); analysis of radiation (n,γ) transport to produce
neutron/gamma spectra and reaction rates; post-processing of radiation transport results to obtain various
response functions (i.e., physical parameters, such as neutron activation data). The new updated
calculation approach SCALENEA-1 uses the VITENEA-J library for radiation transport analyses and either
FISPACT-2003 or ANITA-2000 with the EAF-2003 neutron activation library for activation calculations
[3.35-3.37]. 

3.9.6 Safety-relevant activation calculations

Stainless steel SS316 LN-IG inventories related to wet zones of the ITER first wall and blanket coolant
loops were updated to support the activated corrosion product (ACP) assessment for the primary heat
transfer system (PHTS). The impact of the cobalt content in SS36 and of the different irradiation scenarios
on the ACP radioactive inventories was analysed. A reference value (i.e., 0.05 wt%) and a higher value (i.e.,
0.1 wt%, and a modified Fe wt% content for balance) were considered for the cobalt content. The steel
activation of the PHTS cooling pipe (outboard zones) increased (both at the end of the irradiation and for
one day’s cooling time) by about 5% and the cobalt content increased from 0.05% to 0.1%. The highest
increase is for the zones far from plasma [3.38].

The activation characteristics of some in-vessel outboard zones/materials were compared with those
included in Vols. III and V of the Generic Site Safety Report (GSSR). No significant differences (within 1%)
were found between the results of ANITA and FISPACT for specific activity, decay heat and clearance
index, at shutdown and up to about 100 years’ cooling time, when using the same activation data library.
For contact dose rates the differences were up to 12%. Higher discrepancies were found for longer cooling
times. When using the same activation code, there were no significant differences (less than 5%) between
the results obtained with the EAF-99 and EAF-2003 libraries at shutdown and for short cooling times (lower
than one year), while the discrepancies increased for longer cooling times. Some differences were found
for the FENDL/A-2 library for all the activation parameters, particularly at shutdown and for short cooling
times. The highest discrepancies were for zones/materials far from the plasma zone. A check test
was made only for a few materials (outboard in-vessel FW/BL zones) and only for general activation
parameters (no isotope inventories). However, it would seem that the inventory results contained in the
GSSR, based on EASY-99 and ANITA-2000 (with the EAF-99 activation library), are reliable, at least for
short cooling times.
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3.9.7 Power Plant Conceptual Study

Helium-cooled divertor. Further analyses
performed with the use of a 3D model and the
ABAQUS code confirmed not only the previous
results obtained with an axisymmetric model [3.39]
but also the substantial validity of the proposed
solution [3.40, 3.41]. Analysis of the decay dose of
a divertor manufactured using DENSIMET (W-Cu-
Ni alloy) as structural material showed that the alloy
does not affect the 100-year dose of divertor waste
(fig. 3.32). Material has been supplied to
manufacture a two-element module for testing in a
helium facility. 

Safety analyses. Several representative accident
scenarios for Models C and D fusion reactors were
specified for deterministic assessment [3.42].
Functional failure mode and effects analyses were
performed for the two models. Starting from a plant
functional breakdown, the failures of each system
were analysed at functional level. A set of expected
PIEs was selected. The possible evolution of the
accident was pointed out. The main systems and
subsystems involved in the different sequences
were identified, and deterministic analyses were
carried out to verify the resistance of the
containments. Radioactive-inventory mobilisation
and possible environmental release were also
qualitatively defined. The representative accident
scenarios that could challenge the containments or
result in radioactive mobilisation are: loss of
flow in one primary cooling loop with a consequent
in-vessel loss  LOCA; generalised loss of heat sink;
in-vessel LOCA; ex-vessel LOCA with consequent
in-vessel LOCA; interface LOCA between FW and
blanket for Model C.
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ORE Assessment. The latest information obtained from ITER R&D activities (mainly for fuelling and
vacuum pumping) was  exploited to prepare an outline design of the fuel cycle system  [3.43], and all the
details  required for an occupational radiation exposure (ORE) assessment were provided.

The assessment of the ORE for the fuel cycle systems of Models A and B was updated [3.44] with
reference to the fuelling, vacuum pumping and blanket tritium recovery systems. The impact of the design
changes  on estimated collective worker doses was determined and analysed.  The cumulative impact of
the design changes on each plant model is about a 50% reduction in estimated annual maintenance dose.
The largest dose reduction occurs in the vacuum pumping system, for both plant models. The second
largest reduction is in the fuelling system, owing almost exclusively to pellet injection design changes.
Some changes were also introduced in the dose assessment methodology, based on the  work-effort
estimating rule, developed from analysis of JET ORE data.

A proposal was made to update the occupational dose targets of the General Design Requirements
Document (GDRD) [3.45]. Starting from an analysis of the GDRD target evolution since the second stage
of the PPCS and taking into account the update of the ORE for the fuel cycle systems of Models A and B,
it was proposed to modify the share of the different contributions to the total GDRD target appointed to
the fuel cycle systems, keeping the total unchanged (200 p–mSv/a).  The contributions of the fuel cleanup
systems (10 p-mSv/a) and isotope separation system (10 p-mSv/a) remain unchanged. The proposed
modifications are:

• fuelling system from 60 p-mSv/a down to 20 p-mSv/a;

• vacuum pumping system from 60 p-mSv/a up to 100 p–mSv/a;

• blanket tritium recovery system no change (60 p-mSv/a).

Watching brief activities in the field of radioactive waste management. The current status of
decommissioning worldwide, the different strategies used, the relative problems and costs have been
investigated and reported in detail [3.46]. 

The decommissioning problem will increase markedly within a decade and is going to become an
important issue for the nuclear industry. At present, of the 600 research reactors built and operated all over
the world, 400 have been either shut down, decommissioned or are under decommissioning.  On the other
hand, out of the 500 or so nuclear power plants that have been constructed worldwide, 102 are either
under or destined for decommissioning.

Decommissioning policies, strategies and timescales can vary from country to country. The generally
accepted timescale for decommissioning as proposed by the International Atomic Energy Agency (IAEA)
refers to three stages:

1. immediate dismantling of the facility; 

2. safe storage or deferred dismantling and

3. eventual entombment of the facility.

Each stage can be defined by two characteristics: the physical state of the facility and the surveillance
required to maintain such a state.

There are two general approaches to carrying out the decommissioning of a nuclear facility, and one or the
other has a substantial effect on the project management:

• The licensee performs the decommissioning with in-house resources supplemented by specialist
contractors as required.

• The licensee contracts an experienced outside organisation to take charge of the decommissioning
activities, while the licensee does the general overseeing and planning.
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Major concerns in any decommissioning programme are to safeguard the health and safety of the workers
and general public and to protect the environment. However, the risk of public exposure and environmental
impact is lower during plant decommissioning than when the plant is in operation.  This has a simple sound
basis: once the spent fuel has been removed, the radioactivity inventory available for release to the
environment is reduced.  All the same, a significant effort is made in all nuclear operations to keep the
exposure as low as reasonably achievable (ALARA).

One of the major issues related to safety and environmental impact is waste management, with its
implications of unconditional release and material recycling. Decommissioning waste is distinguished by its
huge amount and by the fact that it is only slightly or non-radioactive (99% of the mass contains only 1%
of the total activity).  As undue costs, environmental impact and problems of public acceptability have to
be avoided when managing waste, a solution could be either to clear material with negligible residual
radioactivity from regulatory control or to promote recycling of the material when the level of radioactivity
is acceptable to the nuclear industry.
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4. Super

Research on superconductivity at ENEA is mainly devoted to projects related to the ITER magnet system.
In this framework, ENEA has been strongly involved in the design, manufacturing and test campaigns of
the ITER toroidal field model coil (TFMC), which reached a world record in operating current (up to 80 kA).

Further to this result, the activities in 2004 were devoted to optimising the ITER conductor performance.
ENEA participated in the tasks launched by EFDA to define and produce industrial-scale “advanced”
Nb3Sn strand to be used in manufacturing the ITER high-field central solenoid (CS) and toroidal field (TF)
magnets. As well as contributing to the design of the new strand and the final conductor layout, ENEA will
also perform characterisation tests, addressing in particular the influence of mechanical stress on the
Nb3Sn performance. As a member of the international ITER-magnet testing group, ENEA plays a central
role in the measurement campaigns and data analyses for each ITER-related conductor and coil.  The next



conductivity

phase in the R&D of the ITER magnets will be their mechanical characterisation in order to define the
fabrication route of the coils and structures.

During 2004 the cryogenic measurement campaign on the Large Hadron Collider (LHC) by-pass diode
stacks was completed. As the diode-test activity was the only LHC contract to be finished on schedule,
the Centre Europeènne pour la Recherché Nucléaire (CERN) asked ENEA to participate in an international
tender for the cold check of the current leads for the LHC magnets.  The contract was obtained, and
during 2004, the experimental setup was designed and realised and the data acquisition system was
developed. The measurement campaign was successfully started at the end of 2004 and will be
completed in 2006.
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4.2.1 Advanced Nb3Sn strands

The new tasks on industrial-scale advanced Nb3Sn strand
also have the objective of stimulating the Nb3Sn strand-
production capabilities of European industries and
encouraging them to reach the level achieved in Korea, the
USA and Japan. An overall critical transport current of at
least 200 A (at 12 T, 4.2 K, 0.1 µV/cm) will be required for
the upgraded strand. 

A three-part programme has been set up under an ENEA-
CEA Cadarache collaboration to experimentally assess the
influence of mechanical stresses on the critical properties of
the “new” Nb3Sn strands inside stainless-steel-jacketed
cable-in-conduit conductors (CICCs). It is well known that
Nb3Sn superconducting performance (i.e., Jc) strongly
depends on applied mechanical stresses. In addition, on the
scale of a single strand inside a CICC, the distributed bending strain could be responsible for the degradation
in the performance of the cable compared to the virgin strand.

The first step will be an extended test of the performance of the advanced strands: strand layout, critical
transport current, n-value, and room resistivity ratio will be measured, as well as hysteresis losses by a
magnetisation technique [4.1].
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To investigate the bending strain effect, some strands will be heat-treated on barrel-type sample holders
and then transferred onto different-diameter holders. The strands have been inserted and compacted
inside a stainless steel jacket in order to impose a compressive longitudinal strain and provide strand
support during sample handling procedures. The investigation will be extended in 2005 to sub-size cables
(3/9/36/108 strands) as well as to ITER-type full-size cables made with the same advanced
strands (fig. 4.1). 

4.2.2 Participation in ITER testing campaigns: PF-FSJS tests at SULTAN

In spring 2004, the dc/ac performance of a two-legged straight poloidal field full-size joint sample
(PF–FSJS) (fig. 4.2) was tested at the SULTAN facility of the Euratom-Swiss Confederation Association
(CRPP) at Villigen. The two legs were manufactured with a NbTi full-size cable; one of the two legs has
sub-cable wraps on the last-but-one cabling stage. The same conductor is being used for the manufacture
of the poloidal field conductor insert, to be tested at Naka (Japan) under operating conditions relevant for
the ITER PF1&6 coils.

ENEA was responsible for the conductor and SULTAN sample manufacture and also participated in the
test campaign, data processing and analysis. The main results
of the work were presented at the Symposium on Fusion
Technology (SOFT) and the Applied Superconductivity
Conference (ASC) in autumn 2004 [4.2-4.5].

4.2.3 Measurements on current distribution in
cables: busbar III

It has been pointed out that one of the main issues influencing
the performance of full-size ITER-relevant cables is the current
distribution within the cable cross section: possible non-
uniformities during both ramping and steady-state
electromagnetic regimes may in fact cause degradation of the
conductor performance (especially for NbTi cables),
characterised by a limited temperature margin at operating
conditions. Several experiments have therefore been devoted
to investigating the mechanism of current distribution in full-
size conductors. To measure the current flowing in each petal
of the cable, it is necessary to adopt indirect current
evaluation, that is, the magnetic field is measured in regions
adjacent to the cable surface by means of Hall sensor heads
placed around the conductor. 

