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PREFACE

The Technical and Scientific Fusion Unit (UTS) of ENEA is engaged in the following areas of activity:

experimental and theoretical physics of thermonuclear fusion; safety, environment and socio-economics of
future devices (the International Thermonuclear Experimental Reactor [ITER], the IGNITOR device, the
International Fusion Materials Irradiation Facility [IFMIF]) and fusion reactors; power plant conceptual

studies; the development of technologies, mainly related to the thermonuclear fusion field; design and
realization of fusion-device components; the integrated design of a tokamak machine (IGNITOR) aimed at
studying a burning plasma up to ignition; the development of surface and underwater robotic vehicles for

scientific and logistic activities in the Antarctic plateau as well as for the surveillance of oil plants and

monitoring of meteorological and oceanic parameters; the development of spin-offs from the programmatic
activities; research on forms of nuclear fusion energy production other than thermonuclear (cold fusion);

commercial activities related to the supply of services and products resulting from the competences
generated by the research programmes.

Apart from the Italian state-grant and the income from the commercial activities, financing of the work

comes from the Euratom contribution to thermonuclear fusion research under the Euratom-ENEA

Association agreement, the contribution to the IGNITOR programme through specific laws approved by the
Italian Parliament and the contribution to the non-fusion robotic activities from the Italian Ministry of
Research.

All the thermonuclear fusion activities co-financed by Euratom in Italy are carried out in the framework of

the Euratom-ENEA Association Agreement, under which ENEA is responsible for programming and managing

both the research performed in the Italian laboratories (RFX Consortium, Padua; Institute of Plasma Physics
of the National Research Council, Milan; Turin Polytechnic; CREATE Consortium) and the Italian participation
in joint European undertakings and in international collaborations. The activities involve around 500 man-

years, which accounts for about 20% of the entire volume of the European Fusion Programme and makes Italy
second only to Germany.

The 2002 Progress Report covers only the work performed by ENEA’s Technical and Scientific Fusion Unit.
Other ENEA Units participate in the fusion activities as commissioned by the Fusion Unit.

During 2002 the experimental work on magnetic fusion was focussed on exploring enhanced confinement

regimes and internal transport barrier formation in the Frascati Tokamak Upgrade (FTU). The passive-active
multijunction prototype of the lower hybrid launcher was completed to be tested on FTU in 2003. This
activity is contained in the framework of a more general collaboration with the Commissariat à l’Energie

Atomique (CEA) and is aimed at developing a lower hybrid launcher for ITER. The development of PROTO-

SPHERA was given the go-ahead at an international workshop held specifically to evaluate the proposal. With
regard to exploitation of the joint European tokamak experiment JET, Italy was second only to the UK in the
level of participation. The Italian team contributed, in particular, to the activities of the S2 (Advanced

Regimes) and H (Heating and Current Drive) Task Forces. Theory activities dealt mainly with the study of the
confinement of fast ions in a burning plasma.

The IGNITOR programme was positively evaluated at the Fusion Summer Study at Snowmass (Colorado). The
engineering design was considered mature and capable of realising a burning-plasma experiment in the

shortest time and in the cheapest way. It was also expressed that, should Italy decide to build the machine,
the USA should contribute with hardware construction and scientific activities. During the reporting year,
the design activities concerned mainly the diagnostic systems. Other activities included studies on mitigating

disruptions, the development of improved operational scenarios, the study of plasma start-up, simulation of
vertical displacement events and refined analysis of the toroidal field coil loads.

The fusion-technology activities embrace a wide range of topics: superconducting magnets, vacuum vessel

and shielding, first wall and divertor, remote handling, breeding blanket, neutronics, fuel cycle, safety and

environment, materials, liquid metal technology and thermo-fluid dynamics. The work was mainly carried out
under the European Fusion Development Agreement (EFDA) and principally dedicated to ITER and the Long-

Term programmes. The results are covered in the Progress Report, and the following are but a few examples:

the manufacture by hot radial pressing of small-scale tungsten monoblock mockups for ITER plasma-facing
components, which sustained 1000 cycles at 18 MW/m3 without any joint damage, the contribution to the

test of the ITER toroidal field coil at the TOSCA facility at Karlsruhe, Germany, the fire hazard analysis in
the ITER tritium building and the deterministic accident analysis for the ITER plant.

In connection with inertial fusion, experiments were performed with the ABC laser to study energy trapping

in low average density supercritical foams. Theoretical and computational work concerned studies on the
contamination of DT fuel by high-Z material from the focusing cone in the fast ignition scheme. An activity
was undertaken on fabricating a diode-array prototype with the objective of developing a diode pumped laser,
a high-efficiency drive for inertial fusion.

The activities regarding robotics included navigation tests of the RAS autonomous vehicle at the Italian base
in Antarctic, the positive conclusion of the performance trials of the PRASSI outdoor autonomous robotic

platform for the surveillance of large plants, such as oil refineries, assembly and first tests in Italy of the
SAR submarine robot, designed for oceanographic and hydrologic studies in the Antarctic, and the complete

manufacture of the components for the BOMA and MELBA buoyant systems for oceanographic monitoring.
Finally, worth mentioning is the organization, of the National Conference on Advanced Robotics and the
International Workshop on Human-robot Interfaces, sponsored by the International Advanced Robotics
Programme (IARP) held at Frascati.

Frascati, December 2002
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1.1 Introduction

1. Magn
etic Con
finement

The Frascati Tokamak Upgrade (FTU) is a compact, high magnetic field machine capable of operating at
density and magnetic field values encompassing those of ITER; moreover, in FTU only the electrons are
heated, as in a burning plasma. As such, this machine provides a unique opportunity to explore electron
transport physics with direct relevance to ITER.

During 2002, the FTU experimental activities were focussed on exploring enhanced confinement regimes and
internal transport barrier (ITB) formation. Long-duration ITBs were produced through combined injection of
electron cyclotron and lower hybrid waves, both on the plasma current flat-top and during the current ramp.
Performance was improved thanks to boronisation, which allowed operation at low Zeff. Stationary ITBs lasting
about 40 energy confinement times (corresponding to about 1.5 times the current diffusion time) were obtained at
ITER-relevant density and magnetic field values, with negligible impurity accumulation. Up to 15 keV were
obtained in transient conditions. The ITB onset closely follows the criterion observed on JET, i.e., the value of the
ratio between the ion Larmor radius (evaluated with the electron temperature) and the local electron temperature
scale length exceeds a threshold value. Interestingly, the threshold value is the same on both JET and FTU. The
global confinement of these discharges is up to 60% higher than the ITER97 L-mode energy confinement scaling.
Confinement regimes also improved with ion Bernstein wave injection. This result was extended during the
2002 campaign to deuterium plasmas and to higher densities and plasma current values (up to 0.8 MA) than
before, thanks to an increase in available power after insertion of a second launcher. In both hydrogen and
deuterium discharges, an up to 40% decrease in the local electron thermal diffusivity was observed inside the
absorption radius, where sheared flow formation is theoretically expected.

The results obtained in various confinement regimes in recent years allowed a comprehensive analysis of the
global energy confinement time. In conventional Ohmic discharges, the energy confinement time is
marginally lower than the ITER97 L-mode scaling; ITB discharges achieve an improvement of up to a factor
of 1.6. Pellet discharges are particularly interesting, as they allow the L-mode scaling validation to be
extended to very high-density values; the confinement in these discharges is in agreement with L-mode
scaling within 10%, with an increase of up to 40% above the scaling during transient phases.
Local transport studies with modulated electron cyclotron resonance heating were continued under a multimachine (FTU, Tore Supra, ASDEX-U and JET) collaboration to clarify the mechanism of electron temperature
profile stiffness.
The passive–active multijunction prototype of the lower hybrid wave launcher envisaged for ITER was
successfully characterised at low power and will be inserted in FTU in 2003.

The Frascati participation in JET continued, with a substantial effort devoted to the S2 (Advanced Regimes) and H
(Heating and Current Drive) Task Forces. Particular emphasis was placed on the development of real-time control of
ITB plasmas, ITBs at high density, fast-wave/IBW mode conversion and active control of lower hybrid wave coupling.

Plasma theory activities continued with the studies on nonlinear Alfvén eigenmode dynamics in ITB
discharges. Specific attention was paid to the simulation of JET discharges with non-monotonic q–profiles, in
which Alfvén cascades have been observed. Investigation of the origin of the Bohm-gyroBohm scaling of
energy transport continued in collaboration with the University of California at Irvine.
A collaboration was started with CEA Cadarache to jointly exploit FTU and Tore Supra in order to study the
mechanisms underlying electron transport physics, plasma-radiofrequency wave interaction physics, the
development of lower hybrid launchers for ITER and the theory of plasma turbulence.

An international workshop held to evaluate the PROTO-SPHERA proposal was concluded with a positive
report and the recommendation that a preliminary test be made of the multiple electrode concept.

1.2 FTU Facilities

1.2.1 Summary of machine operation

The machine operated at the same high level (about 90% of total pulses successful) for the entire experimental
period.
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Fig. 1.1 - Zeff value as a function of electron
density for Ip=0.5 MA, BT=6T plasma discharges
before (1st phase), immediately after (2nd
phase) and 60 discharges after boronisation (3rd
phase), after the boron has been eroded by the
toroidal limiter
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Fig. 1.2 - Fraction of radiated power Prad (in %)
to Ohmic power Pohm as a function of shot number
for Ip=0.5 MA, BT=6T plasma discharges, before
and after boronisation

Boronisation of the first wall and the toroidal limiter was
routinely carried out, after the baking procedure, using
glow discharge with a gas mixture of 90% helium and
10% diborane B2H6 (B2D6 only at the end of 2002) before
each restart of plasma operations. Boronisation has
proved to be very effective in reducing the impurity
content and radiated power of the plasma over the entire
explored range of densities and plasma currents, both in
Ohmic (figs. 1.1, 1.2) and in radiofrequency (rf) heated
plasmas (up to 2.6 MW injected) [1.1]. However, a
negative consequence of a fresh boronisation is that it is
difficult to control the plasma density during the first two
days of operation because of the recycling properties of
the boron film, which is strongly affected at cryogenic
temperature. The best results are obtained after about 60
plasma discharges, when the boron has been eroded on
the limiter but is still present on the chamber walls. In
these conditions, molybdenum is the main impurity in the
discharge and the oxygen concentration remains at a very
low level (≤ 0.5 %).

Another consequence of boronisation with diborane B2H6
is that the plasma is strongly diluted by hydrogen
particles released from the boron film. The D dilution, in
turn, reduces the plasma performances in terms of
neutron yield, which decreases by up to a factor of 5 after
boronisation. Accordingly, deuterate diborane B2D6 was
tested as the working gas in September 2002. Preliminary
results show that suppression of plasma dilution returns
the neutron rate to its pre-boronisation values.
In July 2002 the high-field side pellet injector was installed
in a diagnostic room close to the torus hall. The pellets
travel along a 15-m-long path with a 3-m curvature radius
before entering a vertical port. Most of the formed pellets
are destroyed before they reach the plasma, so tests are on
schedule to address the problem.

In the last part of the year, FTU was shut down to install a
new set of magnetohydrodynamic (MHD) diagnostics
inside the vacuum vessel and two new fast electron
bremsstrahlung cameras to obtain a fast electron profile
during lower hybrid current drive (LHCD) experiments. Also, some diagnostics around the machine were relocated to make room for the new diagnostics that should be installed next year, i.e., for motional Stark effect
measurements. Broken tiles were removed and substituted.
Control and data acquisition system activities:

• An automatic data validation tool was developed in the framework of a contract with the University of
Catania. The primary aim of this tool is to indicate any faulty sensors or unreliable measurements after each
shot, thereby preventing the proliferation of poor data. Thus, the user is provided with a simple interface for
fault detection, in an open source environment. The final objective is to develop an overall rating system for
FTU data.
• The new gas density feedback system (GDFS) was provided with a more user-friendly graphics interface.

[1.1]
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The GDFS consists of six fast,
machine
others
10,5%
commercial piezoelectric valves
2,9%
analysis
25,4%
with different gas flows. The
controller subsystem is the same
processor as used in the position
diagnostic system
and plasma current feedback
7,5%
control system (PPCFS). During
its control loop, the GDFS
feedback
calculates the error with respect
1,5%
prometeo
to the pre-programmed plasma
14,1%
DAS radio frequency
density reference and chooses
25,4%
4,9%
the best valve configuration
from among those involved in
Fig. 1.3 - Downtime sources in 2002
the shot. The regulation
algorithm is merged in the code
that contains the PPCFS law control and has a work
1.00
time, taking into account the valve time response, of
2 ms.
0.90
• To replace the old environment, an open source
I(sp)
0.80
I(et)
system was proposed for the processor units
I(ed)
(concentrators) presently used to link the plant PLCs
0.70
to the supervisory system. A Linux operating
0.60
system, which also provides fast system crash
2001
2000
recovery, was chosen. Non-trivial software porting
years
has begun and will be completed next year.

power supplies
28,2

2002

Out of a total of 2,197 shots performed over 88
Fig. 1.4 - Indicator trend 2000, 2001, 2002. I(sp): ratio
experimental days, 1,940 were successfully
successful/total pulses. I(ed): ratio real/planned
completed. The average number of successful daily
experimental days. I(et) ratio real/total experimental
pulses was 22.05. Figure 1.3 shows the sources of
time
downtime in 2002. The power supply has the largest
share (28.2%), not because of frequency, but because
faults involving this system generally take a long time to repair. FTU availability is represented in figure 1.4
by three indicators; the experimental time indicator shows constant improvement over the three years (2000,
2001, 2002).

1.2.2 Summary of machine maintenance

Maintenance was carried out according to schedule. The flywheel generator feeding the poloidal field coils
was checked over and three of the four bearings were changed.

Visual inspection after venting the vacuum vessel showed that 24 toroidal limiter tiles were broken. Of the
different prototype tiles tested, two passed the tests at both room and cryogenic temperatures and are now
under construction.

1.2.3 Future activities

The machine will run for the first six months of 2003 to test the new passive-active multijunction (PAM) lower
hybrid launcher. Then, it is planned to have a six-month shutdown to install the new CO2 interferometer for
plasma-density measurements and the diagnostic for motional Stark effect measurements.

The possibility of installing a lithium limiter on FTU is being investigated in collaboration with Russian
colleagues. The aims of the experiments using a lithium limiter are to test a capillary porous system (CPS)
concept on FTU and to study plasma behaviour in a medium-size tokamak, in regimes relevant for future
applications. Calculations are in progress to verify the behaviour of the limiter under hard disruptions. If the
calculations are positive, an executive project will be developed.
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1.2.4 New launchers for the LHCD system

A specific agreement to study and develop systems and components in the lower hybrid current drive
(LHCD) range of frequencies has been included in the framework of a general ENEA Frascati - CEA
Cadarache collaboration on controlled thermonuclear fusion activities common to both laboratories.

The first step is to test the coupling characteristics of the novel PAM launcher proposed as a conceptual study
by Cadarache. The mechanical and electrical characteristics are such that the launcher can effectively cope
with the severe plasma environment of ITER. The next step will be to test all the technological solutions
connected to a PAM-type launcher in a full-scale experiment on Tore Supra. The final target is a feasibility
study of a launcher suitable for the ITER LHCD system. The collaboration has been extended to a conceptual
study and proposal for the whole LHCD system for ITER.
The construction of the PAM launcher for the
LHCD system of FTU has been substantially
completed. It is composed of twelve elemental
modules arranged in an array of three toroidal
columns and four poloidal rows. Each module is
made up of two active and two passive
waveguides on the same row, with an intrinsic
phase shift of 270° between the active
waveguides. The launcher is mechanically split
in two distinct and contiguous parts (fig. 1.5).
The first part (right in fig. 1.5) includes the
Fig. 1.5 – The two parts of the PAM launcher
primary E-plane bi-junctions and 90° phase
shifters in alternate waveguides. In the second
(left in fig.1.5), the vertical walls between
adjacent waveguides are thickened to obtain passive waveguides (fig. 1.6).
180° phase shifters are inserted in alternate waveguides of each row to get
the required 270° phase pitch at the output.

The launcher was tested at a low rf power level (in the mW range) to verify
its microwave performance by defining its “scattering matrix”. The built-in
phase shifters, obtained by reducing the width of the rectangular
waveguides for a calculated length, introduce an evident asymmetry
between the two output ports of a generic PAM module. This is
demonstrated in figure 1.7, which shows the measured amplitudes of the
transmission elements S12 and S13 of the scattering matrix. The measured
and computed values have a similar trend, but there is an average difference
of about 1.3 dB (25% in power) between the two sets, because of the
simplified model (i.e., waveguides with perfectly conducting walls) used
for the computation and the rather poorly matched measurement setup. The
real influence of these parameters on the measurements is under study.

Fig. 1.6 – The PAM mouth

S12+S113 - ampl (dB)
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The accuracy of the system is better described by the phases of the scattering
parameters (fig. 1.8). The curves relative to the four
rows are perfectly superimposed, and the phase
difference between the two waveguides of a PAM
270°
0°
module corresponds to the required 270°. The
HFSS
measured values agree with the computed values,
considering that –270° and +90° are geometrically the
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Fig. 1.7 – Amplitude of the transmission scattering
parameters calculated by FEM: active output columns
(A,B,C) are grouped according to the input columns; the
totals of the phase-shifts of the corresponding output
waveguides are shown at the top; different colours
discriminate the four rows of the launcher
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same angle, so it is clear that all the PAM modules
fulfill the phase requirements.

The preliminary design of the LHCD for ITER has been
developed in collaboration with CEA Cadarache and
other European laboratories (VTT Finland and the
Institute of Applied Physics, Nizhny Novgorod Russia)
under a specific ITER-EFDA task.
The main characteristics of the proposed system are
summarised in table 1.I and the schematic layout is
shown in figure 1.9.

The power generated by four sources directly
into the standard rectangular waveguide WR
229 (cross section 58.17×29.08 mm2), mode
TE10, is coupled to an oversized circular
waveguide, mode TE01, by a combiner (see
fig. 1.10) to reduce the overall transmission
losses and transmitted over a distance of
about 70 m. The coupling structure is a PAM
launcher.

The ENEA–Frascati LHCD team contributed
to the preliminary analysis of the system by
designing the main microwave components
of the transmission line and the active parts of
the PAM, with the use of a commercial
computer code based on the finite elements
method (FEM). Analysis of the scattering
matrix indicates that this device can be used
to uniformly split the power carried by the
circular waveguide, mode TE01, into four
rectangular waveguides, mode TE10, with the
same conversion efficiency as the combiner,
so it can be called a “combiner/splitter”.

0°

270°

0°

270°

∆Φ=90°

100

0°
computed

note: +90°-270°

50
0
-50
-100

∆Φ=270°

1.2.5 Collaboration in the ITER design

270°

150
S12+S113 -phase (dB)

According to the results of these measurements, the
low-power test on the PAM can be considered very
satisfactory. The full-power test of the launcher and the
construction of specific items are under preparation for
implementation in 2003.

200

measured

-150
-200
A.1

A.2

B.1

B.2

C.1

C.2

output column

Fig. 1.8 – PAM: phases of the transmission scattering
parameters

Table 1.I - ITER LHCD system: main characteristics

Frequency
Total coupled rf power
Microwave source
Specific power
Bandwidth
Total number of sources
Transmission efficiency
Number of launchers
Launcher type

5 GHz
20 MW
Klystron
1 MW (CW)
± 10 MHz
24
≥ 83%
1
PAM

combining network

90° bends
24 RF power sources
5 GHz, 1 MW (CW)

main transmission
line

splitting
network
PAM launcher

Fig. 1.9 – LHCD system for ITER: schematic layout

8 output active
waveguides
input
waveguides

1st bijunction
3rd bijunction

Fig. 1.10 – The combiner/splitter

2nd bijunction

Fig. 1.11 – Computer model of one row of a PAM module
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Figure 1.11 shows a simplified model of one of
the 12 rows of a PAM module. The model
includes the eight active waveguides but not
the passive waveguides and built-in phase
shifters because the objective of this
preliminary analysis was to assess the
effective capability of the proposed multijunction scheme to uniformly split the input
power into the eight active output
waveguides.

-5
S12-S19

-10

magnitude (dB)

-15
-20
S11

-25
-30
optimum
frequency

-35
-40
4.5

4.75

5

5.25

frequency (GHz)

5.5

Fig. 1.12 – Coupling (S12-S19) and reflection (S11)
characteristics of a PAM row

1.2.6 Ion Bernstein wave system

The scattering parameters in figure 1.12
indicate that the row needs more accurate
studies to move the optimum working
frequency of this ten-port device (one input
and nine output ports) toward the nominal
5 GHz.

The ion Bernstein wave (IBW) system of FTU operates at a frequency of 433 MHz. The system is based
on klystrons with a nominal output power of 600 kW in pulsed regime (max pulse length 1 s, max
repetition rate 1 pulse every 600 s). The launcher (fig. 1.13) is an array of two parallel rectangular
waveguides (cross section 400×29.5 mm2) coupled to the plasma through an equatorial port of FTU.
The rf power, carried by a coaxial cable, is coupled to the launcher by means of an ad hoc coax-towaveguide transition.

In 2002 the system was completed with the installation of a second launcher on FTU port No. 8, 60°
away in the toroidal direction from the first launcher on port No. 6. The new launcher uses a vacuum
window (fig. 1.14) made of two elemental ceramic windows (cross section 232×75.86 mm2, thickness
15.03 mm) brazed onto a titanium alloy frame. The vacuum window was designed by the ENEA IBW
team in collaboration with the Italian company of ALENIA S.p.A. and was built by the Princeton
Plasma Physics Laboratory (PPPL) under the supervision of ENEA. Two more windows of the same
type, also built by PPPL, are available in Frascati as spare parts.
In the last experimental campaign, with the new launcher, the maximum
rf power coupled to the plasma was about 400 kW, i.e., an increase of
about 30% with respect to the previous campaigns.
The following improvement activities are in progress:
•

Fig. 1.13 – IBW launcher
mouth

14

Design of a new ceramic vacuum window, which will be positioned
80 cm nearer to the plasma
than the present window.
• Definition of an automatic
antenna conditioning procedure, independent of the FTU
pulse timing so as to reduce
the conditioning time.
• Development
of
an
additional protection unit
based on the real ratio (in
percent) between the reflected
and the incident power;
design of an arc sensor unit to
protect the launcher in case of
arcs in the vacuum section.
Fig. 1.14 – IBW vacuum window
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1.2.7 Diagnostics

Soft x-ray imaging system on NTSX

The soft x-ray imaging system (pinhole camera with micro-pattern gas detector and gas-electron multiplier)
developed and tested at Frascati (see 2001 Progress Report) has been operating very successfully at the
National Spherical Tokamak Experiment (NSTX) in a wide range of plasma scenarios.

The pinhole camera makes the system as flexible and versatile as an optical device, so it is easy to change the
magnification of the plasma image and the line of sight in order to study the plasma off centre. Images of the
NXTS plasma core, in the x-ray energy range 2.5-8 keV, were recorded with frame rates from 1 to 100 kHz,
and an extremely high signal-to-noise ratio and dynamic range (fig. 1.15). The x-ray data were recorded for
this shot with the same (1 ms) time resolution as that of the EFIT calculations. Particularly worth noting is the
good agreement between the x-ray images and the plasma magnetic reconstruction, despite the fact that the
tangential view in a spherical tokamak integrates over a large part of the plasma. The 2-D image is very clear
because of the energy discrimination capability of the device.

Scanning CO2/CO interferometer

The advanced-regime studies planned at FTU require a new interferometer for detailed density-profile
measurements. The new diagnostic, which will replace the five-chord DCN laser interferometer, is to be
developed and installed on FTU by the Reversed Field Pinch Experiment (RFX) Consortium, Padua under a
contract signed in 2002. The requirements for the interferometer are: ≥15 chords through a single observation
port to increase spatial resolution; wavelength and instrument frequency bandwidth adequate for following
fast density evolution during pellet injection and/or disruptions. The highest densities presently reached in
FTU are in the range 3-4×1020m-3, while the fastest density changes, with slopes as high as 1025m-3s-1 , are
observed during pellet injection.

An interferometer based on medium infrared (MIR) lasers has been designed to meet the above specifications.
MIR wavelengths are short enough to avoid problems of high-density cut-off or beam refraction. MIR beams
can be focused to small diameters (of the order of 1 cm) inside the camera, which allows measurement on a
large number of chords. Moreover, the beams can be frequency shifted at tens of MHz with Bragg cells for
heterodyne detection, thus providing a wide bandwidth. As short wavelengths are sensitive to the
mechanical vibrations of the optical components, a two-colour vibration compensation system is necessary,
which on the other hand will avoid the need for a massive vibration-isolated structure. The adopted
wavelengths are 10.6 µm (CO2 laser) for measurements and 5.4 µm (CO laser) for compensation. The two
colours are modulated for heterodyne detection at 40 and 30 MHz, respectively, so that their interferometric
signals can be acquired by just the one photoconductive detector and split by the electronics, thus halving the
number of detectors required.
a)

b)

Fig. 1.15 - X-ray image of a quadrant of NTSX cross section: a) 2-D plot intensity (count/ms, z-axis) vs. pixel
coordinates (x,y); b) contour plot of same data, calibrated in position and demagnification, superimposed on
magnetic-surface reconstruction by the EFIT code

15

nt
e
m
e
n
i
f
n
c Co
i
t
e
n
g
a
1. M
The optical scheme of the interferometer is based on an
innovative “scanning beam” technique where two
bc = Bragg cell
beams are spatially swept at high frequency across the
plasma
m = flat mirror
plasma cross section. In this way, the density is
f = filter
measured along chords separated in time, which allows
bs = beam splitter
the reconstruction of one density profile for each halfdet = detector
CO2 det
period of the scan. The scanning interferometer scheme
scanner
(fig 1.16) has several advantages. First of all, the
comp.
maximum number of equivalent chords is achievable
det
bs
m
(the number being determined only by the dimensions
bs
m
of the access port and the beam). On the other hand,
comp. laser
bc
since the interferometer is essentially a two-chord
m
f
system, the available power on the detectors is higher
CO2 laser
m
bc
and the optical scheme is simpler than for multi-chord
m
or expanded beam multichannel systems. Hence, the
parabolic mirror
scanning interferometer is cheaper and easier to align.
The major potential disadvantage of the scanning
Fig 1.16 - Schematic of scanning interferometer.
system is the non-simultaneousness of the
The beam is scanned by an oscillating mirror. The
measurements of the different chords, which is
oscillation is completely compensated for by a
acceptable if the scanning speed is high enough to
second pass on the same mirror
reconstruct the profiles on a time scale faster than the
plasma phenomena of interest (which are of the order of
a few kHz for MHD events). This condition does not
increase the required system bandwidth compared to a conventional interferometer. Indeed, the bandwidth
is limited to the range of hundreds of kHz by the need to avoid fringe jumps due to fast density changes
and/or to large mechanical vibrations of the optical components. Therefore, with a comparable signal
bandwidth but a much higher power on the single beam, the scanning interferometer should also provide a
higher signal-to-noise ratio.
retro-reflector

Considering the expected range of plasma parameters to be measured, the beam-scanning device should have
a scanning angle of the order of a few degrees and a scanning frequency higher than 5 kHz. The system
adopted is a special type of mechanical deflector (MD), i.e., a reflecting mirror fixed to the rotor of an electromagnetic motor that oscillates at its electro-mechanical resonant frequency. An MD has important advantages
with respect to other scanning devices (e.g., acousto-optical devices, which would give frequency in the MHz
range). In fact, it is relatively inexpensive and allows simple optical schemes. Indeed, the same MD can be
used for both the two-colour wavelengths, and a double reflection on the mirror is sufficient to cancel the
deflection of the scanned beam. Thanks to an appropriate choice of light materials and mirror dimensions,
the deflector for the interferometer is designed to have a natural frequency as high as 12 kHz. (A back-up
solution at 8 kHz with a larger mirror, which imposes less severe conditions on beam focusing, has been taken
into account.) The achievable scanning angles are of the order of 5°, adequate enough for the interferometer.

The available diagnostic accesses for the new interferometer are the rectangular 400-mm-wide vertical port,
divided by an obstruction in two 160-mm-wide portions, and the 50-mm-diam circular vertical port. The two
portions of the rectangular port will be covered with two independent scan beams, each one obtained with
the combination of a beam deflector and an off-axis parabolic mirror. By placing the deflector exactly at the
focus of the mirror, the angular deflection is transformed into a parallel scan. On the top of the machine, a
roof-top mirror reflector (made of two rectangular mirrors mounted with a 90° angle from each other) sends
the beam back translated in the toroidal direction by 2 cm. In this way, the parabolic mirror will focus the
beam back to the centre of the beam deflector but, at the same time, incoming and outgoing beams will be
separated by an angle of ≈1-2°. Three fixed chords are added to the optical scheme: two of them pass through
the portions of the rectangular port and are used as backup in the case of damage to the scanning system; the
third measures through the circular port. One of the fixed chords will also be used for real-time computation
of line-averaged electron density. Finally, a local oscillator chord (which does not pass through the plasma)
measures the residual vibrations not compensated for by the two-colour system and hence allows the
measuring error to be reduced.
Complete remote control of the interferometer components (lasers, cooling systems and electronics, etc.) will
be available. Also, some of the mirrors are motorised to allow remote alignment of the interferometer.
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Automatic optimisation of the alignment via a software procedure will be possible.

A prototype of the scanning interferometer has been tested in the laboratory to demonstrate that complete
compensation of the mirror oscillation is possible. The residual noise on each chord is equal to that of the
usual static CO2 interferometer.
The interferometer will be installed in the same place as the previous DCN interferometer. Installation of the
new diagnostics should be completed within 2003.

Development of active beam diagnostics

The motional Stark effect (MSE) and charge exchange spectroscopy diagnostics for FTU should be installed
in 2003 or early 2004. These diagnostics will provide measurements of the radial q-profiles, ion temperature
and the poloidal velocity of the plasma. Recent work on the diagnostics concerned mainly the final
mechanical and optical design, the tests on the polarimeter and the high-resolution spectrometer. The neutral
beam injector was tested close to full power, and some of its components, which could be damaged by the
beam, were redesigned and newly built according to the experience acquired.
The work is being done in cooperation with scientists from Russian (Trinity) and Byelorussian (Minsk)
laboratories and with the Canadian firm of Plasmionique.
Installation of neutral beam injector

After initial tests using a single-hole extraction grid in the neutral injector, the full 19-hole grid was tested.
Beam shape and power were monitored by a 12-plate bolometer against which the beam was fired. Fully
automatic control of the beam parameters was used for the tests so as to avoid long pulses, which can damage
the grids. Pre-programming of the beam via National Instruments Field Point modules was reliable and
satisfactory. The total current in the beam appeared close to what was expected; nevertheless, these
measurements are to be checked further because of uncertainties in the behaviour of the electron suppressor.
The divergence of the beam was too high, probably due to imperfections in the shape and alignment of the
grid holes, which should be positioned with 0.1-mm accuracy. Hence, a new set of grids was made to ensure
the required alignment. The electron suppressor was also redesigned to keep the magnets in a more recessed
position and avoid possible heating and demagnetization. The injector is now almost ready for testing in the
new conditions.
Diagnostics development

Charge–exchange spectroscopy. Charge–exchange
spectroscopy will operate on 12 vertical lines and on
an f/2 collection optics. The high-aperture highresolution image spectrometer was tested on the
neutral beam by measuring the Doppler-shifted Hα
line. Figure 1.17 shows the first results obtained by
averaging several identical shots at two different
beam energies with an observation angle of ~5°.

Hα line intensity (arb. unit)

Motional Stark effect. The MSE optics and mechanics have been completed. The beam crossing the plasma will
be observed by two similar optical systems and imaged in ten channels. Special care was taken while
mounting the vacuum window in order to avoid mechanical stresses, which could perturb the measurement.
The optics includes a first mirror and a set of relay
lenses located inside the FTU port. Duplication of
13000
the optics was necessary due to the limited aperture
smoothing beams (30 keV)
of the dielectric mirrors. The lenses are made out of
smoothing beams (30 keV)
12000
SFL6, a low Verdet constant glass, to prevent
°
perturbation of the polarization by the magnetic
6558 A
°
11000
6563 A
field in the glass. The optical part external to the port
includes the photo elastic modulator (PEM)
10000
polarimeter and the focusing triplet. A fibre bundle
transports the light to the wavelength filter outside
°
9000
6558,6 A
the torus hall.
8000

7000
875

925

975

1025

1075

wavelength (axis)

Fig. 1.17 - Doppler-shifted Hα lines at two different
beam energies
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To increase the instrument sensitivity, the chargecoupled device (CCD) detector was equipped with a
5×104 image gain intensifier.

# 21548
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Robust electron (e-) ITBs are obtained in FTU by
combined injection of lower hybrid (LH) and electron
cyclotron (EC) waves during either the plateau or the
ramp-up phase of the plasma current Ip. The LH waves
have two main tasks: i) to control the current profile j(r)
in order to build the e- ITB by driving off-axis a large part
of the plasma current and ii) to heat the electrons. The EC
waves, instead, are used as a localised electron heating
source either to benefit from the improved confinement
by heating inside the e- ITB (on-axis resonance) or to
enhance the peripheral LH current drive by heating the
plasma about 4 cm off-axis. Ion ITBs, instead, have not
been observed so far, because there is no ion (i+) heating
source and the e--i+ collisional power (Pei) transfer is too
small.

