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Preface

ENEA continues to contribute to broadening plasma
physics knowledge as well as to developing the relevant
technologies in the framework of the Euratom-ENEA
Association for fusion. This report describes the 2007
research activities carried out by the ENEA Fusion
Research Group of the Nuclear Fusion and Fission, and
Related Technologies Department (FPN). Other ENEA
research groups also contributed to the activities. The
following fields were addressed: magnetically confined
nuclear fusion (physics and technology),
superconductivity and inertial fusion. 

Planning of the 2007 fusion activities took into account
the different scenarios determined by the new
organisation of the European programme based on the
start of ITER construction. The establishment of the

ITER International Organisation and the European Domestic Agency (Fusion for Energy)
required a new organisational scheme. This has implied not only the implementation of a
more project oriented structure but also the need to launch the constitution of a
consortium agreement between the Associations in order to cope with the needs for the
design and construction of the components of ITER that require specific know-how, e.g.,
diagnostics and test blanket module.

The scientific activity at the Frascati Tokamak Upgrade (FTU) was focussed on
ITER–relevant aspects of plasma scenarios (e.g., internal transport barriers,
magnetohydrodynamics, disruption control by electron cyclotron resonance heating) as
well as the exploitation of the innovative concept of the liquid lithium limiter. Theory and
modelling activities were carried out in collaboration with a number of laboratories
worldwide thus contributing to the European Integrated Modelling Task Force. The
conceptual design of FT3  was improved in collaboration with the whole Italian Fusion
Community, and the relevant report revised; the operation capability was broadened
substantially according to the outcome of the European Fusion Development Agreement



22000077

analyses of the missions to be addressed in  the ITER accompanying programme. The
technological R&D programme was performed in the ITER framework and under the Broader
Approach Agreement with Japan. Collaboration with industries in view of their participation in
the construction of ITER was further strengthened, mainly in the fields of magnet and divertor
components.

The new European Test Blanket Facility at ENEA Brasimone was completed; the design of the
ITER radial neutron camera was optimised and the performance achievable with the in-vessel
viewing system was further assessed by experimental trials.

Design activities for the JT-60SA magnet and power supply system as well as the design and
experimental activities related to the target of the International Fusion Materials Irradiation
Facility were continued. 

In the fission field one quite important event at national level is the decision of the Italian
Government to join the Global Nuclear Energy Partnership (GNEP), launched by the USA
Government. Signing took place on 13 November at the 20th World Energy Congress Ministerial
Forum in Rome. The GNEP is a comprehensive strategy aimed at making it possible to use
economical, environmentally responsible nuclear energy to meet growing electricity demand
worldwide, while virtually eliminating the risk of nuclear material misuse. This initiative, together
with the Generation-IV projects and the 6th European Union Framework Programme, is the
reference frame in which the ENEA FPN Department operated during 2007 in the nuclear fission
field. 

ENEA benefits from a wide range of collaborations with other international research centres  and
with industry. High-tech services are supplied to Italian industry. 

The work summarised in this report is amply documented in published articles and conference
communications (most of which invited). 

Frascati, December 2007 Alberto Renieri
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In preparation for the Frascati Tokamak Upgrade (FTU) 2007 experimental
programme, the priorities were changed to some extent to allow more machine
time to be allocated to new ideas and to take into account the reduced power

availability. In fact a filament failure of two of the six lower hybrid (LH) gyrotrons and an unfortunate accident to
one out of the four electron cyclotron gyrotrons during its transportation to the Frascati laboratories made it
impossible to reach the high performance foreseen for the advanced-scenario programme. Emphasis was placed
on the study of the high-density and peaked-profile regimes obtained in operations with the liquid lithium limiter
(LLL) and control of magnetohydrodynamic (MHD) modes and disruptions. High priority was also given to the
study of electron fishbone instability, which is theoretically expected in the presence of fast electrons generated
by LH and electron cyclotron resonance heating (ECRH). Some relevance was also allocated to the study of dust
dynamics in the scrape-off layer (SOL). Unfortunately, a series of contingencies affecting the spring campaign
hampered the continuity of operations and hence strongly reduced the time devoted to scientific activites.
Although the reliability of most of the machine subsystems allowed about seven weeks of operations, with 90%
efficiency, only two weeks were effectively devoted to the scientific programme. After some problems connected
with CO2 contamination of the main vacuum, the autumn campaign was not successful and then definitively
cancelled because of a fault on the poloidal system power supply.

Since its installation on FTU, the LLL has become one of the most important tools for plasma operations. Cleaner
plasma discharges and easier restart after shutdown are now routinely obtained. A new plasma regime,
characterised by highly peaked density profiles up to the Greenwald value, is spontaneously triggered with
lithizated walls. This regime is being studied in detail in order to understand the connection between the improved
plasma conditions and the SOL parameters modified by the lithium-induced low recycling.