ENEA designed and realised the data acquisition systems for
the Hall probe measuring heads and for all the sensors
installed on the NbTi busbar III (BBIII), used as a short-circuit
during the test of the high-temperature superconductor (HTS)
current leads at FZK (figs. 4.3, 4.4). A part of the test campaign
was devoted to current distribution measurements under
different electromagnetic and thermo-hydraulic conditions.
ENEA participated in the test campaign and collaborated in
the data processing and analysis, with the aim of
reconstructing the current distribution in the six petals of the
conductor during operation. The main results were presented
at the ASC in autumn 2004 [4.6].
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4.2.4 Code development and validation

The THELMA code is being developed by Turin
Polytechnic (thermal-hydraulic module), the University of
Bologna (electrical cable model) and the University of
Udine (electrical joint model) in collaboration with ENEA
and under the coordination of EFDA. The code is to be
implemented in studies on coupled thermal-hydraulic
electromagnetic transients in ITER CIC superconductors
in order to compute (mainly) the current distribution on the
conductor cross section, with particular emphasis on
direct current performance (current sharing transition).

The code is being validated against alternating current
loss data on the PF-FSJS [4.6,4.7]. In particular, it is being
applied in the study of the so-called - and so far
unexplained - premature quench in NbTi full-size CICC, as
well as in the study of other dedicated experiments on
NbTi. An effort to include an adequate mechanical
description of the CICC is also in course with the
University of Padua, with the objective of analysing Nb3Sn
strands and cables. 
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4.2.5 Poloidal field coil insert

To date, the behaviour of ITER-type NbTi CICC has mainly been assessed on the basis of extended
characterisation of sub-size samples, short full-size samples and joints [4.8,4.9]. The results of these tests
indicate that some issues need deeper analysis. For example, the so-called “sudden quench”
phenomenon (i.e., when the cable reaches critical conditions at currents and/or temperatures lower than
what is expected from single-strand performance and, indeed, below the ITER requirements) requires
further investigations to be made on longer lengths of coiled full-size conductor. To this end, the ITER
poloidal field conductor designed by ENEA, manufactured by Ansaldo Superconduttori  and used for the
coil winding at Tesla Engineering, UK in the framework of a Task Agreement with the ITER International
Team, will be tested at JAERI [4.10].

The conductor is NbTi dual-channel, about 45m long, with a 50-mm-thick square stainless steel jacket,
wound in a single-layer solenoid (fig. 4.5). It should carry up to 50 kA in a field of ~6 T and will be cooled
by supercritical He at ~4.5 K and ~0.6 MPa. An intermediate connection, representative of the ITER
poloidal field joints [4.11] and located at relatively high field, will be an important new item in the test
configuration with respect to the previous ITER insert coils. 

The main winding and the upper busbar have been
completed. The coil should be impregnated by September
2005 and assembled and shipped to the Naka facility by
November 2005. The test programme will include dc and
pulsed performance assessment of the conductor and the
intermediate joint, ac loss measurement, stability, quench
propagation and thermo-hydraulic characterisation. ENEA is
one of the principal operators in the project and, in particular,
has been entrusted with designing the data acquisition system
for the current distribution measurements, given the high-
quality performance of an analogous system developed by
ENEA for similar measurements carried out on the TFMC
busbar during the phase-II test campaign at FZK, the HTc
current lead short circuit (Busbar III), again at FZK, and on the
poloidal field insert sample at SULTAN.

The current inside multifilamentary/multistage conductors can
be distributed nonuniformly among different strands or cable
sub-elements both during steady-state operation, owing to the
different contact resistance of each cable element at the joint,
and during current variations, because of the different effective
inductance of each sub-element. This has been identified as
the main cause of premature conductor quench phenomena
or current ramp-rate limitations.

ENEA has planned an experiment, currently in its installation
phase, to study the influence of current distribution on
conductor properties, such as critical current, ac losses and
stability [4.12]. A magnet has been coil wound with a subsize

4.3 Advanced Stability Experiment
(ASTEX)
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NbTi 36-strand conductor opened at both terminations
and subdivided into four 9-strand last-but-one stages, one
of which further subdivided in two parts:  triplet and the
remaining 6 strands. These sub-stages will be connected
to the power supply by means of the same type of HTc
leads (fig. 4.6) as designed for the LHC and under testing
at ENEA: this will be the last upgrade to the ASTEX facility.
A system of external resistors allows the magnet to be
supplied with a controlled nonuniformly distributed current.
The module is fully instrumented with thermometers,
voltage taps, pickup coils, pressure gauges and helium
mass flow meters for characterising its behaviour during
both steady-state operation and current variations. 

The experimental campaign will start in the first months
of 2005.

4.4.1 Cryogenic testing of diode stacks 

Testing of the by-pass diodes for quench protection of
the dipole and quadrupole magnets of the LHC at CERN
was completed on schedule thereby guaranteeing
completion of the measurement campaign on all the
stacks (1250 for the dipoles, 400 for the quadrupoles)
within 2004 [4.13]. As agreed with CERN, a few diode
stacks whose performance was uncertain during the first
characterisation measurements will be re-tested at
ENEA in early 2005.

By this contract ENEA was paid about 1.2 M€ including
in-kind contributions.

4.4.2 Cryogenic testing of current leads

The LHC will have about 8000 superconducting
magnets with different current ratings. To power the
magnets, more than 1000 HTS leads installed inside the
liquid helium vessel will be needed to provide the
electrical connection between the warm cables to/from
the power converter and low-temperature
superconducting busbar carrying the current to/from the cryomagnets. Therefore, the leads will have to
operate in a temperature range between room and liquid helium. 

ENEA has been contracted by CERN to perform the cold check of the leads, simulating the operating
conditions. The experimental setup has been designed and constructed according to the typical criterion
of a scientific experiment, but the test site has been dimensioned to meet  the schedule of an industrial-
scale activity, due to the huge quantity of devices to be tested. ENEA has also developed a dedicated data
acquisition system (fig. 4.7).

The measurement campaign started at the end of 2004 and the testing results completely fulfilled CERN
requirements. 
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Fig. 4.7 - Connection between CERN 13-kA HTS leads

and the bars of the ENEA power supply devoted to the

test

Fig. 4.6 - ENEA facility for testing superconducting

solenoid magnets



4.5.1 Development of metallic coated substrate for HTS tapes

Silver is the most widely employed material for BSCCO wires and tapes because of its chemical inertia with
the superconductor as well as with its precursors. However, a pure Ag substrate has two major drawbacks
- high cost and poor mechanical properties at high temperatures. To improve the physical properties of the
substrate, without loosing the chemical properties, Ag-buffered Ni-based tapes have been studied
[4.14–4.15]. 

As reported in [4.15-4.17], dewetting of the Ag film occurs during annealing in air, and pin holes appear on
its surface. These holes cause chemical contamination from the substrate to the superconductor with
infiltration of liquid phases during high-temperature Bi-2212 synthesis, which can suppress the
superconductivity. The introduction of a buffer layer between Ag and Ni tape could be a suitable way to
reduce the dewetting mechanism and avoid Bi-2212 contamination by Ni.

EDISON S.p.A. and ENEA collaborated during 2002-2004 with the aim of optimising such a buffer layer.
Controlled oxidation of the substrate and deposition of ceramic film (MgO, CeO2,YSZ,...) between NiCr
tape and silver film via e-beam evaporation were investigated.
To verify the chemical composition, morphology and effective
barrier efficiency, extended characterisation of the buffered
substrate was performed by scanning electron microscopy
(SEM), electron backscattering diffraction (EBSD) and x-ray
diffraction (XRD) analyses, also after thermal treatment of the
samples at 850°C in oxygen. Among the various choices,
CeO2 exhibits the best buffer-layer performance, with no Ag
film dewetting or degradation, but it suffers from mechanical
stress at high temperatures.

It is supposed that Ag film instabilities are mainly due to the
high interface energy between the metallic and the oxide
films. As it is well known that a binary alloy has a lower Gibbs
free energy than pure metals, a thin Pd film was interposed
between the above mentioned CeO2 buffer layer and the Ag
film. Pd was chosen because it forms a complete solid
solution with Ag at all the relative concentrations. This
approach permits complete inhibition of hole formation.

4.5.2 Development of (YBCO) based coated
conductor tapes

The activities were focussed on developing YBa2Cu3O7-x
(YBCO) based coated conductor tapes, mainly by improving
the electrical transport properties and developing chemical
solution deposition methods for epitaxial YBCO films. 

Two different substrates were taken into account: Ni95W5
(Ni–W) and Ni88Cr8W4 (Ni-Cr-W) [4.18,4.19]. It was
demonstrated that an intermediate layer of Pd between the
substrate and the oxide buffer layer architecture can reduce
contamination from the substrate and improve the structural
and - consequently – the superconducting properties of
YBCO film [4.19,4.20]. The effect of partial substitution of Y
with Ca on the transport properties of YBCO thin film
[4.21,4.22] was also investigated.
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Chemical-solution deposition methods for epitaxial thin-film fabrication are of scientific interest in the
development of superconducting materials because of their relative simplicity and precise stoichiometric
control. Among the different techniques, it has been demonstrated that the trifluoroacetate metal-organic
decomposition (TFA-MOD) method is the most suitable for low-cost epitaxial YBCO deposition.

Texture and microstructure stability of Ni-W metallic substrate. To develop a suitable texture for
YBCO epitaxial growth, the metallic substrates were thermo-mechanically treated. Then, to ensure stable
texture and microstructure under film growth conditions, the structural and morphological evolution of
Ni–W substrate subjected to thermal treatments was studied [4.18]. Tapes were annealed in high vacuum
at different temperatures ranging from 400 to 1000°C, and for times ranging from 0 to 4 h. The deformation
texture, mainly β fibre, was not affected by annealing up to 600°C; between 700 and 800°C, cube texture
and deformation texture coexisted and at higher temperatures the sample was only cube textured. These
features are reported in figure 4.8, which shows the ϕ-scans at χ=54.7° for the (111) Ni-W peak; the
evolution of cube texture is related to the increase of the peak at ϕ=45°. To evaluate the microstructural
stability, EBSD analyses were performed for samples recrystallised at 940°C for different times before and
after a successive annealing to simulate YBCO film deposition (850°C for 30 min). For recrystallisation
times shorter than 20 min (fig. 4.9), the microstructure was unstable and grain boundary migration was
observed, particularly between highly misoriented grains, such as the cubic twin of the {221}<122> grain
that grows during the thermal treatment.

Ni-Cr-W substrate with Pd intermediate layer. It has
already been observed that YBCO film deposited on Ni-
Cr-W substrate is affected by local Ni poisoning and
structural disorder in grooved grain boundaries. To
enhance the YBCO film properties, a Pd intermediate
layer was deposited between substrate and
CeO2/YSZ/CeO2 buffer layer architecture by electron
beam evaporation at a substrate temperature of 400°C
[4.19]. Then the sample was moved into a vacuum
chamber equipped for pulsed laser deposition (PLD) of
oxides and YBCO. The CeO2/YSZ buffer layers were
deposited at low temperature (500°C) in order to limit the
Pd-substrate interdiffusion effect. CeO2 cap layer and
YBCO were deposited at 850°C. Despite Pd-substrate
interdiffusion at high temperature, good structural and
morphological properties both for the buffer layers and
for the YBCO film were obtained (figs. 4.10 and 4.11). Tc

of about 89 K and Ic=3.1 A in
self-field and 77 K were
measured, for a resulting Jc of
about 0.4 MA/cm2 (figs. 4.12
and 4.13). These improved
electrical properties, com-
pared to those previously
reported for this substrate,
suggest that a Pd layer may
reduce contamination of the
YBCO film.