Following the JET criterion [1.2], an ITB develops inside
the plasma radius, where ρT* =ρL,s/LT exceeds the
threshold value 0.014. ρL,s is the Larmor radius of ions
moving at sound velocity and LT=Te/(dTe/dr) is the
scale length of the electron temperature Te. Figure 1.18
shows the time evolution of an e- ITB lasting longer than
37 times the global energy confinement time τE and more
than 1.5 times the current resistive diffusion time. The
central plasma density ne0 exceeds 1×1020 m-3 during the
ITB (fig. 1.18). The density increase during either the LH or the ECH pulses is due only to enhanced recycling
of neutrals at the walls. No sign of ne peaking is observed. While the central electron temperature increment
is large, Te0≈6 keV when ne0 is ≥1×1020 m-3 (fig. 1.18 b), Ti0 increases only from 1 to 1.16 keV because the e-i+ thermal equilibration time (τeq≈0.18 s), much larger than τE (≈ 0.02 s), makes Pei (≈0.12 MW) much smaller
*
than the e- input power, PLH+ECH>2.2 MW. The time traces of ρT,Max
and of the ratio rITB/a (fig. 1.18 c) show,
respectively, that the EC power (resonance on the magnetic axis) strengthens the ITB but does not modify its
radius, which remains steady and ≥ 0.4 along the whole LH high-power pulse. The full CD conditions,
maintained in this phase, assure the steadiness of the ITB size during the EC pulse, since there is no toroidal
electric field to reshape j(r) upon modification of Te(r), i.e., of the resistivity. In turn, the LH deposition profile is
almost unaffected by a change in Te(r), according to the radial profile of the hard x-ray emitted by the fast LHgenerated e- tail [1.3]. Transport code simulations show that the ITB footprint is very close to where the shear s
of the safety factor q, s= r/q×dq/dr, starts to fall towards 0. In the ITB phase, the effective plasma ion charge
(Zeff) increases from 2 to 3, whereas its peaking factor pkZ increases only from 0.87 to 1.05 (fig. 1.18 d). Here, pkZ
is defined as the ratio between the values averaged along a central chord and the innermost chord of those
viewing externally with respect to the ITB (r/a=0.51 in this case). However, only half of ∆Zeff follows from an
increment in the impurity content; the other half comes from the higher average ionization level of Mo, which
is the first-wall material and consequently the dominant impurity in FTU. As Te0 increases from about 2 to 6
keV, <ZMo> increases from 30 to 37, implying ∆Zeff≈0.5 for the measured Mo concentration in the range of 10-3
Fig. 1.18 - Time evolution for a steady ITB (Ip=360
kA, BT=5.3 T, on-axis EC resonance) of: a) central
and line–averaged density; b) central electron
temperature; c) max. of normalised ion Larmor
radius ρ*T,Max and normalised ITB size rITB/a; d)
Zeff and peaking factors for Zeff and bolometric
losses; e) applied rf power
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[1.3]
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times ne [1.4]. An increase in nZ often happens in FTU
when the thermal load on the walls increases.
Boronisation [1.5] has reduced the high Z impurity influx
with respect to the past, when only 1 MW of PLH
produced ∆Zeff≈1 at the density considered [1.6].

0.6

rITB/a

0.5

While the intensity and height of an ITB are controlled
by the available power per particle to the point that
Te0>15 keV is attained when n e0≈0.5×1020 m-3 [1.7], the
ITB radial size in FTU is controlled by the LH power
deposition profile through q(a), the q-value at the
plasma edge. Figure 1.19 shows how the ITB expands
with decreasing q(a). The barrier footprint moves
outwards because the radius rs=0, where s becomes 0, is
also shifted outwards by the more peripheral LH
deposition. The data marked with full squares are
obtained in over-CD conditions, i.e., when a counter
current in the plasma core broadens the final q(r) profile
and moves outwards the point where rs=0.
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Fig. 1.19 - Variation in ITB size normalised to the
FTU minor radius a vs. q(a). The ITB shrinks with
increasing q(a) because of the outward shift of
the LH deposition. + symbols refer to Ip ramp-up
phase, ∆, to plateau, n to discharges in over-CD
conditions
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The plot in fig. 1.20 provides information on the global
ion transport properties inside the ITB. The good linear
correlation between the two quantities proves the direct
collisional heating of the ions inside the ITB and gives
an incremental ion energy confinement time
τE,i–incr≈24.6 ms, which is larger than τE(≈20 ms). An ion
0
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Fig. 1.20 - Variation in ion thermal energy density
vs. collisional input power density, inside the ITB
radius
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Fig. 1.21 - Global transport properties of ITB discharges
showing the improvement in confinement (by a factor of
*
exceeds the threshold
H97) as soon as ρTmax

[1.4] L. Carraro, Private Communication, and also L. Carraro, et. al., Impurity transport simulation in radiatively
improved and ITB plasmas in FTU, presented at the 20th EPS Conf. on Controlled Fusion and Plasma Physics
(Montreaux 2002) paper p.4.042
[1.5] M.L. Apicella, et al., Effects of wall boron coating on FTU plasma operations, presented at the 15th Int.
Conference on Plasma Surface Interactions in Controlled Fusion Devices, PSI-15 (Gifu 2002)
[1.6]

V. Pericoli-Rindolfini, et al., Phys. Rev. Lett. 82,1, 93 (1999)

[1.7] V. Pericoli Rindolfini, et al., Progress toward internal transport barriers at high plasma density sustained by
pure electron heating and current drive in the FTU tokamak, to appear in Nucl. Fusion
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heating efficiency of 3.6 keV/MW/1020 m-3 is derived from these data. This is larger than the value (2.2 in the
same units) obtained for electrons.

*
The global transport properties of the ITB discharges are shown in figure 1.21, where ρT,Max
is plotted vs. the
confinement enhancement factor (H97=τE/τE97, ratio of τE to the ITER97-L scaling). Different time windows during
Ohmic, LH only, and LH+ECH phases are considered. The strongest ITBs, obtained with the combined action of the
*
LH and EC waves, show the highest confinement. The clear increase of H97 with ρT,Max
demonstrates how the
strength of the barrier affects the global properties of the plasma. The departure of τE from the L-scaling takes place
very close to ρ*T=0.014, assumed as the threshold for the onset of an ITB in JET [1.2]. The transition from normal to
improved confinement occurs smoothly, as for the growth of the steep Te profile. No signature of a sudden change
in any property, passing from the non-ITB to the ITB regime, has so far been found in FTU. The ITB confinement
properties are compared with a more extended FTU data set, which includes discharges with pellet injection, in [1.8].

Steady electron ITBs have been obtained in FTU at high plasma density and with pure electron heating and
current drive methods, as required by the ITER operations. No sign of an upper limit for the density needed
to achieve an ITB has been observed so far. Only the limited available power of the additional heating systems
restricts the ITB space to regimes where τeq(e--i+) is always much larger than τE and does not allow the
observation of high ion temperatures, despite the quite good collisional ion heating efficiency found in FTU

1.3.2 Improved confinement in D and H plasmas in IBW experiment

The IBW experiment was proposed as a technique to suppress turbulence through sheared flow in advanced
tokamaks [1.9]. The IBW experiment at FTU has distinctive features, such as the high frequency (433 MHz) and
the waveguide antenna, which make it possible to avoid the parasitic plasma edge phenomena that inhibited rf
power penetration in some IBW experiments [1.10]. The IBW power, coupled by mode conversion occurring in
the scrape-off plasma (peak refractive index n||0≈5), is expected to be fully damped at the first pass near the qth
harmonic ion-cyclotron layer (ω0 =qΩci). In 2001, operating in hydrogen plasma, the IBW experiment at FTU
produced an ITB accompanied by simultaneous increase and peaking of plasma density and electron
temperature for the first time [1.11].

In 2002 the new launcher (see sec. 1.2.6) made it possible to increase the coupled IBW power to 0.35 MW (about 30%
more than in the previous campaign). In addition, boronisation of the FTU vacuum chamber (sec. 1.2.1) reduced the
impurity influx during IBW power injection.) Operations were performed both in hydrogen (H) and in deuterium
(D) plasmas, and with higher plasma current (up to 0.8 MA).

The recent results of the IBW experiment in H and in D plasmas at an operating toroidal magnetic field of 7.9
T are now discussed. In H plasma, the resonant layer is located at the normalised minor radius r/a=0.31,
corresponding to the 4thΩci. In D plasma, the resonant layer occurs at r/a=0.65 (9thΩci). Hydrogen and
D–plasma targets are characterised by plasma current IP=0.4 MA and line-averaged density ne≈0.4×1020 m-3.
A D-plasma target at IP=0.8 MA and ne≈0.6×1020 m-3 has also been studied (see fig. 1.22). The density
increases, but the electron temperature does not change significantly (however, the pressure profile peaks).
During the IBW power pulse, no significant impurity influx is observed and some reduction in Dα occurs,
which indicates some improved particle confinement in the IBW phase.
Figure 1.23 shows the normalised pressure profile, obtained by the DCN laser interferometer and Thomson
scattering diagnostics, of two shots performed in H and D plasmas with similar parameters. For the D
plasma, the break in slope of the peaked profile during the IBW phase is located more outwards (at r/a≈0.6)
than the H plasma (at r/a≈0.3), consistent with the different locations of the IBW absorbing layer, thus
indicating a radially wider ITB in D plasma.

[1.8] B. Angelini, et al., Overview of the FTU results, presented at the 19th IAEA Fusion Energy Conference (Lyon,
2002), paper OV/4-5
[1.9]

M. Ono, Phys. Fluids B2, 241 (1993) and references therein

[1.10] R. Cesario, et al., Phys. Plasmas 11, 4721 (2001)

[1.11] R. Pinsker, et al., Nucl. Fusion 33,5, 777 (1993)
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Fig. 1.22 - Time traces of an FTU plasma discharge with
plasma current IP=0.8 MA, BT= 7.9T. a) Line-averaged
density by DCN diagnostic; b) electron temperature by
Thomson scattering; c) total Ohmic and radiated power; d)
effective ion charge; e) Dα emission; f) IBW power

Fig. 1.23 - Pressure profile in D and H
discharges with similar plasma current
(IP=0.4MA), magnetic field (BT=7.9T), lineaveraged density (ne≈0.4×1020 m-3) and rf
coupled power (PIBW≈0.35MW). Two different
time windows are considered, just before and
during the rf power pulse

Experiments were performed at higher plasma
current (0.8 MA) to enhance the effect of ITB
production by IBWs, especially in D plasmas.
Transport analysis showed that the electron thermal conductivity decreases uniformly over the region inside
the absorption radius by 40% [1.12].

1.3.3 Pellet injection

Low–field side pellet-fuelled discharges at high field, with peak densities close to ne(0)~1021 m-3, have
achieved good density and particle confinement properties in a quasi-steady regime in FTU [1.13]. This
regime, obtained in a clean plasma, at low q and high density, with good electron-ion coupling and no direct
ion heating, in many aspects simulates the burning plasma conditions to be attained in future experiments.
The main features of these discharges are a reduction in electron thermal diffusivity, a decrease in ion losses
to the neo-classical level, an improvement in confinement with respect to ITER-89P and a high neutron yield
that, at 8 T, reaches a value of 1.3×1013 neutrons s-1. The improvement is associated with the stabilisation or
total suppression of sawtooth activity, probably due to the effect of the pellets on the current profile. When
the sawtooth is completely suppressed, central impurity accumulation takes place, which might lead to
confinement deterioration or to a major disruption. If the sawtooth period only increases, but crashes are still
present, this phenomenon can be avoided while obtaining, at the same time, good performance. The role of
impurities in the evolution of these discharges was investigated by using impurity emission analysis with an
impurity transport code [1.14]. An example is the analysis made for two discharges having Ip = 0.8 MA
BT=7.1 T (12744) with three pellets injected, and Ip=1.2 MA BT=8.0 T (18598) with five pellets injected. The
average Zeff measured by visible bremsstrahlung, the UV spectra obtained by a SPRED spectrometer, the
radiated power and soft x-ray emission profiles (fig. 1.24) are simulated by the code. As usual for FTU [1.15],
for the pre-pellet phase, the diffusion coefficient D⊥ = 0.5 m2s-1 and the peaking factor S=aV(r)/2D where
[1.12] A. Cardinali, et al., Nucl. Fusion 42, 427 (2002)

[1.13] D. Frigione et al., Proc. 18th Fusion Energy Conference (Sorrento 2000), p. 209

[1.14] D. Pacella, M. Leigheb, M. Mattioli, Physica Scripta 57, 265 (1998)
[1.15] M.J. May et al., Phys. Rev. E 64, 036406 (2001)
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V(a)=5 m/s are assumed. The density and the relative importance of the intrinsic impurities are estimated by
simulating the experimental UV line brightness and the global soft x-ray emission and comparing them with
the visible bremsstrahlung Zeff before injection (as afterwards the signal saturates).
If sawtooth activity is absent (12744), although the post-pellet electron temperature decreases, the soft x-ray
emission increases strongly, with no variation in profile width. A plasma disruption is then caused by the
negative central balance between Ohmic input and radiation losses, which are enhanced by the high central
electron density achieved.
0.08

On the contrary, a very clean plasma before
injection together with moderate sawtooth activity
that persists after injection provide a good
confinement phase, where soft x-ray emission
intensity does not change, and the emission profile
becomes broader (18598).

t=0.50 s calc
t=0.95 s calc
t=0.50 s exp
t=0.95 s exp

0.06

In the first discharge, the simulated impurity
profiles after pellet injection are consistent with an
impurity accumulation scenario, typical of a
convective transport regime, but with an inward
convection velocity in the plasma core (0<r<10 cm)
two orders of magnitude higher than that expected
in a neoclassical regime (fig. 1.25). The impurity
densities are one order of magnitude higher after
pellet injection.
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0
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t=0.50 s exp
t=0.95 s calc
t=0.65 s calc
t=0.85 s calc

0.15

In the second discharge, the impurity profiles
before and after pellet injection are reproduced by
the same diffusion parameters and there is no
disruption. The impurity densities are almost
constant after pellet injection.
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Fig. 1.24 - Soft x-ray emission profiles according to
the simulation in discharges 12744 a) and 18598 b)
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A twin injector on loan from the RFX laboratory at
Padua has been installed on FTU in order to inject
pellets along a vertical line crossing the plasma at
the high-field side of the magnetic axis. From the
experimental hall, where the injector is located, up
to FTU, the pellets are guided by a nylon tube
having a minimum radius of curvature of 3 m.
Preliminary tests showed that it will be
possible to deliver pellets in the 500 m/s range
with a mass loss of about 50%, which is a
typical result achieved on other machines.
Ablation and particle drift studies at high
plasma target density will be performed with
this new tool, taking advantage of the fact that
direct comparison with low-field side
equatorial injection will be possible.
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Fig. 1.25 - Perpendicular diffusion and inward convection
velocity assumed to reproduce discharge 12744
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1.3.4 Transport analysis of RI
mode

During the 2002 campaign, experiments on the
radiative improved (RI) mode in FTU were
mainly devoted to optimising Ohmic
discharges with Ne puffing and to analysing
energy transport in this plasma regime. The
objectives were to find the most important
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characteristics of the plasma in this mode and to compare the results with those achieved in other tokamaks
[1.16].

Hence, the typical signatures of a RI mode have been
observed in FTU Ohmic plasmas. In the next

1020

a)

m-3

1
0.5
0
0.6

0.8

1
major radius (m)

1.2

104

Fig. 1.26 - a) Density profile; b) electron temperature
profile; c) ion temperature profile from transport
code simulation: (red) w/o Ne; (violet) with Ne

6
5

J

Density is measured by a multichannel far infrared
(FIR) laser interferometer and electron temperature
profiles by an ECE Michelson interferometer. The ion
temperature profile is derived by the 1-D transport
code EVITA in the interpretative mode. The transport
ion conductivity χi is taken to be αχineocl. To
reproduce the enhancement of the neutron yield for
the discharge with Ne puffing, the anomaly factor α
must be decreased by at least a factor of 2. Typically,
in Ohmic discharges in the SOC regime, α~3. While
the total thermal energy increases substantially as
soon as Ne is injected, the input power remains
practically the same (fig. 1.27). As a consequence, the
energy confinement time τE (fig. 1.28) is larger in the
RI mode discharge. The improvement factor is 1.4.

0
1.5

4
3

105

Figure 1.26 shows the density and the electron and ion
temperature profiles of the RI mode discharge compared
with those of a reference discharge. The profiles refer to
1.2 s into the discharge, when a quasi steady-state
condition is reached in the RI mode shot.

0.5

a)

2
16
14

W

After Ne injection, the line-averaged density
increases, much more than expected from full Ne
ionisation, while the electron density profile becomes
more peaked. Central electron temperature increases
slightly and the radiated power reaches ~ 85% of total
input power. Neutron yield increases by a factor of 4
with respect to a reference discharge. Metallic
impurities (Mo and Fe) are observed to decrease after
Ne injection, as expected. Indeed, the conducted
power through the last closed magnetic surface
decreases and hence also the plasma temperature in
the scrape-off layer; this then leads to a smaller
sputtering yield from the metallic surfaces (Mo
toroidal limiter and stainless steel vacuum walls) in
contact with the plasma.

keV

keV

The following parameters were chosen for the plasma target: BT=6 T; plasma current Ip=0.9 MA to avoid the
onset of multifaceted asymmetric radiation from the edge (MARFE); electron density (D2) higher than
1020 m–3 so as to be in the saturated Ohmic
confinement (SOC) regime. The deuterium flow,
injected by a fast valve to fuel the plasma, was
c)
1.5
stopped at the beginning of the current plateau
1
(~0.45s), just before a short Ne puff (10-30 ms
duration) was programmed (at 0.5-0.6 s). These
0.5
experiments were performed shortly after a fresh
0
boronisation in order to have a target plasma with a
b)
1.5
low fraction of radiated power (≤ 50%).

12
b)

10
0

1

0.5
time (s)

Fig. 1.27 - a) Total thermal energy; b) Ohmic power:
(red) w/o Ne and (violet) with Ne puff

[1.16] J. Ongena, et al., Plasma Phys. Control. Fusion 41, A379 (1999)

23

nt
e
m
e
n
i
f
n
c Co
i
t
e
n
g
a
1. M
experimental campaign, the plan is to further optimise this
regime, by extending it to higher densities where larger τE
improvements are expected [1.17] and, ultimately, to
plasmas with strong additional heating.

4.5

τE(10-2 s)

4

1.3.5 MHD Studies
Sawtooth studies

3.5

Purely growing sawtooth precursors have been identified
in high-current, high-density discharges of FTU [1.18,
1.19]. The observed helical structure and growth rate
indicate that these precursors are the early non-linear stage
2.5
1
0.5
1.5
0
of m=1 instability in a semicollisional regime. The
time (s)
precursor stage is followed by a fast collapse during which
the growth rate of plasma displacement increases by an
Fig. 1.28 - Global energy confinement time (red)
order of magnitude. In both stages, the hot core shrinks
w/o Ne and (violet) with Ne puff
and moves towards the inversion radius, keeping a
constant temperature until its diameter
is reduced by more than a factor of two.
1.5
(a)
(
b)
Figure 1.29 shows three examples in
1.4
which the hot core moves in different
directions. The consistency between
1.2
1
the measured profiles and the
Kadomtsev model for the sawtooth
1
collapse is illustrated by the circles
below figure 1.29 a): the flattened
0.8
0.5
(c)
0.8
0.9
1
1.1
region corresponding to the large
R (m)
1.5
crescent delimited by the circles can be
identified as a growing m=1 island,
while the hot core leading edge (at the
1
high–field side) corresponds to the
reconnection region. The larger circle
0.5
represents an unperturbed flux surface;
0.8
0.9
1
1.1
its radius is 34% of the plasma minor
R (m)
radius. An example with opposite
displacement is shown in figure
Fig. 1.29 - Temperature profiles during sawtooth collapses. a) Pulse
1.29 b). In general, the direction of core
20943 at t0=0.803750 s (diamonds) and after 155 (squares), 160
displacement at the ECE toroidal
(circles) and 165 µs (crosses). The arrow marks the displacement of
location can form any angle with the
the hot core trailing edge. b) Profiles from pulse 20943 at
ECE line of sight. An example with
t0=0.804820 s and after 155, 160, 165 µs. c) Profiles from pulse
vertical displacement is shown in
20960 at t0=0.851380 s and after 145, 155, 165 ms
figure 1.29 c). Secondary instabilities
and field line ergodization do not
appear to play any significant role; in fact, as shown in 1.29 b), there is no erosion of the temperature gradient
near the reconnection region at the low–field side.
e

T (keV)

e

T (keV)

e

T (keV)

3

During the precursor, a transition from semicollisional to collisionless reconnection regimes occurs, as the
non-linear resistive width falls below the collisionless skin depth. Such a cross-over is proposed as the trigger
mechanism for the fast collapse phase. This simple scheme, in which the crossing of a linear stability
[1.17] M. Bessenrodt-Weberpals, et al., Plasma Phys. Control. Fusion 34,443 (1992)

[1.18] P. Buratti, et al., Purely growing precursors and sawtooth trigger mechanisms, to appear in Plasma Phys.
Contr. Fusion (Letts)
[1.19] P. Buratti et al., Proc. 19th EPS Conf. on Plasma Physics and Controlled Fusion (Montreau 2002), Vol 26B, p.

p. 2011
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boundary triggers the precursor, while a non-linear effect triggers the fast collapse, emerges in plasmas where
the diamagnetic rotation frequency is smaller than the precursor growth rate. Diamagnetic effects complicate
the picture as they reduce precursor growth rate, but the basic mechanisms are likely to be the same in all
cases.

Simulations performed by a modified version of the M1TEV code
explain the main features of the phenomenon. The model assumes a
Kadomtsev-like reconnection in which both helical and toroidal
fluxes of the reconnected surfaces are conserved. The initial profiles
Fig. 1.31 - Temperature profiles vs. major radius calculated from the
M1TEV code, assuming island rotation at 10 kHz (solid lines). Filled and
empty circles show experimental data at each time and the pre-pellet
profile (repeated in each frame for comparison), respectively

0.95
1
R (m)

1.05

1.1

#20933

Te (keV)

Enhanced central fuelling has been attributed to the rapid growth of
an m=1 island, which gives rise to mixing between the pellet-fuelled
region and the central region and then to effective central fuelling
[1.20]. The island is observed as strong in-out asymmetry of the
temperature profile; an example with temperature profiles taken
every 5 µs is shown in figure 1.30.

0.9

Fig. 1.30 - Temperature profiles vs.
major radius taken every 5 µs during
and just after pellet ablation in FTU
pulse 20939. Decreasing temperature
corresponds to increasing time. Gray
lines: first 70 µs after the beginning of
pellet ablation. Black lines: profiles
during the following 25 µs, during
which the island grows. Vertical lines:
sawtooth inversion radius

Te (keV)

The following work is being done in collaboration with the Turin
Polytechnic. Deuterium pellets injected into high-current FTU
plasmas systematically give rise to strong central fuelling. This is in
contrast with pellet ablation calculations, according to which the
pellets are almost completely evaporated outside one third of the
minor radius, the foot of the ablation profile being near the location
of the q=1 surface.

0.85

Te (keV)

Fast growth of m=1 islands during pellet ablation

0.5

Te (keV)

This picture is consistent with the observation that the sawtooth
period, as well as sawtooth stabilisation, can be predicted in many
cases by models based on linear theory. Purely growing precursors
are only observed when the diamagnetic frequency is much smaller
than the m=1 growth rate. Oscillating precursors are likely to be due
to mitigation of the m=1 instability by diamagnetic effects; in this
case, the trigger for collisionless reconnection is delayed (due to the
slower growth of radial velocity) and the growth rate jump is larger.
On the other hand, the apparently precursorless collapses observed
in very hot plasmas can be explained by the fact that these plasmas
have δη/de≈1 in the linear regime, so the fast collapse trigger
occurs at very small precursor amplitude.

Te (keV)

These experimental results suggest the following simple picture: 1) the m=1 mode is driven unstable by slow
changes in the equilibrium parameters; this is the trigger for the
precursor. 2) If diamagnetic effects are weak enough, the m=1 mode
develops as a purely growing precursor, during which electron
1.5
#20939
pressure effects sustain continued exponential growth. 3) During
the precursor stage, a non-linear transition from semicollisional to
collisionless reconnection occurs, which triggers the final fast
1
collapse.

1.5

(a)

1
0.5
0
1.5

(b)

1
0.5
0
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(c)

1
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0
1.5

(d)
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1
0.5
0
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0.9
1
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[1.20] S. Annibaldi et al., Enhanced central fuelling and m=1 island formation after pellet cablation in the Frascati
Tokamak Upgrade, submitted to Nuclear Fusion
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assumed are a hollow density profile as calculated by the ablation code and the last symmetric experimental
temperature profile. Density and temperature evolution are calculated by assuming that the energy and
particle content in the reconnected flux surfaces is
conserved. The good agreement between
calculated and experimental temperature profiles
3
a)
#18106
is shown in figure 1.31. The main result is that
#18095
temperature asymmetry is reproduced by an island
2
that grows in 25 µs and rotates at 10 kHz.
MHD mode coupling studies

1

f (kHz)

0
4

2
b)

0
0.75

0.8
t (s)

0.85

Fig. 1.32 - a) m=2 island width evolution for pulses 18095
(thin line) and 18108 (thick line). Dashed line: critical
amplitude for bifurcation from unreconnected to fully
reconnected regime. Root mean square of magnetic data
was used for 18095, as ECE oscillations were too small,
so an offset appears in the data. Times are shifted to
overlay the beginning of m=1 island broadening. b)
Frequency evolution for pulses 18095 (thin line) and
18108 (thick line)

Pellet injection with significant particle deposition
near the q=1 radius may give rise to persistent
oscillations that are due to the accumulation of
well-confined particles around the o-point of an
m=1 magnetic island. These oscillations usually
coexist with sawtooth relaxations, but in some
cases the sawtooth activity disappears, the m=1
island widens and m=2 oscillations set in.

The m=2 oscillations have been identified as the
product of forced reconnection at the q=2 radius
because of a toroidal sideband of the m=1 island
[1.21, 1.22, 1.23]. Mode locking has been observed
above a critical value of the m=2 island amplitude,
in agreement with theoretical predictions.
Figure 1.32 shows two different cases of frequency
evolution together with the measured mode
amplitudes and the theoretical threshold. The
frequency evolution clearly has a bifurcating
character.

1.3.6 Transport analysis and runaway electrons

A database containing 48 deuterium discharges from recent FTU experimental campaigns has been produced
for transport analysis studies. Different heating schemes (LH, ECRH, IBW) are included, the heating power
range being 1.5-2.1 MW, PECRH=0.4-0.7 MW, PIBW =0.4 MW, while the main plasma parameters are in the
range Bt=5-8 T, Ip=0.3-1.4 MA, ne=0.3-3.3×1020 m-3. Transport analysis was performed after validating the
experimental data used as input for the transport codes (JETTO [1.24], EVITA [1.25] and ASTRA [1.26]).

For LH, auxiliary heating, power deposition profiles were obtained from experiments (normalised data from
a fast electron bremsstrahlung camera) and from calculations (with a 1-D Fokker-Planck reconstruction code).
For ECRH, a 3-D code (ECWGB [1.27, 1.28]) calculated the power and current density profiles obtained from
injection of Gaussian beams by the ECRH system at 140 GHz. A reduction in transport was found in
[1.21] P. Buratti, et al., Proc. 19th EPS Conf. on Plasma Physics and Controlled Fusion, (Montreau 2002), Vol 26B, p.
p. 2054

[1.22] E. Giovannozzi, et al., Island structure and rotation after pellet injection in FTU, (Lyon 2002)

[1.23] E. Giovannozzi, et al, Magnetic island structures and their rotation after pellet injection in FTU, submitted
to Nuclear Fusion
[1.24] G. Cenacchi, A.Taroni, ENEA Report RT/TIB/88/5 (1988) Frascati Research Centre
[1.25] http://efrw01.frascati.enea.it/Software/Unix/FTUcodici/evita

[1.26] G.V. Pereverzev, et al., ASTRA, An automatic system for transport analysis in a tokamak, Report IPP 5/12,
(1991)
[1.27] S. Nowak, A. Orefice, Phys. Plasmas 1, 1242 (1994)

[1.28] S.Cirant, S.Nowak and A. Orefice, J. Plasma Phys. 53, 345 (1995)
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Comparison of the confinement time τE with the ITER97
L-mode scaling indicates that the scaling overestimates
FTU Ohmic discharges by a systematic 8% on average,
with a spread of ~15% (fig. 1.33). A density scan in Ohmic
discharges at Bt=7.2 T and different Ip showed that the
well-known saturation of τE with increasing density is
due to the change from electron-dominated transport at
ne <1×1020 m-3 to ion–dominated transport at higher
densities. Pellet injection (producing peaked density
profiles) drastically reduces ion transport (by a factor of
~5) and therefore the linear dependence of τE on density
is recovered (improvements of up to 30% were found in
the ratio H=τE/τE ITER97L). An improvement (of up to
60%) in H is achieved in electron ITB discharges with
LH+ECRH heating, while τE of standard L-mode
discharges is in good agreement with ITER97 L-mode
scaling.

1.8
LH+ECRH

1.4

LH

OH

pellet

H97

RI

1
IBW

0.6
Average on ohmic shots=0.92

0.2
80
60
100 120
τE(ms)
Fig. 1.33 - Regimes of confinement improvement
in FTU over ITER L-mode scaling
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discharges heated by LH and ECR (ITBs) and in
discharges fuelled by deuterium pellets (repetitive
pellet–enhanced performance mode). In ITB discharges,
the electron thermal diffusivity χe (typically ~1 m2/s)
decreases to χe~0.1 m2/s at the plasma centre (r/a<0.05).
During pellet injection, χe reaches the same values as it
does in ITBs, within the region where the pellet is ablated.
Ion thermal diffusivity (typically between 0.2 m2/s and
0.7 m2/s at mid-radius) does not change during an ITB
but is reduced by a factor of 5 in pellet–injected plasmas.
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The work on runaway electrons is being done in
10-10
0
collaboration with Universidad Carlos III, Madrid. The
0
5
10
15
20
25
dynamics of MeV runaway electrons has been
energy (MeV)
investigated in FTU Ohmic discharges [1.29]. A γ–ray
spectrometer measured the γ-ray spectra produced by
thick-target bremsstrahlung of runaway electrons, and a
Fig. 1.34 - Tendency of runaway electrons to
fast electron bremsstrahlung monitor detected the
form a mono-energetic electron beam
perpendicular x-ray emission due to fast electrons. It was
found that runaway electrons are generated in the central
region of the plasma early in the discharge. The runaway production can be explained by the Dreicer (or
primary) mechanism, although the additional presence of the avalanche (or secondary) mechanism cannot be
ruled out. The generation process takes place during the current ramp-up, when the density is low and the
electric field is high. During the current flat–top, the plasma density increases (typically up to 1×1020 m-3) and
runaways are no longer generated. The runaway electrons are then smoothly lost by radial diffusion, with a
characteristic coefficient Do~0.03 m2/s.
The generated runaway electrons can be detected during the whole discharge time. The runaway population
tends to form a mono-energetic electron beam (fig. 1.34) with energy equal to the limiting energy resulting
from the balance between the energy gain in the electric field and the energy losses due to plasma collisions
and synchrotron radiation. The radially escaping runaway electrons were detected by the γ-ray spectrometer,
and the time evolution of their energy was inferred from the measured maximum gamma energy. The
behaviour of the measured electron energy can be explained for all plasma conditions by a simple test-particle
model of the runaway dynamics [1.30], which includes acceleration in the electric field, collisions with the
plasma particles and synchrotron radiation losses in the curved path of the tokamak.
[1.29] B. Esposito, et al., Dynamics of high energy runaway electrons in the Frascati Tokamak Upgrade, to be appear
in Phys. Plasmas
[1.30] J.R. Martin-Solis, et al., Phys. Plasmas 5, 2370 (1998)
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1.3.7 Radiofrequency physics
LHCD at high density

In 2002, LHCD efficiency (ηCD) in FTU improved after applying boronisation. In this condition, Zeff usually
increases from ~1.1 in the Ohmic phase to 2.7 during the injection of 1.8 MW of LH power, or to even lower
values at higher densities. The N|| scan (to be completed) shows higher ηCD and electron heating for the faster
spectra. The CD scenarios were studied for BT from 5 to 7 T and for ne from 0.8 to 1.2×1020 m-3; these ranges
are well above those targeted for ITER and hence expand the international database for non-inductive current
driven plasma.
High-density current drive experiments

106 W

1011 c/s

keV

Volts 1019 m-3

Figure 1.35 reports the temporal evolution of the major plasma parameters for a full CD shot at high ne
(0.75×1020 m-3). The LH power is 1.8 MW, launched at N||=1.52, with Bt=7.2 T and Ip=0.5 MA. In this shot, the
electron temperature Te increases from 2 to 6 keV, with complete stabilisation of MHD activity; the neutron
yield increases by a factor of 6, corresponding to an ion temperature increase of 0.25 keV; ηCD is equal to
0.23×1020 WA-1m-2 and, taking into account the Zeff correction, reaches 0.28×1020 WA-1m-2, which exceeds the
value attained at lower density and in poor plasma cleaning conditions.

For higher density, with ne up to 1.2×1020 m-3, the
LHCD fraction of Ip reaches 75%. In a reference shot
with ne=1.1×1020, ICD is 60% of Ip, and Bt and N||
remain the same as in the full CD experiment. The
coupled LH power is 1.5 MW and ηCD is 0.18×1020
WA-1m-2 with a negligible Zeff correction. The lower
Te explains the reduced efficiency compared to the
full CD discharge. In this case, the high
collisionality leads to a significant transfer of
energy from electrons to ions, as indicated by the
neutron increase, which is larger than that expected
from the relatively low Te modification. Indeed,
these high-density results confirm the linear
dependence of ηCD on the volume–average Te
(<Te>), as already pointed out by previous FTU
results.
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N|| scan. To complete the LHCD study in
high–density regimes, a N|| scan was performed. At
Fig. 1.35 - Time evolution of some plasma parameters
the same density (0.9×1020 m-3), plasma current (500
for a full CD shot: line-averaged density along the
kA) and magnetic field (7.2 T), 1.2 MW of LH power
central and an external chord; loop voltage; electron
were injected with three different N|| (1.52, 1.82,
temperature; neutron yield; LH power
2.43). The two lower N|| exhibit the same ηCD, (0.200.25×1020 WA-1m-2) once the density current profile
is well diffused. The higher N|| has a lower efficiency (0.14×1020 WA-1m-2), as expected for the low directivity
of the spectrum (80%), but exhibits also a lower Te increase, confirming once again the scaling ηCD vs. <Te>.
0.4

0.6

0.8

1

Synergy between EC waves and LHCD

The EC wave suprathermal absorption mechanism was studied on a LHCD sustained plasma. As expected
from the theory, the presence of fast electrons generated by LH waves allows the cyclotron resonant frequency
to be shifted up or down from the cold resonance, depending on the launched N||EC, BT and on the fast
electron distribution. The EC wave is absorbed directly by the fast tail, which ultimately leads to higher
current drive efficiency.
In the downshifted configuration (BT at 6.9 -7.2 T and the cold resonance outside the plasma), up to 80% of
EC power is absorbed, with increments in electron temperature (∆T≈1 keV) and plasma current (40–100 kA,
depending on the experimental conditions). EC power absorption results in a drop in loop voltage and an
increase in fast electron energy. The EC power absorption is closely related to the fast electron tail density and
is in agreement with a linear model of EC wave suprathermal interaction.
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In the up-shift scheme experiments, 700 kW of EC waves were injected at 30° of toroidal angle in plasma with
LHCD (1.5–2 MW), resulting in partial current drive. The central field was varied in the range 4.8-5.2 T with
Ip=400–600 kA and <ne>=0.5–0.8 1020 m-3. The resulting EC current produced a local modification of J(r), as
observed from the reduced MHD activity and a widening of the FEB emission profile. The increase in driven
current (∆I≥100 kA) was calculated from the drop in loop voltage and exceeded that predicted by EC
suprathermal absorption theory. Such an increase is above the error bars and indicates a synergy process
between the two waves.
Current drive studies with LH and EC waves will be pursued at the highest density to study the effect of
collisionality and to extrapolate these techniques to ITER.