Experiments on real-time control of MHD modes have progressed through optimisation both of the power
modulation of the ECRH system and of  the algorithm for firing the apposite gyrotron at the island location. A
detailed scan of ECRH power localisation has shown that disruptions can be avoided when the power is aimed
at any one of the modes (generally m/n=3/2, 2/1, 3/1) that would otherwise cause a disruption. A real-time
steerable ECRH antenna is also being developed with the aim of allowing a collective Thomson scattering
experiment in the ITER configuration.

Although LH power was not fully available in 2007, the LH system is still the central tool of the FTU scientific
programme. The physics of LH-wave interaction with the plasma periphery has been investigated to determine
the mechanism that could deteriorate the efficiency of this powerful current drive tool at high density. A scan of
LH power on different q profiles has started in order to determine the conditions needed to trigger fishbone-like
instability on the LH-generated fast electron tail. Precursors of the instability have already been detected with
0.5 MW of LH power. The dependence on energy (and not on particle mass) of the instability allows the study of
phenomena peculiar to the burning plasmas already obtained in some machines.

More details about the electron distribution function are provided on FTU by the new electron cyclotron emission
(ECE) diagnostic which detects emission in the off-normal direction.

Detailed analyses of data collected by Langmuir probes have confirmed that large and rare spikes of the ionization
current are generated by the impacts of hypervelocity micrometer-sized dust. Signals recorded by the Thomson
scattering diagnostic after plasma disruptions have made it possible to quantify, although with a large error bar,
the dust density at some 107m-3. Further studies are planned to better quantify dust production and to extrapolate
what could be the consequences of hypervelocity dust impacts on new-generation devices. 

Theoretical research activities were significantly focussed on the conceptual design of the Fusion Advanced
Studies Torus (FAST), formerly FT3. The objective of FAST is to show that the peculiar physics of burning plasma
conditions can be investigated in D plasmas where the role of fusion alphas is played by energetic ion tails
produced by additional heating. Applications of theoretical analyses to experimental observations have led to
deeper physical insights and have often motivated further and more focussed experiments, as in the case of
nonlinear Alfvén mode excitations by a large magnetic island. After its application at JT-60U, the Frascati hybrid
MHD gyrokinetic code was used to simulate DIII-D data. The fundamental properties of radiofrequency wave
interactions with burning plasmas were investigated with Hamiltonian perturbation theory methods. The existence
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of kinetic geodesic acoustic modes was discovered through studies on geodesic acoustic modes in collaboration
with the University of California Irvine.

Collaboration with the Joint European Torus (JET) by Italian scientists was relevant as usual. Participation in the
two experimental campaigns of 2007 amounted to nearly 17% of the total orders placed with the Euratom
Associations. Italian scientists also contributed to the commissioning of systems included in the JET
enhancement programme (EP) and to the organisation of new enhancements for JET EP2.

Besides the continuing collaboration on the Mega Ampère Spherical Tokamak (MAST) experiment at the United
Kingdom Atomic Energy Agency (UKAEA) Culham, work on PROTO-SPHERA was concentrated on defining and
awarding the contracts to build the remaining parts of MULTI-PINCH, the initial setup of PROTO-SPHERA. 

The FT3 conceptual design activity has now evolved into the present FAST proposal. The relevant work mostly
concerned optimisation of all the plasma and machine parameters in order to better focus on the missions of the
device. A section of this report is dedicated to giving the details of the potentiality and capability of FAST, which
represents a good candidate as a European satellite experiment of ITER.

1.2 FTU Facility

The experimental campaign started at the beginning of April and continued without
interruption until it had to be stopped in mid-June because of a series of problems at the
power supplies. A second campaign, planned for October, was also prevented from
starting. The static starter was identified as the source of the problems.  The FTU starter is
a prototype built more than twenty years ago and erratically goes into alarm with
subsequent stoppage of the machine itself, perhaps due to disturbance. The manufacturer,
ANSALDO, was unable to solve anything and finally suggested buying a new device as the

electronics of the original were rather old. The purchasing contract is being prepared, but at least ten
months will be required for delivery, so the new static starter will not be available until the end of 2008. In
the meantime a “work situation” that will permit an experimental campaign in the first six months of 2008
is being investigated.

During 2007, 549 shots were successfully completed out of a total of 613 performed over 26 experimental
days. The average number of successful daily pulses was 21.12. Table 1.I reports the main parameters for
evaluating the efficiency of the experimental sessions. The power supplies were the greatest source of
downtime (fig. 1.1) with a 29.6% share. The indicator trend from 1999 to 2007 (fig. 1.2) shows that
successful pulses remained stable, while experimental days and time were lower in 2007 because of the
power supply problems.