YBCO thin films prepared
by TFA-MOD method. The
TFA-MOD process was used
to grow YBCO films with a
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high degree of epitaxy both on
(100)SrTiO3 single crystal
and on Pd/CeO2/YSZ/CeO2
buffered Ni-W [4.20]. The
x–ray study revealed that the
Pd film has a better in-plane
and out-of-plane texture
than the Ni-W substrates
(fig. 4.14). This explains the
excellent structural properties
of YBCO film grown on the as-
buffered substrate. The SEM
investigation revealed that the
YBCO film on Ni-W has a

good surface with well connected c-axis oriented grains that
suggests good transport properties (fig. 4.15). This study has
demonstrated that the CeO2/YSZ/CeO2/Pd buffer layer
architecture is adequate for manufacturing long YBCO tapes
on Ni-W substrates. Future activity will be focussed on the
preparation and electrical characterisation of long YBCO
superconducting tapes.

Effect of Ca substitution in YBCO thin films. Samples of
Ca-substituted YBCO thin films were deposited by laser
ablation on SrTiO3 single-crystal substrates, varying the Ca
amount by 0, 10 and 20 atomic percent, i.e.,
Y1–yCaxBa2Cu3O7-x with y=0, 0.1, 0.2. Since the annealing
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Fig. 4.15 - SEM image of YBCO/ CeO2/YSZ/CeO2/Pd/Ni-W film surface
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treatment affects the oxygen content of the films, it was
varied by thermal treatment under different oxygen pressures
and its effects on the electrical and structural properties were
investigated. The c-axis of Ca-substituted YBCO decreases
from 11.85 to 11.68 Å with increasing annealing oxygen
pressure (fig. 4.16). The critical temperature was optimised
for all three Ca concentrations studied at a fixed annealing
time of 1 h. The Tc dependence on annealing oxygen
pressure reveals the presence of an overdoping region in the
charge carrier concentration in Ca-substituted films
(fig. 4.17). This region is remarkably reduced when extending
the annealing time to several hours. These data suggest the
presence of an overdoping region in Ca-YBCO, which is
reduced when the annealing time is extended to several
hours. This implies that the maximum overdoping level is
uncertain due to the superposition of cation disorder effects
on Tc values.
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5. Inertial

The main activities of the Inertial Fusion Physics and Technology Group (IFPTG) of ENEA Frascati
scheduled for the reference year were:

• Experimental activity at the ABC facility for studies on foam interaction with induced space incoherence
(ISI) smoothed beams in cooperation with the Lebedev Physical Institute (LPI) and preparatory work for the
Fast Ion Generation Experiment (FIGEX) to be performed at the petawatt facility of the Rutherford Appleton



Fusion

Laboratory (RAL).

• Theoretical activity and numerical simulations related to the above mentioned topics.

• Development of a diode subarray as the  first element of an array system for pumping the active element
of a laser amplifier.

• The organisation of the XXVIII European Conference on Laser Interaction with Matter (ECLIM) – Rome,
6-10 September 2004.
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The studies on foam interaction with ISI smoothed beams have been agreed with the LPI to confirm
preliminary results on light transmitted throughout the irradiated foams in different geometries and to
explore the limits of the optical system used firstly in 1988 to apply the original ISI smoothing technique
implemented on the Frascati ABC facility, and which by then represented a very easy and fast tool available
when required [5.1,5.2]. For this purpose the diagnostic line dedicated to collecting and analysing the
transmitted light was restructured in order to send a fraction of it also to the streak camera. Following the
indications of the first experimental results, more suitable targets were produced at LPI and then prepared
(cut and mounted) at Frascati to be used for the experiments. As a matter of fact the λ/4 wave-plates and
other optical components, installed many years ago along the ABC final amplification lines (corresponding
to the maximum energy density of each laser beam) to protect the ABC amplifier lines from retro-reflected
light, were found damaged after a few shots at full energy density on the target. Thus, the studies on foam
interaction with ISI smoothed beams were not concluded within the end of 2004 but, requiring high energy
densities on the target, were discontinued for prudential reasons. Before restoring the retro-reflected light
protection system, experiments for FIGEX preparation requiring low energy density on the targets were
performed. The purchasing order for the damaged optical components has been issued.

The FIGEX is devoted to fast ion generation by pico-second laser pulses of petawatt power. So far in most
of the experiments performed at installations of a petawatt class, the main pulse has been featured by an
attached forerunner having a duration of a few ns and a power level  10-4–10-7 that of the main pulse. The
effects of this forerunner on the target have been studied by experiments performed at the ABC installation.
The target was irradiated at 1.054 µm by reproducing on it conditions comparable to those induced by the
forerunner attached to the typical laser pulses of a petawatt class laser beam. Figures 5.1-5.2 show the
results for thin SiO2 foils irradiated at 1011 W/cm2 (corresponding to a forerunner of a petawatt laser pulse
having a power density of 1018 W/cm2 on the target). An extended corona of plasma with an electronic
density in excess of 1019 cm-3 fills a region about 500 µm long if measured at the symmetry axis. The
density was measured up to a distance of 60 µm from the initial target position where the density was
9×1019 cm-3. The flow velocity of this plasma is of the order of 2.3×107 cm/s. Large-scale deformation of
the dense phase is modest, although short–scale-length structures are highlighted in the rear side of the
target by the dark-field shadowgraphy shown in figure 5.2. The scenario is completely different at power
densities of 1013 W/cm-2 (corresponding to a forerunner of a petawatt laser pulse having power density of
1020 W/cm2 on the target). Optical probing demonstrates a huge deformation and early target piercing
(fig. 5.3, frames at 0.7 and 2.2 ns). At 2.2 ns a semispherical bubble of opaque material, pushed in the
forward direction by the ablation process, expands from the rear side of the target at a velocity of
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5.7×106 cm/s (see the dark-field shadowgraphy and the interferogram at 2.2 ns). The dark-field
shadowgraphy at 2.2 ns shows a faint structure expanding at the higher speed of 1.3×107 cm/s.

The result of these experimental activities associated with those achieved by the numerical simulations and
theory described in the following allowed the definition of the main parameters needed for the FIGEX
planned at RAL (laser beam contrast, target characteristics, etc.).

Numerical simulations by the Frascati 2D COBRAN code
were also performed to complete the analysis of the
forerunner effects on the irradiated target. By using the
ray–tracing package, the effects due to the plasma produced

5.3 Numerical Simulations and Theory
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by the forerunner for different kinds of laser focussing on the target were highlighted. The sensitivity of ray
propagation up to the reflecting/absorbing region as a function of the focussing conditions was tested.
Since the optical interferometer cannot probe the highest density regions near the ablation front, it is not
possible to evaluate the amount of ablated mass by these methods. For this evaluation the Frascati
COBRAN code was also used, after checking the agreement between the measured density distribution
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Fig. 5.4 - Density map for a 4-µm-thick SiO2 foil  irradiated at 1018 W/cm-2, as obtained by running the COBRAN code . Two

focussing conditions are presented. In the left map the laser was focussed behind the target, whereas in the right map the minimum
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Fig. 5.5 - Density map for a 4-µm-thick SiO2 foil  irradiated at 1020 W/cm-2 as obtained by running the COBRAN code. Two focussing

conditions are presented. In the left map the laser was focussed behind the target, whereas in the right map the minimum local spot

was placed before the target. As in the experiment, the dense phase deformation is large and the ray light distribution is extremely

sensitive to focussing (target after or before focus). The ablated mass along the symmetry axis is (at 2.2 ns) about 300 µg/cm2

Time = 2.2 ns

-8 -6 -4 -2 0

Log[ρ(g/cc)]



and that predicted by numerical simulations in the regions where the use of an optical interferometer
was possible.

COBRAN is a three-temperature code that includes a package for radiation diffusion, a real matter EoS,
thermonuclear reactions with non-local energy deposition from charged particles and neutrons, and ray
tracing for possible drivers (in this case 1.054-µm radiation). Density maps taken from simulations at time
t=2.2 ns for the cases tested by experiments are shown in figures 5.4 and 5.5. These results will appear
in the XXVIII ECLIM Proceedings [5.3].

The theoretical activity was mainly concentrated on topics related to the FIGEX experiment. Irradiation of
solid targets by short laser pulses can result in the production of fast ions. Two production modes were
discussed: the Controlled Amount of Matter (CAM) mode and the Open Amount of Matter (OAM) mode.
The production of fast ions by short laser pulses was considered a long time ago [5.4] and more recently
reconsidered also in more detail in connection with the ICF approach based on the injected entropy
method, a sort of assisted spark ignition formation technique
[5.5]. The idea was based on the concept that a substantial
amount of energy can be transferred to the electrons of a small
amount of matter by short laser pulses before quenching of
the laser light absorption, caused by target expansion. The
energy is ultimately transferred to the ions by quasi-neutral
electrostatic coupling during the overall plasma expansion. In
this approach a high energy per nucleon can in principle be
obtained by limiting the amount of heated matter by a proper
target dimensioning CAM mode. It has been demonstrated
that energy per nucleon appropriate for different applications
can be achieved by this method. To activate the CAM mode,
high–contrast laser pulses are needed. Actually, to get high
energy per nucleon, the target to be irradiated can be quite
tiny, depending on the laser energy available. This means that
any kind of long pre-pulse has to be kept to a very low level,
to avoid target destruction before the arrival of the main pulse.
This matter will be addressed below by a proper dimensioning
of the target and laser pulse by using a simple physical model.

The OAM mode [5.6-5.12] was activated in experiments
performed with sub-picosecond PW pulses (energy of several
hundred Joules). Multi-MeV protons attributed to target
contamination were detected as emitted from the rear and
lateral sides of the target. The acceleration process was
attributed to the electric field existing in the negative charge
sheath formed, at the rear and lateral sides of the target, by
fast electrons generated in the laser-matter interaction zone
(target normal sheath acceleration [TNSA]). The electrons, in
transit through the target, are trapped by the charge
separation electric field over a distance of the order of
λDh=[Th/(4πnhe2)]1/2, where Th is the hot-electron temperature
in energy units and nh their local density. In such a sheath
electric fields of the order of E≈(Th/e)λDh exist. The
concentration of high specific energy in the proton component
of ions was attributed to the highest charge-to-mass number
ratios (Z/A) featuring protons. The same mechanism is also
active in any ionic acceleration mechanism based on
quasi–neutral collisionless plasma expansion waves (EWs)
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since in this case an electrostatic field couples the ions to the electrons (E≈(Th/e)/(νst), where νs is the ion-
sound velocity and t the time). Ionic acceleration by this mechanism was also considered to explain
fast–ion production by ultrashort pulses.

Both mechanisms (TNSA and EW) for the OAM mode were reviewed and it has been shown that the most
consistent scenario for fast–ion production is that in which part of the acceleration process occurs in
rarefaction shocks embedded in a two-temperature isothermal EW; the rest of the acceleration is provided
by the EW itself. The structure of the two-temperature isothermal EW has been discussed with special
attention to the energetics of the process (which includes consideration of the heat flow in isothermal
structures due to infinite thermal conductivity). It was shown that the position of the discontinuities in the
EW is determined by local thermodynamic quantities only. Finally, a simple estimate for the amount of fast
ions produced was presented. 

These results were presented as an invited contribution to the XXVIII ECLIM and will be appear in the
conference proceedings [5.13] and in Laser and Particle Beams.

With regard to the development of a diode subarray, due to an unexpected drastic funding reduction, the
activity programme had to be examined once again. The financial resources allocated for 2004 at the end
of the previous year and defined as provisional at that time, months later, in a next step of the funding
settlement, suffered additional reduction. Thus, the programmed activity (bar-mounting on the support) will
have to performed without any instrument to control the quality of the product.