1.3.8 Experiments on electron temperature profile resilience with continuous and
modulated ECRH

The experiments were performed to test electron heat transport models. ECRH is used not only to shape the
heating profile but also to probe transport by heat waves produced by modulated ECH. High-density target
plasmas with ne,0≈1.5 1020 m-3, a typical Ip≈400 kA, qa≈6, and POH≈500 kW, dropping to POH≈250 kW during
EC heating were routinely used for these experiments.

ECRH experiments at FTU [1.31,1.32], as at other tokamaks [1.33,1.34], have clearly pointed out electron
temperature profile stiffness, which means that an accumulation of the heating power density Pheating at the
EC waves deposition radius rdep might not cause the change in the Te profile curvature ∇2Te expected from
the heat continuity condition ∇(−neχe∇Te)=Pheating at steady state. Profile stiffness implies that the electron
heat diffusivity χe must change during ECRH so as to keep the gradient constant.

As observed in most experiments with ECRH, profile stiffness has some unique features: the effective
gradient length saturates, at least in the confinement region of the plasma column, and the electron thermal
diffusivity (PB meaning power balance) shows a stepwise radial dependence at rdep. This step in χe has been
detected by heat wave propagation experiments performed both on the current flat-top [1,35, 1.36] and
during current ramp-up [1.37], which also excludes the low-high transition in χe,PB from being an effect of
heat pinch.

Following an ASDEX Upgrade proposal for empirical modelling of the χe response to a critical gradient
length LT,c [1.35], FTU conductivity is written as [1.37]:
3/2

χ=χ0+α Te

(1/L -1/LTc)1/2
3/2

(1.1)

In (1.1), χ0 represents ‘background’ heat transport, Te
reflects the gyroBohm assumption and the term
(1/LT-1/LTc)1/2 gives the switch to high conductivity when 1/LT < 1/LTc. Alpha, the so-called stiffness
coefficient, plays the role of a free constant used to cope with the experimental data.

The model predicts that the layer where 1/LT approaches a critical value, κ, divides the plasma in two
regions: one, central, non-stiff and with low diffusivity; the other, external, stiff and with enhanced transport.
[1.31] C.Sozzi et al., Energy confinement and sawtooth stabilization by ECRH at high electron density in FTU
tokamak, Proc. 18th IAEA Conference (Sorrento 2000), IAEA-CN-77/EXP5/13

[1.32] S. Cirant, et al., Proc 14th Conf. on Radio Frequency Power in Plasmas, (Oxnard 2001), Vol. 595, p.338

[1.33] F.Ryter et al., Confinement and transport studies of conventional scenarios in ASDEX Upgrade, Proc. 18th
IAEA Conference (Sorrento 2000). IAEA-CN-77/EXP2/2
[1.34] F. Ryter, et al., Phys. Rev. Letts 86, 2325 (2001)

[1.35] F. Imbeaux, et al., Plasma Phys. Controlled Fusion 43, 1503 (2001)

[1.36] S. Cirant, et al.,Transport studies with the ECH system on FTU tokamak, to appear in Nucl. Fusion
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Fig. 1.36 – Heat wave from modulated ECH deposited at rdep≈0.6a (power deposition profile is the dotted peaked
line in fig. a), and propagating up to the Ohmically heated core. Markers in a) and b) are experimental values
measured with a 12-channel ECE polychromator (amplitude and phase respectively). The continuous line is the result
of a diffusive calculation of the perturbed electron temperature, with χe,HP assumed constant in time, but with
the step-wise radial distribution shown by the dashed line

In fact, the step in χe is usually observed at the EC absorption layer (e.g., [1.36]), where the additional heatflux forces the temperature gradient above its critical value.

More generally, the fact that the step in χe,HP (HP meaning heat pulse) does not necessarily coincide strictly
with rdep, but rather with the LT saturation point was preliminarily observed during modulated ECH
experiments on current ramp-up on FTU [1.37], and it has been confirmed with a series of experiments at
current flat-top. In these last experiments, absorption of the EC beam, power modulated, is kept as much as
possible off-axis to keep to a minimum level the effect of the average ECRH power on the Ohmic plasma in
the core. Data analysis is aimed particularly at recognition of a discontinuous point in the phase velocity and
in the amplitude damping rate of the inward heat wave. Experimental data are compared with a calculation
of the perturbed temperature distribution by using a simple model for χe,HP, in which thermal diffusivity is
assumed to be constant in time, but with a step-wise radial dependence. The two levels of χe,HP and the
position of the discontinuity are free parameters, to be adjusted for best fitting the experimental data.

A typical result, representative of many experiments, all having the same behaviour, is shown in figure 1.36.
The heat wave propagation is observed on FTU at 12 radii by using a multi-channel ECE polychromator
tuned to 12 positions from rdep up to the centre (the outward heat wave is neglected). The important result
of the analysis is that both the amplitude and the phase reveal that a sudden drop in diffusivity must occur
at r=0.075-0.095 m, well outside the EC deposition layer and well inside the Ohmic plasma. Calculations
suggest that the low and high diffusivities on the two sides of the transition are different by an order of
magnitude, and that the transition is localised in a narrow layer.
Analysis of these experiments leads to the important result that the step in χe,HP is intrinsic to the plasma selforganisation and is not, in principle, strictly linked to the ECRH position. As demonstrated in shot 22507, the
step is not related to the q=1 surface, which is absent in this case. Also the location of low-order rational
surfaces does not appear to be well correlated with the transition in diffusivity. It is more likely that the
transition is located at the margin of the region where LT is saturated, which is fully consistent with
predictions of the critical gradient model for electron energy transport and with the implications of
equation (1.1).

1.4 JET Collaboration
1.4.1 Introduction

ENEA researchers were strongly involved in the preparation and execution of the activities of Task Forces S2
(Advanced Tokamak Scenario), H (Heating), D (Diagnostics) and M (Magnetics) under the C5-C7
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ITER plasmas will have triangularity
close to 0.5, so it is important to
understand whether this will influence
ITB behaviour. As triangularity
strongly affects the plasma edge, any
assessment of ITBs can be made only
when the edge has been controlled. For
this reason the experiment was closely
tied in with the experiment S2-2.5 on
controlling edge localised mode (ELM)
behaviour at high triangularity in shear
reversed plasmas. A clear ITB with a
quiescent edge was obtained after Ne
injection (fig. 1.37).

1.4.3 ITBs at high density
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experimental programmes. One Task
Force leader (TSH) and two deputy
Task Force leaders (S2 and D) as well as
experts on important diagnostic
systems and transport codes were also
provided.
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Fig. 1.37 - Evolution of some relevant quantities: a) Neutral beam
power (PNBI) and ion cyclotron power (PICRH,); b) Dα emission and c)
neutron rate (electron temperature is at fixed radii, as measured by
the ECE radiometer). The increase in neutron rate and temperature
gradient (separation between Te channels) at about 44.95 s (plasma
start at 44 s) clearly indicates the formation of an ITB

The experiments using pellet injection were
successful in obtaining ITBs at electron densities
close to the Greenwald limit value and with
comparable electron and ion temperatures. A
previously developed code was used to calculate the
ExB shearing rate and the linear growth rate of iontemperature gradient (ITG) modes, taking into
account the q-profiles obtained by the EFIT code
conditioned by MSE measurements. The preliminary
results show that density peaking is important for
ITB formation in these discharges. Figure 1.38
reports ITB formation after pellet injection and with
LHCD heating.

1.4.4 Real-time control of ITBs
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The first objectives of the experimental session were
Fig. 1.38 - Traces related to pellet experiments,
to validate the real time measurements of the q and
demonstrating that only with LHCD is a clear ITB
ρ*T profiles as input for the controlling network, to
established (as observed from increase in neutron
appropriately set the gains of the controller and to
emission)
check the accuracy of the signal-processing
algorithms and the effectiveness of the actuators, i.e.,
LHCD for current profile, ICRH for ITB strength and neutral beam injection (NBI) for neutron rate and
plasma β. In these experiments, actual q–profile control was achieved for the first time.

1.4.5 Stationary long-pulse high-performance ITB plasmas

Complementary to and integrated with the real time control issue (S/T S2–2.7), this experiment was aimed at
verifying the feasibility of maintaining an ITB for as long as allowed (20 s) by the design limit of the heating
systems. The main issues to be studied were the technical response of the heating systems (mainly NBI) to the
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long-lasting, high power requested, the efficiency of heat removal from the divertor up to 200 MJ of energy
injected and the behaviour of ITBs for times definitely longer than the current diffusion time. Unfortunately
the experiment was only partially completed, as it was limited to about 11 s because of unavailability of the
power requested (fig. 1.39).

1.4.6 Fast-wave IBW mode conversion
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The aim of the mode conversion experiment was to
allow IBW power absorption by deuterons, thereby
inducing sheared poloidal flow for turbulence
suppression. The neutral particle analyser showed
clear evidence of rf interaction with deuterons.
Plasma velocity (not resolved between the poloidal
and toroidal components and available just at the
instant of rf switch on) changed significantly (of the
order of 20 km/s) after rf switch-on and had an
opposite sign along adjacent chords, as expected
from the theory.
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1.4.7 NE213 neutron spectrometry at
high–energy resolution
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Fig. 1.39 - Time evolution of the main plasma parameters
for a steady ITB lasting 9 s, with Te~Ti.
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The feasibility of using a NE213 liquid scintillator
as a compact spectrometer at high (energy)
resolution was studied under a collaboration
between
ENEA,
Physikalisch-Technische
Braunschweig (PTB), Germany and UKAEA. The
main goal was to use it at JET to evaluate the
neutron fraction attributable to ICRH acceleration
of light ions. The NE213 system could be a
candidate spectrometer for ITER.

2
eMeV

3

4

Fig. 1.40 - Measurements by the NE213 scintillator in
Ohmic, rf and NBI heated discharges. The spectrum
extending to MeV energies in a rf heated shot is related
to the presence of fast ions accelerated by rf

A PTB- NE213 spectrometer was installed in the
JET roof laboratory and the first acquisitions of
different plasma scenarios (Ohmic and heated
discharges) were obtained (under the C6
campaign). Preliminary pulse-height analysis
pointed out different physical processes, such as
fast-ion acceleration, i.e., the presence of highenergy neutrons (fig. 1.40).

This diagnostic system will be fully tested both
with 2.5 MeV and with 14 MeV neutron emissions during the Trace Tritium-C11 and High Performance-C12
campaigns in order to determine the effective resolution.

1.4.8 Rotating reflector spectrometer for ECE measurements

The proposal to modify an existing Fourier transform spectrometer belonging to ENEA Frascati and install it
on JET for broadband calibrated ECE temperature measurements was endorsed at the 11th EFDA-JET
Subcommittee meeting (24/01/01, EFDA-JS(01)-11/3.3.3).

The present ECE broadband diagnostic performance is barely sufficient for the coming campaigns; the
refurbishment will improve both the spectral (factor of 2, down to 6 GHz) and temporal (factor of 3, up to 5
ms) resolutions. The diagnostic installation was completed in April (fig. 1.41). Figure 1.42 shows the first
plasma interferograms obtained. Full commissioning is expected during the C10 campaign.
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1.5 Plasma Theory
1.5.1 Introduction

The confinement properties of fusion products
and, generally, of fast ions in the presence of
collective modes of the Alfvén branch are one of
the key issues in predicting achievable
performance in a burning plasma. Studies of the
stability properties of such modes in reversed
shear and “advanced” tokamak equilibria were
continued and are reported in section 1.5.2.

The hybrid MHD gyrokinetic code was used to
simulate JET ICRH non-monotonic q-profile
equilibrium discharges in which Alfvén cascades
were observed. As a result, it was possible to
demonstrate that the main experimental signature
of the Alfvén cascades (a long-lasting energetic
Fig. 1.41 - Full view of KK5 Michelson interferometer
particle mode lying essentially at the minimum-q
during refurbishment
radial position and located at a frequency close to
the accumulation point of the local Alfvén
continuum) is consistent with weak as well as
strong fast ion transport. The transition from weak to strong
fast-ion transport is triggered by a critical threshold in the
fast-ion energy density and corresponds to local excitation
of resonant energetic particle modes (EPMs). The “distance”
of burning plasma scenarios from such a threshold provides
a figure of merit for quantifying their consistency with shear
Alfvén mode dynamics and the predicted energetic ion
confinement. Such studies are under way (1.5.2). Above the
threshold for the onset of resonant EPMs, fast–ion transport
occurs in “avalanches”, and EPM dynamics is consistent
with the “relay-runner” model discussed previously (see
Fig. 1.42 – First interferograms of KK5. Upper
1.5.3).
trace: recorded during pulse 59392 at about 50
s discharge time. Bottom trace: rotating mirror
synchronization signal

Using spatial scale separation in the radial direction, a new
asymptotic technique was developed for studying wave
propagation via “envelope tracing” (1.5.4). This technique
makes it possible to foresee applications such as numerical
calculation of plasma sheared flows due to externally launched waves, which, in turn, may regulate plasma
turbulence and help to control ITB formation.

For achieving burning plasma conditions, a very crucial issue in fusion energy research is the dependence of
plasma confinement on the device size. Assuming that drift waves are responsible for anomalous transport,
this size-scaling issue can then be reduced, in the simplest model, to the dependence of drift-wave fluctuation
intensity on ρ*. Preliminary results of such studies, in collaboration with University of California at Irvine and
the Princeton Plasma Physics Laboratory, are reported in section 1.5.5.
Another example of international collaboration is the joint activity with the South-Western Institute of Physics
(Chengdu) on the development of the theory of electron fishbone excitation and its application to explain
recent experimental observations of these modes on FTU and HL-1M (1.5.6).

1.5.2 Nonlinear dynamics of shear Alfvén modes and energetic ion confinement
in present devices and in proposed burning plasma experiments

Particle simulations performed with the hybrid MHD-gyrokinetic simulation code (HMGC) have shown that
transport and confinement properties of energetic ions in tokamak plasmas can be significantly affected by
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shear Alfvén modes driven unstable by the pressure gradients of the energetic ions themselves [1.38]. In
particular, with reference to non-monotonic q-profile plasma equilibria (with q the safety factor), it has been
shown that the overall effect strongly depends on both the drive intensity (αH≡-R0q2β’H) and the q-profile
shape. Three regimes can be identified with respect to the drive intensity: a low-drive regime, in which the
shear Alfvén modes, even if unstable, saturate without macroscopic displacement of the energetic ion source;
an intermediate-drive case, in which the energetic ions are displaced and their transport occurs as avalanches,
which are contained within the minimum-q magnetic surface; finally, a large-drive regime, in which such an
“avalanche barrier” is no longer effective in preventing the energetic ions from reaching the plasma edge.
How “large” the drive has to be in order to enter the last regime depends on the hollowness of the q–profile:
lower minimum–q values and larger q′′ yield higher thresholds, with positive effects on energetic ion
confinement.

The HMCG code was used to simulate ICRH JET non-monotonic q-profile equilibrium discharges in which
Alfvén cascades have been observed. In spite of the large aspect ratio and the shifted-circular-magneticsurface approximations adopted in the code, the major characteristics of the Alfvén cascades were confirmed,
namely, a long lasting energetic particle mode lying essentially at the minimum-q radial position and located
at a frequency close to the accumulation point of the local Alfvén continuum. Moreover, the simulations
showed that a saturated state very similar to the one observed experimentally can be obtained as the result
of a more peaked energetic particle deposition profile. In this case, a stronger, internal resonant energetic
particle mode is driven unstable, which, in turn, displaces the energetic particles toward the minimum-q
radial position on a very short time scale: the time asymptotic (experimentally observable) energetic particle
radial profile and the mode frequency spectrum very closely resemble, indeed, the experimental observations
(fig. 1.43).
1
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Fig 1.43 - Simulation results for hollow-q profile equilibrium and broad
(top) or peaked (bottom) initial energetic particle pressure profiles
(solid, black curves, left frames) and final pressure profiles (dashed,
blue curves, left frames). In the peaked energetic particle profile
figure (bottom, left frames) the broad energetic particle pressure
profile is also superimposed (red) for comparison. Contour plots of
scalar potential fluctuation intensity in the plane (r/a, wt )
A
corresponding to the linear (centre frames) and saturated (right
frames) phases are shown. Here tA=R0/vA is the Alfvén time and vA, the
Alfvén velocity. The shear Alfvén continuous spectrum is reported for
reference in the background
[1.38] S. Briguglio, et al., Phys. Letts A302, 308 (2002)
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The consistency of proposed
burning-plasma scenarios with shear
Alfvén mode dynamics and their
effect on energetic ion confinement is
under investigation with the HMGC
code. Model simulations retain bulkplasma parameters, safety factor and
normalised alpha-particle pressure
profile of each scenario. By varying
the on-axis βH value (while keeping
the initial profile of such a quantity
unchanged), its critical value βH,c is
determined as the level above which
significant broadening of the
energetic ion density profile is
observed in the simulations. A critical
value βH,c below the value βH,o of
the proposed scenario would indicate
an inconsistency of the scenario itself.
A new version of the HMGC is under
development for the study of
nonlinear Alfvén mode dynamics
driven by energetic particles. This
code will include general crosssection shape, full MHD equations
and gyrokinetic equations valid for
wavelength perturbations as short as
the Larmor radius of the energetic
particles.
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1.5.3 Fast ion avalanches produced by non-linear EPM dynamics

The simulation results discussed in the previous section and in the reference therein also shed some light on
the characteristic properties of energetic particle transport when resonant EPMs are strongly excited. In fact,
there is evidence that non-linear EPM dynamics produces an avalanche, i.e., the radial displacement of an
unstable propagating front associated with rapid fast-particle radial redistribution that stops at the
minimum-q surface [1.39]. That this phenomenology occurs during EPM induced energetic particle transport
is shown in figure 1.44. The three successive time-frames shown are taken from figure 1.43 simulation results
in order to display the radial mode structure evolution during the linear destabilisation and non-linear
saturation phases. Different Fourier harmonics, |δφm,n|, are displayed in different colours. As reference, the
δαH deviation from the initial equilibrium profile αH is also shown to be due to the non-linear EPM
fluctuations. It is evident that the mixture of poloidal harmonics that give the global mode structure changes
in time as the fast-ion source is radially displaced, exactly as conjectured in the relay runner model [1.40]. This
model is a paradigm for strongly excited resonant EPM non-linear evolution. It is based on the mode particle
pumping mechanism [1.41] and assumes that each dominant mode (poloidal harmonic) displaces energetic
ions radially and subsequently becomes subdominant, replaced by the next mode in the same fashion as
different runners are in a relay race. The agreement between the simulation results of figure 1.43 and the
paradigm model is remarkable.

Fig. 1.44 - EPM radial structure and its various poloidal Fourier harmonic components at three different times:
τ/τA0=60 (left), τ/τA0=75 (centre) and τ/τA0=90 (right), for simulation of fig. 1.43 (same notation in both figures).
The δαH deviation from the initial equilibrium profile is also shown

[1.39] F. Zonca, et al., Phys. Plasma 9,12, 4939 (2002)

[1.40] F .Zonca and L. Chen, Proc. of the 6th IAEA TCM on Energetic Particles in Magnetic Confinement Systems,
(JAERI 2000) pp. 52-56
[1.41] R.B. White et al., Phys. Fluids 26, 2958 (1983)
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1.5.4 Asymptotic analysis of the electrostatic wave equation in a toroidal plasma

The wave equation that describes the propagation of an electrostatic wave packet in a cold plasma is
analytically studied for a general magnetic equilibrium by means of a multiple spatial scale asymptotic
approach. The technique is strictly related to that discussed in [1.42] and, at the lowest order, reduces to the
well-known “ballooning formalism” [1.43]. A simplified equation was derived and studied for the scalar
potential in the cold plasma limit, by applying the Wenzel, Kramer, Brillouin (WKB) asymptotic technique to
describe the slow radial dependence of the wave envelope, while the full-wave equation is solved along the
magnetic field lines. This Ansatz can be entirely justified on the basis of spatial scale separation in the radial
direction and, thus, the approach used here could be viewed as a mixed WKB full-wave technique.

This formalism stems from the fundamental property of the fast radial scale of being a dual variable of the
spatial coordinate aligned with the local magnetic field with respect to the Fourier transform [1.44]. Choosing
h, dual to qR0k||=m+nq, (where q is the safety factor, R0 the major radius of the torus, k|| the parallel
wavevector, and m and n are, respectively, the poloidal and toroidal mode numbers) as a dimensionless
coordinate along the magnetic line of force, the local wave propagation problem is first solved as a 1-D
ordinary differential equation in h for the scalar potential. Then, an equation is derived for the wave envelope
in the cold plasma limit. When solved within the eikonal approach, this equation could be considered as a
generator for general envelope tracing solutions. Its connection with the corresponding 2-D eigenvalue
problem is also analysed.

1.5.5 Zonal flow dynamics and size-scaling of anomalous transport

The following work is carried out in collaboration with the University of California at Irvine and Princeton
Plasma Physics Laboratory. The dependence of plasma confinement on device size is obviously a very crucial
issue in fusion energy research. Assuming drift waves are responsible for anomalous transport, this
size–scaling issue can then be reduced, in the simplest model, to the dependence of drift-wave fluctuation
intensity on ρ∗. Here, ρ∗=ρi/Lp with ρi and Lp being, respectively, the ion Larmor radius and the plasma
inhomogeneity scale length. Since in the Lp→∞ limit, the coherent four-wave drift wave-zonal flow
modulation interaction model of Chen, Lin and White [1.45] has captured the essential features observed in
global gyrokinetic simulations, one is thus motivated to adopt, as a theoretical paradigm, the coherent fourwave model including the finite Lp (i.e., finite ρ∗) plasma inhomogeneities.

Hence, in this finite-ρ∗-coherent four-wave model, not only the pump radial envelope will be localised,
leading to a reduction in the modulational instability growth rate because of the finite interaction region but,
more interestingly, the damped pump and sidebands will disperse outward, leading to radial spreading of
the drift wave turbulence, qualitatively similar to that observed in recent simulations by Lin et al [1.46].

A numerical model displaying these features has been constructed. Thresholds, growth rates, and nonlinear
saturation properties are studied as a function of scale length Lp.
Analytical formulation of the problem makes it possible to estimate a scaling of the diffusion coefficient due
to drift waves:

(

ρs / L p
χ
≈
χB
s2

)

2

 q2   γ 1 / 2 F(λ( A − 1))

 L
1/ 2  
ε   ω 
(nqρs / r)2

2

(1.2)

where χB is the Bohm diffusion coefficient, ρs =(Te/Ti)ρι , Α describes the deviation of the system from
2

[1.42] F. Zonca and L. Chen, Phys. Fluids B5, 3668 (1993)

[1.43] J.W. Connor, R.J. Hastie and J.B. Taylor, Phys. Rev. Lett. 40, 396 (1978)

[1.44] F. Zonca, et al., Phys. Plasmas 9, 4939 (2002)

[1.45] Liu Chen, Zhihong Lin and Roscoe White, Phys. Plasmas 7, 3129 (2000)

[1.46] Z. Lin, et al., Phys. Rev. Lett. 88, 195004 (2002)
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marginal stability, A=1, λ=(L/2)(γL/ω)1/2
(1.3)

 γ 1 / 2
L = s(nqρs / r) L p / ρs  L 
ω

(

)

and F(λ(A-1)) is a function related to the spatially averaged fluctuation level in the pump and sidebands as
(1.4)

2

Figure 1.45 shows how the function F(λ(A-1) can be
determined from the simulation results of the
numerical model. The results are compared to
gyrokinetic simulations and show remarkable
agreement.

1.5.6 Resonant excitation of electronfishbones in FTU and HL-1M

The electron fishbone oscillations observed in a
number of experiments [1.47-1.52] have been identified
as internal kink modes that are resonantly excited by
toroidal precession resonance with the trapped
energetic electrons due to ECRH. While the resonant
excitation mechanism is clear, the actual excitation
condition for these modes remains unexplored. In the
present work, both the excitation mechanism and the
mode structure of electron fishbones are analysed.
Concerning the first, the dominant role is played by the
toroidal precession resonance, as discussed in [1.53]. As
to the mode structure, the fundamental role played by
resonant interaction of the mode with the transit
motion of thermal ions ([1.54]) is demonstrated
together with the importance of the finite ac parallel
electric field due to charge separation induced by their
finite radial drift orbit widths [1.55].

y=x
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y=2(x-1.3)2
L*(<|P|2>+2<|S|2>)
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F(λ( A − 1)) ≈ λ P + 2 S
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Fig. 1.45 - F(λ(A-1) determined from simulation
results of numerical model. The dependence on
λ(A–1) is evident as a transition from gyroBohm
(linear) dependence for large L to Bohm-like scaling
when L≤20

[1.47] K.L. Wong, et al., Phys. Rev. Lett. 85, 996 (2000)
[1.48] M. Valovic, Nucl. Fusion 40, 1569 (2000)

[1.49] X.T. Ding, et al., Nucl. Fusion 42, 1, (2002)

[1.50] P. Smeulders, et al. 29th EPS Conference on Plasma Phys. and Contr. Fusion (Montreux 2002) ECA 26B,
D–5.016

[1.51] F. Romanelli et al., Overview of the FTU results, Proc. 19th Fusion Energy Conference, IAEA (Lyon 2002),
Paper OV/4-5

[1.52] J. Li et al., High performance discharges in the HT-7 and HL-1M tokamaks, Proc. 19th Fusion Energy
Conference, IAEA (Lyon 2002) Paper OV/5-1
[1.53] Liu Chen, R.B. White, and M.N. Rosenbluth, Phys. Rev. Lett. 52, 122 (1984)

[1.54] F. Romanelli, L. Chen, R.B. White, Nucl. Fusion 31, 631 (1991)

[1.55] F. Zonca, L. Chen and R.A. Santoro, Plasma Phys. Control. Fusion 38, 2011 (1996)
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A dispersion relation for these modes is derived and, on this basis, it is argued that electron fishbones may be
resonantly excited and may rotate both in the electron as well as in the ion diamagnetic direction. In the case
of a monotonic q–profile, the electron fishbone dispersion relation is
ˆˆ
ˆˆ f ++ δδW
is Λ = δW
δW
W
kk

(1.5)

where s=rq’/q, the notation is that of [1.53] and Λ is the generalised inertia introduced in [1.55], including ion
ˆ is the contribution
geodesic curvature effects in the layer region around the q=1 surface. In particular, δW
k
(resonant and non-resonant) of the fast electron tail, due both to trapped and to barely circulating particles.
Equation (1.5) predicts the excitation of low-frequency electron fishbones preferentially in the ion
diamagnetic direction when the fast electron tail is mainly characterised by barely trapped particles with
reversed precessional drift and inverted radial pressure profile near the q=1 surface [1.47,1.49,1.52]. However,
(1.5) also predicts the excitation of a high-frequency fishbone in the electron diamagnetic direction for
sufficiently high external power deposition on electrons, such as in FTU [1.50,1.51]. Equation (1.5) is modified
to [1.56]

(

2

)


1 / 2
∆q
 = − δδW
ˆˆ
ˆˆ f +
1+
W
δW
f + δWkk
2
2

∆q − Λ 


2 3/ 4

S ∆q − Λ

(

(1.6)

))

when the q–profile has a local minimum with S = r q"/ q and ∆q=q-1, such as in FTU with full LH current
drive [1.50]. Noting that Λ2<0 identifies the existence condition for frequency gaps in the shear Alfvén
continuous spectrum, optimal conditions for excitation are identified for the high-frequency mode both in the
ion as well as in the electron diamagnetic direction.
2

2

These results are discussed in relationship with experimental observations of electron fishbones in FTU [1.50,
1.51] and HL-1M [1.49,1.52], in particular for mode excitation with ECRH only [1.49] and LH only [1.50]. A
relativistic 2-D Fokker-Planck code was used to calculate the supra-thermal electron distribution function.
The code was developed using a fully implicit numerical procedure involving the use of a nine-point
difference operator [1.57] and was adapted to include simultaneous propagation of LH and EC waves, by
calculating the quasilinear diffusion coefficient in the velocity space and across the radial width of the
relevant plasma domain.
^

The computed electron distribution function will be consistently included in the evaluation of δWk in (1.5) and
(1.6) for detailed comparisons between theoretical predictions and experimental observations of electron
fishbone instability.

1.6 New proposals: PROTO-SPHERA
1.6.1 CKF magnetic configurations

The most investigated magnetic fusion configurations (tokamaks) are not simply connected: a central post,
containing the inner part of the toroidal magnet and the Ohmic transformer, links the plasma torus. The
development of a simply connected magnetic configuration would greatly facilitate the design of a fusion
reactor. The engineering advantages include simplification of the confining magnetic field (solenoid), absence
of damage and no maintenance of the critical central post, and ease of access to a cylindrical reactor chamber.
The physics advantages are mainly connected with the "open" structure of the magnetic field: the presence of
a minimum of the field (magnetic well) inside the confinement region allows for plasma beta values
approaching unity; a confinement system with two "ends" eases the plasma refuelling/exhausting; the
[1.56] R.J. Hastie et al., Phys. Fluids 30, 1756 (1987)

[1.57] Y. Peysson, M. Shoucri, Comp. Phys. Comm. 109, 55 (1998)
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emerging field lines facilitate control of the electric potential within the plasma.

A simply connected configuration would be particularly suitable for magnetic fusion space propulsion.
Channelling the charged fusion products into particle jets could transform the fusion power into propulsive
power, with a high efficiency available for thrust. Furthermore D-3He fusion reactions are much more
attractive than D-T for space thrusters, as they would yield mainly charged fusion products (maximum
thrust) and reduce the shield mass (minimum weight). However, the requirements on plasma temperature T
and on the product of confinement time and plasma density nτE for maintaining ignition are both five times
larger for D-3He than for D-T. As the fusion power density scales as Pfusion~β2Β4 and the Lawson parameter
as nTτE~β/χ {L2B2}, the achievement of a high plasma beta β≈O(1) is mandatory to minimise the magnetic
field B, at given plasma thermal diffusivity χ and system size L. Obvious considerations about the coil weight
and cyclotron radiation forbid the maximisation of B for space thrusters. Compact tori such as spheromaks
and reversed field configurations (RFCs) are attractive candidates for magnetic fusion propulsion. However,
spheromaks are limited by ideal MHD stability to β≈0.15, whereas RFCs have β≈1, but the theoretical
understanding of their macroscopic stability remains elusive.
A new β≈1 magnetic confinement scheme, which would be worth experimental study, is introduced. Simply
connected Chandrasekhar-Kendall-Furth (CKF) axisymmetric plasma equilibria contain a magnetic
separatrix with ordinary X-points (B≠0), dividing a spherical torus (ST), two secondary tori and a
surrounding discharge. Degenerate X-points (B=0) are present on the symmetry axis (fig. 1.46). Their MHD
equilibria are calculated by imposing that the relaxation parameter µ=µ0j•B/B2 be constant only at the edge
of the plasma and that the surface averaged relaxation parameter <µ> decrease from the edge toward the axis
of the ST. If the surrounding discharge is sustained by driving a total poloidal current Ie, magnetic helicity,
flowing down the gradient of <µ>, is injected into the ST. Magnetic reconnections at the X-points produce a
total toroidal current IST flowing inside the main spherical torus, while converting part of the magnetic
energy into kinetic plasma energy: in the equilibrium calculations the pressure profile is assumed such that
the region of maximum ∇p coincides with that of maximum ∇µ.

A parametric scan of unrelaxed CKF equilibria, at fixed plasma-edge shape, has been calculated in terms of
the ratio IST/Ie and of the safety factor at the ST magnetic
axis q0ST. The vanishing of the toroidal current density jφ
on the ST axis, too large a ∇jφ at the edge and the gradient
of the relaxation parameter ∇<µ>≠0 extending up to the
ST axis set, respectively, the low IST/Ie, and the low and
high q0ST equilibrium limits in the plot of figure 1.47. At
β=1/3 all the equilibria with a current ratio 1.5< IST/Ie<5
are stable, irrespective of the internal profiles (q0ST). At
β=1 the stable range is limited to 1.5< IST/Ie<3.5 but is
remarkably present, even without any conducting shell
around the plasma.
Figure 1.48a shows the arrow plot of an n=1 global mode
at β=1, IST/Ie=5 and low q0ST, due to too large a ∇p inside
the surrounding discharge; figure 1.48b reports the arrow
plot of an n=3 global mode, again at β=1, IST/Ie=5, but at
larger q0ST, due to too large a ∇p inside the ST. At higher

β=1/3

ST unstable

IST/Ie

1

Fig. 1.46 - Flux surfaces of a β=1 unrelaxed CKF
equilibrium and its |B| contour plot

β=1

ST unstable

5
stable

stable

0

1

2

3
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q0
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2

3 qST
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Fig. 1.47 - Ideal MHD stability plots at β=1/3 and β=1 for
unrelaxed CKF equilibria

Fig. 1.48 - Arrow plots for unstable CKF equilibria:
a) and b) global modes; c) mode limited to the
surrounding discharge
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values of IST/Ie, the stable window shrinks or disappears due to global modes with n=2 and n=3, confirming
that a classical spheromak, which is obtained in the limit IST/Ie→∞ with q0ST≈0.9, becomes unstable at a rather
low β value. At a current ratio IST/Ie≈1, an n=1 mode, limited to the surrounding discharge, kinks the central
column (fig. 1.48c), due to too large a longitudinal (poloidal) current flowing inside the central column. The
kink mode at IST/Ie≈1 shows up even at β=0.
In a CKF fusion space thruster, the large Larmor radii of the charged fusion products induce remarkable
prompt losses (~15%), enhanced by the large
variation in the magnetic field strength (and
density nα
flux nαvα
velocity vα
possibly by the helicity-injecting nonaxisymmetric magnetic reconnections). Different orbits
of co/counter-circulating fusion products on the
inboard/outboard of the surrounding discharge
(fig. 1.49) drive, through the generalised Ohm
law, a net current density. Order of magnitude
evaluations indicate that such a current could be
sufficient to sustain the plasma of the
surrounding discharge, but detailed calculations
are still in progress. Therefore, the prompt losses
nαRvαφ<0 nαRvαφ>0
growing nα
of charged fusion products from a CKF fusion
space thruster could play the double role of
Fig. 1.49 - Promptly lost α-particles: contour plot of their
transforming the fusion power into propulsive
density nα; arrow plot of their poloidal velocity vα and
power and of self-sustaining the magnetic
poloidal flow nαvα
configuration of the thruster.
→
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2.1 Introduction
IGNITOR was one of the three major experiments chosen by the US physics community to be analysed
in depth over an eight-month period. The two other candidates were ITER, a multinational enterprise,
and FIRE, an experiment along the same lines (compact size, high magnetic field) as IGNITOR,
proposed by a team from Princeton University. ITER and Fire are designed to achieve an energy gain Q
of ~10 (Q is the ratio of total fusion power to auxiliary heating power), while only IGNITOR is designed
for attaining ignition (Q=∞).
The objective of the in-depth analysis was to provide a basis for deciding what approach the US should
pursue in the field of burning plasmas. The main conclusions were assessed at the Fusion Summer
Study at Snowmass (Colorado) in July 2002: it was agreed by the US scientific community to rejoin the
ITER project and that the IGNITOR engineering design was mature and capable of realising, in the
shortest time and in the cheapest way, an experiment on ignited plasma.
The Snowmass assessment required extensive work by the IGNITOR team to provide the information
required by the American colleagues responsible for investigating the different engineering and physics
aspects of the three projects. In fact, a lot of the IGNITOR activity in 2002 had to do with the Snowmass
process.
Following Snowmass, a detailed plan for wider participation in the IGNITOR program under way in
Italy was written down. The examining committees approved the plan and recommended it for
consideration by the US Department of Energy. A panel established by the Fusion Energy Sciences
Advisory Committee of the US Department of Energy published a report [2.1] concerning experiments
on fusion burning plasmas, from which IGNITOR emerges with full recognition of its scientific value
and originality.
The Italian Government is in the process of including IGNITOR in its new National Research Plan and
is ready to extend the collaboration in this program to the US, where most of the physics basis for
IGNITOR has been developed.