Regarding the control and data acquisition system, the following activities were carried out:

a) For the FTU experimental activity, maintenance and assistance were regularly provided on issues related
to the control and data acquisition systems. New solutions and enhancements to the existing systems
were also proposed: for example, a new architecture is being developed for the general data acquisition
system (to replace the old CAMAC-based systems). It is based on Compact PCI or PXI standard and
uses LabView development software.

b) Several applications for general use were implemented, using current software technologies, to replace
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DIAGNOSTIC
SYSTEMS

6.6%

RADIO
FREQUENCY

0.6%CONTROL
SYSTEMS

9.2%

DAS
3.5%

FEEDBACK
0.8%

NETWORK
0.0%

ANALYSIS
22.8%

OTHERS
9.7% MACHINE

17.2%

POWER
SUPPLIES

29.6%

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

Total pulses 0 0 0 277 223 113 0 0 0 0 0 0 613

Successful pulses (sp) 0 0 0 247 199 103 0 0 0 0 0 0 549

I(sp) 0.89 0.89 0.91 0.90

Potential experimental days 0.0 0.0 0.0 12.5 14.5 13.0 0.0 0.0 0.0 0.0 0.0 0.0 40.0

Real experimental days 0.0 0.0 0.0 12.5 9.0 4.5 0.0 0.0 0.0 0.0 0.0 0.0 26.0

I(ed) 1.00 0.62 0.35 0.65

Experimental minutes 0 0 0 4367 3578 1920 0 0 0 0 0 0 9865

Delay minutes 0 0 0 3421 2042 1005 0 0 0 0 0 0 6468

I(et) 0.56 0.64 0.66 0.60

A(sp/d) 19.76 22.11 22.89 21.12

A(p/d) 22.16 24.78 25.11 23.58

Delay per system (minutes)

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

Machine 0 0 0 1008 105 0 0 0 0 0 0 0 1113 17.2

Power supplies 0 0 0 866 414 634 0 0 0 0 0 0 1914 29.6

Radiofrequency 0 0 0 0 22 15 0 0 0 0 0 0 37 0.6

Control system 0 0 0 283 300 14 0 0 0 0 0 0 597 9.2

DAS 0 0 0 135 89 0 0 0 0 0 0 0 224 3.5

Feedback 0 0 0 37 0 15 0 0 0 0 0 0 52 0.8

Network 0 0 0 0 0 0 0 0 0 0 0 0 0 0.0

Diagnostic systems 0 0 0 250 180 0 0 0 0 0 0 0 430 6.6

Analysis 0 0 0 559 661 252 0 0 0 0 0 0 1472 22.8

Others 0 0 0 283 271 75 0 0 0 0 0 0 629 9.7

TOTAL    0 0 0 3421 2042 1005 0 0 0 0 0 0 6468 100

Table 1.I – Summary of FTU operations in 2007
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Fig. 1.1 -  Downtime sources in 2007



old functions or to create new
functionalities. For example, a new
broadcast system (hardware and
software) was developed to
distribute more detailed information
(e.g., plasma videos and summary
of previous shots) in the FTU control
room during experiments.

c) The English version and revision of
the ENEA Fusion Website, in
compliance with Italian law and
international directives on site
“accessibility”, was practically
completed. A first simple solution of
a Web file sharing facility (for
documentation and organisation
purposes), also for external users,
was released. A complete version of a Web file sharing facility with archive and database functions is in
preparation.

Real-time control system

• A detailed analysis of the F coil (dedicated to horizontal plasma position control) during its low current
regime was carried out and an anti-windup-based algorithm implemented in order to suppress the
current control instability appearing in the above-mentioned low regime of operation. This new algorithm
is under debugging.

• An improved algorithm, based on extremum seeking techniques, has been developed to maximise the
LH radiofrequency (rf) power absorption and will be tested in the next experimental campaign.

• A C++ light framework environment, which supplies the highest application levels (the VME simulator),
was designed and applied after an introductory analysis of the C code that implements the feedback
main loop and a reorganisation of the source structure. In addition, the existing simulator code has been
fully re-implemented over the above framework architecture.

• A remote Matlab user interface was implemented to control all the main functionalities of the simulator
module. Then a virtual processor emulator (called QEMU) was configured. It reproduces the feedback
real machine, based on a Red-Hat 8.0 Linux release and a real-time application interface (RTAI) 24.1.11.

• A new VME acquisition unit was installed to acquire thermocouple data.