The first item on schedule for this activity was to prepare the array with diode bars mounted on it and then
to study an improved cooling system suitable to eliminate many problems typical of those based on water
flow. Thus, it has been decided to perform with resources internal to the Group first the activity not
requiring additional financial resources and to postpone the bar mounting to a new cooling system study.
Preparatory activity (design and tests) was concluded to build the system necessary for a correct
positioning of each diode bar in the corresponding groove and to control the correct behaviour of the
mounted bar. For these tools about € 100,000 were required. In the meantime this part of activity was also
proposed for financial support from the R&D Ministry. The results of this appointment were expected before
the summer of 2004. Unexpectedly no decision by the ministry has been taken and these applications are
still under scrutiny. 

The organisation of the XXVIII ECLIM held in Rome from 6-10 September absorbed part of the IFPTG
working time. In this period about 150 contributed papers were received, analysed, accepted for
presentation and then shared in the conference programme as oral, poster or invited presentations.
Furthermore, some members of the Local Scientific Committee were asked to serve as host editors for the
L&PB journal and for this they were required to select a number of papers (about 50% of those presented
at the conference) for publication as ordinary papers in L&PB. Attending the conference were 160
participants who presented 150 papers, from 5 continents, 20 countries and 76 laboratories from institutes
and universities. Representatives of large, medium and small laboratories showed the research and

5.5 Organisation of the XXVIII ECLIM

5.4 Development of a Diode Subarray
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development of laser interaction with matter and related conference topics. The participants were updated
with developments at the megajoule laser laboratories from NIF at the Lawrence Livermore National
Laboratory (USA) and from CEA (France). A comprehensive summary of the activities was given from major
laboratories around the globe: China Academy of Engineering Physics (China), GSI and Garching
(Germany), ILE Osaka (Japan), LPI (Russia), NRL, (USA), PALS (Czech Republic), RAL (UK), Shangai
Institute of Optics and Fine Mechanics (China).

From ENEA relevant contributions on different topics, such as laser matter interaction, laser technologies
and laser applications, were presented both by the FPTG group of the Euratom-ENEA Association,
organiser of the conference, and other groups belonging to the Frascati Advanced Physics Technologies
Unit. Two ENEA invited lectures, related to the synchrotron light free electron laser facilities and to the
FIGEX, were included in the conference programme.
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6. Robotics 



In 2004 the activities of the Robotics Section were centred on the project for “the development
of archeological parks in the south of Italy” (Tecnologie Diagnostiche e Sistemi Intelligenti per lo
Sviluppo dei Parchi Archeologici del Sud d’Italia [TECSIS]). The project is so wide ranging that it
includes most of the lines of activity carried out by the section, with particular reference to
telepresence, autonomous control and advanced sensing.  
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One of the most interesting activities carried out during the reporting year concerned improvement of the
wire-actuated robot (wirobot), a telecontrol philosophy that the Robotics Section has been developing over
the last three years.

The wire-actuated robot belongs to a relatively new category of parallel structures, in which motion and
forces are not directly generated by the actuators on the joints. Lightweight wires or cables are interposed,
conveying the kinematical and static quantities.

Wire actuation allows great manoeuvrability, thanks to a reduced mass, and also promises lower costs
compared to traditional actuators. Furthermore, the stroke length of each linear link does not have the
same restrictions as conventional structures (pantograph links, screw jacks, fluid linear actuators), because
wires can be extended to much greater lengths, for example unwinding them from a spool. This feature
allows one to achieve the advantages typical of parallel structures, without particular requirements on the
positioning of motors, brakes, sensors and other accessories, and hence it is possible to optimise the ratio
between the device workspace volume and its total encumbrance [6.1,6.2]. In addition, since the actuator
does not need to move together with the structure, which normally restrains the designer’s choices, there
is more freedom to choose what kind of actuator to use.

On the other hand, this type of realisation is totally irreversible (wires can only exert traction forces), so to
get an n-degree-of-freedom (DOF) device, it is necessary to have at least n+1 wires with their respective
actuators. The negligible inertia of the wires suggests their implementation in robotic systems
characterised by high positioning speeds (necessary, for instance, in modern assembling operations [6.3]);
but, on the other hand, it makes them subject to undesired vibrations. Therefore, the necessary actuator
redundancy must also be used to increase the device stiffness through the production of suitable internal
forces, which contribute to improving the positioning accuracy of the manipulator. 

Furthermore, the wire redundancy is also useful for overcoming another disadvantage typical of parallel
mechanisms: determination of the mobile platform position and orientation from the actuator configuration
(forward kinematics problem) are usually complicated and, unlike serial chains, a general solution algorithm
does not exist; normally, for a few particular devices for which the problem has been solved, multiple
solutions are obtained, but it is not always easy to distinguish which is the correct one and, in this case,
the redundancy will help to exclude wrong solutions.

Finally, the number of wires greatly influences the workspace shape and dimensions and the device
dexterity.

6.2.1 The structure: WiMas3

A wire structure called “WiMas3”, i.e., wire master with three wires, has been developed as a master for
teleoperation. It is conceived to perform 2-DOF translational planar motion. An operator imposes the planar
displacement of a handle, controlling the movements of a remote or virtual robot. The forces felt by the
robot are scaled according to the manipulation requirements and then reflected on the operator’s hand.
Three wires wound on spools mounted on as many brushless motors actuate the handle. The actuation
accomplishes a double goal: first, through the motor rotary encoders, the control algorithms calculate the
length of each wire and consequently get to know the position of the handle; second, controlling the torque
exerted by each motor leads to the creation of a certain force on the handle, which is then reflected on the
operator’s hand. 

Figure 6.1 shows a view of the WiMas3. Visible are the three brushless motors, the wires linked to them,
the pulley transmission through which the wires pass to be then connected at the ends to a joint above
the handle, and the three H-mounted linear guides that constrain the motion of the handle.

Figure 6.2 shows the geometrical scheme of the moving parts and the wires. First of all, two coordinate
systems can be identified. OF is the fixed frame origin, which is placed at the centre of the base plate and
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whose axes are labelled x, y and z. The moving frame, with origin OM, is placed on top of the handle and
moves together with it. Its axes u, v and w are always parallel to those of the fixed frame because the
degrees of freedom are strictly translational. In particular, the working plane uv is always parallel to the base
plane at a height h. The free portions of the wires are connected to certain points on the handle PMi,
moving together with the handle and fixed with respect to it. Each wire passes through a fixed point in the
pulley transmission PFi, which is fixed with respect to the base frame. The three PFi are placed on the
vertices of an equilateral triangle with 520-mm sides centred on the z axis. The distance between the xy
and uv planes is h=207 mm.

The wire connections on the handle, i.e., the positions of PMi, have been realised according to two different
schemes. Scheme 1 is the one represented in figure 6.2, with the three PMi on the vertices of a triangle
similar to the fixed one and the PFi points lying on the uv plane. Scheme 2 has PM1≡PM2≡PM3≡OM, while
the PFi are constrained to a higher plane than uv, at 286 mm along the z axis. Two different wire
arrangements were adopted to test different wire attachment solutions for use on more complex
structures, such as the WiRo-6.3 [6.4].

Work on the velocimeter has continued with the aim of extending its operation to underwater
environments. The laboratory has also built an experimental breadboard (fig. 6.3) in order to carry out
significant experiments. A beam from a He-Ne laser is directed through a system of lenses onto the flat
white surface. The light scattered by the white surface is collected through the system of lenses by the
high-rate camera “Dalsa” (Model DS-41-065K0955).
Acquisition is carried out through a very fast PC frame grabber. 

The camera and laser are mounted on a dedicated Cartesian-
type robot with two DOF (axes X-Y) in order to simulate the
behaviour of the system when in motion. The displacement
along the Y axis is used to reproduce the motion of the vehicle
on which the laser system should be mounted. The X DOF is
used to simulate the transverse vibrations, which could affect
the vehicle movement, and evaluate their influence on the laser
velocimeter measurements. The axes motion is achieved by
means of a couple of dc brushless motors equipped with
differential encoders and with tachometers to increase the
response characteristics.

6. Robotics
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The robot control system is based on a VME bus
controller. The relevant hardware consists of a CPU
board (Motorola MVME162) for the calculations
inherent to the control law and to trajectory definition;
a piggy-back module (mounted on the CPU) for
encoder reading and low-level control of trajectories; a
digital input board for reading the proximity switches
limiting the axes excursion, and an analog input VME
board dedicated to management of the X axis
movement. Control of the Y movement is based on the
execution of trajectories divided in steps. For each
step (element of motion) it is possible to define the final
point (length), the velocity and the acceleration. These
data are recorded for comparison with those of the
laser velocimeter.

The peculiarity of the robot system during this experiment lies in the control of the X movement. The X axis
position is determined by comparing it with a set point, which is read by the analog input board. Thus,
connecting to this board a function generator, it is possible to impose on the axis an up/down movement
of fixed characteristics and frequency; also the axis speed can be programmed, as for the Y axis. In this
way it is much easier to achieve (and vary) a vibration effect than by the trajectory method. This approach
allows different kinds of noise to be superimposed.

Various kinds of surface have been tested (white plastic, sugar, sand) to simulate the influence of their
structures on the laser beam.

The precision of the method was verified using a technique called “angle-resolved velocimetry”, i.e., the
velocimetry for the set of the angles α between the axes Ox and the direction of the velocity measurement.
So for each angle α there is a local coordinate system (x',y'), rotated for the angle α, and with velocity
calculated in the direction of the Ox' axes. In real-time operation the algorithm calculates only two
orthogonal components vx and vy, but the scheme obtained in this way allows estimation of the absolute
and relative error of the calculations.

Taking into account the considerable amount of calculations needed to process the charge coupled device
(CCD) frames sampled by the DALSA camera (from 32 to 128 frames, 256×256 per measurement), the
algorithm was implemented in a simple method, reading the value only in correspondence to the peak
values of the quasi-sinusoidal shapes: this makes it possible to ensure the real-time needs (from 5 to 10
values per second) with reasonable precision (with the relative error for the forward direction less than 2%,
which corresponds to the precision of the setup),  in the frameworks 5 cm/s-10 cm/s.  When the velocity
increase up to values higher than three in relative units (pixels per frame), the discretisation error becomes
increasingly significant and the precision of the method is affected. 

Nevertheless, this method can be used up to 5-7 relative velocity units with a lower precision (in the
frameworks 5-10%). On the other hand, when the velocity decrease below 0.3 relative units per second,
the precision is reduced due to the problem of discretisation and also because the velocity becomes
comparable to most of the vibration noise phenomena.

However, a large increase in precision should be obtained by carrying out a few additional activities.
Interpolation of the whole shape (usually not calculated in real time) can give much better precision than
previously reported. As already mentioned, this method was used to check the precision of the real-time
algorithm because its burden is computationally intensive.

The design of specialised field programmable gate arrays (FPGAs) and the use of digital signal processors
(DSPs) for the implementation of filtering algorithms could also permit these results to be obtained on low-
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volume and relatively low-cost sensing units, while maintaining real-time features.

In addition, the optical system currently exploited has still to be optimised: the field of view (and the area
of the laser spot) should be increased for high-speed values and decreased for lower velocities. This
optimisation implies a considerable increase in precision. Another important parameter is represented by
the diaphragm dimensions, which in turn heavily affect the dimensions of the interference speckles and
consequently the final precision of the system.

The two last points can also be coupled to engineer a servo system which keeps the dimensions of the
laser spot and the diaphragm at the optimum values. The only critical point arises from the fact that the
spot can be easily adjusted by modifying the beam divergence, but experience has proven that the best
solution would be to use a collimated beam at zero divergence. Further studies should clarify this point and
suggest the best engineering practice.

The efforts so far have been concentrated on the algorithmic robustness of the method, prior to extending
its use to underwater environments, and in this case it will be necessary to use laser sources with good
coherence length and in the 532-nm wavelength range. 

In field conditions, the accuracy of wheel odometry is generally no better than 10% of the distance travelled
and,  if the path includes medium-low friction surfaces, it can become significantly worse, so even the
result obtained with the “light” algorithms and relatively simple PC hardware so far implemented can be
considered reasonably satisfactory. 