2.2 IGNITOR Physics
2.2.1 Diagnostics
The initial choice of the main diagnostic systems was based mainly on well established and reliable
techniques available at the time. The Snowmass process prompted a thorough revision of the diagnostic
issues; new systems have been added and the layout of the port assignment has been updated.
IGNITOR will provide a unique opportunity to test not only the capability of the diagnostics to operate
in a harsh radiation environment, but also their remote installation, control and maintenance. In fact,
although the fluences in IGNITOR do not represent a problem, neutron and gamma fluxes during the
pulse cause some concern. These are issues common to all burning plasma experiments, and areas
requiring specific R&D have been identified; for example, radiation-induced spurious electric signals on
the magnetic coils located inside the plasma chamber and radiation-induced fluorescence in optical
fibres. Moreover, the need to develop new diagnostic techniques for the direct investigation of charged
fusion products has been reaffirmed.
The diagnostics requirements are greatly simplified by the absence of a divertor, which means “clean”
line-of-sights through the vertical ports and a higher level of plasma symmetry. Also, the compact
dimension of the machine and the short, in absolute terms, pulse duration do not represent new
challenges in relation to existing experiments.
Figure 2.1 is a sketch of the layout of the plasma diagnostics around the tokamak. The ion temperature
profiles are measured by neutron cameras and high-resolution crystal spectrometers, the density

[2.1] FESAC, A Burning Plasma Program Strategy to Advance Fusion Energy , DOE/SC-0060 (September 2002)
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Fig. 2.1 - Plasma diagnostic layout

fluctuations by phase contrast imaging and the current profiles by means of Faraday rotation
techniques. An assessment of the feasibility of these systems for IGNITOR is under way.

2.2.2 Plasma-surface interactions
The first wall is covered with molybdenum tiles that act as an extended toroidal limiter. This is an
original solution adopted in the IGNITOR design to comply with the simultaneous requirements of
providing good control over impurity sputtering into the plasma while ensuring adequate dispersion of
the plasma power deposited on the wall. The extensive calculations performed by the IGNITOR team
were reviewed by boundary physics experts of the US scientific community, as part of the Snowmass
activities. It was in fact difficult to input the proper IGNITOR geometry into codes mainly developed
for divertor configurations, but the final results were in agreement with the previous estimates.
Mechanical and thermal loads following plasma disruptions are a concern in any device. While more
sophisticated computational tools are developed to model the plasma disruption events, new
experimental techniques are also being tested to provide disruption mitigation and hence reduce the
heavy dynamics loads expected in the vacuum chamber. The possibility of adopting fast gas jet injection
has been investigated. More detailed calculations and more experimental results from high-field
compact machines are necessary to draw any final conclusions.

2.3 Engineering of the Machine
2.3.1 IGNITOR reference scenario
The reference operational scenario with a maximum plasma current of 11 MA was investigated, and it
was confirmed that the flux requirements and the electrical and structural constraints of the IGNITOR
design are fulfilled (table 2.I). This scenario provides enough poloidal flux capability to balance the
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Table 2.I - IGNITOR reference operational scenario with maximum plasma current of 11 MA

Coils

Currents in the coils (MA)

P1
P2.1
P2.2
P3
P4.1
P4.2
P5
P6
P8
P9
P10
P11
P12
P13
P14
Pr1-P15
Pr2-P16
Time (s)
I p (MA)
B t (T)

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
-4
0
0

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
-3
0
1,9

1
2,3625
3,9375
1
2,3625
3,9375
1
5
5,5
3
8
-0,85
-0,85
-0,723
1,107
0
0
0
0
7,6

0,34
0,84
1,4
0,34
0,84
1,4
0,8
2,7
3,5
2,2
3,5
0,2
0,2
-0,8
-1,22
0
0
0,7
2,5
7,6

0,18
0,44
0,7333
0,18
0,44
0,7333
0,69
2,44
3,02
2,01
2,65
0,31
0,31
-0,87
-1,59
0
0
1
3,5
7,6

-0,1
-0,24
-0,4
-0,1
-0,24
-0,4
0,5
2
2,2
1,7
1,2
0,5
0,5
-1
-2,22
0
0
1,5
5,2
8,62

-1,4
-1,56
-2,6
-1,4
-1,2
-2
0,2
1
1,5
1,5
0,6
0,58
0,58
-1,3
-3,53
0
0
2,5
8
10,65

-2,9
-2,82
-4,7
-2,9
-2,64
-4,4
0
0
0,4
0,4
0
0,9
0,9
-1,8
-5,04
3,72
-3,72
3,65
11
13

-3
-2,94
-4,9
-3
-2,76
-4,6
0
0
0
0
0
1,06
1,06
-2
-5,17
0
0
7,65
11
13

0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
0
10,7
0
0

plasma flux re q u i rement, even without
relying on the effect of the bootstrap current
(fig. 2.2). The edge safety factor is kept above
3.5 during the flat-top and well above 3 during
the entire temporal evolution of the scenario,
thereby reducing the risk of low-q disruption
events.
The maximum vertical magnetic field on the
radial axis is 29 T (including the plasma
effect). During normal operation, the vertical
and horizontal forces on the poloidal field
coils do not exceed the structural constraints
of the central solenoid support (vertical
outward force below 7 MN) and the external
coil support (vertical outward force below 30
MN). Moreover, with this revised scenario the
electrical power supply design can be
simplified by limiting the number of coils
where the current inverts sign during the
scenario. This analysis was carried out with
the MAXFEA MHD code.
The IGNITOR plasma start-up was studied
with particular attention. The magnetic
configuration at start-up has to produce a
poloidal field null at the plasma ring (r=1.32;
z=0) on the equatorial plane. The average

Fig. 2.2 - Poloidal and plasma flux balance during the
11-MA reference scenario

45

poloidal field gradient ΔΒp around
the null point should be as low as
possible and the magnetic flux
across the plasma ring has to be 13
Vs. To achieve these requirements,
a code that optimises the current
density distribution in the coils to
reduce the maximum temperature
was developed.

2.3.2 Vertical displacement
event simulation
The worst disruption event in
IGNITOR was simulated with the
MAXFEA code, and preliminary
2–D results for the electromagnetic
Fig. 2.3 - Temporal evolution of vertical force on vessel due to
loads were obtained. The reference
eddy and halo currents during the reference downward VDE
plasma disruption is a vertical
displacement event (VDE) of the
plasma column with a slowly decreasing current, followed by the appearance of halo currents when
the safety factor q95 (at the 95% flux surface) decreases below 2. The thermal quench and then the fast
plasma current quench phase are assumed to occur when q95 falls below 1.5. The fast current quench
occurs linearly at a rate of 2 MA/ms. Plasma current, safety factor, centre position and forces on the
vessel during this simulation are shown in figure 2.3.
The excitation loads from the simulation were used in the 3–D electromagnetic (EM) analyses of the
vessel and in–vessel components.
The 2-D analysis of excitation loads during the downward VDE showed that the most loaded region
is the inboard lower quarter of the poloidal section. A detailed 3-D finite elements model of this region
was developed to evaluate the EM loads during the reference VDE. An EM zooming procedure
allowed the replacement of
the out-of-model plasma,
poloidal coils and passive
s t ru c t u res with current
filaments
around
the
modelled region, reproducing the same field configuration. The model
obtained extends along the
toroidal direction for half a
tile carrier (5°) and includes
one and half tiles for each
row. Figure 2.4 shows plots
of the eddy current density
distribution at maximum
loads.

Fig. 2.4 - Eddy current density distribution in the first wall at maximum
load
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The EMAS finite-elements
code was used for a
p reliminary evaluation of
the eddy currents and EM
loads produced by the
interaction of eddy currents
with both the toroidal and
the poloidal (including
plasma and coils) field.

2.3.3 First-wall preliminary design
The first wall tiles consist of TZM mounted on Inconel 625 tile carriers. The carriers are attached to the
plasma chamber (PC) by four studs directly welded to the PC wall. To allow remote handling
operations, the studs are parallel to each carrier assembly. The inboard of each 30° sector of the PC is
covered by three vertical rows of tile carriers (fig. 2.5); two rows are
placed symmetrically to the vertical middle plane, the third
bridges the welding joint of the two adjacent PC sectors. This
arrangement prevents steps between neighbouring carriers. The
studs have to be fixed far (~5 cm) from the welding of the adjacent
sectors. Each tile carrier assembly is designed to facilitate remote
installation and removal.

2.3.4 Analysis of current and temperature
distribution in TFCs
A very extensive analysis was required to define the toroidal field
coil (TFC) loads due to EM forces and to temperature gradients.
The temperature increase in time and the temperature spatial
gradients, due to Joule heating of the coils and to energy deposition
by the neutrons, generate thermal loads. The current and the
related temperature distribution in the coils were computed with
the use of an upgraded version of the diffusion code FORTE
(fig. 2.6). The analysis is based on a detailed description of the
IGNITOR machine in order to calculate the distribution of the
neutron flux and the related power density in all the components
of the load assembly. In addition, it is assumed that the toroidal
magnetic field scenario adopts a switched resistor to de-energise
the TFCs and hence reduce the machine electrical power and keep
its ground voltage within acceptable values, and that the neutron
plasma power in the ignition scenario is 80 MW for 1 s and 70 MW
for 3 s (JETTO code).

Fig. 2.5 - Tile carrier arrangement on the plasma chamber

Fig. 2.6 -Toroidal field coil temperature (Kelvin degrees) at end of pulse
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2.3.5 New approach to TFC-turn production
Two full-size TFC turns were manufactured by Kabel Metal to test a new plate-production process. With
the new method the final flatness and thickness of the turns can be obtained from the cold-rolled plate
with minimum machining, hence lowering time and
cost (fig. 2.7). The plates are made of oxygen-free high
conductivity copper which is weldable and simplifies
the previous design of the turns (in electrolytic toughpitch copper) where an external cooling box had to be
used. Now the cooling channel can be machined
directly in the plates and covered by a thin welded
sheet.
Fig. 2.7 - TFC-turn after milling
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3.1 Introduction
The fusion technology programme of the ENEA-EURATOM Association is implemented through the
European Fusion Development Agreement (EFDA) by the execution of relevant tasks and contracts. In this
framework, ENEA carries out R&D for the Next Step, Long-Term Technology, Power Plant Conceptual
Studies and Socio-Economic Studies. Complementary to the foregoing is the Underlying Technology
programme, set up to investigate and develop technologies that might also find applications outside the field
of fusion. Most of the work takes place at the Frascati and Brasimone Fusion Division laboratories, with
valuable contributions coming from other ENEA laboratories.
The technologies addressed include superconducting magnets; vacuum vessel and shielding; first wall and
divertor; remote handling; breeding blanket; International Fusion Materials Irradiation Facility; neutronics;
fuel cycle; safety and environment; materials; liquid-metal technology and thermo-fluid dynamics.

3.2 FTU Machine
3.2.1 First-wall TZM tile refurbishment
During the FTU experimental campaigns, a number of first-wall tungsten-zirconium-molybdenum (TZM)
tiles were damaged due to brittleness in the area of the tile attachments. To improve the connection strength,
a new type of attachment was designed, based on tensile tests and detailed stress analyses simulating the
force history of the threaded connections. The design was then completed in collaboration with Plansee.
Four types of connections were fabricated and tested; two showed improved strength properties. A new set
of tiles was purchased and will be delivered in mid 2003.

3.3 First Wall and Divertor
3.3.1 ITER divertor design (EFDA Contract
02-635)
A new set of analyses was performed to identify the critical
issues in the development of a new divertor cassette for ITER:
neutronics analysis to verify the divertor shielding capability
and to calculate the radiation loads in key points;
• electromagnetic analysis to evaluate the loads acting on the
structures;
• thermo-mechanical analysis to identify the most stressed
areas.
•

Fig. 3.1 - FEM model of ITER cassette body
and divertor

The finite-elements model (FEM) is shown in figure 3.1. The
results will be implemented in the new divertor design in 2003.

3.3.2 Manufacturing of small-scale W monoblock mockups by hot radial pressing
Work continued on the development of an alternative technology for manufacturing ITER plasma-facing
components (PFCs) with monoblock geometry [3.1-3.5]. Radial diffusion bonding between the cooling tube

[3.1] M. Merola et al., Fusion Eng. Des. 56-57, 173 (2001)
[3.2] M. Roedig et al., Fusion Eng. Des. 56-57, 417 (2001)
[3.3] M. Roedig et al., Investigation of tungsten alloys as plasma facing materials for the ITER divertor, presented
at the 6th Int. Symp. on Fusion Technology (ISFNT-6), (San Diego 2002)
[3.4] E. Visca et al., Fusion Eng. Des. 56-57, 343 (2001)
[3.5] M. Rödig, Private communication, 2002
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(CuCrZr copper alloy) and the hollow armour tile (tungsten) is achieved by applying internal pressure to get
a slight deformation of the tube. The internal isostatic pressure also transmits the load needed for bonding.
Among the most critical issues in both hot isostatic pressing (HIP) and hot radial pressing (HRP) are the
design and the manufacturing of the canister that holds the sample to be joined. In HRP, the canister has to
withstand the forces transmitted by the pressurized sample to
the external casing. The central part of the canister is heated
by an external air furnace and has to be designed accordingly.
Figure 3.2 shows the canister after closure, ready for the HRP
bonding process. Both the process and the canister are now an
ENEA/Centro Sviluppo Materiali S.p.A. patent.
The process was applied to the construction of ITER-relevant
vertical target W monoblock mockups. Figure 3.3 shows the
complete experimental assembly; also visible are the air
furnace containing the sample and the vacuum system.
Fig. 3.2 - HRP canister containing the
monoblock mockup

Figure 3.4 shows the sample after manufacturing. Ultrasonic
non-destructive examination of the mockups by the boresonic
water-gap technique showed that the interface joined by HRP
was free from flaws.
The mockup was tested in the JUDITH electron-beam facility
at Forschungszeuntrum Jülich (FZJ), Germany. During the
thermal fatigue cycles, full-power heating time and cooling
time were 10 s each (ramp-up and ramp-down times, 0.5 s
each). After screening tests at increasing power, the mockup
finally reached 1000 cycles at 18 MW/m2 (21 MW/m2 from
calorimeter) without suffering any joint damage [3.5], as
confirmed by ultrasonic examination (fig. 3.5). The results
demonstrate that HRP can be considered as an alternative
method for manufacturing PFCs with monoblock geometry. It
i n t roduces innovations that simplify the manufacturing
process and make it cheaper.

3.3.3 Development of ultrasonic inspection for
curved PFC monoblocks (TW1-TVP/NDDEV)

Fig. 3.3 - Canister ready for HRP

Fig. 3.4 – Manufactured monoblock mockup
with 13 W tiles
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D i ff e rent non-destructive examination (NDE) methods
(ultrasonic, radiographic and thermographic) were
investigated under previous ITER tasks (T232 and T433) to
qualify them for PFCs (carbon fibre composite [CFC] joined to
copper, tungsten to copper, copper to CuCrZr, CuCrZr to
stainless steel, and stainless steel to stainless steel). The
ultrasonic technique was found to be the most sensitive,
accurate and reliable method for inspecting the joined zone.
For the straight zone an internal immersion (boresonic)

Fig. 3.5 – Infrared image of W mockup during cycle No. 1000 at
18 MW/m2 absorbed power

technique was used, while for the curved zone an external pulse-echo technique was preferred.
The objective of this activity is to apply the boresonic
examination to curved zones of the divertor and other
PFCs. The cooling tube has a typical inner diameter
and a thickness of 10 and 1 mm, respectively. The
maximum length to be inspected is about 1200 mm
with access from both ends of the tube. As the
minimum radius of curvature is about 500 mm at the
tube axis, the ultrasonic probe has to be mounted on a
flexible cable that can drive (translate and rotate) the
probe into the curved cooling tube. The problem was
solved by miniaturising the probe (fig. 3.6) and by
using limited tolerances for the push-puller joints.
Several tests were performed on two samples (VT-1
and VT-5) (fig. 3.7) containing artificial and natural
defects in order to define the limits of the new probe in
detecting, locating and sizing defects in the curved zone of the
cooling tube.

Fig. 3.6 – Boresonic probe

The results obtained confirmed that the ultrasonic pulse-echo
technique from inside the tube is the most suitable for detecting
defects in the armour/tube joint zones, for both CFC and W
tiles, even when it is applied to curved PFCs (fig. 3.8). The
boresonic inspection technique was tested with the use of an ad
hoc manufactured flexible probe; the performance was
excellent, even for the curved PFCs.

Fig. 3.7 – PFC samples

For future applications, the resolution and sensitivity can be improved
by using 15 or 20 MHz probes, due to the higher resolution achievable in
the two joint interfaces, tube/AMC/tile.

3.3.4 Refractive endoscope for wide-angle thermography on JET (EFDA Contract 02/680 - JW2-EPDIAG.IR-ENEA)
In collaboration with the National Institute of Applied Optics (INOA), an
endoscope based on refractive optics is being designed for new wideangle thermography on JET. The activity was begun in the second half of
2002 and should be finished within the first half of 2003. The optical
CODE V is used as computing tool. The design developed can be
considered a back-up solution to the reference option based on reflective
optics, which is more ITER-relevant but has feasibility concerns.

Fig. 3.8 - 3-D reconstruction of a
defect detected in VT5 sample

The system allows an area as large as the JET poloidal cross-section to be imaged with a focus depth of 3 m,
centred at 4.5 m from the end of the endoscope. Both infrared (IR) and visible light is transmitted through the
system. To reduce chromatic aberrations and dynamic range, the width of the IR wavelength band will be
reduced to 200 nm, centred around 4.3 µm. Optimisation in the visible range will be carried out for a 10-nmwide wavelength band centred on the Hα emission line.
At present the collecting optics consists of 11 multi-spectral grade zinc sulphide lenses for both IR and visible
channels, 2 sapphire windows, 5 plane mirrors, one IR filter (4.2-4.4 mm) and one beam splitter, separating
the IR and visible channels. The search for better integration with the JET environment as well as for optimal
matching with the IR and visible camera could partly modify this optical system. The field of view is ±33° in
the vertical direction and ±25° in the horizontal. The first four lenses and two plane mirrors form a telecentric
objective, with a reduction ratio of about 85:1 (fig. 3.9). The image produced is then transported by a set of
lenses (all plano-convex).The final IR image enters an objective consisting of three lenses and is focused on a
focal plane array with 640×512 pixels and a 25-µm pitch. The visible image enters through another three-lens
objective and is focused on a 1-inch charge-coupled device array (12.8×9.6 mm).
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The performance of the system in terms of spatial resolution was
analysed through the modulation transfer function (MTF) and
spot diagrams. In the IR range, for distances object-endoscope of
3000, 4500 and 6000 mm, the present endoscope/camera system
allows two point sources separated by 8.5, 13 and 17.5 mm,
respectively, to be spatially resolved.

3.4 Vacuum Vessel, in-Vessel and Shield
3.4.1 JET Enhanced Phase

Fig. 3.9 - IR-VIS endoscope – IR channel

In the framework of a JET Enhanced Phase project, the ion
cyclotron resonance heating (ICRH) ex-vessel support (fig. 3.10)
was designed in detail. The new support design required the
development of a new kind of shock absorber, called spring
damper, to restrain the antenna dynamic motion. The damper
system was successfully tested.

3.4.2 EM analyses of ITER in-vessel components
ENEA continued the activity on optimising the ITER in-vessel
components with respect to the effects of electromagnetic (EM)
loads induced by plasma disruptions. In 2001, ITER plasmadisruption scenarios were simulated by the MAXFEA code
[3.6,3.7] and some reference events were defined. However, the
numerical codes have some difficulty in describing very fast
plasma movement during thermal quench, so it was
recommended to benchmark MAXFEA by means of other 1.5-D
equilibrium codes, such as DINA.

Fig 3.10 - ICRH ex-vessel support

From database analyses of the worst disruption events in various
tokamaks, it was found that a linear current quench rate of about
560 MA/s and a thermal quench lasting 1 ms should characterise
the worst disruption event in ITER.

Table 3.I - EM Loads on module No. 1

Peak at TQ

Mx (MNm)

0.95

My (MNm)
Mx (MNm)
My (MNm)

Peak at CQ

-0.92
-0.5

0.98

-0.95
-0.8

LCQ-FDVDE
MAXFEA
(1 ms TQ)
FD VDE
DINA
( 1 ms TQ)

3.4.3 EM analyses on ITER blanket
modules
A 2-D axis-symmetric code was used to analyse the
load conditions under the most dangerous
disruption events. The EM loads on blanket
modules 1, 3 and 5, indicated as the most critical by
the foregoing analyses, were evaluated with 3-D
EM models and a zooming procedure that allows
very detailed modelling. For module No. 1, three
different design options were analysed. The option
with the best performance was again analysed with
the use of the DINA simulation of a fast downward
vertical displacement event (VDE). The results are
summarised in table 3.I.

[3.6] M. Verrecchia, FEAT type I and type II plasma disruption simulation, ITER Memorandum G 73 MD 27 0003-06 W0.1 (2000)
[3.7] M. Verrecchia, FEAT category III Fast/slow downward/upward VDE simulations, ITER Memorandum G 73
MD 34 00-04-19 W0.1 (2000)
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Fig. 3.11 - EM model of ICH antenna and
conducting components (equatorial port,
nearest modules and double-shell vacuum
vessel surrounding the antenna)

Fig. 3.12 - Exploded view of ICH antenna assembly

3.4.4 EM analyses on ITER ICH antenna
Figure 3.11 shows the EM model of the conducting components surrounding the ion cyclotron heating (ICH)
antenna; figure 3.12, an exploded view of the antenna itself. The full model is made of about 140000 elements
and includes the antenna, the support plug, the port, the nearest blanket modules, the part of the vacuum
vessel surrounding the antenna and a full sector of the toroidal field coil to take into account the effect of
toroidal ripple on the EM load evaluation. Different design options were analysed. Figure 3.13 reports the
behaviour vs. time of the main EM loads on the whole ICH assembly and on the ICH Faraday shield (FDSH)
and frame.

3.4.5 EM analyses on ITER divertor
Detailed and extensive EM analyses of the divertor component and its subcomponents were performed in
collaboration with L.T. CALCOLI, Lecco to select the most effective design option for reducing EM loads.
Figure 3.14 shows the divertor EM model of the selected option, in which the divertor targets are divided in
two toroidal segments for each divertor cassette.

Fig. 3.13 - Main EM loads on ICH component a) and on FDSH+FDSH frame b) during the worst disruption event in
ITER. (Torque reference point x=8.85 m, y=0.622 m, z=0 m.)
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Fig. 3.14 - EM model of the divertor assembly.
(Due to left-right symmetry, only half of the
divertor has been modelled.)

3.5 Magnets
3.5.1 ITER CS
dimensional survey

and

TF

model

coils:

At the end of March 2002, the laser tracker (a 3-D laser
interferometer with high-precision angular encoders and
integrated absolute-distance meter) was used to inspect
(fig. 3.15) the toroidal field model coil - inter-coil structure
(TFMC-ICS). The 2002 measurements of current size,
location, form and orientation were compared with those
made with the same tracker in September 2000, before Test
Campaign No.1. The results will be used to assess the
system deformations, after Test Campaign No. 2.

3.5.2 Electrical insulation for magnets:
interface friction testing (T406.3 - T404.1)

Fig. 3.15 - TFMC survey

The primary objective of the tasks is to identify the most
suitable materials for the electrical insulation of components
that have to withstand compressive/shear loads and sliding
at cryogenic temperature for a large number of cycles
(30000), i.e., ITER-relevant conditions.

The tests performed for the toroidal field coil/winding pack
interface friction specimens and for the screening of insulation materials are reported in table 3.II.
Plates representing the interface between winding pack and case were prepared and impregnated at ENEA
Frascati. Friction tests at 80 K showed that the quartz sand samples were totally destroyed after 40 cycles.
Remarkable was the consistent quantity of eroded and scattered material, which was of the order of about
500 g per square meter of surface in contact for 30000 cycles.
Epoxy-glass G10 and alumina Al2O3 completed the compression fatigue tests, at 30 and 80 K, without any
damage or detachment. First, three epoxy-glass samples were tested at 80-90 K for 30000 cycles in vacuum
with a compression value from a few MPa up to 700 MPa. The same test was done on three alumina samples.
Another load of ten compression samples was inserted into the vacuum chamber for the compression test.
Then a session of compression tests was performed with limits up to 900 MPa at 77 K and 1000 MPa at 30 K
(table 3.III).
The three samples tested for 30000 cycles up to 700 MPa at about 85 K did not show any damage, detachment
or de-bonding. The G10 samples remained undamaged for all the compression tests up to 900 MPa at 77 K
and 1000 MPa at 30 K.
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Table 3.II - Testing conditions and friction coefficients
Material

Friction
first
final

Temp
K

Comp
MPa

Cycles

Vacuum
mbar

Speed
mm/s

Stroke
mm/c

G10
G10
Al
QS+EF
T+EF

0.30
0.25
0.30
0.30
0.40

0.27
0.15
0.65
0.35
0.35

80
80
80
80
80

200
100
200
100
100

12000
18000
10000
40
15000

10-5
10-5
10-5
10-5
10-5

2.5
2.5
2.5
2.5
2.5

12
12
12
12
12

0.96
5.20
6.59
0.68

0.29 -2.30

G10
G10
T+EF

0.28
0.28
0.38

0.31
0.30
0.36

30
30
30

100
200
100

1000
1000
1500

10-8
10-8
10-8

2.5
2.5
2.5

12
12
12

0.21
0.07

0.02
0.00

ΔW

ΔT

g

mm

DRa

0.14 -0.23
0.43
2.59

Table 3.III - Compression fatigue test parameters
SAMPLE
PM
I

Diameter
mm
mm

G10 epoxy-glass
23700 12.5
15.1
24100 12.5
15.1
24200 12.3
14.6
Al2O3 alumina
11800 14.3
11900 14.5
12000 14.3

Area
mm2

TEST PARAMETERS
Height
mm

Comp
MPA

Load
k

Cycles
n

f
Hz

T
K

Vacuum
mbar

30000
30000
30000

1.0
1.0
1.0

80-90
80-90
80-90

5×10-6
5×10-6
5×10-6

30000
30000
30000

1.0
1.0
1.0

80-90
80-90
80-90

5×10-6
5×10-6
5×10-6

122.7
122.7
118.8

29730
29703
29651

700
700
700

N
85
85
85

160.5
165.0
160.5

29399
29401
29408

700
700
700

115
115
115

Table 3.IV - Ultimate compression samples and test parameters at 30 K
SAMPLE
PM
ID

Diameter
mm
mm

Area
mm2

TEST PARAMETERS
Height
mm

G10=epoxy-glass
23800
12.0
15.1
113.0
29714
23900
12.9
15.2
130.6
29739
24000
12.2
15.0
116.8
29561
Al2O3=alumina coating with titania (Al2O3+3%TiO2)
11400
14.5
165.0
29409
12000
14.3
160.5
29408
12100
14.7
169.6
29403

Load
kN

Comp
MPa

Ramp
kN/s

T
K

Vacuum
mbar

113
157
117

1000
1200
1000

0.5
0.5
0.5

30
30
30

5×10-6
5×10-6
5×10-6

165
160
170

1000
1000
1000

0.5
0.5
0.5

30
30
30

5×10-6
5×10-6
5×10-6
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After the last test campaign, the load on one G10 epoxy-glass sample was increased up to a compression
strength of about 1150 MPa. The tests had satisfactory results and, even in the case of the alumina sample, the
only damage that occurred was a small break at the edge (table 3.IV).

3.5.3 Shear key testing (T406.2)
The following shear keys for the ITER magnet system were mechanically tested under cyclic loading
conditions:
One conical shear key reproducing the geometry of the f100 keys for the upper and lower intercoil
structures. The key was pre-loaded up to 2.5 MN at room temperature and a shear load of 2.0 MN was
applied for a large number of cycles (typically 30000) at cryogenic temperature.
• One solid 150-mm-diam cylindrical shear key for a length of 250 mm (1/4 of the full length). A shear load
of 5.5 MN was applied (parallel to the interface) for a large number of cycles (typically 30000) at cryogenic
temperature.
•

The test results were good for the keys and the alumina coatings. The preloading tests on the conical key were
completed successfully and the shear test system worked well at both RT and 77 K. The bushes and superbolt
were easily dismantled by hand after each shear test. The only problem concerned the conical key, which had
to be cooled to extract it from the flange after the 77-K shear test. The insulation between flanges was
satisfactory throughout the preloading and shear tests.

3.5.4 Feasibility study on eddy current testing of ITER coil case welds
Following the results of the work on inspecting the laser-welded structural joints of the TF cover plate, the
activity continued with the goal of improving the resolution of the detection system and developing the thick
welding of the coil case structure.
It is difficult to detect defects in thick welds with the ultrasonic method, so the basic idea was to use other
methods, usually applied for thicknesses less than 5 mm, on each single pass of tungsten inert gas (TIG)
welding or submerged arc welding (SAW).
The eddy current technique was applied for each single-pass of the thick austenitic 316 LN TIG and SAW
multipass welding of the ITER TF coil case. The VR-11 probe developed by ENEA showed very high
sensitivity compared to other commercial probes. Probe angle configurations for lateral and central defects
were assessed. Work frequencies were identified to better distinguish between superficial and sub-superficial
defects. All the tests were performed in laboratory conditions on a series of samples containing artificial and
natural faults. The testing technique developed is easier, faster, less expensive and more reliable than any
other non-destructive technique available. At present, it seems to be the only method applicable on thick-cast
stainless steel multipass welding.
Special ad-hoc transducers were designed and in-lab manufactured and tested. Reference blocks with
artificial and natural defects were designed by ENEA, too, and then manufactured (by the EFDA partner) and
used for the validation of the test technique.
All these tests were carried out at ENEA Casaccia by a computerised semi-automatic x-y scanning hybrid
system, capable of immediately giving linear/area-scan and perspective colour images.

3.5.5 Installation and testing of the TFMC and LCT in TOSKA (TW2-TMSTTOSKA)
In 2002 the ITER toroidal field model coil (TFMC) was submitted to further testing (Test Phase 2) in the
TOSKA facility at Forschungszeuntrum Karlsruhe (FZK), Germany. During Test Phase 1 (in 2001) the
coil was tested stand-alone, while in the second phase it was tested in the background field generated
by a comparable (in size) superconducting coil (built in 1982 for the large coil task [LCT]). The presence
of the LCT coil increases the value of the field and alters its distribution in such a way that the
mechanical stresses in the TFMC reach values very close to those expected during operation of the ITER
TF coils. The operating conditions were reached without any training or additional problems [3.8].
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However, study of the safety margins showed the existence of unexpected phenomena that reduce the
margins. Hence, some modifications to the conductor are foreseen, certainly followed by further tests that
will end with the construction of an insert coil (40-80 m of full-size conductor coiled monolayer) to be tested
in the 13-T field of the central solenoid model coil (CSMC) in Naka (Japan). ENEA contributed to the coil
installation, definition of the experimental program and its execution and to the analysis of some of the
experimental results, in particular, of the electromagnetic losses [3.9,3.10].

3.5.6 Development of calculation codes for cable-in-conduit (CIC) conductors
(TW1-TMC-CODES)
The development of the new thermo-hydraulic electromagnetic (THELMA) calculation code was completed.
The code describes the superconducting cable behaviour entirely: the EM description is quite accurate and
includes the joints and the ac loss calculation for all the cabling stages. The first validation on a full set of
experimental results from the Frascati Stability Experiment (SEx) was performed [3.11].

3.5.7 New diagnostic for CIC conductors (TW1-TMC-CODES)
The fibre-optics imprinted Bragg sensors were characterised at cryogenic temperature (77–4.2 K). Bare fibres
were coated with other materials to increase the fibre heat expansion coefficient and thereby obtain improved
sensibility at low temperature. Different coating techniques (casting, electroplating) and coating materials
(zinc, copper) were tested. Good progress was made towards increased sensibility and accuracy. The sensors
still have thermal hysteretic behaviour, which has to be further studied to increase repeatability. The fibreoptics technique is a candidate for performing optical EM immune temperature/strain measurement inside
a superconducting cable.

3.5.8 Development of NbTi conductors (TW405-1/01)
A new 36-strand NbTi conductor was cabled and sent to the SELVA Company, where it was wrapped with a
stainless steel strip. In the first half of 2003, the cable will be jacketed with a stainless steel tube. This
conductor will be used to wind the second test module for the ENEA Stability Experiment UPgrade (SExUP).
The two full-size cables manufactured with Europa Metalli and Alstom NbTi strands were jacketed at
Ansaldo with 316LN Valinox tubes. Four conductor lengths were manufactured (one dummy conductor
length and one good conductor length for each conductor) and shipped to Alstom for the manufacture of the
poloidal field full-size joint sample (PF-FSJS).
Jacketing of the cable from the Russian Federation for the poloidal field coil insert started and will continue
during 2003.

3.5.9 Analysis of the Stability Experiment
During 2002 the results from the last experimental session of the ENEA Stability Experiment (SEx), devoted
to ac-loss measurements by magnetization signals, were analysed and interpreted. The ad-hoc extension of a

[3.8] A. Ulbricht and the European Home Team, Test results of the ITER toroidal field model coil experiment in
the TOSKA facility of the Forschungszentrum Karlsruhe, presented at the 22nd Symp. on Fusion Technology
(SOFT) (Helsinki 2002)
[3.9] J.L. Duchateau, et al., AC losses in the ITER TF model coil: a comparison between model and experimental
results, presented at the 19th Int. Cryogenic Engineering Conference (ICEC) (Grenoble 2002)
[3.10] J.L Duchateau, et al., ITER toroidal field model coil test : analysis of heat transfer from plates to
conductors, presented at the 22nd Symp. on Fusion Technology (SOFT) (Helsinki 2002)
[3.11] M. Ciotti, et al., Validation of the Thermo-Hydraulic-ELectro-MAgnetic THELMA code by using the Stability
Experiment (SEx) database, presented at the 5th Workshop on the Computation of Thermal-Hydraulic Transients
in Superconductors (CHATS) (Karlsruhe 2002)

59

theoretical model describing the saturation regime in which the test solenoid operated was developed and
successfully used to reproduce the obtained magnetization cycles. The ac losses were determined so as to be
able to calibrate the stability measurements [3.12-3.14].

3.5.10 The Stability Experiment Upgrade (M50)
A dummy module wound by a 36-strand NbTi conductor was successfully constructed at Ansaldo and
utilised for the ENEA SExUP. The purpose of the module was to test the winding and impregnation
procedure for the first test module of the experiment, which should be completed by June 2003. Installation
of the 12-T CIC background magnet is in progress and the test campaign should start at the end of 2003.
The critical current was measured as a function of magnetic field and temperature by direct electric and
magnetization measurements. The results were presented at the 2002 Applied Superconducting Conference
(Houston, Texas) and will be published in the Conference Proceedings [3.15].

3.5.11 Manufacturing and testing of the PF-FSJS
During August-October 2002, ENEA collaborated with the Commissariat à l’Energie Atomique (CEA) in the
experimental campaign to test the ITER PF-FSJS (fig. 3.16).
The sample, U-shaped with a twin-box joint between the two straight legs, manufactured and instrumented
under ENEA/CEA supervision at Alstom, was extensively tested in the SULTAN facility of the Centre de
Recherches en Physique des Plasmas (CRPP), Villigen. The two legs have identical geometry but different
conductor strands: the right-leg strand is bare copper NbTi with an
internal CuNi barrier, manufactured by Alstom; the left-leg has a
Europa Metalli Ni-plated strand. One of the aims of the experiment
was to verify to what extent the conductor behaviour can be
predicted when the superconducting properties of the strand are
known.

Fig. 3.16 - Cross-section of PF-FSJS
conductor

D i rect current (critical and quench current, current sharing
t e m p e r a t u re measurements), alternating current (ac loss
measurement by calorimetry and magnetization) and stability tests
were carried out on the virgin sample and then after several
hundreds of EM cycles. Hall sensors were placed around the two
legs to reconstruct the current distribution among the six petals of
the cable. At the SULTAN facility it was possible to characterise the
conductor and joint behaviour at 4.5-7 K temperature, 0-7 T
magnetic background field, 0–80 kA sample current and with up to
10g/s helium mass flow range.

Both legs showed temperature margins lower than but close to the
ITER requirements. The quench currents lower than the critical
current and the very sharp current-voltage characteristics indicate
unstable behaviour, which seems to be characteristic of every large NbTi-based conductor and related to the
very sharp dependence of the NbTi critical current on temperature and magnetic field. The differences found
in the quench current vs. temperature dependence of the two legs seem to be related more to the conductor
and joint manufacturing, which determines differences in current distribution and in thermo-hydraulic heat
exchange, than to the strand characteristics.
[3.12] L. Muzzi, Ph.D. Thesis
[3.13] M. Ciotti, et al., Loss calculations in a CICC solenoid exposed to rapidly changing magnetic fields, Physica
C372-376, 1750 (2002)
[3.14] P. Bellucci, et al., Stability dependence on flow in a CICC, Physica C372-376, 1419 (2002)
[3.15] P. Gislon, et al., Electrical characterization of the NbTi strand for the ENEA stability SEx-Up experiment"
presented at the Applied Superconductivity Conference (Houston 2002)
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Losses, initially much higher in the non-plated strand leg, very quickly decreased with cycling in both legs
and reached similar values.

3.5.12 Current distribution measurement on TFMC busbars (TW1-TMC-CODES
A dedicated data acquisition/analysis system for Hall probe signals was developed to reconstruct the current
distribution among the wire petals during operation on the TFMC busbars. After installation and testing,
specific tests were performed to verify the current distribution reconstruction procedure and, finally,
dedicated measurements were carried out during actuation of the TFMC testing program, which began at the
end of August 2002 and ended in December 2002.

3.5.13 POLITO contribution to TFMC (TW2-TMST-TOSKA)
The Turin Polytechnic (POLITO) participated in the definition of the test program and tests of the TFMC in
the background field of the European LCT coil. The M&M code was used to develop and successfully apply
a multi-step heating strategy for the current-sharing temperature (TCS) measurement. Several TCS tests were
carried out with different current combinations in the TFMC and LCT, avoiding the quench of the coil in a
large number of cases. Two tests with ITFMC=80 kA and ILCT=14 and 16 kA, respectively, were designed and
then performed above the nominal current (ITFMC=70 kA, ILCT=16 kA) in order to measure the critical
properties of the conductor in an electro-mechanical load range more relevant to that foreseen for the ITER
TF coils.
The TCS tests and relative coil performance were analysed in detail during the first test campaign (TFMC
standalone), and a preliminary assessment of the coil performance was performed during Phase II [3.16-3.18].
The degradation of the conductor performance compared to that expected from available strand data was
confirmed and correlated to the transverse (BI) load on the conductor.

3.5.14 POLITO contribution to CSMC and insert coils (TW1-TMS/PFCITE)
POLITO participated in the test campaign of the Nb3Al insert coil (ALI) in the background field of the CSMC.
The M&M code was used to analyse and interpret the full set of TCS tests in conductor 1A of the CSMC for
all three tests campaigns (2000, 2001, 2002). Also in this case, degradation in the coil performance, with respect
to the strand data, was assumed to explain the experimental data [3.19-3.21].
The quench propagation in the toroidal field conductor insert (TFCI), tested in the background field of the
CSMC in 2001 [3.22], was also analysed with the M&M code, and the effect of heat transfer to the mandrel
underlined [3.23].

[3.16] H.Fillunger, et al., Assembly in the test facility, acceptance and first test results of the ITER TF Model
Coil, IEEE Trans. Appl. Supercond. 12, 595 (2002)
[3.17] L. Savoldi, et al., First measurement of the current sharing temperature at 80 kA in the ITER toroidal field
model coil (TFMC), IEEE Trans. Appl. Supercond. 12, 635 (2002)
[3.18] R. Heller, et al., Evaluation of the current sharing temperature of the ITER toroidal field model coil ,
presented at the Applied Superconductivity Conference (Houston 2002)
[3.19] N. Martovetsky, et al., Test of the ITER central solenoid model coil and CS insert, IEEE Trans. Appl.
Supercond. 12, 600 (2002)
[3.20] R. Zanino, et al., Inductively driven transients in the CS insert coil (I): heater calibration and conductor
stability tests and analysis, Adv. Cryo. Eng. 47, 415 (2002)
[3.21] K.Okuno, et al., Test of the NbAl insert and ITER central solenoid model coil, presented at the Applied
Superconductivity Conference (Houston 2002)
[3.22] N. Martovetsky, et al., Test of the ITER TF insert and central solenoid model coil, presented at the Applied
Superconductivity Conference (Houston 2002)
[3.23] L. Savoldi Richard, A. Portone and R. Zanino, Tests and analysis of quench propagation in the ITER toroidal
field conductor insert, presented at the Applied Superconductivity Conference (Houston 2002)
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3.5.15 POLITO contribution to THELMA (TW1-TMC-CODES)
POLITO partecipated in the further development of the THELMA code [3.24,3.25] by introducing full
coupling between the electromagnetic (cable) and thermal-hydraulic modules. In particular, POLITO
developed the general structure and global input of the code. A preliminary validation against data from the
SEx database was also performed [3.25].

3.5.16 In-situ growth of MgB2 thin
film assisted by Mg thermal evaporation
The discovery of superconductivity in MgB2
compound [3.26] has aroused great interest in this
new material. In this context, an activity was started
to study MgB2 thin-film deposition on single-crystal
substrates. Attention was focused on developing an
in-situ film process, which is a very important tool
for the utilisation of these new superconducting
materials in electronic device fabrication.

Fig. 3.17 - Resistance vs. temperature for Mg/Mg-B,
400 nm/40–nm-thick multilayer annealed at 500°C for
15 min

MgB2 film fabrication by means of the usual thinfilm deposition techniques is complicated by the
high volatility of Mg and its tendency to oxidise.
Hence, two diff e rent in-situ approaches using
sputtering techniques assisted by Mg thermal
evaporation were studied. Precursor deposition was
carried out at low temperatures (RT-200°C) and was
followed by an annealing process in the range of
about 350-550°C. The precursors were obtained
either by co-evaporation from sputtering of a MgB2
and pure Mg stoichiometric target, or by depositing
multilayer structures of Mg-B/Mg. The as-deposited
films were semiconductive or metallic, depending
on the Mg content in the precursors. The annealing
process allows MgB2 phase formation. The best
results were obtained for multilayer precursors with
TC0 of about 31 K (fig. 3.17). Morphological analyses
show a smooth, compact surface (fig. 3.18).

3.5.17 Growth and characterisation of
CeO2 films on Ni-W substrate

Fig. 3.18 - SEM image (100 k X) of Mg/Mg-B, 400
nm/40–nm-thick multilayer annealed at 500°C for 15
min

YBa2Cu3O7-x (YBCO) coated conductors on cube
textured nickel-tungsten alloy substrates buffered
with a CeO2 thin film have been developed. The
structure shows critical current density JC values
greater than 1 MA/cm2 at 77 K in the self-field, and
field dependence similar to epitaxial YBCO films

[3.24] F. Bellina, et al., Superconductive cables current distribution analysis, presented at the 22nd Symp. on Fusion
Technology (SOFT) (Helsinki 2002)
[3.25] M. Ciotti, et al., Status of the Thermo-Hydraulic-ELectro-MAgnetic THELMA code and first comparison
with the Stability EXperiment (SEX) database, presented at the 5th Workshop on the Computation of ThermalHydraulic Transients in Superconductors (CHATS) (Karlsruhe 2002)
[3.26] J. Nagamatsu, et al., Nature 410, 63 (2001)
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deposited on single crystal substrate [3.27]. In the perspective of long-length high JC tape fabrication, the
main advantage of these superconducting architectures is that only a single buffer layer is used. To optimise
both the transport properties and the fabrication process, attention was focused on the influence of the
deposition conditions of the CeO2 buffer layer on its structural and morphological properties.
The CeO2 buffer layer was grown by pulsed laser
deposition (PLD) on Ni95W5 (NiW) cube
textured substrate starting from a stoichiometric
target. The influence of the background gas
atmosphere was investigated: films about 500 nm
thick were deposited in vacuum, in Ar, in H2O,
and in a two-step process in which the first layers
(70 nm) were deposited in vacuum and the rest of
the film in an oxygen background atmosphere
( h e reafter the “standard” process). X–ray
analyses of films deposited in vacuum, Ar and
H2O show a shift towards lower angles for the
buffer layer peaks, which, considering the
expansion of the CeO2 lattice parameter as a
function of oxygen stoichiometry [3.28], reveal
the formation of non-stoichiometric CeO2-x
phases (fig. 3.19). Films deposited through the
standard process are preferentially (00l) oriented
and show the presence of a stoichiometric phase.
The
epitaxial
relationship
is
(110)CeO2//(100)NiW.

Fig. 3.19 - θ-2θ x-ray spectra for films deposited at 600°C
a) in vacuum, b) in H2O and c) in standard process. Lines
mark CeO2 peaks: continuous for (00l) and dotted for
other peaks

CeO2 films were annealed to evaluate the effect of
YBCO deposition conditions on the buffer layer
p roperties. A comparison between the
morphologies of the CeO2 film before and after
annealing is reported in figure 3.20. Before
annealing, films deposited in vacuum show crack
formation, while CeO2 samples deposited in Ar,
H2O and in the standard process are compact and
c r a c k - f ree. The morphology of the films
deposited in Ar atmosphere and with the
“standard” process after the YBCO deposition
simulation does not seem to be affected by the
annealing process, while samples deposited in
H2O show crack formation.

3.5.18 Superconducting
outside the Associations

activities

Cryogenic testing of diode stacks for
CERN

Fig. 3.20 - SEM pictures of CeO2 samples deposited in
vacuum a), in Ar b), and in “standard” process c). The same
samples (in the same order) are shown after annealing at
850°C for 10 min in 300 mTorr of flowing oxygen
atmosphere d,e,f) for 10 min

The activity relative to the contract for the
manufacture and testing of by-pass diodes for
quench protection of the dipole and quadrupole magnets of the Large Hadron Collider at CERN continued
at the testing rate required to conclude the measurement campaign on all stacks (1250 for the dipoles and 400

[3.27] E. Varesi, et al., Pulsed laser deposition of high critical current density YBa2Cu3O7–x/CeO2Ni-W
architecture for coted conductors applications, to appear in Supercond. Sci. Technol.
[3.28] R.G. Schwab, et al., Thin Solid Films 207, 288 (1992)
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for the quadrupoles) within December 2004, as requested by CERN. During 2002 the tests on 320 diode-stacks
for the dipole magnets and 120 for the quadrupoles were successfully completed.

Development of Nb3Al strands for high-field applications
A first Nb3Al mono-filamentary strand was manufactured in collaboration with Edison at the CNR Lecco
laboratory. The wire was submitted to rapid heating and quenching using the ENEA apparatus and fully
characterised in the ENEA laboratories. The characteristics are comparable to those obtained in other
laboratories. The final objective is to produce multifilamentary wires.

3.6 Neutronics
3.6.1 Neutronics benchmark experiment on W (European Fusion File–EFF Project)
To validate the European Fusion File (EFF) for tungsten, a benchmark experiment was carried out at the
14–MeV Frascati Neutron Generator (FNG) under a collaboration between ENEA, the Technical University of
Dresden (TUD), FZK and the Josef Stefan Institute of Ljuljana. A block of DENSIMET alloy (>92% W and ~8%
Fe and Ni) was assembled from differently shaped pieces to get a size of about 42-47 cm (L)×46.85 cm (H)×49
cm (thick). It was located in front of the FNG target, 5.3 cm from the neutron source, and irradiated by
14–MeV neutrons (fig. 3.21). Neutron and gamma spectra, activation reaction rates and gamma heating were
measured at different penetration depths inside the block.
The experimental results were analysed with the Monte Carlo code MCNP-4C, using the point-wise cross
sections for W, Fe and Ni derived from EFF-2.4 and FENDL-2.0. In both libraries, only data for natural W (no
isotopes) are available. In the case of EFF-2.4, W data come from a rather old EFF evaluation; while in the case
of FENDL-2, W they are taken from the JENDL-FF evaluation. For the EFF calculation, the Fe cross sections
were taken from EFF-3.0.
The calculated vs. experimental data ratios (C/E) are plotted in figure 3.22 for high-energy reaction rates, i.e.
Nb-93(n,2n), Zr-90(n,2n) and Ni-58(n,2n), which provide the
fast neutron flux for E>10 MeV. The total error on the C/E
ratio (1 s) includes the experimental and MCNP statistical
uncertainties summed using the quadratic law.
In general, for the fast neutron flux measurements, the C/E
ratios are close to unity within the total uncertainty for all the
reaction rates calculated using EFF-2; those obtained using
FENDL-2 tend to decrease with increasing depth for all the
high-energy threshold reactions.

Fig. 3.21 - The W block in front of the FNG
target

There is a strong discrepancy between the EFF-2.4 and
FENDL-2 photon-production data, which produces different
values for the gamma flux and heating. The FENDL-2
calculations show a better agreement with the measurements,
despite an underestimation of up to 40%, while the EFF-2.4
calculations overestimate gamma heating by up
to a factor of 4.
It can be concluded that EFF-2.4 satisfactorily
predicts neutron transport in W up to a depth of
35 cm, while FENDL-2.0 underestimates the fast
neutron flux. The photon production data in EFF2.4 need to be revised.
Fig. 3.22 - C/E ratios for high-energy reaction rates
as a function of penetration depth using EFF-2.4
and FENDL-2.0. Error bars represent the total
uncertainties
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3.6.2 Evaluation of neutron cross sections for fusion materials (EFF Project-EFDA
TTMN-002)
A detector system for measuring gamma and beta decay heat in radioactive samples both simultaneously and
separately has been developed and already used at ENEA Frascati [3.29,3.30]. The detector system consists of
a large well-type 22.8×22.8 cm cylindrical CsI(Tl) scintillator for gamma detection and a small 1.8×2.54 cm
(ϕ×h) cylindrical plastic scintillator inserted in the well and used for beta-ray detection. CuCrZr alloy was
irradiated by 14-MeV neutrons at FNG to compare the activation characteristics of the alloy with the
prediction of the inventory code EASY-2001 for 2002.
Some thin discs, ϕ=18 mm and 0.025 mm thick, were laminated from a large piece of alloy and irradiated in
a reference position near the neutron target. In this position the neutron flux and spectrum are well monitored
by the multifoil activation technique. One disc was irradiated for a short (about 6 min) time, while another
disc was irradiated for about 5 h. After irradiation the discs were measured with the decay heat system. The
results of calculations vs. measurements are reported in table 3.V.
Comparison between experimental data and the EASY prediction for CuCrZr material indicated that the data
libraries are adequate for a good
estimation
of
neutro n - i n d u c e d
Table 3.V - Results from decay heat measurements
activation and decay heat. A small
u n d e restimation (about 10%) of the
Decay time (s)
C/E β-heat
% err C/E γ-heat % err
Cu65(n,2n)Cu64 cross section, mainly
responsible for the decay heat in the
Short irradiation
long irradiation case, was found. For
199
0.99
10.9%
0.93
14.1%
the calculated gamma heat, there was
293
0.98
11.4%
0.99
14.2%
an extra underestimation of about 15%,
which could be due to wrong Cu64
420
0.96
11.8%
1.21
15.2%
gamma decay data in the EASY-2001
Long irradiation
database.
7153
0.89
6.7%
0.73
6.8%

3.6.3 ITER CTA – Detailed
neutronics analyses (EFDA
Contract 01-633)

8531
62479
89935
325841

0.89
0.88
0.87
0.77

6.8%
7.3%
7.3%
10.6%

0.74
0.71
0.70
0.69

6.8%
7.1%
7.2%
9.0%

One of the most important requisites in
shielding analyses is to have a reliable estimation of the dose rate levels after machine shutdown so as to
know when personnel can safely access the cryostat. The ITER official documents [3.31] state that the dose
rate should be less than 10 µSv/h 24 h after shutdown outside the bioshield; inside the bioshield, the limit is
100 µSv/hr 12 days after shutdown. The bulk shield provided by the blanket and vacuum vessel together
appears sufficient to limit the dose to the allowable value and does not give rise to any concern, but the
penetrations in the vessel, e.g., the ports, are a source of radiation streaming and have to be analysed carefully.
In addition, design improvements made to reduce the number of ports, as well as the weight and cost of the
machine, have given rise to new shielding problems.
Version 4C3 of the MCNP code [3.32] and the FENDL-2 [3.33] nuclear data library, which are the reference
tools for ITER-related nuclear analyses, were used to analyse the shielding efficiency of the part of the vessel

[3.29] M. Pillon, M. Angelone, and R.A. Forrest, J. Nucl. Sc. Technol., suppl. 2, 649 (2002)
[3.30] M. Pillon, M. Angelone, and R.A. Forrest, Fusion Eng. Des. 53-64, 101 (2002)
[3.31] Design Requirements and Guidelines Level 1 (DRG1), ITER doc. id. G A0 GDRD 2 01-07-13 R 1.0 (2001) and
later revisions
[3.32] MCNP—A general monte carlo N-particle transport code—Version 4C, J.F. Briesmeister, Ed., Los Alamos
National Laboratory Report LA-13709-M (2000)
[3.33] H. Wienke, M. Herman, FENDL/MG-2.0 and FENDL/MC-2.0 the processed cross-section libraries for
neutron photon transport calculations, IAEA Report IAEA-NSD-176, Rev. 1 (1998)
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corresponding to the cryopump port. A full 3-D model of the ITER machine was developed to deal with the
deep penetration problem (figs. 3.23 and 3.24). Two methods were applied to calculate the dose rate: The first
uses a simple flux-to-dose conversion factor, and the high-energy neutron flux (> 1. MeV) is multiplied by a
factor derived from general 1-D analysis; the second, the direct one-step (D1S) method, was developed in a
joint collaboration with the ITER team [3.34,3.35], while a
modified version of MCNP, with expressly produced
transport libraries, is able to couple the neutron and the
decay gammas as soon as they are emitted. The first
method is much faster but less reliable. The second needs
a lot more work and computing time, but is much more
reliable, and can take into account the spatial distribution
of the decay gamma source terms.
The results relative to the port in the bioshield show that
the dose rate in the cryostat is 3 µSv/hr 12 days after
shutdown, outside the bioshield it is 0.4 µSv/hr 1 day
after shutdown, so the limits are complied with. The
safety margins are high enough (33 and 25) to
compensate for any uncertainty due to the application of
the simpler flux-to-dose conversion factor.

Fig. 3.23 - Poloidal section of model (outer part of
ITER). The section passes through the equatorial
port, showing the ECH system complexity. No
closure plate of the cryostat behind the port,
according to latest design update

For the cryopump port, values obtained with the D1S
method show that the dose in the most exposed part is 30
µSv/hr 12 days after shutdown, below the reference
limit. The heating on the 4-K structure (the most critical
part) of the pump is 0.25 W; hence, it is well below the 10W limit.

3.6.4 Neutronics
Association

activity

outside

the

Participation in the AGILE project: prototype
of the SuperAGILE detector
AGILE (Astrorivelatore Gamma ad Immagini Leggero),
the first mission of the Small Missions programme of the
Italian Space Agency (ASI), will monitor the sky in the
gamma-ray range between 30 MeV and 50 GeV and in
the x-ray range between 10 and 40 keV, with a large field
of view (~3 sr) and good sensitivity, angular resolution
and timing. The activity was focused on mounting and
assembling the various parts of the system so as to be
compatible with the severe constraints of the project.

3.7 Remote Handling
3.7.1 FARM robotic boom
Fig. 3.24 - Poloidal section of updated model with
new vessel cryopump port and one of the two
serving pumps

To complement the routine shutdown maintenance
activities, which were mainly focused on first-wall tile
replacement, a new robotic boom was developed and
prototyped. The new boom, the Frascati arm (FARM),

[3.34] H. Iida, et al., J. Nucl. Sc. Technol., suppl. 1, 235 (2000)
[3.35] L. Petrizzi, et al., A novel method to calculate the dose rate for ITER, presented at the 6th Radiation
Protection and Shielding Design Conference (Santa Fe’ 2002)
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was designed to satisfy new operational requirements in terms of dexterity and payload. The FARM will be
used to perform 360° first-wall survey, replacement and maintenance. A first prototype of the hinge was
tested to a bending moment as high as 1600 Nm (figs. 3.25, 3.26).

3.7.2 ITER in-vessel
survey (TW1-TVA/IVP)

penetrator

dimensional

In July 2002, at the CEA robotics laboratory in Fontenay-aux-Roses
(France), ENEA and CEA carried out a survey of a single module
of the in-vessel penetrator (IVP) for manipulation and inspection of
the ITER in-vessel environment (fig. 3.27). The goal was to create a
database to model the mechanical static and dynamic behaviour of
the whole robot. The survey was made with the ENEA laser tracker
(fig. 3.28), which has an accuracy and speed that distinguish it from
other portable coordinate measuring instruments and make it the
best tool for measuring the trajectory of a robot.

3.7.3 Calibration tool for the MAESTRO
For in-vessel removal and installation of the ITER divertor
cassettes, the cassette toroidal mover (CTM) has to be equipped
with a dexterous manipulator arm (MAESTRO) driven by an
advanced computer-assisted teleoperation system.
To develop a software calibration tool for the
MAESTRO mechanics, hydraulics and contro l
systems, ENEA and CEA carried out a survey of the
manipulator (Task TW1-TVA/MANIP) in July 2002,
at the CEA robotics laboratory, using the ENEA laser
tracker. Results confirm that with the laser tracker it
is possible to measure the position of a reflector on
the moving arm of a robot with great accuracy and
adequate frequency (up to 1,000 Hz), thus allowing
analysis of the oscillations and vibrations of the arm,
as well. Moreover, the whole survey was carried out
in a relatively brief period, thus saving time and
resources.

Fig. 3.25 - FARM hinge

Fig. 3.26 - Hinge load test

Fig. 3.27 - IVP survey

Fig. 3.28 - Laser tracker survey
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3.7.4 Integrated environment trials with the SCC (T308-1, Subtasks 2&3)
A series of trials was performed on the second cassette carrier (SCC) in an integrated remote handling
environment during February 2002. A procedure for removing and installing the second cassette was devised,
and hands-on trials were first carried out with the use of all the elements (mechanics, control system, humanmachine interface, automatic sequencer, graphical simulator, viewing system). Finally, a series of five
installations and removals was done completely from the control room, without either access to or direct
viewing of the work area.

3.7.5 Transfer of the MAESTRO master servomanipulator to the DTP control
room
Following the successful integration of the MAESTRO slave servo-manipulator arm in the CTM at the end of
2001, the MAESTRO operator environment, including the master arm, its control system and virtual reality
workstation, were all involved in a major reorganisation of the divertor test platform (DTP) control room.

3.7.6 Reliability trials with the CTM
The second series of trials entailed using the CTM to test the reliability of the complete system over a much
longer period. Since the earlier SCC trials had indicated a number of fundamental problems, and since the
equipment had received little preventative maintenance since installation, Framatome was asked to carry out
a complete check of the CTM system, including servicing, where necessary, and give advice on how the
reliability trials could best be executed. Problems with the auxiliary systems, in particular the graphical
simulator, were also worked on to improve the readiness of the equipment for the trials.
During the trials (September 2002), involving over 60 complete removal-plus-installation cycles, all carried
out from the control room, the equipment performed very well.

3.7.7 Design, construction and qualification of a laser cut/weld module (TW0DTP-01)
Construction and commissioning of the laser module and control system were completed, as was the formal
bench-test qualification of cutting & welding at the RTM research laboratory near Turin.

3.7.8 Minimum sensor and rescue trials with the CTM (TW1-TVA-DTP)
A series of trials was carried out in December 2002 to simulate the failure of a number of the key sensors
installed on the CTM. The sensors included a linear variable displacement transformer (LVDT) and digital
sensors which indicate proximity of the cassette to the CTM. The trials showed that the installed sensors were
redundant.
In parallel, an experiment was carried out with a standard brushless servomotor of the type installed in the
DTP mover systems. In the tests, an attempt was made to drive the unit without feedback from an integrated
position, in which state the motor is conceptually similar to a synchronous motor. The servo-amplifier
installed on the DTP was found to be unusable in this application, so a versatile three-phase industrial
inverter was procured and attempts made to drive the motor in open position, simulating a failed sensor or
associated wiring. The results were not promising and since, under similar circumstances, a standard dc
brushed motor can still be driven at full torque to rescue the failed equipment, the results of these tests will
strongly influence the final choice of the motors used in the ITER RH systems.

3.7.9 Phase II of the heavy manipulator upgrade (TW0-DRP-01, Subtask 1)
The heavy manipulator and other associated devices have always been operated manually using a basic
operator control panel. Since the early stages of the divertor refurbishment platform (DRP) operations
precluded direct viewing, repetitive actions were difficult and time-consuming, so a programme of work to
incorporate automatic execution of frequent manoeuvres was started in 2001. The final step in early 2002
involved modifying the existing programmable local controller (used to show the operator the position of
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each joint) to enable trajectories to be taught and repeated automatically. At the same time, the system output
positional data were conditioned so that they could be used with a graphical simulator to create a virtual
reality environment.

3.7.10 New cassette mockup (TW2-DRP-01, Subtask 2)
Following a call for tender, the order for the new FEAT-based cassette mockup was placed in late 2001, and
the first half of 2002 saw a lot of interfacing with the contracted company, and with the company in
Luxembourg designing and manufacturing the multilink attachment blocks. Unfortunately, the contractor
went bankrupt in July and progress was halted.
Recovery took some time as there was a difficult legal situation and in the end it was decided to start the
design and construction from scratch. The latest cassette updates released by ITER were incorporated into
the final specifications, and the new call for tender was launched in December 2002.

3.7.11 DRP graphical simulator (TW2-TVR-DRP)
The graphical simulator incorporated in the DTP had limited success due mainly to technical problems.
Nevertheless, owing to the high activation levels of the cassette, a simulator in the DRP is a vital part of the
operator environment.
In the latter half of 2002 the heavy manipulator model was constructed in AutoCad 3-D and successfully
imported into the DVD mockup. Early development used as the position source a simple trajectory generator,
which was finally replaced by the actual controller; tests indicate that the system will be very useful.

3.7.12 Plasma-facing component transporter (TW1-TVA-DRP)
The general concept of the new system for transporting and positioning the ITER-FEAT cassette targets was
agreed on in 2001 and, in 2002, a detailed feasibility study was commissioned to confirm that the plasmafacing component transporter (PFCT) could be integrated into the existing DRP environment. The results of
this study were generally positive, paving the way for comprehensive specifications and a call for tender for
the detailed design, construction and integration of the PFCT in the platform.

3.8 Materials
3.8.1 Li2TiO3 pebble reprocessing; recovery of 6Li as Li2CO3
Important aspects of (i) hydrogen interaction with Li2TiO3 ceramics, (ii) 6Li isotope recovery from this Lidepleted breeder material and (iii) its fabrication in the form of dense pebbles by “true” sol-gel methods have
been explored in cooperation with JAERI, Japan in the framework of an IEA task agreement. [3.36-3.38]
Concerning (i), titania doping (up to 30%) of Li2TiO3 pellets was tested to see if it influenced the chemical
stability-reactivity of the specimens when exposed to air and to helium + hydrogen (0.1% by vol.) purge gas
(R-gas) at temperatures from room to 900°C. TiO2 addition above 5% was found to be beneficial against
moisture and CO2 adsorption, but its “reduction” to substoichiometric Li2TiO3-x formula under R-gas
sweeping is not clear yet, because of the formation of the phase Li4Ti5O12-y whose O-vacancy concentration
(y) is still not well separable from that pertaining to the main phase (x).

[3.36] C. Alvani, St. Casadio, S. Casadio, Kinetics of tritium release from irradiated Li2TiO3 pebbles in out-of-pile
TPD tests, presented at the 22nd Symp. on Fusion Technology (SOFT) (Helsinki 2002)
[3.37] K. Tsuchiya, et al., Effect of TiO2 on the reduction of lithium titanate induced by H2 in the sweep gas,
presented at the 22nd Symp. on Fusion Technology (SOFT) (Helsinki 2002)
[3.38] K. Tsuchiya, et al., Study of density improvement for Li2TiO3 pebbles fabrication by direct wet process,
presented at the 22nd Symp. on Fusion Technology (SOFT) (Helsinki 2002)
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Under the EFDA-TW3-TTBB program (ii), undesired Na impurity content (400 ppm) was found in the Li2CO3
compound obtained from depleted Li-titanate pebbles. This activity is continuing in order to improve the
Li–6 isotope recovery process as a lithium carbonate precursor for the “reference” helium-cooled pebble bed
(HCPB) blanket program.
ENEA’s “direct” and simple pebble fabrication (iii) by a new wet-chemical route was found to give very
interesting results under in-situ irradiation testing in the Petten high-flux reactor (EXOTIC-8.9 experiment).
The development of this method at JAERI to obtain pebbles by drying sol-gel drops seems interesting, and it
is now considered an ENEA objective in the framework of the 2003 European programme.

3.8.2 Mechanical properties of RAFM steels in Pb-17Li environment (TMS-003.6)
The experimental programme to verify the effects of neutron irradiation on liquid metal embrittlement was
to be performed in co-operation with IPPE Obninsk (RF). The programme was defined under the auspices of
the Institute for Scientific and Technical Co-operation. During the reporting period both the test matrix and
the test section were defined and the EUROFER 97 tensile samples were machined. The test section was
constructed by IPPE, but its installation in the reactor was blocked by the Russian authorities in summer 2002.
A proposal to move the experiments to the nuclear reactor facilities in NIAR, Dimitrovgrad (RF) was
discussed and will be defined in 2003.

3.8.3 Compatibility of SiCf/SiC composites with Pb-17Li
The objective of the task was to study the compatibility between SiCf/SiC composite and liquid Pb-17Li for
significant exposure times (100, 1000 and 6000 h) at a temperature of about 550°C, in physical-chemical
conditions representative of those of the TAURO blanket. During 2002 exposure up to 1000 h was completed.
To evaluate any possible degradation of the mechanical and elastic properties, four commercial CERASEP
N3-1 specimens in “as received” conditions and one without its SiC coating on one face were characterised
before and after 1000 h by using non-destru c t i v e
techniques, which included geometrical dimensions,
mass variation, longitudinal and flexural dynamic
moduli of elasticity.

Fig. 3.29 – Backscattered SEM images of SiC
specimen exposed at 550°C in Pb-17Li for 1000 h

After the test, no dimensional changes were detected,
but a weight increase was observed for all the
specimens, corresponding to an apparent density
increase ranging between 7 and 11%. Only flexural
resonant frequencies were detected, and the calculated
flexural dynamic moduli of elasticity were found
unchanged. X-ray diffraction (EDX) analysis showed
SiC and Pb phases on the surface, while no lithium
compounds were detected. Several cross sections were
observed by using scanning electron microscopy (SEM)
with EDX; Pb metallic was found to fill cavities inside
all the specimens, with and without SiC coating, up to
the inner layer (fig. 3.29). No evidence of erosion was
observed on the specimen surfaces.