6. Robotics
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7. Spin-Offs and 

In line with ENEA’s mission, the Fusion UTS promotes the transfer of new technologies and advanced
products developed in fusion research. As reported in the previous chapters, the Fusion UTS is active in
many areas that necessitate technological innovations: the development of superconducting materials and
magnets, new materials and joining techniques, hydrogen separation technology, microwave heating
systems and power supplies, and detecting techniques. 

As a result of these efforts, in 2004 eight new patents were granted (making a total of 22 in the last
decade), all stemming from fusion research activities. In addition, several commercial activities were carried
out, related to the supply of services and products resulting from the competence generated by the
research programmes. The activities included the cryogenic testing of the current leads and of the by-pass
diodes for quench protection of the dipole and quadrupole superconducting magnets of the Large Hadron
Collider of CERN, the development of metallic coated substrates for high-temperature superconducting
tapes (see sect. 4) and the production of Pd cathodes with high hydrogen solubility for use in cold fusion
experiments.



Other Applications

The activities are generally carried out in close collaboration with Italian industries. Collaborations provide
a gradual and continuous transfer of know-how to industries, which can take advantage of the
competence and facilities available at the laboratories.  During 2004, the relationship with industry was
strengthened, also in view of starting the construction of ITER. Thanks to ENEA’s promotional activities in
the scientific and technological fields mentioned above, and to the experience gained from participating in
national and European projects, many Italian firms (including small and medium enterprises) are now
qualified and can contribute to the construction of ITER.

The transfer of innovations and know-how from the context of a scientific undertaking to the productive
scene can also occur by placing students and researchers at the research laboratories which host
experimental plants, thereby preparing highly qualified technical-scientific personnel. In the period 1999-
2004 the Fusion UTS laboratories hosted more than 50 young people, among researchers,
scholarship/Ph.D students and undergraduates. 
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The majority of explosives are based on chemical compounds containing 20% nitrogen. Nitrogen has a
15% probability of promptly emitting a 10.8-MeV gamma ray when it captures a thermal neutron. Explosive
detectors that make use of the capture reaction have often been proposed. They are usually based on fast-
neutron emission from a strong passive source (Cf, AmB, AmBe) moderated by a shield of low-Z material. 

Small quantities of explosive (<100 g, e.g., in landmines) are difficult to detect due to the long irradiation
time required, but the large amounts (>50 kg) usually contained in car bombs are easier to detect. In
principle, checkpoints could be installed near sensitive sites, such as motorway pay stations, and cars
could be inspected in safe conditions, without their occupants.

A plasma focus device operating in D-D has been considered as a neutron generator since its use would
eliminate two unpleasant side effects of passive sources: the continuous high level of emission that makes
handling and transport difficult and the possible propagation of radioactive material following an explosion.

Urea, containing up to 45% nitrogen, is a safe explosive mockup and can be used to simulate the feasibility
of the method. Monte Carlo simulations (fig. 7.1) with the MCNP code show that 108 neutrons coming from
a source under the car cause the emission of almost one photon/cm2 of 10.8-MeV energy in the solid angle
defined by the detector near the trunk (fig. 7.2). For comparison, the ENEA Brasimone plasma focus,
operated in D-D, produces a typical yield of 109 neutrons per shot, up to a frequency of 1 Hz [7.1].

The pulsed behaviour of the plasma focus (the
neutron emission is concentrated in about 150
ns) has both an advantage and a drawback:
gating the acquisition between 10 and 300 µs
after the shot (to optimise the neutron
thermalization time), the flux at the detector is
reduced at lower energies, increasing the ideal
signal to noise ratio; on the other hand the arrival
of all the photons in a short burst causes signal
pileup.

Experimental tests made with the available
detectors (NaI and CsI) at ENEA Brasimone
(fig. 7.3) have shown that specifically tailored
detectors are needed to overcome the pileup
problem and continue with the experiments.
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In the framework of the activities
relative to high-flux, high-heat, plasma-
facing components for the fusion
reactor, a new method, called pre-
brazing casting (PBC), was developed
to obtain high-quality joints charac-
terised by high mechanical resistance
and thermal conductivity between
different materials [7.2]. Ceramic/metal
and ceramic composite/metal junc-
tions were considered in particular. The
different thermal expansion coefficients
of these materials cause significant
stresses at the interface both during
the joining process and during
industrial use (fig. 7.4). The new
method developed at ENEA solves
problems such as wetting of the joining
surfaces by the metal and the low mechanical traction resistance of ceramic materials. The first problem
has been solved by applying a titanium-based alloy that combines with the ceramic material at the surface
level and thereby completely wets the joining surfaces. The second has been solved by increasing the
ceramic, or ceramic-compound, specific surface by multiple threading. 

During 2004 the portable FIMEC, i.e., flat-top indenter for mechanical characterisation (fig. 7.5), for in situ
testing of large components and structures was patented [7.3] and new massive apparatus for high-
temperature testing was assembled and tested (fig. 7.6). The new apparatus consists of a high-strength
stainless-steel frame housing a stepping motor and a speed reduction system. The load and penetration

7. Spin-Offs and Other Applications
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7.4 Flat-Top Indenter for Mechanical Characterisation

Fig. 7.5 - Portable FIMEC 
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are measured by means of a linear variable
displacement transformer (LVDT) and a load cell with
1–µm and 1-N sensitivity, respectively. The heating
system has a power of 600 W and can heat 20-mm disc
specimens up to a temperature of 500°C. The testing
temperature is monitored by means of a thermocouple
in contact with the specimen. An invar rod is used to
house the indenter at one end and to connect it to the
load cell and hence to the translation system; in this way
it is possible to keep the load cell and LVDT at a
temperature below their operating limits. An alumina pit
houses the heater and provides a sufficient thermal
shield. Without active cooling the facility is limited as
regards the maximum testing temperature, but 500°C is
a testing temperature of interest for low-activation ferritic
martensitic steel. Qualification tests have been carried
out on different materials by using a 1-mm-diam
indenter. The load penetration curves are well
reproducible in the entire temperature range, and the
yield stress and elastic modulus can be estimated by
using elastic relationships [7.4].

A metallurgic process, supported by theoretical work, has been developed to increase the hydrogen
absorption properties of some metals [7.5]. The process includes cold mechanical lamination treatment
followed by thermal annealing treatment under controlled conditions. Although this new method was
developed on palladium samples, it is also applicable, in principle, to other hydrogen absorbing metals,
such as nickel, vanadium, titanium, uranium, manganese, yttrium, niobium and their alloys. The technology
is based on the minimisation of stress fields induced by the concentration gradients due to the dissolution
of hydrogen in the metal lattice. Such fields, in fact, increase the chemical potential of the solute, hence
hampering the diffusion process. The stress field can be further reduced if the loading process is
conducted with a periodic variation of the effective hydrogen pressure. This technology is of interest to the
field of hydrogen storage.

In the field of the engineering systems based on catalytic membrane reactors, an electric engine has been
conceived on the basis of a mathematical model. The engine is powered by fuel cells, supplied by a
catalytic membrane reactor which can produce and separate hydrogen by using a hydrocarbon such as
methanol [7.6]. The system, with a few feedback control systems, is able to operate under typical traffic
load cycles. The apparatus can also work as a small-scale electric power system. Hydrogen is produced
by methanol steam reforming in a metal membrane catalytic reactor, filled with a ZnO, CuO–based
commercial catalyst on an Al203 support. The hydrogen permeated through the membrane is accumulated
in a buffer volume. With this configuration the feedback control on the fuel flow rate can be avoided when
a time-varying load is applied to the cell. It has been verified by numerical simulation that, with a constant
fuel flow rate to the reactor, the system is self-sustaining, as the hydrogen needed by the cell can be
supplied in all power regimes thanks to the presence of the buffer. The system is much simpler than those
used in traditional reformers  because  only independent variables such as reactor temperature, hydrogen
pressure and flow rate have to be monitored.
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Fig. 7.6 - FIMEC indentation apparatus

7.5 Hydrogen Production, Separation and Storage



Experience with permeability testing of the permeator
tubes used to recover tritium in a fusion reactor fuel
cycle has led to the development of a new method to
measure the volume of non-gas-tight vessels. The
method has been patented [7.7,7.8] and represents a
further development of a previous procedure, also
patented, that is applicable only to gas-tight vessels
[7.9,7.10]. In brief the new procedure consists in first
measuring the gas leakage, and then the gas
permeation through calibrated membranes. For both
these measurements the vessel is pressurised (or
depressurised) using a suitable test gas. By controlling
the mass transfer process of the gas through a porous
membrane disc connected to the vessel, its volume
can be evaluated by means of pressure
measurements. Measurement of the gas leakages
provides the values of the parameters needed to
extend the method to non-gas-tight vessels. The gas
permeation is measured by using calibrated disc-
shaped membranes (fig. 7.7) and a simple
experimental apparatus (fig. 7.8).

The method is simple and cheap, and the extension
to non-gas-tight vessels widens the potential
applications in many scientific and industrial fields

7. Spin-Offs and Other Applications
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(experimental chambers, industrial processing vessels and equipment, etc.) where exact volume
measurements are necessary for assessing concentrations and doses.

The superconducting fault current limiter (SCFCL) is a completely new electro-technical apparatus that
requires sound experimentation to reach a minimum standard quality for its safe utilisation. In general the
choice of the type, e.g., inductive vs. resistive, and configuration of the overall system is a matter that
combines material performance and power size of the apparatus.

The aim of the project is to carry out a detailed analysis of the performance of bulk MgB2, a
superconducting material that can operate at intermediate temperatures (10–30 K), and design a prototype
of a SCFCL based on such a material.

For the first task deliverable, extended electrical characterisation (temperature [4.2-20 K]; magnetic field
[0–12 T]; current [0-3000 A]) of several bulk MgB2 cylinders and short straight samples of various
thicknesses fabricated by EDISON S.p.A., R&D Division, was performed at ENEA. During the second
deliverable, different (inductive vs. resistive) SCFCLs of various powers were studied, paying particular
attention to the different technical options related to cost/benefit analysis. At present, it appears that the
most interesting type of SCFCL for high-power applications is inductive, i.e., a superconducting magnetic
shield with an iron core. Hence, it was chosen for the design of a preliminary SCFCL prototype based on
bulk MgB2, with an operating temperature of about 25 K, well below the MgB2 critical temperature (39 K).
Such a prototype could operate at a current of about 100 A and should be able to limit current peaks up
to 1000 A. The bulk MgB2 produced by EDISON S.p.A. shows good quality and is the right candidate for
the realisation of an inductive SCFCL. 

In the “new hydrogen energy” project, to verify the possible production of 4He in gasses generated by an
electrolytic cell during loading of deuterium in a palladium cathode, a quadrupole mass spectrometer was
used to quantitatively analyse the gas samples taken during the experiment. In order to obtain accurate
measurements of the 4He contents of the samples, the spectrometer had to be  precisely calibrated by
introducing an exact amount of gas in the analysis vessel. To carry out  this operation, it was essential to
know with great precision the volume  (and pressure) of the predetermined load. This required the

development of an automatic system to measure
extremely precisely, but simply and  within a few
minutes, the internal volume of a generic but complex
circuit, e.g., comprising tubing, junctions, valves,
measurement instruments, etc. [7.11].

The method is far more straightforward than those
normally used in metrology, which are generally
thermostatic to ensure that the gas temperature does
not undergo any variation.

It was also necessary to develop an automatic system
to take gas samples periodically without interrupting the
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7.8 High-precision System for Generic-Volume Measurement

Fig. 7.9 - Automatic system for periodic sampling during

gaseous phase



electrolytic process (fig. 7.9). The system is based on a variable volume that expands in a controlled way
during the process so as to maintain the pressure inside the reactor constant until the required quantity of
gas has accumulated inside the circuit. A system of automatically controlled valves then makes it possible
to remove a predetermined quantity of gas. Once the sample has been taken, the reactor is briefly cut off
from the sampling system and the variable volume is compressed until the predetermined operating
pressure of the reactor is re-established. The reactor is then reconnected to the automatic sampling
system for a new cycle [7.12].