3.8.4 Mechanical properties of RAFM steel base material and joints
The studies on EUROFER base metal were focused on low cycle fatigue (LCF) and thermo-mechanical fatigue
(TMF) testing. A consistent number of results was obtained for continuous thermal cycling conditions (min.
temperature of 150, 200 and 250°C, ∆T of 300, 350 and 400°C); the fatigue lifetime ranges from 200 to 3400
cycles. Hold-time effects were also studied by introducing dwell-times of 10 and 100 s at the lowest
temperatures (150 and 200°C) and 100-1000 s at the highest (500 and 550°C, respectively). In all cases a
systematic shortening of fatigue lifetime was found. Increasing the dwell time at Tmin from 10 to 100 s, a
further reduction was observed: fatigue lifetime is almost halved under continuous thermal cycling. This
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trend is not wholly confirmed by the results obtained at 200-550°C. Thermo-mechanical fatigue tests at
reduced heating-cooling rate pointed out an interesting feature. Three temperature ranges (150/500, 200/550
and 250/600°C) were selected and the rate was lowered to 2.5°C/s (from the “standard” 5°C/s). The fatigue
lifetimes at higher temperatures were sharply shortened; reductions of the order of 20-25% were found. No
effects were noted at 150/500°C.
Two stress-rupture tests (at 500°C) were completed (initial applied stresses of 280 and 250 MPa, time to
rupture of 182 and 1692 h, respectively) on EUROFER 97 base material. At present, four creep-machines are
running with base material - as-welded and post-welding heat-treated specimens - loaded at 220 MPa. The
base material specimen reaches a test-time of 3500 h; the welded joints about 1000 h. Tungsten inert gas joints
fabricated by CEA will be received in March 2003.Tensile tests on specimens aged at 750°C for 1000 h
demonstrated the thermal stability of this commercial alloy. No differences between the tensile properties of
aged and as-received material were noted, in terms of either mechanical strength or ductility. Tests were
carried out at RT, 450 and 750°C, with a nominal deformation-rate of 1.8%/min.

3.8.5 Low-cycle fatigue of RAFM in water with additives
The objectives of the experimental activity carried out during 2002 were
to complete the study on the LCF properties of EUROFER 97 in water with the additives recommended for
the DEMO coolant;
• to perform a comparative study of the LCF behaviour of F82H mod and EUROFER steels in the same
environmental conditions.
•

The testing conditions for the as-received F82H mod and EUROFER 97 were load control testing (ASTM
E606); fully reversed (R=-1) triangular waveform; nominal stress amplitudes 0.8 σ 0.2, 0.9 σ 0.2 and σ 0.2;
frequency ≈0.03 Hz. The environmental conditions were flowing air at 240°C; flowing oxygen-fre e
LiOH–dosed water (9 l/hour, O2< 5ppb, (pH)RT=9.8; conductivity=10 µS.cm-1) at 240°C and 45 atm with and
without 2ppm dissolved hydrogen.
The results, obtained at temperatures slightly below the DEMO blanket operative range, can be summarised
as follows [3.39-3.41]:
For both EUROFER and F82H
steels, the fatigue lifetime reduction
induced by water and by air
environments did not show any
evidence of the effect of dissolved
hydrogen. Figure 3.30 reports the
cycles-to-specimen
(EUROFER)
rupture as a function of stre s s
amplitude and previous results for
F82H under the same testing
conditions.

•

Fig. 3.30 - LCF lifetimes of F82H
heat 9753 and EUROFER 97 heat
E83694 in air and LiOH-dosed water
at 240°C (RL: test replication level)

[3.39] M.F. Maday, Fusion Eng. Des. 61-62, 665 (2002)
[3.40] M.F. Maday, Low cycle fatigue behaviour of the reduced activation ferritic/martensitic steel Eurofer’ 97 in
fusion reactor water coolant, in preparation
[3.41] M.F.Maday, A comparative study of the low cycle fatigue properties of the reduced activation
ferritic/martensitic steels F82H modified and Eurofer’97 in fusion reactor water coolant, in preparation
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The scatter of fatigue responses in terms of fatigue lifetimes and fracture characteristics was found to
correlate with material variability, due to different types and distributions of incoherent inclusions. Such
oxides, beneficial when well dispersed, are very detrimental if clustered. Oxide-free specimens denoted a
major tendency to plastic flow localisation and a major propensity to brittle-to-ductile fracture mode
transition. Such effects in EUROFER steel are illustrated in figure 3.31.
• The microstructure-sensitive character of
fracture suggested, in agreement with the
electrochemical results, that the damaging
p rocesses were signs of a decohesion
mechanism, due to cathodic hydrogen
supplied to steel by water reduction.

•

The results show why the segregation of
strong traps, which attract hydrogen and
also act as potential cracking sites, should
be avoided through appropriate microstructural control.

3.8.6 Microstructural investigation of He effects in RAF-M
steels using SANS
In a continuing collaboration with FZK,
transmission electron microscopy (TEM)
Fig. 3.31 - Incoherent Ta-oxide distribution and fracture
was used to study the samples already
characteristics of EUROFER97 specimen after LCF testing
investigated by small-angle neutro n
under 385 Mpa, 0.03 Hz stress amplitude and frequency, in
scattering (SANS) [3.42]. The combined use
240°C LiOH-dosed water environment (%FR: percent fatigue life
of SANS and TEM is essential for properly
reduction)
describing
the
distribution
of
microstructural defects produced by irradiation. For
instance, in the case of He-bubble distribution in
F82H-mod. steel implanted with 400 appm He, in the
overlap region the agreement between the two
experimental methods is good, but the SANS data
can better resolve the presence of bubbles smaller
than 1 nm; bubbles play a crucial role in
microstructural development. Figure 3.32 shows an
example of SANS-TEM correlation studies of Hebubble distribution. Another example of the
correlation studies is the investigation of EUROFER
martensitic steel strengthened by a dispersion of
Y2O3 ceramic particles (ODS-EU R O F E R). This
material exhibits fairly inhomogeneous distributions
of the Y2O3 particles. The SANS distributions
accurately describe the inhomogeneity and correlate
well with the TEM data. Finally, the polarized SANS
technique was utilised to investigate a series of
n e u t ron-irradiated martensitic steels and nonirradiated EUROFER through the analysis of
Fig. 3.32 – Comparison between He-bubble SANS
nuclear-magnetic interference, which pro v i d e s
volume distribution (continuous line) and TEM
unique information on the compositional changes
histogram (dashes, Dr. M. Klimenkov) at 250°C
that take place under irradiation.

[3.42] R. Coppola, H. Glättli, M. Valli, Appl. Phys. A74, 1055 (2002)
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3.8.7 SiC/SiC ceramic composites as PFC material
The objective of the activity was to evaluate the effect of high-temperature heat treatment of the matrix on the
thermal and mechanical properties of Tyranno SA/SiC matrix composites manufactured by a hybrid
chemical vapour infiltration/polymeric infiltration and pyrolysis (CVI-PIP) process.
The manufactured composites had 2-D and
3-D fibre textures, a volumetric percentage
between 35 and 40% and thickness of about
4 mm. The manufacturing process can be
summarised as follows. Following chemical
vapour deposition (CVD) of a 0.10-µm
pyrolithic carbon, a first layer of silicon
carbide was provided by CVD up to a
thickness of 0.20 µm. Then infiltration with
allylhydridopolicarbisilane polymer and
SiC alpha particles was performed, followed
by seven pyrolysis cycles at 1300 and
1600°C.

Fig. 3.33 - a) 3-D composite micrograph; b) particular of intrabundle matrix

Figure 3.33 a) shows a typical micrograph of the 3-D composites; the good intrabundle infiltration and fine,
well distributed porosity can be seen in figure 3.33 b). The relevant properties of the composites
manufactured are given in table 3.VI.
In conclusion, the high-temperature treatment
p romoted
polymer-derived
SiC
matrix
crystallisation and benefited mainly thermal
conductivity. A sufficiently high bending strength
was measured for the 2-D composites produced; the
3-D composites showed even better values.

3.8.8 Low-activation brazing of
SiCf/SiC composites
A suitable brazing technique for SiC and SiCf/SiC
ceramic matrix composites has to have chemical
compatibility, wettability, a thermal expansion
coefficient similar to that of the SiC substrate, high
shear strength and, for the composite, a brazing
temperature that can prevent fibres and fibre-matrix
interface degradation.

Table 3.VI - Properties of hybrid Tyranno
Sa/SiC matrix composites
AFTER 1600°C HEAT TREATMENT
Composite

2D
3D
3D

Density Thermal diff. Thermal cond.
(g/cm3)
(cm2/s)
(W/mK)

2.48
2.52
2.54

0.097
0.183
0.145

17.3
33.2
26.5

AFTER TWO ADDITIONAL PIP CYCLES
Density Thermal diff.Thermal cond. Mean MOR
(g/cm3)
(cm2/s)
(W/mK)
(MPa)

P u re silicon has good chemical compatibility,
2.56
365
wettability and a thermal expansion coeff i c i e n t
2.58
similar to that of silicon carbide, but it has limited
2.60
0.150
28.1
322
strength. Following the activity performed in 2001,
which led to the development of a brazing technique
based on the use of the 84Si-16Ti (at %), 82Si-18Cr (at %) eutectic alloy (1305°C melting point) was
investigated in 2002. The lower melting point (compared to pure silicon) and the presence of chromium as
active element are favourable to brazing.
The eutectic was prepared before brazing operations by melting Si-Cr mixtures in an argon plasma furnace
and then re-melting them in an electron beam to get a fine eutectic structure. Powders were prepared by
milling the small ingots obtained and were then used for the brazing experiments. Monolithic and then
SiCf/SiC composites samples were brazed.
Joining was performed in vacuum, which produced joints without any discontinuities or defects at the
interface and a fine eutectic structure with morphology comparable to that of the starting powders.
Microstructure investigations carried out by means of TEM (fig. 3.34) and electron energy loss spectroscopy

73

(EELS) showed no interdiffusion or phase formation at the interlayer, leading to the conclusion that direct
chemical bonds are responsible for the adhesion.
Shear tests performed at RT and 600°C on lap joint specimens gave
significant results: The samples manufactured with monolithic SiC
cracked at a high shear stress level (about 150 MPa) and mainly in the
SiC bulk, while the composite samples exhibited shear strength up to
80 Mpa; also in this case the failure occurred in the base material.

3.8.9 Mechanical characterisation of materials with
miniaturised specimens
The portable flat-top indenter for mechanical characterisation
(FIMEC) was further developed to reduce its weight and dimensions.
The option finally chosen for the apparatus uses a different stepping
motor and different load displacement detection features to those of
the fixed apparatus. The manufacturing drawings have been
completed, and the order for the components has been issued.

Fig. 3.34 - Microstructure of brazing
area between SiC and Si–18Cr. a) HVTEM image of complete brazing
layer-low magnification; b) interface
area between SiC and brazing
material

In parallel, experimental activity with the fixed apparatus was continued.
Loading-unloading curves were performed with a 1-mm-diam punch to
estimate Young’s modulus by means of the initial slope of the unloading
curve. Using this procedure the modulus was determined with an
approximation of 10%. In addition, loading-unloading curves produced
with increasing penetration depth on the same specimen (fig. 3.35)
showed that the slope of the initial part of the unloading curve is
independent of the penetration depth, thus confirming that the procedure
can effectively estimate the elastic modulus.
Finally, a database analysis methodology was developed to provide a
consistent tool for interpreting the load penetration curves of
different materials in order to estimate the yield stress of
tested materials.

3.9 Liquid Metal Technology
Hydrogen Behaviour/Materials

and

3.9.1 PRF measurements in Pb-17Li/gas,
thermal cycling, parasitic effects, selfhealing (TBA 003.D1)
The experimental campaign, started in 2000, was aimed at
measuring the tritium permeation reduction factor (PRF) of
the coating barrier. Chemical vapour deposition (CVD) and
hot dipping (HD) were used to prepare alumina coatings,
but the results were disappointing so the campaign was
Fig. 3.35 - Loading-unloading curves with
repeated in 2002. Unfortunately, this second campaign gave
increasing penetration depth
similar results, confirming the limits of both coating
techniques when applied to complex geometries, such as
tapped tubes. The HD technique produced unrecoverable defects in the welded area of the tubes, creating
cracks, probably because the thermal treatment of aluminium induces over-stress.

3.9.2 Measurement of tritium transfer kinetics, tritium diffusivity and Sieverts’
constants in Pb-17Li (TBA 004.D1)
In 2002 the experimental campaign on the LEDI device continued, after the the vacuum tightness of the
system had been improved. The new results, obtained in a wide pressure range (between 100 and 1000 mbar),
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gave hydrogen diffusivity values coherent with the literature values.
The SOLE apparatus, designed to perform experiments on hydrogen/deuterium solubility in Pb-17Li in the
temperature range of 400-550°C, was delivered in May 2002 and the calibration phase was concluded. This
activity is significant also for the new helium-cooled lithium-lead (HCLL) concept and is fundamental for the
development of a reliable system for tritium extraction from Pb-Li.

3.9.3 Modelling of tritium extraction from water and Pb-17Li; extrapolation to
test blanket module and power blanket conditions (TBA 004.D7)
The activity was aimed at developing the conceptual and engineering design of a tritium recovery system for
the DEMO water-cooled lithium-lead (WCLL) blanket in which a significant part of the generated tritium is
recovered by a high-capacity water detritiation system (WDS), which relaxes the requirements on the tritium
permeation barrier efficiency.
A thorough analysis on innovative concepts of steam generators was carried out in cooperation with the
Nuclear Engineering Department of Milan Polytechnic. Some solutions that can assure a very low leak rate
from the primary to the secondary circuit were identified. The activity also addressed steam generators for
gas-cooled reactors to verify whether it was possible to extend past results to the HCLL blanket concept.

3.9.4 Experimental determination of the effect of large water leaks into Pb-17Li
(TBA 005.D1)
The experimental characterisation of the interaction between hot pressurised water and liquid Pb-17Li was
continued with experiments Nos. 7 and 8 on the LIFUS 5 plant. Water was injected at a pressure of 155 bar
and a temperature of 325°C, while the liquid metal temperature was fixed at 330°C in test No. 7 and 430°C in
test No. 8, keeping the expansion vessel in the Ar phase. The pressure evolution demonstrated that the liquid
metal temperature has no evident influence on the interaction between water and liquid metal.

3.9.5 Characterisation of coatings acting as permeation and/or corrosion barriers
(Task TBC 003.D1)
A device for the oxidation of EUROFER membranes was designed. Data available in the literature, and
mainly referring to Ni alloys, were examined to determine the optimum composition of the oxidizing gas
mixture. A continuous stream of Ar saturated in water with a partial pressure of hydrogen three times higher
than that of water will be used to produce the oxide layer.
The PRF of the oxide layer will be determined with the use of the PERI 2 device.

3.9.6 Tritium balance for HCLL in DEMO and definition of the R&D (TBC 003.D2)
A computer code was developed to calculate the tritium balance in the HCLL blanket before the end of 2002.
The activity was suspended in agreement with EFDA because of lack of data on the new HCLL blanket
module geometry.

3.9.7 Flowing-Pb-17Li corrosion on EUROFER steel (TBC 003.D3)
One of the main issues of the new HCLL blanket concept is the expected increase in the operating
temperature of the blanket structural materials in contact with slowly flowing lithium-lead alloy and the
consequent need to carefully evaluate the corrosion resistance.
In 2002 the literature data on EUROFER corrosion were analysed and the most suitable operating conditions
were determined. The test section was designed and constructed. The experimental parameters have been
fixed as follows: temperature of 550°C, liquid metal velocity of 5 mm/s, exposure times of 1500, 3000 and
5000 h.
First results of corrosion resistance of EUROFER steel are expected in July 2003, after an exposure of 1500 h.
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3.9.8 Development of tritium recovery system from Pb-17Li (TBC 004.D1)
An extensive review of recent experimental results achieved in different European laboratories and the
consequent selection of the most promising extraction technology were concluded in 2002. On this basis work
was begun to design a facility for studying the process of tritium recovery from Pb-17Li and verifying the
theoretical assumption on a significant scale. In fact, the achievement of the correct tritium balance depends
essentially on the capability to recover tritium from the breeder material. The expected results represent a key
point in the development of the HCLL blanket concept.

3.10 Thermal-Fluido Dynamics
3.10.1 Fabrication and testing of test modules in HE-FUS3 (Subtask TTBB-003)
In contribution to the design of the DEMO helium-cooled pebble bed (HCPB) solid breeder blanket, the HEFUS3 facility at ENEA Brasimone is being used for out-of-pile testing of small- and medium-scale blanket
mockups (HELICHETTA, HELICA and HEXCALIBER). The main objectives are to simulate the lithiatepebble filling procedure, assess the filling in the prismatic cells and measure the thermal conductivity of the
bed and the cooling plate (CP) deformations during thermal tests when the initial lateral pressure load and
the mockup orientation are changed.
The first test campaign (HELICHETTA I in 2001) on Li4SiO4 and Li2TiO3 pebble beds without helium purge
flow verified the temperature field repeatability and the mechanical stability of the beds when the pebbles are
packed in the breeder cells at a high packing factor (>0.62) by vibrations.
In 2002, the second test campaign (HELICHETTA II) on Li4SiO4 pebbles, with and without helium purge flow
at quasi steady-state ramp testing, confirmed that the elastic spring control on the pebble beds, at high
packing and light pressure (<3.2 MPa), is able to i) keep the temperatures constant vs. the spring load below
3.2 MPa; ii) assure repeatability of the bed temperature field during ramps (within ±3 °C) eliminating, most
probably, the bed relocation; iii) keep the CP deformations at relatively low values (±0.1 mm). However, the
spring system is unable to avoid the bed height reduction (about 6%), probably due to pebble creep and
fragmentation at high temperature. The original bed height was resettled by puffing helium from the bottom
of the cells. Relevant amounts of powder were released from the cells during this operation.
Reduction of the bed height was not avoided even when the plug was blocked against the pebbles at a high
pressure of 34 MPa. Large amounts of powders were again released from the cells during pebble discharge.
In conclusion the two test campaigns showed that the pebble behaviour largely depends on the boundary
conditions of the test apparatus.
The HELICHETTA III test campaign on the stiff containments of the breeder pebble beds was proposed in the
framework of Task TW3-TTBB-002 D3.
At the end of July 2002, ENEA launched the contract for the fabrication of HELICA and HEXCALIBER. The
contractual time schedule provided for the delivery of HELICA and HEXCALIBER, respectively, 4 and 8
months after the contract signature. The blueprints of both mockups were completed. By November 2002, the
preliminary testing of the electron beam welding of the T-91 martensitic steel and its final qualification were
successfully concluded. The cutting and machining of the HELICA components finished at the end of 2002.
Final welding and assembly of HELICA is foreseen by the end of January 2003.

3.10.2 Thermal fatigue testing of EDA and primary first-wall mockups (EFDA
Contracts 00-529 and 00-533)
The activities concern the thermal fatigue testing of the EDA mockups (EDA Task T216) and primary firstwall (PFW) panels (EDA Task T40”).

EDA mockup tests
The thermal fatigue tests on beryllium-armoured mockups are aimed at verifying the capability of the Be/DSCu (Glidcop-Al25)/ SS (AISI 316 L) joints, manufactured by hot isostatic pressing (HIP) and by different
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producers, to withstand the reference thermal fatigue loads for 30000 cycles when the incident heat flux
exceeds 0.8 MW/m2. Each mockup is armoured with three or four Be tiles with different dimensions. For each
test campaign four mockups are to be tested in parallel on the EDA-BETA facility. The thermal fatigue cycling
stress is obtained by electronically regulating the heater voltage supply at a reference period of 300 s. At the
end of the tests at EDA-BETA, the Be/Cu alloy/SS joints will be re-controlled by ultrasonic testing.
At the end of 2001, a first group of four mockups was assembled on EDA-BETA. In 2002 preliminary steadystate thermal-hydraulic and heat flux tests were successfully carried-out, verifying that it was possible to
have a heat flux higher than 0.80 MW/m2. The experimental temperature measurements on the mockups
were fully predicted by the finite-element method (FEM) ANSYS code analyses, during both steady state and
fatigue tests. For the fatigue test campaign, the incident heat flux was increased up to the maximum value.
At an incident flux of about 0.35 MW/m2 and after about 50 cycles, the superior Be tile of the DS-9J mockup
failed. A large amount of Be powder was found sprayed all around the vacuum chamber. Examination of the
DS–9J Be tile surfaces by an optical fibre endoscope revealed a large melting zone on the Be tiles. The failure
was due to the complete detachment of the three Be tiles from the DS-9J mock-up. No failure was revealed
on the other three mockups.
At the end of September 2002, before restarting the fatigue tests, the remaining three EDA mockups already
tested at Brasimone were sent to VTT in Finland for further nondestructive examination by ultrasonic
analysis.
In October 2002 the EDA-BETA vacuum chamber was completely cleaned. In November 2002 the mockups
were returned to Brasimone and their re-assembly inside EDA-BETA started. The testing programme should
restart in February 2003.

Primary first-wall panels
In 2002, the first two primary first-wall (PFW) panels were received at Brasimone. Assembly of the panels
inside the THESIS vacuum chamber started in spring 2002 and, after the EDA I run, was stopped for
modification in order to prevent any Be particulate from depositing on the vacuum chamber internal surfaces.
At the end of 2002 ENEA concluded the evaluation of possible systems to monitor the superficial temperature
of the PFW panels during the fatigue tests so as to avoid Be melting. Unfortunately, no diagnostics, such as
IR detection or CCD visual inspection, was considered reliable due to the intense heat flux (0.85 MW/m2)
coming from the electrical resistor and because of its high temperature (1800 °C). Therefore, the idea of
continuous monitoring of the FW Be temperature was abandoned.
However, a safety tank enveloping the PFW assembly inside THESIS was retained sufficiently reliable to
prevent any possible release of particulate due to Be melting and sublimation at high temperature. Design of
this system started at the end of 2002.

3.10.3 Design of the upgraded He-FUS 3 testing facility (TBC 004.D3)
To test different (ITER and DEMO) HCLL and HCPB module mockups with the main ancillary circuits under
real operative conditions, it is necessary to develop an integrated circuit in which both module concepts can
be tested. Hence, the aim is to design and construct a liquid metal circuit, by upgrading the existing He-FUS 3
facility so that it can host the HCLL modules.
The first phase of the activity was concluded with the definition of the detailed design of the loop.

3.11 International Fusion Material Irradiation Facility (IFMIF)
3.11.1 Activity in support of cavitation testing (TMI-002-D2)
In 2001 a collaboration was set up between ENEA and JAERI to detect the insurgence of cavitation noise in a
lithium facility at Osaka University. The cavitation noise detection tests by the ENEA-CASBA 2000
accelerometer and the requirements for installing this equipment in the lithium facility were defined. Two
new CASBA 2000 accelerometers for cavitation noise detection were delivered to Brasimone in September
2002, and preliminary acceptance testing to certify their performance was completed by the end of 2002.
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3.11.2 Water experiments for the replaceable back-plate joint (TMI-002-D3)
ENEA designed an experimental mockup (HY-JET) based on the available reference IFMIF lithium target
geometry and thermal hydraulic data and then planned the relative water experiment. The main aims of the
test activity were to evaluate the stability of the IFMIF lithium jet flow on the target by water experiments on
HY–JET and to monitor the cavitation occurring near the nozzle. The calls for tender for fabrication of the
Hy–JET mockup and modification of the ENEA CEF1-2 thermal hydraulic facility were issued at the
beginning of 2002.
The experimental mockup simulates the reference target on a smaller scale, with a 200 x 20 mm wide free surface
jet flow. To assure more experimental flexibility the mockup reproduces all the relevant features of the target. The
experimental test matrix was set, according to the reference assumption, by varying the water jet flow velocity
on the mockup. The basic experimental parameters are i) backplate curvatures 250-450 mm; ii) tolerance of the
joint between the nozzle and the target backplate ±0.1 mm; iii) backplate surface roughness 1–10 mm.
The mockup fabrication was delayed due to technical difficulties. The relevant activities started in September
2002 and terminated at the end of 2002. The mockup will be mounted on the CEF 1-2 thermal hydraulic
facility at Brasimone at the beginning of 2003 and this phase will be concluded by the end of January 2003.
The acceptance test will be carried out in February 2003.
The occurrence of cavitation, close to the nozzle and the flow straightener/multi-hole diaphragm pressure
reducer, will also be monitored during the water jet tests by means of the CASBA-2000 ENEA patented
equipment. The hydraulic instability waves have to be monitored by optical penetrations located on the front
and lateral sides downstream of the free surface jet flow and will be recorded by a high-speed camera.

3.11.3 Lithium corrosion and chemistry (TMI-002-D4)
The construction of the LIFUS III loop for testing non-metallic cold and hot traps, monitoring devices and evaluating
the corrosion/erosion rates in IFMIF representative conditions was started and the EM pump was ordered.
The most promising techniques for the non-metallic control and monitoring systems were selected as follows.
Hydrogen: direct pressure measurement with the use of niobium or niobium-zirconium membranes and
control by the cold trapping method.
• Oxygen content in Li: measurement with an electrochemical sensor using yttria-doped thoria as solid
electrolyte and control by cold trapping to remove oxygen from lithium.
• Carbon: measurement by carbon diffusion meter based on the designs used for sodium systems and
control by cold trapping.
• Nitrogen: measured by an electrochemical system, using a molten salt LiCl-LiF-Li3N and control of
nitrogen in flowing liquid metal by hot trapping.
•

A close collaboration was established with Nottingham University
to develop and test different sensors in static conditions.

3.11.4 Detailed design, fabrication and remote
handling test of removable back-plate (TMI-002D5)

Fig. 3.36 - Detail of the back-plate
mockup locking system
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The conceptual design of the removable back-plate was completed,
and the general test specifications were issued in early 2002.
P reliminary trials were carried out with the demo back-plate
mockup to check remote handling (RH) procedures and the ability
of each item of equipment to perform its task. The design of the
back-plate mockup was definitively approved in November 2002,
and fabrication is expected to be completed in early 2003. During
fabrication, technological tests were performed to improve the
design, e.g., verification of the sealing capability of the locking
system (fig. 3.36).

The design phase for the RH ancillary equipment, in particular the tool positioning system and interface, was
started in December 2002.
A preliminary study of the bolting systems and the necessary interfaces between the mockup and the existing
remote handling equipment in the divertor refurbishment platform (DRP) facility was carried out.

3.11.5 Design and mockup tests of the lithium jet target
The lithium jet thermal hydraulic stability analysis was completed during 2002. The design solution to
guarantee jet stability against overheating by the high-power deuteron beam is to use a curved high-velocity
(15.20 m/s) back-plate [3.43].
Analyses with the RIGEL computer code to determine the best operating conditions for the options
concerning the beam power on the liquid lithium (table 3.VII) gave satisfactory results (table 3.VIII) from the
design point of view. In particular:
The jet temperatures remain relatively far from boiling for all the cases. The minimum value for the boiling
margin (35°C) is found at the jet free surface.
• The evaporation rate at the free surface for all the cases reaches a maximum value of 16 g/y.
•

3.11.6 System safety analysis and shielding calculation
Lithium target safety analysis
A systems analysis was performed to evaluate the reliability of the target facility. The fault tree technique was
implemented to identify potential failure modes affecting the system during normal operation and to assess
the system failure-probability.

Table 3.VII - Beam load case
Case No.

1
2
3
4
5

Beam power
[MW]

10
5
2
5
2

Beam current
[mA]

250
125
50
125
50

Beam footprint
Width (cm) Height (cm) area (cm2)

20
20
20
10
4

5
5
5
5
5

100
100
100
50
20

Beam current density
(mA/cm2)

2.5
1.25
0.5
2.5
2.5

Table 3.VIII - Main results of the analyses
Case No.

1
2
3
4
5

Tmax bulk

Tmax FS

Min BM bulk

Min BM FS

Evap. [g/yr]

441.17
346.35
288.80
347.8
289.37

297.30
273.64
259.45
274.00
259.60

402.99
426.50
428.69
426.14
429.69

35.21
58.87
73.05
58.51
72.91

16.2
5.87
3.61
5.92
3.62

[3.43] B. Riccardi, et al., Activities on IFMIF lithium target at ENEA, presented at the 22nd Symp. on Fusion
Technology (SOFT) (Helsinki 2002)
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The Risk Spectrum® PSA Professional software that performs risk and reliability analysis based on fault and
event trees was used for the analysis. The component failure rate data were selected from the available
databases judged applicable.
Fault tree models were constructed taking into account the loss of coolant in all the loops and the loss of the
lithium purification and vacuum systems.
The final result of the analysis in terms of the probability of failure of the IFMIF target system was
QTOT=1.29–01 over a week’s mission.
Analysis by Risk Spectrum at “component level” gave the following results:
lithium heaters are the most critical components for the failure probability of the lithium cooling system
(91.45%) and of the overall plant (19.34%);
• 3-kV breaker unavailability is predominant in a failure of the electrical power system (72.78%);
• cold trap, yttrium and titanium getters are predominant (60.45%) in a failure of the purification system.
•

Transient and accident analysis of target lithium loop
The thermal hydraulic code Relap5 Mod3.2 was utilised to simulate the three main circuit loops of the facility
in order to analyse the global thermal-hydraulic behaviour of the plant in the operational transients of startup and shutdown and in accident conditions.
Start-up and shutdown operational transients were simulated in a unique transient consisting of five main
phases. The initial condition is a 10-MW power steady state, and then a shutdown power ramp takes the plant
to zero power, up to reaching a new steady state. A start-up power ramp takes the plant again to full power
and to a new steady condition.
It was demonstrated that plant response to the operational start-up and shutdown transients is satisfactory:
at zero power steady state, the system reaches an equilibrium condition, in which Li and oil are at the same
temperature (around 520°K), the organic cooler is completely by-passed and the electrical heaters come into
operation to compensate for the heat losses.
Finally, the following transients in accident conditions were analysed:
•
•
•
•

Beam trip (10→0 MW).
Beam trip of one accelerator (10→5 MW).
Loss of organic circuit, due to pump stop.
Loss of heatsink, due to loss of the water circuit (pump stop).

The results show that the plant responds well to the simulated accident transients and is able to reach new
steady-state conditions in a short time in safe conditions.

Plant safety analysis
A safety review of the whole IFMIF plant was performed following the modifications introduced in the
reduced-cost design. Failure mode and effect analysis (FMEA) was extensively used to assess the hazards
related to system operation. For the accelerator, the analysis showed that the hazards are confined to within
the IFMIF security boundaries and the main findings stress that there is negligible risk to the public from
accelerator operation.
Finally a probabilistic safety assessment based on the event tree technique was performed to identify and
quantify, in terms of expected frequency, the accident sequences that could occur in the plant facilities and
lead to plant damage and environmental hazard, as extreme consequences.
The analysis showed that the IFMIF plant is quite safe and presents no significant hazard to the environment:
in fact, all the sequences implying potential undesired effects, such as release to the outside, show very low
frequencies, well below the limit (1.0-6 ev/y) for credible accidents, and do not require further analysis. The
study did point out some sequences involving Li fire in the test cell as well in the lithium cell, but without
any outside releases, to be categorized within the extremely unlikely sequences class (1.0-6-1.0–4 ev/y).
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Shielding calculations
The new computational tools and data libraries developed in 2001 were used to complete the shielding calculations
for IFMIF rooms and cells. The new ANITA-IEAF activation code package (code and libraries) for handling the
numerous reaction channels for neutron energies over 20 MeV was validated by comparing the ANITA-IEAF
predictions and the activity measurements obtained from the Karlsruhe isochronous cyclotron.
In this experiment a thick target of natural lithium was irradiated with 40-MeV deuterons. Samples of SS-316
and F82H steel, pure vanadium and a vanadium alloy were irradiated in the neutron spectrum and the
specific activities of numerous radionuclides were measured at various cooling times. The calculated-toexperiment (C/E) ratios were obtained for the most important contributors to the total activity and showed
good agreement within the error bars, with the exception of Mn-52 in F82H, Sc-47 in V-alloy and V-pure. Four
very low C/E values were caused by having neglected sequential charged particle reactions in the
calculations of (p, n) reactions, such as Cr-51 in V-pure, Mn-52 in V-alloy, Co-55 and Co-56 in F82H. The
differences found for some nuclides suggest that the nuclear cross section data contained in the neutron
activation library based on IEAF-2001 require some improvement.
In conclusion, ANITA-IEAF appears to be a feasible tool for IFMIF shielding and safety studies.

3.11.7 Development of fast neutron diagnostics
An irradiation experiment for testing prototype on-line neutron monitors for IFMIF on an IFMIF-like neutron
field provided by the upgrade of the Nuclear Physics Institute (NPI) cyclotron in Rez near Prague (Czech
Republic) was carried out in July 2002 by a joint ENEA-CEA-NPI team. The cyclotron was operated with a
proton beam, at a fixed energy of 37 MeV, hitting a D2O-flowing target. The cyclotron produces a pulsed
neutron emission: the macrostructure corresponds to one burst every ~6.6 ms (duration of burst from 0.2 to
2 ms– typically ~1 ms), while the microstructure corresponds to one burst every ~70 ns (duration of burst 3
ns). The neutron emission is 9×1011 n/sr/s (for 37 MeV/20 µA proton beam).
Two miniaturised 8-mm-diam fission chambers (fig. 3.37) were successfully tested: a) a 238U chamber with
10.82±0.03 mg of fissile deposit (2 mg/cm2), argon pressure 9 atm (the purity of 238U is characterised by the
ratios 234U/238U=0.000003±0.000001 and 235U/238U=0.000359±0.000002); b) a chamber without fissile deposit
(no deposit), argon pressure 9 atm. The detectors
and related electronics (amplifiers, cables and data
acquisition chain) needed for the experiment were
p re p a red by CEA (pulse and current mode
electronics and pulse mode acquisition system) and
by ENEA (a second pulse mode acquisition system
plus a current mode acquisition system based on a
National Instruments PCI card and LabVIEWTM
dedicated software). Various measurements at
different cyclotron beam currents were performed
Fig. 3.37 - Schematic cross section of a miniaturised
both in pulse and in current mode fission chamber
fission chamber
operation.
The preliminary results of the irradiation
experiment indicate the linearity of the measured
current mode 238U signal with the cyclotron beam
current, i.e., with neutron emission (fig. 3.38). The
238U chamber detects a current of about 0.15 µA in
a fast neutron field of roughly 1×1010 n/cm2/s. The
no-deposit chamber also detects a signal in the
same environment at a level about five times lower
(the signal being due to gamma-ray interactions).
These results demonstrate that the current mode
Fig. 3.38 - Linearity of 238U current mode signal with
beam current (fission chamber HV=300 V)
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operation of the 8-mm-diam 238U miniaturised fission chambers for measuring the fast neutron flux in an
IFMIF-like environment is possible and, therefore, the use of the planned sub-miniaturised fission chambers
(1.5 mm diameter) should be feasible in IFMIF.

3.12 Fuel Cycle
3.12.1 Tritium recovery from tritiated water (TW1-TTF/TR16)
The activities concern the development, production, and testing of Pd-based membranes (rolled and composite)
[3.44-3.47]. The membranes exhibited high hydrogen permeation fluxes and good chemical and mechanical stability
in long-term tests. “Composite” metallic membranes for the separation and production of hydrogen were prepared
by using thin Pd-Ag foils (with silver content 23 to 25 at. %) reinforced by metallic (stainless steel, nickel, etc.)
structures. Two kinds of composite Pd-based metallic membranes were produced [3.48]:
“Supported” membranes, where metallic supports (grids,
perforated foils) were joined to Pd-Ag foils by diffusion welding;
the thin palladium foil assures both high hydrogen permeability
and perm-selectivity, while the metallic support pro v i d e s
mechanical strength (fig. 3.39).
• “Laminated”metal membranes, where nickel, iron and
niobium sheets were covered with Pd-Ag foils by diffusion
welding and then the thickness of the laminated metal was
reduced to the desired value by cold rolling.
•

Fig. 3.39 - Composite membrane tube
obtained by supporting a Pd-Ag foil on a
perforated nickel sheet

The scale-up of the produced membranes to thro u g h p u t
consistent with the ITER breeding blanket test module was
performed, too. The potential applications of the membranes and
membrane reactors were studied with reference to the tritium
extraction system of the European HCPB test blanket module. Three applications were proposed:
tritium recovery from tritiated water collected in the cold traps by means of a membrane reactor via water
gas shift;
• hydrogen isotope separation from the helium carrier gas used to regenerate the low temperature adsorber
beds (a rolled membrane package is studied as an alternative to the proposed commercial diffusor);
• hydrogen isotope separation from the helium purge gas, with the use of low-temperature adsorber beds,
as an alternative to the proposed process.
•

3.13 Safety and Environment, Power-Plant Studies and Socio-Economics
3.13.1 Occupational radiation exposure assessment for ITER-FEAT
The current status and assessment of occupational radiation exposure (ORE) for the ITER reference design
were reviewed. The collective dose due to scheduled/unscheduled maintenance, inspection and other

[3.44] S. Tosti, et al., Pd-Ag permeators and membrane reactors, ENEA Internal Report FUS TN BB-TS-R-004, 30
(2002)
[3.45] S. Tosti, et al., Method of bonding thin foils made of metal alloys selectively permeable to hydrogen, particularly
providing membrane devices, and apparatus for carrying out the same, European Patent EP 1184125 A1 (2002)
[3.46] S. Tosti, et al., Pd-Ag membrane reactors for water gas shift reaction, to appear in Chem. Eng. J.
[3.47] S. Tosti, et al., Characterization of thin wall Pd-Ag rolled membranes, to appear in Int. J. of Hydrogen
Energy Sci.
[3.48] S. Tosti, Supported and laminated Pd-based metallic membranes, submitted to Int. J. of Hydrogen Energy
[3.49] S. Sandri, Analysis of the ORE assessment process applied to ITER project, ENEA Internal Report
FUS–TN-SA-SE-R-050. Rev. 4 (2002)
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operations for the main systems of the latest ITER plant design was analysed and updated [3.49]. A new work
breakdown structure was considered for maintenance operations. For systems such as the hot cell, for which
the design is not yet sufficiently detailed, just a tentative value was assigned to the worker doses. A total ORE
of 355 person mSv/y was estimated.

3.13.2 Plant safety assessment for ITER-FEAT
Activation calculation support for safety analysis
The 1-D-Sn activation calculation for the surface/bulk tungsten (W) of the ITER divertor dome was critically
reviewed and updated to better characterise the W dust source terms and to remove possible overconservatism in previous ITER Generic-Site Safety Report (GSSR) calculations. The 1-D-Sn and JA-HT 3-D
calculations were compared, and the discrepancies between them were clarified and justified [3.50,3.51]. The
ratio ENEA/JA-HT is lower than 9% for W bulk activation and about 30% for W surface activation.
New activation calculations were also performed as support to the characterisation of the activated corrosion
products (ACPs) related to the ITER vacuum vessel heat transfer system (VV HTS). The relevant activation
reaction rates for the VV materials were calculated by the RR-PACT module used to process the neutron flux
spectra produced by the discrete-ordinates radiation transport sequence SCALENEA-1 and the Anita IEAF
activation library [3.52, 3.53].

Probabilistic accident analysis
The implementation of failure mode and effect analysis (FMEA) to identify a complete list of postulated
initiating events (PIEs) for several ITER systems continued. In 2002, remote handling (RH) for in-vessel
components and for the cryoplant and cryo-distribution systems was studied. For in-vessel components, a
breakdown of functions/operations was prepared by specifying three levels of functions and sub-functions
[3.54]. For the cryogenic systems, a lot of information is still lacking in the design documents, so new flow
sheets of the main process units (cryoplant, cryodistribution and cryolines) and equipment (He compressor
units, He dryers, liquid helium modules, superinsulated storage vessels), etc., were prepared to perform the
FMEA [3.55].

Fire hazard analysis in tritium building
The objective is to verify compliance with the safety objectives, particularly in regard to the confinement of
radioactive materials during a fire.
The preliminary fire hazard analysis (FHA) [3.56,3.57] includes:
[3.50] G. Cambi, D.G. Cepraga, M. Frisoni, Activation calculation for tungsten dust and activated corrosion products
characterization, ENEA Internal Report FUS-TN-SA-SE-R-38 (2002)
[3.51] G. Cambi, D.G. Cepraga, M. Frisoni, Neutronics calculation for European ITER Site Study-2: (EISS Cadarache 2002), ENEA Internal Report FUS-TN-SA-SE-R-52 (2002)
[3.52] D.G. Cepraga, M. Frisoni, G. Cambi, ANITA-IEAF: a code package for performing fusion material
transmutation and activation analysis induced by intermediate energy neutrons, presented at the 22nd Symp. on
Fusion Technology (SOFT) (Helsinki 2002)
[3.53] D.G. Cepraga, G. Cambi, M.Frisoni, Fusion material transmutation and activation analysis induced by fast
neutrons: a) Vitenea-IEF radiation transport library, b) ANITA-IEAF activation code package, presented at the
IEA Int. Workshop on Fusion Neutronics (Dresden 2002)
[3.54] T. Pinna, Failure mode and effect analysis for remote handling of ITER FEAT: list of functions, ENEA
Internal Report in preparation
[3.55] C. Rizzello, T. Pinna, Failure mode and effect analysis for cryogenic systems of ITER FEAT: list of
components, ENEA Internal Report in preparation
[3.56] C. Rizzello, M. T. Porfiri, Fire in tritium building: assumptions and methodology for the analysis, ENEA
Internal Report FUS-TN-SA-SE-R-36 (2002)
[3.57] C. Rizzello, P. Roccetti, M. T. Porfiri, Fire hazard analysis in tritium building, ENEA Internal Report
FUS–TN–SA-SE-R-48 (2002)
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An outline of the main assumptions made to evaluate the impact of a fire on the tritium plant and, from
the fire safety viewpoint, an evaluation of the design of the process equipment, containment systems and
related services (nuclear heating ventilation and air conditioning, detritiation systems, fire monitoring and
suppression, building characteristics, etc.).
• A description of the methodology used for the analysis, and an evaluation of
- the inventory of combustible materials in the tritium plant area;
- the magnitude of a potential fire;
- the behaviour of process equipment and containment structures in the case of fire.
•

Fire is assumed to develop in the upper isotopic separation system room because of failure of the helium
compressor. Analysis performed by FLUENT (a commercial general-purpose code) demonstrated that the safety
criteria are complied with and that the
consequences of fire are well below those
estimated with simplified calculation
models. Due to the low amount of
combustible materials involved, fire does
not appear to propagate through the room.
Fire propagation is further limited by
oxygen depletion in the atmosphere of the
room (fig. 3.40).

Deterministic accident analysis
for ITER-FEAT
New calculations were performed for
the ITER plant to evaluate the possible
Fig. 3.40 – Temperature contours (K) on plane y=11.1 m 30 min after
release of radioactive materials to the
the fire onset
environment as a consequence of three
accidents: two small breaks and one
large break inducing loss of vacuum. The results of a divertor ex-vessel large break analysis performed using
two approaches, one based on the Athena-Intra-Naua codes and the other on the integrated ECART code,
were compared to have quality assurance (QA) of the accident analyses done for ITER GSSR [3.58].

Activation corrosion products
ACP generation and transport in the ITER cooling water system, in particular, the vacuum vessel (VV)
coolant loops, were assessed with the use of the PACTITER code. The most important results were [3.59]:
The metal release in the piping of the VV cooling loops is at least six times lower than the corresponding
value for the first-wall/shield cooling loop.
• The ACP deposit mass, on the contrary, is about six times larger.
• The ACP deposit activity at shutdown is dominated by short-lived radionuclides.
• The ACP deposit activity is not negligible (probably due to conservatism introduced in the assessment).
• The large cobalt enrichment of ACP deposit in the VV loop, compared to the cobalt enrichment of ACP
deposit in the FW/shield loop.
•

In addition, an investigation of the capability of PACTITER to simulate pulsed scenarios with short periods
gave consistent results.

[3.58] G. Cambi, et al., Enviromental source terms for ex-vessel break in ITER divertor cooling loop: a comparison
between the INTRA-NAVA and ECART results, ENEA Internal Report FUS-TN-SA-SE-R-051 (2002)
[3.59] L. Di Pace, D.G. Cepraga, Activated corrosion products evaluation of the ITER TCWS for the vacuum vessel
coolant loops, ENEA Internal Report FUS-TN-SA-SE-R-057 (2002)
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3.13.3 Validation of computer codes and models
Important EU computer codes (ANITA-2000, CONSEN, PACTITER, ISAS and ECART) used for the safety
assessment of ITER or future fusion power plants were validated against experimental facility results.

Thermal-hydraulic phenomena
The Integrated Safety Analysis System (ISAS) [3.60] and the CONSEN [3.61] codes were validated against
tests performed in the Inlet of Cooling Events experimental facility at JAERI, Japan.
For both ISAS and CONSEN the differences between the experimental and calculated results of the most
important parameters (flow rates, pressure peak, time of the peak, maximum temperatures) are in the range
of 20% for almost all the outputs.
The CONSEN code [3.62] was successfully used to simulate
the experimental conditions of the French EVITA test facility
by calculating pressure and temperature transients inside the
facility during twelve cryogenic tests.

Neutron transport and material activation
To validate the use of the ANITA-2000 code for waste
management, calculations were compared with experimental
data from a “low-level waste repository” [3.63,3.64]. A new
version of the ANITA-2000 activation code package was
developed [3.65] to assess the behaviour of irradiated materials,
with or without knowledge of the irradiation scenario.
The validation of the ANITA-2000-D code package consisted of:
Collection and processing of measured data (radioactivity
content and dose rate) from the cemented drum containers of
Baita-Bihor Repository (more than 100 drums were collected
and 34 of them were selected as re p resentative for
calculations).
• Decay gamma source calculation by the ANITA-2000-D
code using as input data the measured isotope activities (Bq)
for each container.
• Decay gamma transport calculation: both Sn discre t e
ordinate methods (SCALENEA-1 calculation sequence) and
Monte Carlo MCNP were used to guarantee QA (fig. 3.41);
• Comparison of experimental/calculated dose rates.
•

Fig. 3.41 – Methodology flow-sheet for
experimental-calculated
dose
rate
comparison

[3.60] M. T. Porfiri, P. Meloni, ISAS calculations for Inlet of Coolant (ICE) Experiments in 2001: pre and post-tests
P1, P2, P3, P4, P5, P6, P7, P8, ENEA Internal Report FUS-TN-SA-SE-R-53 (2002)
[3.61] G. Caruso, M. T. Porfiri, CONSEN validation against ICE experimental campaign 2001, ENEA Internal Report
FUS-TN-SA-SE-R-60 (2002)
[3.62] G. Caruso, M.T. Porfiri, CONSEN validation against EVITA cryogenic experiments – Post-tests’ calculations ,
ENEA Internal Report FUS-TN-SA-SE-R-63 (2002)
[3.63] D.G. Cepraga, G. Cambi, M. Frisoni, ANITA-2000 activation code package development and validation. Part
II: a) Features of the ANITA-2000-decay code; b) Baita-Bihor repository waste characterization; c) Residue
containers data collection and processing, ENEA Internal Report FUS-TN-SA-SE-R-37 (2002)
[3.64] D.G. Cepraga, et al., ANITA-2000 activation code package development and validation. Part 2: a) Gamma
source calculation with Anita-2000-D, b) Sn discrete ordinate method and MCNP dose rate calculation, c)
Experimental-calculated results comparison, ENEA Internal Report FUS-TN-SA-SE-R-64 (2002)
[3.65] D.G. Cepraga, G. Cambi, M. Frisoni, Clearance potential of ITER vacuum vessel activated materials, Proc. Int.
Conference on Issues and Trends in Radioactive Waste Management, IAEA-EC-NEA Eds. (Vienna 2002) p. 333
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As a general conclusion, the SCALENEA-1 calculation sequence (with ANITA-2000-D) can provide reliable
results for various waste management assessments. The results given by SCALENEA-1 and Monte Carlo
MCNP 4C are in a very good agreement: discrepancies of less than 1% were found for a significant number
of drums. Further to validating the ANITA-2000 code package, material samples were irradiated at the
Frascati Neutron Generator [3.66]. Sample decay heat and activation were calculated by the code at different
times after the end of irradiation and compared with the experimental values. The discrepancies were less
than 30% for most of the materials except Sn, Re and Hf.

Activated corrosion products
PACTITER was used to simulate experimental corrosion tests carried out by CEA in the CORELE2 facility.
The objective was to determine, both theoretically and experimentally, the SS316L(N)-IG release rates in the
ITER cooling loops. The most important findings from the post-test calculations were [3.67]:
The largest test tube mass release rate was 35 mg/dm2/month.
• The higher the temperature and coolant velocity, the greater the SS316L(N)-IG mass release rate calculated
by the code. Velocity is the most influential parameter.
• The higher the temperature and coolant velocity, the greater the calculated activity in the resin.
•

Comparison with the only valid experiment result (Test at
T=150 °C and V=5 m/s) showed good agreement.

3.13.4 Safety analysis and environmental
impact
Dust mobilisation and removal from the
atmospheres

Fig. 3.42 - STARDUST facility for dust
mobilisation

The mobilisation of dust layers from a vacuum vessel
towards the environment in the event of an accident has to
be studied [3.68]. A small-scale experiment (STARDUST) to
measure the mobilisation effects has been set up (fig. 3.42).
The final objective of the experiments is to solve one of the
open points concerning the loss of vacuum or loss of coolant
accident inside the vacuum vessel: given the amount of dust
settled in the vessel, define the amount of mobilisable
material, the behaviour of the phenomenon and correlated
parameters. The first step of the foreseen experiments will
be to quantify the dust concentrations during an air inlet.

Forced flow through long ducts
A small-scale experiment is under way to quantify the gas flow (potential dust and tritium carrier) from the
hot vacuum vessel into the environment [3.69], following a LOVA or LOCA inside the vessel. The experiment
will be performed in the STARDUST facility, which will be equipped with devices to measure the flow
exchange between two volumes at different temperatures.

[3.66] D.G. Cepraga, G. Cambi, M. Frisoni, ANITA-2000 photon and electron decay heat validation based on FNGFrascati experimental data and comparison with EASY-99 results, ENEA Internal Report FUS-TN-SA-SE-R-65
(2002)
[3.67] L. Di Pace, D.G. Cepraga, CORELE 2 post-test PACTITER calculations, ENEA Internal Report FUS-TN-SASE-R-035 (2002)
[3.68] M.T. Porfiri, S. Libera, STARDUST experiment: scope and facility description, ENEA Internal Report
FUS–TN-SA-SE-R-45 (2002)
[3.69] M.T. Porfiri, P. Roccetti, Exchange flow experiment: scope and facility description, ENEA Internal Report
FUS-TN-SA-SE-R-46 (2002)
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Reference events – liquid helium spills
The CONSEN code was used to model the conditions induced by a break/failure in the cryogenic helium
system [3.70]. The amount of cryogenic He flowing into the vacuum vessel, cryostat or into a room was
quantified.
In 2002 the main activity was to calculate the minimum vent cross section required to release the pressure, so
as to keep the peak pressure inside the VV below 200 kPa.
The result is strongly influenced by the pressure drop characteristics in the helium ducts and vent pipe
(equivalent diameter, length and roughness).
Based on the simulation results, the boundary conditions and a test matrix for a small-scale experiment have
been proposed.

3.13.5 European ITER Site Studies (EISS)
EISS-2 for Cadarache site
Demonstration of the application of ALARA.
The objectives of the task were
to review Vol. VI and supporting documents of the final Generic Site Safety Report;
• to comment on the completeness of the ORE assessment and to identify, as necessary or appropriate, areas
that need further strengthening or analysis;
• to determine whether the ALARA requirements can be considered already fulfilled by the ITER design or
whether improvements are still necessary.
•

The conclusion [3.71] is that the current ITER assessment does not cover all the aspects related to the
estimation of ORE. Studies will need updating in consonance with the evolution of the design for the overall
plant systems and facilities and with the definition of operating procedures and work functions. To reduce
occupational doses to a level that is demonstrably as low as reasonably achievable re q u i res close
collaboration between designers and experts in health physics.

Accident during maintenance
Accident initiators during maintenance activities and the representative sequences were identified, and a
deterministic assessment of them was performed to evaluate possible challenges to workers and to public
safety. The study focussed on the tokamak cooling water system (TCWS), in-vessel component (IVC)
replacement activities [3.72] and tritium systems [3.73].
Accidental discharges of primary coolant during various stages of operation were assessed for the TCWS.
Although the potential accident impact does not appear to be large, the frequency could be high. The large
number of primary system valves raises a concern about the frequency of valve failures, which lead to coolant
discharge. Some design optimizations were discussed.
Two accident conditions were assessed for events related to remote handling:

[3.70] G. Caruso, M.T. Porfiri, Benchmark calculation for spills of cryogenic He into the ITER VV: CONSEN model
and results, ENEA Internal Report FUS-TN-SA-SE-R-44 (2002)
[3.71] A. Natalizio, M.T. Porfiri, ORE assessment in ITER – Status of art, ENEA Internal Report FUS-TN-SA-SER-49 (2002)
[3.72] A. Natalizio, L. Natalizio, T. Pinna, Incidents and accidents during maintenance of ITER plant: tokamak
cooling water system and in-vessel component replacement, ENEA Internal Report FUS-TN-SA-SE-R-061 (2002)
[3.73] C. Rizzello, T. Pinna, Incident and accidents during maintenance of ITER plant: tritium systems, ENEA
Internal Report FUS-TN-SA-SE-R-062 (2002)
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transportation cask stranded between the vacuum vessel and hot cell, with a full load and with significant
leakage resulting from an improperly sealed cask door;
• a leaking vacuum vessel port seal when the cask is docked at the RH port.
•

The releases into the tokamak building from a stranded cask are significantly lower than those for a leaking
vacuum vessel, even though the leakage area is assumed to be the same for both cases. The estimated worker
doses indicate that procedures have to be implemented on ITER to reduce source terms before maintenance,
particularly for dust. For the tritium systems, a set of accident scenarios resulting in a release of tritium either
in an elemental form or in the form of oxide (tritiated water) has been selected for deterministic studies. Such
accidents are very unlikely, as all components are provided with secondary containment and, as a general
rule, prior to maintenance they are evacuated and decontaminated. Even in the worst assumed accident
conditions, the analysis demonstrated that worker exposure is not a concern, and maintenance in tritium
systems does not constitute the major source of radiological risk.

EISS-V for Vandellos site
The activity [3.74] concerned “the review of the ITER safety analysis and of the used methodology”, in the
framework of the safety studies for the possible licensing process of ITER at the Vandellos site in Spain.
In particular, the work considered aspects related to the classification of items important to safety and the
methodologies used for the ITER safety analysis, for example the choice of the postulated initiating events,
with the aim of detecting and categorising significant accidents.
All the critical concerns discussed in the ITER safety documents and necessary for the preparation of a
Preliminary Safety Report were identified in order to support the Spanish team in charge of preparing the
documents for the Spanish licensing authorities.

3.13.6 Power Plant Conceptual Studies (PPCS)
Safety assessment for plant models A and B
Two future fusion power plant concepts were studied: one based on a water-cooled lithium-lead blanket
(model A); the other, on a helium-cooled pebble bed blanket (model B). ENEA coordinated the whole safety
assessment and, in particular, outlined safety-relevant design parameters, identified accident sequences
[3.75], performed a deterministic assessment [3.76,3.77], and evaluated the ORE for the fuel cycle system
[3.78].
Loss of flow (LOFA) and the loss of heat sink (loss of condenser) for plant model B were assessed
deterministically with the use of the ATHENA and ECART codes. The major findings were:
1) Loss of flow in one primary cooling loop with consequent in-vessel LOCA
• This seems to be the most challenging scenario in terms of environmental release.
• Modifications to the steam generator and secondary side reference data were necessary for a correct heat
balance and heat transfer.
• Expansion volume condensing surfaces and detritiation systems keep radioactive releases below fixed limits.

[3.74] C. Nardi, T. Pinna, M.T. Porfiri, Analysis of the ITER design in view of the Spanish regulations, ENEA
Internal Report in preparation
[3.75] L. Di Pace, T. Pinna, M.T. Porfiri, Accident description for Power Plant Conceptual Study, ENEA Internal
Report FUS-TN-SA-SE-R-47 (2002)
[3.76] F. Mattioda, P. Meloni, M. Poli, Safety analysis of the PPCS FW/BL helium cooled with the ATHENA code,
ENEA Internal Report in preparation
[3.77] S. Paci, ECART analysis of an in-vessel break in the first wall of the power plant conceptual study, ENEA
Internal Report in preparation
[3.78] A. Natalizio, L. Di Pace, Occupational radiation exposure for the fuel cycle of PPCS models A and B, ENEA
Internal Report FUS-TN-SA-SE-R-054 (2002)
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2) Loss of heat sink
• The aim was to assess the maximum time allowed for intervention of a fast plasma shutdown system,
in order to maintain the thermal-mechanical integrity of the first wall/blanket (FW/BL) structures. The
result was that the average temperature of the FW plasma-facing layer reaches the critical value of 1073 K
after 206 s of transient.
Occupational radiation exposures were evaluated for the fuel cycle systems of both models A and B [3.77].
The study outlined the need to perform design optimisation for the fuelling, vacuum pumping and blanket
tritium recovery systems. The vacuum pumping system in particular is the largest contributor to worker
radiation exposure.

Power Plant Conceptual Study
A helium-cooled divertor, to be utilised with a He cooled blanket, was studied in collaboration with FZK. A
new concept to increase the heat transfer coefficient to values comparable (although lower) with those of
water was proposed. Indicated as the High-Efficiency
Thermal Shield (HETS), the concept is based on a
fluid jet impinging on a semi-spherical target (fig.
3.43), leading to a local increase in the heat transfer
coefficient. The structure is foreseen in W alloy, while
the armour is in W. Figure 3.44 reports the film
coefficient values vs. the angle on the semi-spherical
surface. With this high coefficient, a divertor
fabricated with HETS elements similar to those in
figure 3.43 can cope with a thermal flux as high as 10
MW/m2 on the external surface and a bulk He
temperature as high as 800°C. A parametrical study
showed that the thermal flux could be increased up
to 12-15 MW/m2 with the same He temperature,
while keeping to the stress limits.
The temperature on the structure is limited to 1600°C,
while on the armour it reaches 2350°C. The
maximum value of the thermal stresses on the
structure is about 300 MPa, which is lower than the
allowable value for W alloys and secondary stresses
(400 MPa).

Fig. 3.43 - HETS element drawing

The main problem with this concept is related to the
head losses, which can be evaluated analytically only
with great difficulty because of a lack of experimental
data. The only data available are based on
experiments with water and, considering the thermal
fluxes and the temperatures, it is likely that during
these experiments the water had nucleate boiling
phenomena.
Analyses were carried out to set up experiments that
use air, instead of helium, to obtain preliminary data
on the pressure drop in the HETS elements.

Generic waste issues
A radio toxicity index (RTI) was defined to better
analyse waste management scenarios, ranging from

Fig. 3. 44 - Heat transfer coefficient values in a HETS
element

[3.79] L. Di Pace, A. Natalizio, Definition of a toxicity index for fusion waste, ENEA Internal Report FUS-TN-SASE-R-056 (2002)
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clearance to final repository disposal, and was then proposed as a criterion for classifying waste from future
fusion power plants [3.79].
Fusion power-plant in-vessel component (IVC) waste is significantly and fundamentally different from
fission reactor fuel waste, so the disposal solution has to be unique to fusion requirements.
The results of the application of the RTI to the IVC waste assessed in the previous fusion plant studies (six
different models of fusion power plants defined under SEAFP-2) demonstrated that there is no compelling
technical reason for the geological disposal of fusion blanket materials and thus no need for reprocessing the
breeder material, unless this is demonstrated to be economically attractive.
On the other hand, the application of the RTI to spent fission fuel demonstrated, from a waste disposal
perspective, that there are compelling reasons for reprocessing to separate low radio toxicity fission products
from high radio toxicity actinides, which can be reused.

3.13.7 JET – Collection of failure rates for JET systems
The overall objective of the activity was to collect together fusion-specific data from operating experience
gained at JET, relative to the vacuum and active gas handling (AGH) systems, and at the Tritium Laboratory
of Karlsruhe (TLK). Data on JET AGH and vacuum systems were investigated and assessed.
Failures/malfunctions occurring during the years of operation, failure modes, causes and consequences of
the failures (where possible) and whole sets of components to which the failures/malfunctions were related
were identified. The components were classified, and their number, hours of operation (both continuous and
intermittent) and demands to operate were counted. The main reliability parameters, such as failure rate and
the corresponding standard errors and confidence intervals, associated with the components were estimated
[3.80]. About 800 failures/malfunctions on a set of 11,000 components operating for about 417,000,000 h were
identified. The failure rates evaluated in this work are in very good agreement with those available in the
literature for similar applications (e.g., nuclear power plants).
The present set of reliability data is one of the most consistent in the field of fusion facilities, both for the
number of components treated and for the total operating hours. The calculated data will be very useful for
evaluating the reliability parameters used in safety assessments and for availability/reliability analyses of
fusion machines/plants.

[3.80] T. Pinna, et al., Collection and analysis of data related to fusion machines (JET and TLK) operation
experience on component failure, ENEA Internal Report in preparation
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4.1 Introduction
During the reference year the laboratory activity was focused on laser-light foam interaction, theoretical
research on fast ignition and diode pumping of solid-state lasers.

4.2 Experiment with the ABC Facility: Laser-Light Foam Interaction [4.1]
In previous experiments performed at the ABC facility it was found that efficient (>80%) energy trapping in
matter occurs for nanosecond laser pulses at λ=1.054 µm interacting with low average density (ρa),
supercritical foams (ρa >ρcrit=3.1 mg/cm3 for fully ionized CH). A key feature to explain this and other results
was to assume the formation of a cavity inside the dense phase where the laser light was trapped [4.2]. This
scenario was supported by numerical simulations performed on continuous systems with density equal to ρa.
The simulations were carried out by a code (CoBi3) including a fairly realistic description of the experiment
in terms of light propagation [4.2] (ray tracing). The experiments were performed by focusing the radiation
by an aspherical F/0.8 lens to achieve about 2×1014 W/cm2 on the “average” target surface. The experiment
demonstrated gross hydrodynamic behaviour in agreement with modelling. The dense phase hydrodynamic
motion ultimately resulted in a sort of spherical explosion characterised by tiny substructures (jets) possibly
related to the structured character of the material and illumination, or to hydrodynamic instabilities of the
snowplough structure featuring the dense-phase acceleration process [4.2].
Like the previous studies, the new experiments on laser-foam interaction at the ABC facility are based on the
use of quasi-triangular pulses with duration 3 ns FWHM and bandwidth ≈0.15 THz at λ=1.054 µm.
In this new measurement campaign the focusing system was implemented with an array of 256 lenses with
random thickness to generate induced space incoherence (ISI) smoothing. The assembly shines on the target
near-field ISI smoothed radiation [4.3] at ≈1013 W/cm3.
Although the technique is described in a previous paper [4.3], for reference figure 4.1 shows a measured fullpower energy density distribution on the focal plane of the focusing lens (where the irradiated surface is
usually placed). The distribution is characterised by a 400 µm × 400 µm-wide plateau and maintains [4.3] the
same features and size on a depth of ≈400 µm (±200 µm taken from the focal plane). This means that the
irradiation conditions do not change substantially due to the motion of the absorbing region. Space Fourier
analysis of the spot shows that the amplitude of space modes with n≥6 is below 1%, whereas that of modes
with n≥10 is set at about 0.1%.
The use of smoothed beams for laser-foam interaction studies
allows one to detect, in the evolving plasma and in the
accelerated dense phase, features related to the foam structure,
without any mixing with those of the irradiating beam.
Depending on the structure of the foam (communicating cells,
cells with different wall thickness), the initial penetration of
light into the target can be different across the beam.
When the walls of foam cells are exploded, evolution towards
homogeneity on the scale of a cell occurs through damping by
accretion shock waves and viscosity [4.2]. The latter process
should eliminate local density fluctuations that survived after
vacuum closure and accretion shocks. Simple estimates show
that the time for oscillation damping by viscosity is quite long
compared to the vacuum closure time [4.2] (and much longer

6 µm

Fig. 4.1 - Space distribution of the
illumination on the target. A≈400×400 µm2
smooth plateau is shown

[4.1] C. Strangio et al., Interaction of ISI smoothed laser beams with low-density supercritical foam targets at
AEEF ABC facility, presented at the 27th Europ. Conf. on Laser Interaction with Matter (ECLIM) (Moscow 2002)
[4.2] A. Caruso et al., Laser Part. Beams 18, 25 (2000)
[4.3] C. Strangio, A. Caruso, Laser Part. Beams 16, 45 (1998)
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Fig. 4.2 - Shadowgraphy of foam CH targets irradiated by a near-field ISI smoothed laser pulse. White
contours represent the initial target configuration. Black lines represent the focusing of the laser beam
leading to the illumination represented in fig. 4.1. The pictures are ordered for increasing density
(ρ)×thickness (s) from left to right. The thin target of shot #310 is accelerated and the dense phase is
shown as a dark region behind the contour representing the initial position. In the framework of the
snowplough model, a velocity of ≈107cm/s can be inferred for the dark matter motion. In the same shot
the rear side of the opaque matter shows the absence of large-scale disruptions. Snowplough structure is
still embedded in the target at t=3 ns for thicker targets. Shot #344 on the lowest density target (large
cells) exhibits a turbulent corona. Shots with lower ρ×s present a faint structure behind the target. This
structure is absent for largest ρ×s shown

than the laser pulse for the power density used in the experiment).
This means that oscillations in density can survive for the entire
interaction time. The material can be locally sub-critical, although
supercritical on average. This would allow light penetration in the
case when the sub-critical regions are connected, a possibly timeevolving feature. In principle some light transmission through
targets could be active during the entire irradiation time (with
oscillations in transmittance). This behaviour is more likely to
occur when ρa>ρcrit but (ρa-ρcrit)/ρa <<1. This process, associated
to a possibly different initial geometrical light penetration across
the laser spot area, could result in the initial generation of a
multiplicity of absorbing cavities.
The targets used in these preliminary experiments were typically
parallelepipeds with transverse dimensions much greater than the
laser spot and thickness (s) × average density (ρ) ranging between
≈3000 and ≈8000 mg cm-3 × µm.
Fig. 4.3 - Magnified view of shot #310.
The presence of thin, jet-like
structures in the rear side of the dense
phase is clearly visible

The first measurements were devoted to the detection of
hydrodynamic patterns by optical shadowgraphy and to
measurements on light transmission through targets with ρ×s in
the previously specified range.

4.2.1 Hydrodynamic features
Dark-field shadowgraphy was used to detect the main hydrodynamic evolution of the target. The target was
probed in a direction orthogonal to the driving ABC beam by a 2ω pulse with duration ≈0. 5 ns. Typical results
are shown in figure 4.2. The frames are in order of increasing ρ×s from left to right and are taken with a delay
of 3 ns from the beginning of the driving beam irradiation. The relatively thin target of shot #310 is
accelerated and the dense phase is shown as a curved dark region behind the contour representing the initial
position. In the framework of the snowplough model, a velocity of ≈107 cm/s for the dark matter motion can
be inferred from this frame. In the same shot the rear side of the opaque matter shows the absence of largescale disruptions (see fig. 4.3 for a magnified view). This means that the formation of a multiplicity of cavities
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guessed in the previous section does not occur, or exists as a short-lived process decaying to a somewhat
smoothed state. However, the presence of thin, jet-like structures in the rear side of the dense phase is clearly
discerned. The snowplough structure is still embedded in the target at time t=3 ns for the thicker targets. Shot
#344 on the lowest density target (large cells) exhibits a turbulent corona. Shots with lower ρ×s present a faint
structure behind the target. This structure is missing for the largest ρ×s.

4.2.2 Laser light transmission measurements
To check the possibility of light transmission through the target during laser irradiation, the diagnostic
package shown in figure 4.4 was implemented. The photodiode phdω was used to record the waveform of
the incident laser beam. After the transmitted light conversion to 2ω, the target was imaged on a camera and
on the photodiode phd2ω by lenses 2 and 3. A mask was placed on the phd2ω image to select the probed area
where transmission was measured (typically smaller than the laser focal area, see fig. 4.5). The transmission
coefficient was derived by normalisation with shots without a target (everything else unchanged) and taking
into account the dependence on intensity of the conversion to 2ω according to the following scheme.
With reference to figure 4.5, it was assumed that the voltage V2ω(t) measured on the phd2ω is given as a
function of that Vω(t) measured on phdω by

V2 ω (t ) = f × δ(t ) × t 2r (t ) × Vω2 (t )

(1)

where f is the transmittance of the filter on phd2ω, tr(t) the transmittance of the target, and the function δr(t)
is derived from shots without a target (tr(t)=1) according to

δ(t) =

Vo2ω (t )
fo Voω (t )

.

(2)

where the subscript o is set to recall the absence of a target.