A method and relative apparatus for real-time measurements of the amplitude and phase shift of a
radiofrequency signal with respect to a reference signal have been developed and patented (fig. 7.10)
[7.13]. The reference signal can be generated by the system itself or it can be provided externally. The
system can operate on noisy signals as it is able to reject all noise outside the measured bandwidth, which
depends on the selectable measurement speed.

Based on a fully digital signal-processing architecture (except for the pre-amplifier and filtering section), the
main characteristics are:

• input frequency range up to 200 MHz;

• fast measurement speed, from 100 Hz up to 2.5 MHz;

• high dynamic range (60 dB in high precision, 100 dB total);

• linearity and accuracy down to 1/4000 for both amplitude and phase measurements;

• parallel digital output.

Although the system was specifically developed for digital modulation of the optical radar in-vessel viewing
apparatus used for in-vessel inspection of large fusion reactors, it has been successfully tested for the
intermediate frequency demodulation of the FTU reflectometer
and can also be used in other fields: for example, for
measurements on large-bandwidth signals for which it is
impossible to use the commercial vector voltmeters or lock-in
amplifiers, or on narrow-bandwidth signals, for which it has
better accuracy and linearity than the commercial devices.

7. Spin-Offs and Other Applications
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7.9 High Dynamic Apparatus for Amplitude and Phase-Shift Digital
Measurements

Fig. 7.10 - Top view of the patented apparatus
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of Ni-W substrates for YBCO coated conductors

Spectroscopy on Novel Superconductors - SNS 2004, Sitges, Barcellona (Spain) July 11-16, 2004

M. DE BENEDETTI, C. CASTALDO, R. CESARIO, M. MARINUCCI and THE FTU TEAM: Turbulence behaviour in ion Bernstein wave

heated discharges on FTU 

31st EPS Conference on Plasma Physics, London (UK), June 28 - July 23, 2004 

M. DE BENEDETTI and JET EFDA CONTRIBUTORS: Observation of an intermediate rotation regime on JET 

31st EPS Conference on Plasma Physics, London, June 28 - July 23, 2004 

C. NARDI, L. BETTINALI, A. PIZZUTO: Fiberglass unidirectional composite to be used for ITER pre-compression rings 

23rd Symp. on Fusion Technology - SOFT-23, Venice (Italy), September 20-24, 2004

A. PIZZUTO, P.J. KARDITSAS, C. NARDI, S. PAPASTERGIOU: HETS performances in He cooled power plant divertor 

23rd Symp. on Fusion Technology - SOFT-23, Venice (Italy), September 20-24, 2004

E. VISCA, S. LIBERA, A. MANCINI, G. MAZZONE, A. PIZZUTO, C. TESTANI: Hot radial pressing: an alternative technique for the

manufacturing of plasma-facing components 

23rd Symp. on Fusion Technology - SOFT-23, Venice (Italy), September 20-24, 2004

F. ZONCA, L. CHEN, F.B. WHITE: Multiple space-time structures of ion temperature gradient driven turbulence (invited paper)

Joint Varenna-Lausanne Inter. Workshop on Theory of Fusion Plasmas, Villa Monastero Varenna (Italy), August 30 - September 3, 2004

L. BERTALOT, J.M. ADAMS, M. ANGELONE, S. CONROY, B. ESPOSITO, Y. KASCHUCK, P. LAMALLE, D. MAROCCO, A. MURARI, N.

HAWKES, M. PILLON, S. POPOVICHEV, M. REGINATTO, M. RIVA, H. SCHUHMACHER, D. STORK, K.-D. ZASTROW, A. ZIMBAL and

THE JET EFDA CONTRIBUTORS: ITER relevant developments in neutron diagnostics during the JET trace tritium campaign 

23rd Symp. on Fusion Technology - SOFT-23, Venice Italy, September 20-24, 2004
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L. DI PACE, B. PATEL: Factors afffecting the inhalation dose from tritiated dust and flakes

23rd Symp. on Fusion Technology - SOFT-23, Venice (Italy), September 20-24, 2004

M. RIVA, C. NERI, F. BONACCORSO, F. MASSAIOLI: The integrated visualisation software for the ITER in vessel viewing system

(IVVS) 

23rd Symp. on Fusion Technology - SOFT-23, Venice (Italy), September 20-24, 2004

C. NERI, L. BARTOLINI, B. BRICHARD, A. COLETTI, M. FERRI DE COLLIBUS, G. FORNETTI, F. POLLASTRONE, M. RIVA, L.

SEMERARO: Experimental result of the laser in vessel viewing and ranging system (IVVS) for ITER

23rd Symp. on Fusion Technology - SOFT-23, Venice (Italy), September 20-24, 2004

M.L. APICELLA, G. MAZZITELLI, V.B. LAZAREV, E.A. AZIZOV, S.V. MIRNOV, V.G. PETROV, V.A. EVTIKHIN, I.E. LYUBLINSKI, A.V.

VERTKOV, F. LUCCA: Proposal of experiment on FTU with a liquid lithium limiter in CPS (capillary pore system) configuration 

23rd Symp. on Fusion Technology - SOFT-23, Venice (Italy), September 20-24, 2004

T. PINNA, G. CAMBI, S. CIATTAGLIA, A. LO BUE, S. KNIPE, J. ORCHARD, R. PEARCE, U. BESSERER: Collection and analysis of

data related to fusion machines (JET and TLK) operating experience on component failure

23rd Symp. on Fusion Technology - SOFT-23, Venice (Italy), September 20-24, 2004

T. PINNA, S. RABOIN, J. UZAN-ELBEZ, N. TAYLOR, L. SEMERARO and EISS TEAM: Methodology for reference accidents definition

for ITER

23rd Symp. on Fusion Technology - SOFT-23, Venice (Italy), September 20-24, 2004

A. NATALIZIO, T. PINNA, J.D. LEVINE: TFTR occupational radiation exposure data collection and analysis 

23rd Symp. on Fusion Technology - SOFT-23, Venice (Italy), September 20-24, 2004

F. MIRIZZI, M.L. APICELLA, PH. BIBET, G. CALABRÒ, L. PANACCIONE, V. PERICOLI-RIDOLFINI, S. PODDA, A.A. TUCCILLO: The

test of a PAM launcher on FTU: the first step toward the LHCD launcher for ITER 

23rd Symp. on Fusion Technology - SOFT-23, Venice (Italy), September 20-24, 2004

P. ROSSI, L.F. MORESCHI, A. PIZZUTO, A. PIZZUTO, S. STORAI, C. SBORCHIA: Cyclic testing of shear keys for the ITER magnet system 

23rd Symp. on Fusion Technology - SOFT-23, Venice (Italy), September 20-24, 2004

A. NATALIZIO, M.T. PORFIRI, B. PATEL: Collection and analysis of occupational radiation exposure data from the tokamak 

23rd Symp. on Fusion Technology - SOFT-23, Venice (Italy), September 20-24, 2004

P. BATISTONI, A. ANGELONE, P. CARCONI, K. OCHIAI, M. PILLON, I. SCHÄFER, P.Y. VERZILOV, G. ZAPPA: International comparison

of measuring techniques of tritium production for fusion neutronics experiments - status and preliminary results

23rd Symp. on Fusion Technology - SOFT-23, Venice (Italy), September 20-24, 2004

C. CENTIOLI, F. IANNONE, M. PANELLA, V. VITALE, G. BRACCO, R. GUADAGNI, S. MIGLIORI, M. STEFFÈ, S. ECCHER, A.

MASLENNIKOV, M. MILILOTTI, M. MOLOWNY, G. PALUMBO, M. CARBONI: Wide area data replication in an ITER-relevant data

environment 

23rd Symp. on Fusion Technology - SOFT-23, Venice (Italy), September 20-24, 2004

A. CUCCHIARO, A. BIANCHI, C. CRESCENZI, M. LINARI, F. LUCCA, A. MARIN, G. MAZZONE, B. PARODI, A. PIZZUTO, G.

RAMOGIDA, M. ROCCELLA, G.P. SANGUINETTI: IGNITOR plasma chamber structural design with dynamic loads due to plasma

disruption event

23rd Symp. on Fusion Technology - SOFT-23, Venice (Italy), September 20-24, 2004

V. COCILOVO, A. CUCCHIARO, G. GALASSO, A. PIZZUTO, G. RAMOGIDA, C. RITA, M. ROCCELLA, R. ROCCELLA, B. COPPI:

Optimisation of the current distribution in the IGNITOR poloidal field coils and evaluation of the coils temperatures and resistance

during the reference operating scenario 

23rd Symp. on Fusion Technology - SOFT-23, Venice (Italy), September 20-24, 2004

S.V. ANNIBALDI, P. BURATTI, E. GIOVANNOZZI, F. ZONCA: m=1 magnetic island geometry 

Joint Varenna-Lausanne Inter. Workshop on Theory of Fusion Plasmas, Villa Monastero, Varenna (Italy), August 30 - September 3, 2004



G. RAMOGIDA, V. COCILOVO, A. CUCCHIARO, G. GALASSO, A. PIZZUTO, C. RITA, M. ROCCELLA, B. COPPI: Optimization of the

IGNITOR: operating scenario at 11 MA 

23rd Symp. on Fusion Technology - SOFT-23, Venice (Italy), September 20-24, 2004

A. BERTOCCHI, S. PODDA, V. VITALE: The new measurement monitoring system on FTU 

23rd Symp. on Fusion Technology - SOFT-23, Venice (Italy), September 20-24, 2004

C. NERI, G. BACCARELLI, S. BERTAZZONI, F. POLLASTRONE, M. SALMERI: Parallel hardware implementation of RADAR

electronics equipment for a LASER inspection system 

IEEE NSS, Rome (Italy), October 16-22, 2004

P. BURATTI, P. SMEULDERS, F. ZONCA, S.V. ANNIBALDI, M. DE BENEDETTI, H. KROEGLER, G. REGNOLI, O. TUDISCO and FTU-

TEAM: Observation of high-frequency secondary modes during strong tearing mode activity in FTU plasmas without fast ions 

20th IAEA Fusion Energy Conference, Vilamoura (Portugal), November 1-6, 2004

G. VLAD, S. BRIGUGLIO, G. FOGACCIA, F. ZONCA, M. SCHNEIDER: Effects of  alpha particle transport driven by Alfvénic Instabilities

on proposed burning plasma scenarios on ITER 

20th IAEA Fusion Energy Conference, Vilamoura (Portugal), November 1-6, 2004

F. ZONCA, S. BRIGUGLIO, L. CHEN. G. FOGACCIA, G. VLAD: Transition from weak to strong energetic ion transport in burning plasmas 

20th IAEA Fusion Energy Conference, Vilamoura (Portugal), November 1-6, 2004

M. ROMANELLI, F. BOMBARDA, C. BOURDELLE, M. DE BENEDETTI, B. ESPOSITO, D. FRIGIONE, E. GIOVANNOZZI, G.T. HOANG, M.

LEIGHEB, M. MARINUCCI, M. MAROCCO, C. MAZZOTTA, G. REGNOLI, C. SOZZI, F. ZONCA: Studies of confinement and turbulence in

FTU high field high density plasmas 

20th IAEA Fusion Energy Conference, Vilamoura (Portugal), November 1-6, 2004

A.A. TUCCILLO, F. CRISANTI, X. LITAUDON, YU.F. BARANOV, A. ECOULET, M. BECOULET, L. BERTALOT, C.D. CHALLIS, R. CESARIO, M.R.

DE BAAR, P.C. DE VRIES, B. ESPOSITO, D. FRIGIONE, L. GARZOTTI, E. GIOVANNOZZI, C. GIROUD, G. GORINI, C. GORMEZANO, N.C.

HAWKES, J. HOBIRK, F. IMBEAUX, E. JOFFRIN, P.J. LOAS, J. MAILLOUX, P. MANTICA, M.J. MANTSINEN, D. MAZON, D. MOREAU, A.

MURARI, V. PERICOLI-RIDOLFINI, F. RIMINI, A.C.C. SIPS, O. TUDISCO, D. VAN EESTER, K-D. ZASTROW and JET-EFDA WORK-

PROGRAMME CONTRIBUTORS: Development on JET of advanced tokamak operation for ITER 

20th IAEA Fusion Energy Conference, Vilamoura (Portugal), November 1-6, 2004

F. CRISANTI, A. BECOULET, B. ESPOSITO, C. GORMEZANO, F. RIMINI, M. BRAMBILLA, P. BURATTI, A. CARDINALI, M. DE BAAR,

E. DE LA LUNA, P. DE VRIES, X. GARBET, E. GIOVANNOZZI, C. GIROUD, R. GUIRLET, E. JOFFRIN, X. LITAUDON, P. MANTICA,

M. MANTSINEN, A. SALMI, C. SOZZI, D. VAN ESTER and EFDA-JET CONTRIBUTORS: JET RF dominated scenarios and ion ITB

experiments with low external momentum input 

20th IAEA Fusion Energy Conference, Vilamoura (Portugal), November 1-6, 2004

B. ANGELINI, S.V. ANNIBALDI, M.L. APICELLA, G.B. ANGELINI, S.V. ANNIBALDI, M.L. APICELLA, G. APRUZZESE, E. BARBATO, A.

BERTOCCHI, F. BOMBARDA, C. BOURDELLE, A. BRUSCHI, P. BURATTI, G. CALABRÒ, A. CARDINALI, L. CARRARO, C. CASTALDO, C.

CENTIOLI, R. CESARIO, S. CIRANT, V. COCILOVO, F. CRISANTI, R. DE ANGELIS, M. DE BENEDETTI, F. DE MARCO, B. ESPOSITO, D.

FRIGIONE, L. GABELLIERI, F. GANDINI, L. GARZOTTI, E. GIOVANNOZZI, C. GORMEZANO, F. GRAVANTI, G. GRANUCCI1, G.T. HOANG, F.

IANNONE, H. KROEGLER, E. LAZZARO1, M. LEIGHEB, G. MADDALUNO, G. MAFFIA, M. MARINUCCI, D. MAROCCO, M. MATTIOLI, G.

MAZZITELLI, C. MAZZOTTA, F. MIRIZZI, G. MONARI, S. NOWAK1, F. ORSITTO, D. PACELLA, L. PANACCIONE, M. PANELLA, P. PAPITTO, V.

PERICOLI-RIDOLFINI, L. PIERONI, S. PODDA, M. E. PUIATTI, G. RAVERA, G. REGNOLI, G.B. RIGHETTI, F. ROMANELLI, M. ROMANELLI, F.

SANTINI, M. SASSI, A. SAVILIEV, P. SCARIN, A. SIMONETTO, P. SMEULDERS, E. STERNINI, C. SOZZI, N. TARTONI, B. TILIA, A. A. TUCCILLO,

O. TUDISCO, M. VALISA, V. VERSHKOV, V. VITALE, G. VLAD, F. ZONCA: Overview of the FTU results

20th IAEA Fusion Energy Conference, Vilamoura (Portugal), November 1-6, 2004

V. PERICOLI-RIDOLFINI, M.L. APICELLA, E. BARBATO, PH. BIBET, P. BURATTI, G. CALABRÒ, A. CARDINALI, G. GRANUCCI, F.

MIRIZZI, L. PANACCIONE, S. PODDA, C. SOZZI, A.A. TUCCILLO: LHCD and coupling experiments with an ITER-like PAM launcher

on the FTU tokamak 

20th IAEA Fusion Energy Conference, Vilamoura (Portugal), November 1-6, 2004
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Z. LIN, L. CHEN, F. ZONCA: Nonlinear toroidal coupling: a new paradigm for plasma turbulence 

Joint Varenna-Lausanne Inter. Workshop on Theory of Fusion Plasmas, Villa Monastero Varenna (Italy), August 30, September 3, 2004 

P. BURATTI, P. SMEULDERS, F. ZONCA, S.V. ANNIBALDI, M. DE BENEDETTI, H. KROEGLER, G. REGNOLI, O. TUDISCO and FTU-

TEAM: Observation of high-frequency secondary modes during strong tearing mode activity in FTU plasmas without fast ions 

20th IAEA Fusion Energy ConferenceVilamoura (Portogallo) November 1-6, 2004

Z. LIN, L. CHEN, Y. NISHIMURA, H. QU, T.S. HAHM, J. LEWANDOWSKI, G. REWOLDT, W.X. WANG, P.H. DIAMOND, C. HOLLAND, F.

ZONCA, Y. LI: Observation of high-frequency secondary modes during strong tearing mode activity in FTU plasmas without fast ions

20th IAEA Fusion Energy Conference, Vilamoura (Portogallo), November 1-6, 2004

R. ZANINO, S. EGOROV, K. KIM, N. MARTOVETSKY, Y. NUNOYA, K. OKUNO, E. SALPIETRO, C. SBORCHIA, Y. TAKAHASHI, P.

WENG, M. BAGNASCO, L. SAVOLDI RICHARD, M. POLAK, A. FORMISANO, E. ZAPRETILINA, A. SHIKOV, G. VEDERNIKOV, D.

CIAZYNSKI, L. ZANI, L. MUZZI, R. RICCI, A. DELLA CORTE, M. SUGIMOTO, K. HAMADA, A. PORTONE, F. HURD, N. MITCHELL,

A. NIJHUIS, YU. ILYIN: Preparation of the ITER poloidal field conductor insert (PFCI) test 

ASC – 04, Jacksonville, Florida (USA), October 3-8, 2004

C. MARINUCCI, P. BRUZZONE, A. DELLA CORTE, L. SAVOLDI RICHARD, R. ZANINO: Pressure drop of the ITER PFI cable-in-

conduit conductor 

ASC – 04, Jacksonville, Florida (USA), October 3-8, 2004

A. DELLA CORTE, L. AFFINITO, S. CHIARELLI, P. GISLON, G. MESSINA, L. MUZZI, G. PASOTTI, S. TURTÙ, M. MARIANI, A.

MATRONE, S. ROSSI: Design and manufacture of a NbTi insert module relevant for the ITER PF magnets conductor 

ASC – 04, Jacksonville, Florida (USA), October 3-8, 2004

A. VOSTNER, E. SALPIETRO, K.P. WEISS, W.H. FIETZ, A. DELLA CORTE, L. MUZZI: The FBI facility - A test rig for critical current

measurements on CICC as a function of strain 

ASC – 04, Jacksonville, Florida (USA), October 3-8, 2004

R. ZANINO, M. BAGNASCO, F. BELLINA, T. BONICELLI, A. DELLA CORTE, A. DI WENOBIO, W. H, FIETZ, A. FORMISANO, R.

HELLER, Y. ILIN, V. MARCHESE, R. MARTONE, L. MUZZI, A. NIHUIS, M. POLAK, P.L. RIBANI, E. SALPIETRO, L. SAVOLDI

RICHARD, S. TURTU, L. VERDINI, G.R. ZAHN: Current distribution measurement on the ITER-type NbTi Bus Bar III 

ASC – 04, Jacksonville, Florida (USA), October 3-8, 2004

A. NIJHUIS, YU. ILYIN, W. ABBAS, H.H.J. TEN KATE, M.V. RICCI, A. DELLA CORTE: Impact of void fraction on mechanical properties

and evolution of coupling loss in ITER Nb3Sn conductors under cyclic loading 

ASC – 04, Jacksonville, Florida (USA),, October 3-8, 2004 

A. NIJHUIS, W.A.K. WESSEL, H.G. KNOOPERS, YU. ILYIN, A. DELLA CORTE, H.H.J. TEN KATE: Impact of stimulated compressive pre-

strain in Nb3Sn strand on the critical current measured on standard ITER barrels 

ASC – 04, Jacksonville, Florida (USA), October 3-8, 2004 

F.H. HURD, C. SBORCHIA, E. SALPIETRO, D. DUGLUE, C. KEEFE, S. BATES, P. PESENTI, A. DELLA CORTE, P.L. BRUZZONE, M.

POLAK: Design and manufacture of a full size joint sample (FSJS) for qualification of the poloidal field (PF) insert coil 

ASC – 04, Jacksonville, Florida (USA), October 3-8, 2004 

P. BRUZZONE, M. BAGNASCO, D. BESSETTE, D. CIAZYNSKI, A. FORMISANO, P. GISLON, F. HURD, Y. ILYIN, R. MARTONE, N.

MARTOVETSKY, L, MUZZI, A. NIJHUIS, H. RAJAINMAEKI, C. SBORCHIA, B. STEPANOV, L. VERDINI, R. WESCHE, L. ZANI, R.

ZANINO, E. ZAPRETILINA: Test results of the ITER PF insert conductor short sample in SULTAN 

ASC – 04, Jacksonville, Florida (USA), October 3-8, 2004 

Y. ILYIN, A. NIJHUIS, W. ABBAS, L. MUZZI: Test results of the ITER PF insert conductor short sample in SULTAN 

ASC – 04, Jacksonville, Florida (USA), October 3-8, 2004 

YU. A. ILYIN, A. NIJHUIS, W. ABBAS, P. BRUZZONE, B. STEPANOV, P. GISLON, L. MUZZI, L. ZANI: Effect of cyclic loading and

conductor layout on contact resistance of full-size ITER PFCI conductors 

ASC – 04, Jacksonville, Florida (USA), October 3-8, 2004 



R. WESCHE, A. ANGHEL, P. BRUZZONE, P. GISLON, L. MUZZI: Analyses and implications of V-I characteristic of PF insert conductor

sample 

23rd Symp. on Fusion Technology - SOFT-23, Venice (Italy), September 20-24, 2004

A. FORMISANO, YU. ILYIN, L. MUZZI, R. MARTONE, P. GISLON, A. NIJHUIS, M. POLAK, C. SBORCHIA, B. STEPANOV: DC and

transient current distribution analysis from self-field measurements on ITER PFIS conductor 

23rd Symp. on Fusion Technology - SOFT-23, Venice (Italy) September 20-24, 2004 

P. BATISTONI, U. FISCHER, P. BEM, I. KODELI, J. JORDANOVA, P. PERESLAVTSEV, L. PETRIZZI, M. PILLON, K. SEIDEL, S.P.

SIMAKOV: Design and supporting experimental activities in the EU (invited paper)

7th Inter. Symposium on Fusion Nuclear Technology Tokyo, Japan May 22-2, 2004 

C. GORMEZANO, A. BECOULET, P. BURATTI, L. CARRARO, F. CRISANTI, B. ESPOSITO, G. GIRUZZI, R. GUIRLET, G.T. HOEANG,

E. JOFFRIN, X. LITAUDON, T. LUCE, V. PERICOLI-RIDOLFINI, O. SAUTER, G. SIPS, A. TUCCILLO and the JET EFDA

CONTRIBUTORS: Hybrid advanced scenarios: perspectives for Iter and new experiments with dominant RF heating 

31st EPS Conference on Plasma Physics, London June 28  July 2, 2004 

B. ESPOSITO, Y. KASCHUCK, L, BERTALOT, A. ZIMBAL, M. REGINATTO, D. MAROCCO, M. RIVA, D. SKOPINTSEV, J.M. ADAMS, A. MURARI, H.