Polarizers

Target
Lens 1 Lens 2

Polarizers

Beam A
l /4 plates
stop
Camera

Beam
splitter

phd

ω

Array of 256
lenses

SHG
Infrared absorber
Lens 3

phd2ω

Filter

Dump

Target images

Fig. 4.4 - Package for the measurement of the transmitted light and for target imaging in transmitted light. The
photodiode phdω records the waveform of the incident laser beam. After the transmitted light is converted to 2
ω, the target is imaged on a camera and on the photodiode phd2ω by lenses 2 and 3. A mask is placed on the phd2ω
image to select the probed area where transmission is measured (typically smaller than the laser focal area). The
transmission coefficient is derived by normalisation with shots without target (all else unchanged) and taking into
account the dependence on intensity of the conversion to 2ω. Since the bandwidth of the waveform recording
system is 6 GHz, the method allows time-resolved measurements within the laser waveforms
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The target transmission tr(t) is then

t r (t) =

Vo2ω (t )
fδ(t)Vo2ω (t )

.

(3)

Since the bandwidth of the waveform registering system is 5 GHz, the method allows time-resolved
measurements within the laser waveforms. The results are shown in figure 4.6. The most reliable part of the

Fig. 4.5 - a) Relative positioning and sizes of target and laser spot. The spot image was taken without target and
combined with the typical cross section of a foam target. The relative positioning is that adopted in the
experiments. b) Masking of the laser spot. Although completely opaque, the mask is represented as partially
transmitting to show the relative hole-spot positions and sizes
#344 r=5 mg/cc s=648 µm
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Fig. 4.6 - Fraction of transmitted light tr through the selected shots. The most reliable part of the plots is
that relative to the first 3 ns. After this time the signals have small amplitude so the ratio taken to
evaluate tr is substantially uncertain. Typical transmittance for these shots during the first 3 ns was
between 0.5% and 1%
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plots is that relative to the first 3 ns. After this time the signals have small amplitude so the signal ratio taken
to find tr(t) is substantially uncertain. Typical transmittance for these shots during the first 3 ns was between
0.5% and 1%.

4.2.3 Conclusions
The preliminary experiment on laser-foam interaction at the ABC facility has shown that the acceleration of
foam foils by ISI smoothed beams results in a flow characterised by the absence of large disruptions.
However, the presence of thin, jet-like structures in the rear side of the dense phase is clearly visible. The
lowest density targets (those with large cells) exhibit a turbulent corona. Shots with lower ρ×s present a faint
structure behind the target. This structure is missing for the largest ρ×s.
The time-dependent light transmission through the target was measured. Typical values for transmitted light
through a target were found to be between 0.5% and 1%.

4.3 Theory - Ignition of DT Fuel Contamined by High-Z Material in
Cone-Focused Fast Ignition [4.4]
In the so-called “cone focused fast ignition” a shell containing a layer of DT fuel is imploded by soft x-rays
or laser light induced ablation while sliding along the external surface of a cone of a high-Z material [4.5,4.6].
The formation of an assembly of compressed fuel is expected near the cone tip. This blob of compressed fuel
may be contaminated [4.5] by the cone material just where the ignition spark ought to be formed by the
subsequent pulse of energetic electrons [4.5, 4.6] or ions [4.7]. Due to contamination the conditions for
ignition (i.e., spark size and temperature) may be modified with respect to those appropriate for a clean fuel
assembly.
In addition to the reasons for contamination currently given for the indirect drive shell implosion (cone
vaporization by x-rays transmitted though the imploding shell), a mechanism based on hydrodynamic
instabilities that ought to be active also for direct drive has been discussed. These instabilities will result in a
mix between cone and shell materials. Estimates for the degree of mixing have been made for typical different
stages of the shell implosion.
The thresholds for ignition were evaluated for atomically mixed materials at different degrees of
contamination. The amount of high-Z material needed to get a substantial effect on the thresholds was also
evaluated [4.4].
This part of the study was based on simulations performed by the 2-D code COBRAN [4.5].
The effects of the dispersion of blobs of high-Z material in the fuel were also considered at level of order of
magnitude evaluations by a simple analytical model.

4.4 Solid-Sate Laser Pumping by Diode Arrays
The activity on diode pumped lasers was mainly devoted to the fabrication of a diode-array prototype. A
prototype of bar mounting including all the components needed for the bar installation was produced.

[4.4] A. Caruso and C. Strangio, Ignition thresholds for deuterium-tritium mixtures contaminated by high-Z
material, presented at the 27th Europ. Conf. on Laser Interaction with Matter (ECLIM) (Moscow 2002)
[4.5] S. Hatchett et al., New developments in cone-focussed fast ignition, 43rd Annual Meeting Division of Plasma
Physics - American Physical Society (Long Beach 2001)
[4.6] R. Kodama et al., Nature 412, 798 (2001)
[4.7] A. Caruso and C. Strangio, Laser Part. Beams 19, 295 (2001)
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5.1 Introduction
In 2002 the activity of the Robotics Section was focused on the following:
• Surface Robotics, funded by the Robot for the Antarctic Surface (RAS) technological project aimed at
supporting science and logistics in Antarctica, and by the “5% - calcolo ad alto parallelismo per la robotica”
that allowed the realisation of the Autonomous Robotic Platform for the Security and Surveillance of Plants
(PRASSI).
• Underwater Robotics, again supported by Antarctica and “5% - Ambiente Mediterraneo” projects, which
led to the first test of the Autonomous Robotic Submarine (SARA). Crucial to this activity are the Buoy
Oceanographic Mooring Platform (BOMA) and Mediterranean Lagrangian Buoy Appliance (MELBA)
projects.
• Human Robot Interfaces, which led both to the production of remote supervising stations for the abovementioned projects and to the achievement of independent and more sophisticated targets within a dedicated
project funded by the Ministry for Education, Universities and Research (MIUR). The target robot for this line
was the teleoperator MASCOT 2000, a good candidate also for the future activity of the Section in the field of
robots – the so-called “companions” that are designed to support human activity in everyday life.

Significant events organised by the Section in 2002 were the first National Conference on Advanced Robotics
and Intelligent Systems and the International Workshop “Human-Robot Interfaces”, sponsored by the
International Advanced Robotics Programme (IARP), both held in Frascati at the beginning of October 2002.
The conference achieved an important success, with not less than 120 researchers participating, publication
in several journals and newspapers (e.g., the articles in “Il Sole 24 Ore”) and documentaries produced by TV
networks. Important representatives of the European Community and Japan presented keynote speeches.
The presence of many international leaders in robotics science was recorded at the International Workshop
on Human Interfaces. This event was also organised as an accompanying event to the Joint Coordinating
Forum of IARP, organised in 2002 by ENEA at Frascati on behalf of the Italian government.
In September 2002 a project was started for “the development of archaeological parks in the south of Italy”
(TECSIS). This is one of the biggest advanced robotics projects ever approved in Italy. The basic idea is to
enable better exploitation of the Italian cultural heritage, for example, when works of art are not so accessible
(in caves, on the bottom of the sea and in other difficult conditions), through the realisation of a new form of
“remote museum”.

5.2 Surface Robotics: Main Results
An overview of the two major projects, RAS and PRASSI, follows.

5.2.1 RAS
RAS is a large movable platform conceived for carrying out, under human supervision and in some cases
autonomously, tasks concerning the scientific and logistic
activity on the Antarctic plateau. In 2002 RAS was
transported to the Italian base in Antarctica for general
testing of all its navigation capabilities (fig. 5.1).
Unfortunately, the weather was unusually hot and dry and
no snow coverage was present around the base (this unlucky
situation is always possible during Antarctic missions), so it
was impossible to carry out the snow tests. However, many
other activities were performed, and the vehicle proved to be
very manoeuvrable (on the rough terrain surrounding the
Italian Terra Nova base) and all its sensing systems gave a
good response to the testing. Using the base helicopters
many subsystems were tested independently of the base
vehicle on the large glacier behind the hills immediately
surrounding the base (fig. 5.2).

Fig. 5.1 - The RAS vehicle during tests in
the Alps
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Among the many tested systems (artificial
vision, long-range radio links, man-machine
5000 m.
interface [MMI], laser range finder [LRF], speed
over ground [SOG] velocimeter) the LRF gave
more interesting results than expected; in fact, in
the hostile conditions of the Browning Pass,
where the light is extremely intense owing to
Fig. 5.2 - View of the testing area for laser and
reverberation in the red area of the solar
radio link systems during the 2002 campaign in
spectrum, it provided accurate information up to
Antarctica
beyond 100 m. Figure 5.3 shows a plot of the test
measurements carried out with the laser system
developed by the FIS-LAS unit of ENEA that supported the Robotics Section in the development of many
subsystems (in particular, LRF and SOG velocimeter).

5.2.2 PRASSI
This project was aimed at developing an outdoor autonomous robotic platform for the surveillance of large
plants, such as oil refineries. The project was funded by MIUR in the framework of the “Calcolo Parallelo con
Applicazioni alla Robotica” (High Performance Computing Applied to Robotics) research programme
(L.95/1995, 5%). The project was completed in December 2002.
The PRASSI robotic system (fig. 5.4) is based on the
commercial vehicle ATRV of iRobot. It is fully
autonomous through the use of several sensors, such
as ultra sound sensors, binocular and trinocular
stereo vision systems, omni-directional visual sensor,
laser range finder, odometry, GPS receiver and the
global fusion of all the above data using an
embedded parallel computing board.

Fig. 5.4 - The PRASSI robot
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The demonstrative test bed location for the PRASSI
robot was the ICARO plant, which is a small cogeneration power plant at ENEA Casaccia. Several
security checks, besides the more general tasks of fire
detection and trespasser surveillance, have to be
performed in the plant. Some examples of targets to
be checked routinely are shown in figure 5.5. Among
the devices developed in this project, the central one
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Fig. 5.5 - Some of the targets to be checked routinely at the ICARO co-generation plant

is represented by a high-performance parallel embedded computer. The bet of the project was precisely on
this issue: How can robotics research benefit from the possibility to exploit an onboard high-performance
parallel computer? In the field of robotics the need for high-performance computers derives from the need
for real-time reactions on the one hand and a more reliable “model” of the environment on the other. A better
description of the world model can be reached through the use of a larger quantity of sensory data that must
be adequately processed in real time. Among the sensors developed in the project there is the trinocular
stereo-vision system, the omni-directional visor and the ultra sound stereo head.
ENEA’s partners in the project were eight universities, two private industries and one research institute of the
National Research Council.
The total cost of the project was 4.425,00 K€, partially funded (2547,00 K€) by the Italian MIUR.

5.3 Underwater Robotics: Main Results in 2002
5.3.1 SARA
The SARA project aims to take advantage of current developments in AUV technologies in order to overcome
some of the difficulties of Antarctic exploration and, moreover, to make national industries more competitive
in view of vast monitoring tasks in the Mediterranean Sea.
It is hoped that the SARA robot (fig. 5.6) will substitute researchers in long and repetitive missions and that
it will accomplish “impossible” tasks such as observation of the water-ice interface in undisturbed conditions,
or wintertime missions. In the latter case, the robot would perform a number of missions during the 8-10
winter months, docking at a fixed garage at the end of
each 20-40 h mission in order to get commands and
recharge the batteries. In human presence, the robot can
be launched also by a mother ship.
At present, the main objective is to progressively fulfill
the requirements of the final 8-10 month mission in
Antarctica. The missions that will typically involve
SARA are:
• Hydrology (conductivity, temperature, depth, current
profile).
• Chemical oceanography (oxygen, turbidity, pH, etc.).
• Biological oceanography (chlorophyll, nutrients, etc.).
• Geological oceanography (sea floor morphology).
• Under ice survey (topography of submerged parts of
the ice).

Fig. 5.6 - SARA robot during one of its first
tests
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According to the above missions, the following main specifications were identified:
•
•
•
•
•

maximum depth:
cruise velocity:
maximum range:
maximum mission duration:
hovering capability

1000 m
2 m/s
250 km
30-40 h (depending on battery technology)

SARA is a torpedo-shaped vehicle, 5.5 m long and 0.75 m in diameter. It is composed of three main sections:
a titanium pressure hull in the middle and two free-flooding fairings of composite material fore and aft. The
pressure vessel houses the batteries, the computer and other electronic equipment. It also guarantees neutral
buoyancy by compensating for the weight in water of the items located in the flooded sections. The
propulsion system consists of a bow main thruster and four tunnel thrusters (two horizontal and two vertical)
for manoeuvring at low speed and hovering. In cruise mode two pairs of aft fins (in a cross-shaped
configuration) control the vehicle.
At the beginning of 2002, the design and manufacturing activities were almost completed. The main efforts
were devoted to integrating the components and testing the software control system. In spring SARA was
launched for the first time into the Brenta river for a hydrostatic test. Long-lasting tests were performed in a
lake near Treviso in September 2002.
Serious problems originated by different devices affected the significance of tests: as regards the navigation
system, the worst problem was the failure of the Doppler log of 300 kHz; this was replaced by a 1200 kHz log,
with a very short measurement range. At the centre of the lake, SARA was unable to receive the lake-bottom
echo, hence adding uncertainty to the estimation algorithm. Nevertheless, the tests to upgrade the algorithms
and the navigation software and to refine the performance of different sensors and devices were successful.
Final testing and simple oceanographic measurements are to be done in-situ during the 2002-2003 Antarctic
expedition. In January 2003 SARA will perform short navigation tests starting from the Italian base dock.

5.3.2 BOMA
The BOMA project is funded by MIUR. The final goal is to design, develop and test a moored buoyant system
of large dimensions, with various measurement systems on board. The mission of BOMA is the continuous
monitoring of meteorological and oceanic parameters. The
platform will be moored far from the coast, on a very deep
sea bottom. The basic platform is a pre-existing disk hull,
about 6 m in diameter, reconditioned in order to host
different sensors and the control and transmission systems.
A special mooring line was also designed and manufactured
(1400 m long). The instrument set is similar to that installed
inside the main world buoyant systems (such as
TOGA/TAO, PIRATA and NOAA). The main parameters to
be measured are wind direction and velocity, air
temperature and pressure, humidity, solar radiation, rain,
water temperature and conductivity.

Fig. 5.7 - The Boma skull
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A new capture system makes it possible to sample the water
at different depths up to 200 m. The water samples will be
chemically and biologically analysed on board. Hence, the
life of the sensors will be significantly lengthened because
their permanent contact with seawater will be avoided. The
present analyses of water samples concern temperature,
conductivity, oxygen, redox potential, turbidity, chlorophyll
“a”, but other analysis systems (e.g., for nutrients) could be
easily connected to the control system. Flexibility, for adding
different devices, and the capability of transmitting data to
a land station are major features of the buoy.

5. Robot
ics
The manufacturing and the purchasing of components (sensors
and electronics) were completed, and a large number of them has
already been installed inside or on the hull (see fig. 5.7). BOMA is
presently moored in the Trieste harbour, waiting for the final
integration and the supply of the high-depth mooring line.

5.3.3 MELBA
MELBA (see fig. 5.8) is an innovative drifter for long-range
oceanographic surveys, funded by MIUR. In general, drifters are
very simple buoyant devices that float along sea currents,
without sensors or equipped with just a temperature sensor; their
position is periodically detected by the ARGOS satellite system.
Instead, following the most advanced technology trends, MELBA
Fig. 5.8 – Melba, portasensor head
is equipped with a complete sensor set, a complex control system
and a propulsion system that allows its operation depth to be
changed. In addition, position, measurements and new commands to modify the mission itself can be
transmitted, by means of the ORBCOM satellite network, through a bi-directional communication channel.
In 2002 all the components of the vehicle were separately completed and tested; the oil engine (a device for
varying the density of the drifter) and the final hull were designed.
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plasmas of FTU tokamak
29th EPS Conf. on Plasma Physics and Controlled Fusion (Montreux, June 17-21, 2002)
A. JACCHIA, F. DE LUCA, S. CIRRANT, C. SOZZI, G. BRACCO, A. BRUSCHI, P. BURATTI, S. PODDA, O.
TUDISCO: Application of modulated ECH to electron heat transport study on FTU tokamak
29th EPS Conf. on Plasma Physics and Controlled Fusion (Montreux, June 17-21, 2002)
L. CARRARO, M. FINKENTHAL, K. FOURNIER, L. GABELLIERI, M. LEIGHEB, M. MATTIOLI, D.
PACELLA, M.E. PUIATTI, P. SCARIN, M. VALISA: Impurity transport simulation in radiatively improved and ITB
plasmas in FTU
29th EPS Conf. on Plasma Physics and Controlled Fusion (Montreux, June 17-21, 2002)
G. VLAD, S. BRIGUGLIO, G. FOGACCIA, F. ZONCA: Nonlinear dynamics of shear Alfvén modes and energetic
ion confinement in optimized shear tokamak equilibria
29th EPS Conference on Plasma Physics and Controlled Fusion (Montreux, June 17-21, 2002)
M. LEIGHEB, D. PACELLA, M.J. MAY, M. MATTIOLI, M. FINKENTHAL, K.B. FOURNIER, R. ZAGORSKI:
Observation of anomalous iron ion charge distribution in FTU
29th EPS Conf. on Plasma Physics and Controlled Fusion (Montreux, June 17-21, 2002)
B. ESPOSITO, F. CRISANTI, V. PARAIL, P. MAGET, Y. BARANOV, A. BÉCOULET, C. CASTALDO, C.D.
CHALLIS, G.D. CONWAY, X. GARBET, C. GIROUD, R. DE ANGELIS, N. HAWKES, G.M.D. HOGEWEIJ, X.
LITAUDON, M. RIVA, K.D. ZASTROW, AND CONTRIBUTORS TO THE EFDA-JET WORKPROGRAMME:
Correlation between magnetic shear and ExB shear flow on JET ITBs
29th EPS Conf. on Plasma Physics and Controlled Fusion (Montreux, June 17-21, 2002)
D. FRIGIONE, L. GABELLIERI, M. LEIGHEB, M. MATTIOLI, D. PACELLA, L. PANACCIONE: High
performance FTU multiple pellet injection with no high-z impurity accumulation
29th EPS Conf. on Plasma Physics and Controlled Fusion (Montreux, June 17-21, 2002)
C. CASTALDO, R. CESARIO, Y, ANDREW, A. CARDINALI, V. KIPTLY, M. MANTSINEN, F. MEO,
A. MURARI, A.A. TUCCILLO, M. VALISA, D. VAN EESTER, L. BERTALOT, D. BETTELLA, C. GIROUD, C.
INGESSON, E. JOFFRIN, M.-L. MAYORAL, L. MENESES: Transport barriers produced in JET discharges by ion
Bernstein waves
IAEA 19th Fusion Energy Conference (Lyon, October 14-19, 2002)
S. PODDA, G. GRANUCCI, V. PERICOLI-RIDOLFINI, E. BARBATO, B. ESPOSITO, C. GORMEZANO, F.
MIRIZZI, L. PANACCIONE AND THE FTU TEAM: LH current drive at ITER relevant condition in FTU Tokamak
IAEA 19th Fusion Energy Conference (Lyon, October 14-19, 2002)
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V. PERICOLI RIDOLFINI, E. BARBATO, P. BURATTI, C. CASTALDO, R. CESARIO, V, COCILOVO, B.
ESPOSITO, E. GIOVANNOZZI, G. GIRUZZI, C. GORMEZANO, G. GRANUCCI, M. LEIGHEB, M.
MARINUCCI, F. MIRIZZI, S. NOWAK, L. PANACCIONE, S. PODDA, Y. PEYSSON, M. ROMANELLI, A.N.
SAVELIEV, P. SMEULDERS, C. SOZZI, O. TUDISCO, FTU & ECRH TEAMS: Progress towards internal transport
barriers at high plasma density sustained by pure electron heating and current drive in the FTU tokamak
IAEA 19th Fusion Energy Conference (Lyon, October 14-19, 2002)
E. GIOVANNOZZI, S. ANNIBALDI, P. BURATTI, D. FRIGIONE, E. LAZZARO, L. PANACCIONE, O.
TUDISCO: Island structure and rotation after pellet injection in FTU
IAEA 19th Fusion Energy Conference (Lyon, October 14-19, 2002)
B. ANGELINI, M.L. APICELLA, G. APRUZZESE, E. BARBATO, A. BERTOCCHI, G. BRACCO, A. BRUSCHI,
G. BUCETI, P. BURATTI, A. CARDINALI, L. CARRARO, C. CASTALDO, C. CENTIOLI, R. CESARIO, S.
CIRANT, V. COCILOVO, F. CRISANTI, R. DE ANGELIS, M. DE BENEDETTI, G. GIRUZZI , F. DE MARCO,
B. ESPOSITO, M. FINKENTHAL , D. FRIGIONE, L. GABELLIERI, F. GANDINI, L. GARZOTTI, G. GATTI, E.
GIOVANNOZZI, C. GORMEZANO, F. GRAVANTI, G. GRANUCCI, M. GROLLI, F. IANNONE, H.
KROEGLER, E. LAZZARO, M. LEIGHEB, G. MADDALUNO, G. MAFFIA, M. MARINUCCI, M. MATTIOLI,
G. MAZZITELLI, F. MIRIZZI, S. NOWAK, D. PACELLA, L. PANACCIONE, M. PANELLA, P. PAPITTO,
V. PERICOLI-RIDOLFINI, A. A. PETROV, L. PIERONI, S. PODDA, F. POLI, M. E. PUIATTI, G. RAVERA, G.B.
RIGHETTI, F. ROMANELLI, M. ROMANELLI, F. SANTINI, M. SASSI, A. SAVILIEV , P. SCARIN, S.E. SEGRE,
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, V. ZANZA, M. ZERBINI, F. ZONCA: Overview
of the FTU results
IAEA 19th Fusion Energy Conference (Lyon, October 14-19, 2002)
D. FRIGIONE, P. BURATTI, M. DE BENEDETTI , B. ESPOSITO, L. GABELLIERI, L. GARZOTTII , E.
GIOVANNOZZI, M. LEIGHEB, M. MARINUCCI, M. MATTIOLI, L. PIERONI, M. ROMANELLI, B.
ANGELINI, M.L. APICELLA, G. APRUZZESE, E. BARBATO, A. BERTOCCHI, G. BRACCO, G. BUCETI, A.
CARDINALI, C. CASTALDO, C. CENTIOLI, R. CESARIO, V. COCILOVO, F. CRISANTI, R. DE ANGELIS, F.
DE MARCO, G. GATTI, C. GORMEZANO, F. GRAVANTI, M. GROLLI, F. IANNONE, H. KROEGLER, G.
MADDALUNO, G. MAFFIA, G. MAZZITELLI, F. MIRIZZI, D. PACELLA, L. PANACCIONE, M. PANELLA,
V. PERICOLI-RIDOLFINI, S. PODDA, F. POLI, G.B. RIGHETTI, F. ROMANELLI, , F. SANTINI, S.E. SEGRE ,
P. SMEULDERS, E. STENINI, N. TARTONI, B. TILIA, A.A. TUCCILLO, O. TUDISCO,V. VITALE, V. ZANZA,
M. ZERBINI: Investigation of high density regimes in FTU by pellet injection and impurity seeding
IAEA 19th Fusion Energy Conference (Lyon, October 14-19, 2002)
F. ZONCA, S. BRIGUGLIO, L. CHEN, G. FOGACCIA, G. VLAD: Collective effects and self-consistent energetic
particle dynamics in advanced tokamaks
IAEA 19th Fusion Energy Conference (Lyon, October 14-19, 2002)
P. LIBEYRE, D. CIAZYNSKI, P. DECOOL, J.L. DUCHATEAU, H. FILLUNGER, R. MAIX, E. SALPIETRO, A.
ULBRICHT, F. WUECHNER, A. DELLA CORTE, M. SPADONI, A. LAURENTI, P. PESENTI, N. VALLE, F.
BEAUDET, A. BOURQUARD, D. BRESSON: Technology transfer from laboratory to industry for fabrication of large
superconducting coil joints
IAEA 19th Fusion Energy Conference (Lyon, October 14-19, 2002)
A. JAUN, S. BRIGUGLIO, G. FOGACCIA, C. GORMEZANO, F. ZONCA, G. VLAD, A. FASOLI, D. TESTA,
S. KONOVALOV, L. CHEN, K. TOBITA, M. TAKECHI, K. SHINOHARA, A. FUKUYAMA: Collective modes
and fast particle confinement in ITER
IAEA 19th Fusion Energy Conference (Lyon, October 14-19, 2002)
M.L. APICELLA, G. MAZZITELLI AND FTU TEAM: Effects of wall boron coating on FTU plasma operations
XVI Congresso Nazionale sulla Scienza e Tecnologia del Vuoto (Catania, Ottobre 7-9, 2002)
S. CERESARA, M. CIOTTI, F. FELLI, G. GIUNCHI, A. MAURO, T. PETRISOR, M. SPADONI: Manufacture of
Nb3Al superconducting wires by the rapid heating and quenching technique
ICMC 2002 (Xi’hang, June 17-21, 2002)
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6. Publicat
C. CASTALDO, R. CESARIO, Y, ANDREW, A. CARDINALI, V. KIPTLY, M. MANTSINEN, F. MEO, A.
MURARI, A.A. TUCCILLO, M. VALISA, D. VAN EESTER, L. BERTALOT, D. BETTELLA, C. GIROUD, C.
INGESSON, E. JOFFRIN, M.-L. MAYORAL, L. MENESES AND JET EFDA CONTRIBUTORS: Improved plasma
confinement by ion Bernstein waves (IBWs) interacting with ions in JET (Joint European Torus)
IAEA 19th Fusion Energy Conference (Lyon, October 14-19, 2002)
G. MADDALUNO, G. GIACOMI, L. VERDINI: Thermal desorption measurement of deuterium retention in fusion
relevant materials
XVI Congresso Nazionale sulla Scienza e Tecnologia del Vuoto (Catania, Ottobre 7-9, 2002)
F. SCARAMUZZI: Caricamento di deuterio in palladio in fase gassosa e a basse temperature
Workshop TESMI (Lecce, Dicembre 6-7, 2002)
M. RIVA, L. ZABEO, E. JOFFRIN, D. MAZON, D. MOREAU, A. MURARI, R. FELTON, K. GUENTHER, X.
LITAUDON, F. SARTORI, C. TALIERCIO, G. TRESSET, AND CONTRIBUTORS TO THE EFDA-JET WORK
PROGRAMME: Real time safety factor profile determination in JET
22nd Symposium on Fusion Technology (Helsinki, September 9-13, 2002)
V. VIOLANTE, E. SANTORO, A. ROSADA, F. SARTO, L. CAPOBIANCO, M. MCKUBRE, F. TANZELLA:
X–ray emission and isotopic shift during electrochemical loading of hydrogen and deuterium in metals
Workshop TESMI (Lecce, Dicembre 6-7, 2002)

Reports
RT/2002/18/FUS C. LO SURDO: Abstract tensor algebra and applications: an introduction
RT/2002/38/FUS S.E. SEGRE, V. ZANZA: Polarization properties of the cube-corner retroreflector using Mueller
calculus
RT/2002/41/FUS A. DE NINNO, A. FRATTOLILLO, A. RIZZO, E. DEL GIUDICE, G. PREPARATA:
Experimental evidence of 4He production in a cold fusion experiment
RT/2002/60/FUS A. FRATTOLILLO, G. DALL’OGLIO, C. LIGI: Progettazione, costruzione e collaudo di un
prototipo di refrigeratore a diluizione He3-He4 a basso rumore. Risultati preliminari

Conferences and Seminars
The Nuclear Fusion Department promotes the dissemination of information on plasma physics and fusion
tethnology, both nationally and internationally

Conferences organised at ENEA Frascati in 2002
Frascati, 18-19/3/2002:

Proto-Sphera Workshop

Frascati, 29-31/10/2002: 1° Conferenza Nazionale ed Exhibition su sistemi Autonomi Intelligenti e Robotica
Avanzata
Frascati, 6-8/11/2002:
Frascati, 18-9/11/2002:

International Workshop on Human Robot Interfaces
Joint Coordinating Forum

Seminars organised and held at Frascati in 2002
1-02-2002
Y. F UKAI - Chuo University - Tokyo, Japan
Formation of Superabundant Vacancies in M-H Alloys under High Hydrogen Pressures
4-02-2002
L. SEMERARO - ENEA - Frascati, Italy
Manutenzione Remotizzata ed Ispezione Visiva della Macchina FTU
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8-02-2002
J. PAMELA - EFDA-JET - Abingdon, U.K.
JET’s Recent Results and Future Programme. A Major Contribution to the Preparation of ITER
25-03-2002
M. GASPAROTTO - EFDA - Garching, Germany
Le attività di R&D nel Programma Fusione Europeo a Lungo Termine con Particolare Riferimento ai Programmi sui
Materiali Avanzati, i Breeder Blanket da Provare in ITER e le Sorgenti Neutroniche: Stato Attuale e Prospettive
4-04-2002
L. FORTUNA - Università di Catania, Catania, Italy
Reti Nonlineari di Tipo Cellulare: Una Introduzione alle Applicazioni
22-04-2002
V. RICCARDO - UKAEA - Abingdon, U.K.
Asymmetric Vertical Disruption Events
29-04-2002
F. ZONCA - ENEA, Frascati, Italy
Zonal Flow Dynamics of E.M. Drift-Alfvén Waves and Related Mode Structure
11-06-2002
J. JACQUINOT - CEA Cadarache - Cadarache, France
Recent Progress on Tore Supra and on the Cadarache ITER Site Proposal
2-07-2002
S. ROLLET - Austrian Research Centers - Seibersdorf, Austria
Analisi di Attivazione Neutronica in Tokamak Compatti ad Alto Campo
15-07-2002
P. MALINOV - University of Sofia - Sofia, Bulgaria
ITG Modes and the Fraction of Trapped Electrons
8-10-2002
C. ALEJANDRE - CIEMAT - Madrid, Spain
The ITER Programme in Spain
22-10-2002
A. DE NINNO - ENEA - Frascati, Italy
New Hydrogen Energy - Il Nome della Rosa: Stat Rosa Pristina Nomine, Nomina Nuda Tenemus
22-10-2002
E. DEL GIUDICE - ENEA - Frascati, Italy
New Hydrogen Energy - Il Nome della Rosa: Stat Rosa Pristina Nomine, Nomina Nuda Tenemus
22-10-2002
A. FRATTOLILLO - ENEA - Frascati, Italy
New Hydrogen Energy - Il Nome della Rosa: Stat Rosa Pristina Nomine, Nomina Nuda Tenemus
12-11-2002
M. PILLON - ENEA - Frascati, Italy
Sperimentazione di Teleconsulto Medico presso il Laboratorio “La Piramide” del Comitato EV-K2-CNR
12-11-2002
S. PILLON - Azienda Osp. San Camillo - Forlanini - Roma, Italy
Sperimentazione di Teleconsulto Medico presso il Laboratorio “La Piramide” del Comitato EV-K2-CNR
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ac

alternating current

BOMA

Buoy Oceanographic Mooring Platform

CEA

Commissariat à l’Energie Atomique - France

CCD

charge-coupled device

CFC

carbon fibre composite

CKF

Chandrasekhar-Kendall-Furth

CIC

cable-in-conduit

CP

cooling plate

CPS

capillary porous system

CRPP

Centre de Recherches en Physique des Plasmas, Villigen, Switzerland

CSMC

central solenoid model coil

CTM

cassette toroidal mover

CVD

chemical vapour deposition

dc

direct current

DRP

divertor refurbishment platform - ENEA - Brasimone

DTP

divertor test platform - ENEA - Brasimone

EC

electron cyclotron

ECE

electron cyclotron emission

EDX

x-ray diffraction

EELS

electron energy loss spectroscopy

EFDA

European Fusion Development Agreement

EFF

European Fusion File

EM

electromagnetic

FARM

Frascati arm

FDSH

Faraday shield

FEM

finite-element method/model

FIMEC

flat-top indentor for mechanical characterisation

FIR

far-infrared (laser)

FNG

Frascati neutron generator - ENEA - Frascati

FZJ

Forschungszeuntrum - Jülich - Germany

FZK

Forschungszeuntrum - Karlsruhe - Germany

GB

glove box
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GDFS

gas density feedback system

HCLL

helium-cooled lithium-lead

HCPB

helium-cooled pebble bed

HD

hot dipping

HIP

hot isostatic pressing

HMGC

hybrid MHD gyrokinetic code

HRP

hot radial pressing

IARP

International Advanced Robotics Programme

IBW

ion Bernstein wave

ICRH

ion cyclotron resonance heating

ICS

inter-coil structure

INOA

National Institute of Applied Optics

ITB

internal transport barrier

ITER

International Thermonuclear Experimental Reactor

ITG

ion-temperature gradient

IVC

in-vessel component

IVP

in-vessel penetration

JAERI

Japan Atomic Energy Research Institute - Japan

LCF

low-cycle fatigue

LCT

large-coil task

LH

lower hybrid

LHCD

lower hybrid current drive

LRF

laser range finder

LVDT

linear variable displacement transformer

MARFE

multifaceted asymmetric radiation from the edge

MD

mechanical deflector

MELBA

Mediterranean Lagrangian Buoy Appliance

MHD

magnetohydrodynamic

MIR

medium infrared (laser)

MIUR

Ministry for Education, Universities and Research

MMI

man-machine interface

MTF

modulation transfer function
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NBI

neutral beam injection

NDE

non-destructive examination

NSTX

National Spherical Tokamak Experiment

PAM

passive-active multijunction

PC

plasma chamber

PEM

photo-elastic modulator

PFC

plasma-facing component

PF-FSJS

poloidal field full-size joint sample

PLD

pulsed-laser deposition

POLITO

Turin Polytechnic, Italy

PPCFS

position and plasma current feedback control system

PPPL

Princenton Plasma Physics Laboratory

PRASSI

Autonomous Robotic Platform for the Security and Surveillance of Plants

PRF

permeation reduction factor

PTB

Physikalisch-Technische Braunschweig, Germany

RAFM

reduced-activation ferritic-martensitic (steels)

RAS

Robot for the Antarctic Surface

RFC

Reversed Field Configuration

RFX

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

RI

radiative improved

SANS

small-angle neutron scattering

saRA

Autonomous Robotic Submarine

SAW

submerged arc welding

SCC

second cassette carrier

SEM

scanning electron microscopy

Sex

Stability Experiment

SexUp

Stability Experiment Upgrade

SOG

spead over ground

TEM

transmission electron microscopy

TFC

toroidal field coil

TFCI

toroidal field coil insert

TFMC

toroidal field model coil

TIG

tungsten inert gas (welding)

TMF

thermo-mechanical fatigue

Tore-Supra

large tokamak at Cadarache, France (Association EURATOM-CEA)
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TUD

Technical University of Dresden

TZM

tungsten-zirconium-molybdenum

VDE

vertical displacement event

WDS

water detritiation system

WKB

Wenzel, Kramer, Brillouin (asymptotic technique)
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