SCHUHMACHER and CONTRIBUTORS TO THE EFDA-JET WORK PROGRAMME: Neutron measurements on JET using an NE213

scintillator with digital pulse shape discrimination 

15th Topical Conf. on High-Temperature Plasma Diagnostics, San Diego (USA), April 19-22, 2004 

9.1.4 Reports

RT/2004/39/FUS A. CAPRICCIOLI, P. FROSI: Modello elettromagnetico delle bobine poloidali 

RT/2004/40/FUS A. CAPRICCIOLI, P. FROSI: Studio delle sollecitazioni nel sistema di pressa passiva di  Ignitor

RT/2004/41/FUS A. CAPRICCIOLI, P. FROSI:  Modello termico delle bobine poloidali 1

RM2004A000320 B. RICCARDI, R. MONTANARI 

Indentatore cilidrico a testa piatta FIMEC per misure e controlli non distruttivi su materiali in

opera

RM2004A000368 E. VISCA, S. LIBERA 

Processo di giunzione di materiali ceramici e rame con fusione del rame su superfici pre-

brasate (PBC)

RM2004A000369 S.TOSTI, L. BETTINALI, D. LECCI 

Metodo per la determinazione del volume di recipienti non a tenuta mediante misure di permeazione e

relativo dispositivo

RM2004A000437 L. BETTINALI, D. LECCI, A. PIZZUTO,V. VIOLANTE

Procedimento metallurgico per aumentare la capacità di assorbimento dell’idrogeno da

parte di alcuni metalli come il palladio, il nichel e loro leghe

BO2004A000516 A. FRATTOLILLO, A. DE NINNO

Gruppo per il prelievo periodico di campioni da una fase gassosa
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BO2004A000517 A. FRATTOLILLO A. DE NINNO, F. MARINI

Sistema automatico per la misure di precisione di volumi

RM2004A000527 C. NERI, F. POLLASTRONE

Metodo  di un dispositivo di misura vettoriale digitale ad alta dinamica per la determinazione dell'ampiezza

e  della fase di un segnale a Radio Frequenza

RM2004A000647 L. CAPOBIANCO, Z. DEL PRETE, P. SCHIAVETTI, V. VIOLANTE

Impianto per la produzione di idrogeno mediante reattori catalitici a membrana, per l'alimentazione di motori soggetti a variazioni di

carico

The Nuclear Fusion Department promotes the dissemination of information on plasma physics and fusion technology, both nationally

and internationally

July 26-August 1, 2004 Technology of Fusion Tokamak Reactors

Erice, Sicily (Italy)

September 6-10, 2004 XXVIII European Conference on Laser Interaction with Matter - ECLIM

Roma (Italy)

22-03-2004 ARIK EL-BOHER - Energetics Technology - Omer Industrial Park, Israel

Intensification of low energy nuclear reactions through superwave excitation

22-03-2004 Michael McKubre - SRI International  - Menlo Park, USA

Cold fusion - A 15 year reflection

13-05-2004 MADALINA VLAD - Nat. Institute of Laser Plasma and Radiation Physics – Bucharest, Romania

Trajectory structures and test particle transport 

20-05-2004 FLORIN SPINEANU - Nat. Institute of Laser Plasma and Radiation Physics -Bucharest,Romania

Vortex structures and stability of plasma sheared flows

31-05-2004 FULVIO ZONCA - ENEA Frascati, Italy 

Two-dimensional structures of plasma waves and turbulence in toroidal systems: a novel approach to a classic problem

3-05-2004 UMBERTO DE ANGELIS - Università Federico II – Naples, Italy

Dusty plasmas

27-05-2004 BRUNO COPPI - MIT – Cambridge, USA

Il Problema della riconnessione magnetica in plasmi termonucleari

28-06-2004 JIAQI DONG – SIP- Chengdu, China

Double internal transport barrier triggering mechanism in tokamak plasmas

24-06-2004 TUONG HOANG - CEA - Saint-Paul-Lez-Durance, France

Overview on steady  state operation on Tore Supra
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12-07-2004 Maurizio Gasparotto - ENEA - Frascati, Italy

Aspetti ingegneristici dello stellarator W-7X

26-07-2004 MASSIMO TESSAROTTO - Università di Trieste – Trieste, Italy

Metodi lattice-Boltzmann non asintotici in fluidodinamica

13-09-2004 ALEXANDER V. MILOVANOV - Space Research Inst. – Moscow, Russia 

Turbulent transport in complex systems: a fractional kinetics approach

29-09-2004 MARCO CASAGNI - ENEA – Bologna, Italy 

Il progetto SPINTA: nuove opportunità per la valorizzazione dei risultati della ricerca

27-09-2004 STEPHEN K. COMBS - ORNL - Oak Ridge, USA 

Pellet delivery and survivability through curved guide tubes for fusion fuelling and its implication for ITER

11-10-2004 ANTONELLA DE NINNO - ENEA – Frascati, Italy 

QED e medicina: un ponte tra la fisica ed una nuova concezione della medicina

9-11-2004 IRVING DARDIK - Energetics L.L.C  - USA

The superwaves principle

9-11-2004 ALEXANDER EL-BOHER - Energetics Technologies, Israel 

Excess heat in glow discharge and electrolysis experiments at energetics technologies

9-11-2004 G.K. HUBLER - U.S. Naval Research Lab. USA 

Summary of experimental program at NRL on low energy nuclear physics 

9-11-2004 VITTORIO VIOLANTE - ENEA – Frascati, Italy

Progress on condensed matter nuclear science at ENEA

9-11-2004 MICHAEL MCKUBRE - SRI International - Menlo Park, USA

Review of cold fusion by the U.S. Department of Energy

15-11-2004 CRISTINE BOURDELLE - CEA - St. Paul-Lez-Durance, France 

Key parameters for microstability studied with a linear gyrokinetic code

2-12-2004 J. HALBRITTER - FZK - Karlsruhe, Germany

Dc and rf transport in normal and superconducting HTS-, MgB2-Nb-, and NbSn3/NbN Networks
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 ac alternating current

ACP activated corrosion product

ADC analog-digital converter

AFS Andrew file system

AM amplitude modulated

ANS analytical system

ASC Applied Superconductivity Conference

ASI Agenzia Spaziale Italiana

ASTEX Advanced Stability Experiment

BAE beta-induced Alfvén eigenmode

CAM controlled amount of matter

CB cassette body

CB cold box

CCD charge coupled device

CC&CI central control and common instrumentation

CCHEN Comisiòn Chilena de Energia Nuclear - Chile

CEA Commissariat à l’Energie Atomique - France

CERN Organisation Europeénne pour la Recherche Nucléaire- Geneva

CICC cable-in-conduit conductor

CPS capillary pore system

CPU central processing unit

CREATE CREATE Consortium (Universities of Naples, Cassino and Reggio Calabria)

CRPP Centre de Recherches en Physique des Plasmas, Villigen, Switzerland

CS central solenoid 

CTS collective Thomson scattering

CVD chemical vapour deposition

CVI chemical vapour infiltration

CYRIC Cyclotron and Radioisotope Centre, Tohoku University, Japan

DBTT ductile-to-brittle transition temperature

dc direct current

DOF degrees of freedom

DRP divertor refurbishment platform - ENEA - Brasimone 

DRS dedicated regeneration system

DSP digital signal processor

EAF European Activation File
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EBSD electron backscattering diffraction

EBW electron beam welding

ECCD electron cyclotron  current drive

ECLIM European Conference on Laser Interaction with Matter

EFDA European Fusion Development Agreement

e-ITB electron ITB

ELM edge localised mode

em electromagnetic

EMP electromagnetic pump

EPM energetic particle mode

ET event tree

ETG electron temperature gradient

EW expansion wave

FE finite-element 

FEB fast electron bremsstrahlung

FEM finite-element method/model

FIGEX Fast Ion Generation Experiment

FIMEC flat-top indentor for mechanical characterization

FNG Frascati neutron generator - ENEA - Frascati

FPGAs field programmable gate arrays

FTU Frascati Tokamak Upgrade - ENEA - Frascati 

FWHM full width at half maximum

FZK Forschungszeuntrum - Karlsruhe - Germany

GB glove box

GDRD General Design Requirement Document

GRM General Review Meeting

GTAW gas-tungsten arc-welded

HCLL helium-cooled lithium-lead (blanket)

HCPB helium-cooled pebble bed (blanket)

HF high frequency

HIP hot isostatic pressing

HMGC hybrid MHD gyrokinetic code

HRP hot radial pressing

HVAC heating, ventilation and air conditioning system

HXR hard x ray



ICRH ion cyclotron resonance heating

IEA International Energy Agency

IFMIF International Fusion Materials Irradiation Facility

IFPTG Inertial Fusion Physics and Technology Group

ILL Institute Laue Longevin, Grenoble - Francia

INFM Unità di Ricerca, Department of Physics, University of Salerno - Italy 

IP inter-pancake

ISI induced space incoherence

ITB internal transport barrier

ITER International Thermonuclear Experimental Reactor

ITG ion-temperature gradient

JAERI Japan Atomic Energy Research Institute - Japan

JET Joint European Torus. Largest EU tokamak, Abingdon U.K. (UKAEA).

LCF low-cycle fatigue

LCS last  closed surface

LCT large coil task

LH lower hybrid

LHC Large Hadran Collider (CERN)

LHCD lower hybrid current drive

LHW lower hybrid wave

LOC linear Ohmic confinement

LOCA loss-of-coolant accident 

LOVA loss-of-vacuum accident

LPI Lebedev Physical Institute - Russia

LVDT linear voltage displacement transducer

LVDT linear variable displacement transformer

MHD magnetohydrodynamic

MPI message-passing interface

NBI neutral beam injection/injector

NDE nondestructive examination

NP neutral point

OAM open amount of matter

ODS oxide dispersion strengthened
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OFHC oxygen-free high-conductivity

ORE occupational radiation exposure

PC personal computer

PC plasma chamber

PCI peripheral component interconnect

PDE partial differential equation

PEP pellet enhanced performance

PF-FSJS poloidal field full-size joint sample

PFC plasma-facing component

PFCT plasma-facing-component transporter

PHTS primary heat transfer system

PID proportional integrative derivative

PIE postulated initiating event-potential impact table

PLD pulsed-laser deposition

PWHT post-welding heat treatment

RAF reduced-activation ferritic (steels)

RAFM reduced-activation ferritic martensitic (steels)

RAL Rutherford Appleton Laboratory - USA

rf radiofrequency

RFX Reversed Field Pinch Experiment, Padua, Italy (Association Euratom-ENEA)

RH remote handling 

SANS small-angle neutron scattering

SCFCL superconducting fault current limiter

SDS storage and delivery systemn

SEM scanning electron microscopy

SMP symmetric multiprocessor

SMPS shared memory multiprocessor system

SOFT Symposium on Fusion Technology Conference

SOL scrape-off layer

S-VDS standby-ventilation detritiation system

TBM test blanket module

TECSIS Tecnologie Diagnostiche e Sistemi Intelligenti per lo Sviluppo dei Parchi Archeologici del Sud d’Italia (Development of

Archaeological Parks in the South of Italy

TEKES Technology Centre  - Finland

TEM transmission electron microscopy
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TEXTOR Torus Experiment for Technology Oriented Research, Jülich, Germany (Association Euratom-FZJ)

TF toroidal field

TFA-OD trifluoroacetate metal-organic decomposition

TFC Test Facilities Complex

TFC toroidal field coil

TFMC toroidal field model coil

TMF thermomechanical fatigue

TNSA target normal sheath acceleration

Tore-Supra Large tokamak at Cadarache - France (Association Euratom-CEA)

TTE trace tritium experiment

TUD Technical University of Dresden - Germany

UTS Unità Tecnico Scientifica ( Fusion UTS, Technical and Scientific Unit)

VDE vertical displacement event

VNIINM Bochvar Institute of Inorganic Materials, Moscow, Russia

VME versa module Eurocard

VPS vacuum plasma spraying

VRVS Virtual Rooms Videoconferencing System

VV vacuum vessel

WCLL water-cooled lithium lead (blanket)

WKB Wenzel, Kramer, Brillouin (code)

XRD x-ray diffraction

XSC extreme shape controller

ZF zonal flow
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