• A new framework for the FTU data acquisition configuration database based on the open source
Database Management System (DBMS) mySQL and the relevant Web-based database access utilities
are being developed.

Some technological solutions for constructing the ITER CODAC components were investigated. In
particular:

• An open source solution to simulate ITER synchronous database network functionalities was tested. An
RTnet and Linux RTAI-based test-bed was carried out to check the performance of a standard Ethernet
network, suitable for real-time applications. The results were presented at the 6th International Atomic
Energy Agency (IAEA) Technical Meeting on Control and Data Acquisition in Inuyama (Japan, 2007).

• ENEA participated in the ITER CODAC review process, with reference to the contribution to the formal
documentation and the subsequent peer-to-peer review. 
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Following a European Fusion Development Agreement (EFDA) call for participation in the
framework of the Integrated Tokamak Modelling (ITM) task force, preferential support
was assigned to ENEA in order to implement a Gateway centre to be used as an access
point to high-performance computing (HPC) resources. The Gateway will be installed in
the CRESCO Computing Centre (based on a 25-TFlops supercomputer) at ENEA Portici

and released at the beginning of 2008. The ITM task force users will be able to develop and test codes in
a HPC environment. A shared storage area of about 100 TB will be used to record data and databases
relevant to the main European tokamak experiments.

1.3 FTU Experimental Results

A large amount of noninductive plasma current is necessary to achieve the
confinement and stability performance of ITER. This goal could be enormously
simplified by using lower hybrid current drive (LHCD), provided that its effectiveness be
demonstrated when operating at the high plasma densities and broad radial profile
requested for ITER (ne>0.8×1020 m-3 in the normalised flux radius ρ >0.9).

Recent works [1.1,1.2], which include the effect of spectral broadening due to
nonlinear wave physics at the plasma edge, have shown that noninductive current is
efficiently driven in internal transport barrier (ITB) plasmas in JET [1.1-1.4], at about

two thirds of the minor radius, by LHCD. ITER-relevant ITB discharges at high βN (≈2.5) have been
designed for JET, modelling the q and magnetic shear profiles. This shows that low/negative shear (s≈-0.1)
at normalised radii ρ≈0.71-0.75 would be sustained for two seconds by operating with launched
n||Peak=2.3.

Edge physics plays a crucial role in these models because it causes the wave spectral broadening to
increase when high plasma densities and relatively low electron temperatures occur at the edge and hence
leads to LH power penetration in the bulk. The LHCD experimental data available at the highest plasma
densities were provided by FTU in recent years [1.5, 1.6]. These data show that, in L-mode plasmas, bulk
effects produced by 8-GHz LH waves (5 GHz foreseen in ITER) persist in operating at line-averaged density
ne>1020 m-3, but become much weaker at ne≥1.5×1020 m-3. Data from modelling and experiments
suggest that a high electron temperature at the periphery produced, e.g., by the lithizated vessel and
ECRH at large radii r/a∼0.8, strongly reduces spectral broadening, which is useful for ITER LHCD. In this
regard, it should be noted that alternative pictures of spectral broadening in FTU, by edge fluctuations, do
not require nonlinear plasma wave interactions [1.7] and do not predict a reduction in spectral broadening
at higher electron temperature in the SOL. Further experiments are planned for FTU to complete the
analysis of LH scenarios at ITER-relevant parameters.

The LHCD (at f0=5 GHz) modelling for the ITB (n.4)
scenario of ITER was recently performed, in
collaboration with La Sapienza University (Dept. of
Engineering) and Roma Tre University (Dept. of
Applied Electroncs), by considering the effect of the
nonlinear physics of the edge. A slab plasma with
radial Te profiles with different parameters is
assumed, so that Te=7 eV, or Te=15 eV occurs at the
antenna mouth and, 3 cm away Te=50 eV, or
Te=100 eV. In these layers, the density profile makes
ωpe/ω0=1-5, respectively. With PLHCD=10 MW, about
10% of the power spectrum is broadened at higher

[1.1] R. Cesario et al., Phys. Rev. Lett. 92, 17, 175002
(2004)

[1.2] R. Cesario et al., Nucl. Fusion 46, 462 (2006)

[1.3] J. Mailloux et al., Phys. Plasmas 9, 2156 (2002)

[1.4] C. Castaldo et al., Phys. Plasmas 9, 3205 (2002)

[1.5] V. Pericoli et al., Phys. Rev. Lett. 82, 93 (1999)

[1.6] G. Calabrò et al., (FTU Team ECRH Team), Proc. of
the 16th Topical Conference on Radio Frequency
Power in Plasmas (Park City 2005), AIP 787, 311
(2005)

[1.7] G. Calabrò et al., (FTU Team), Proc. of the 17th

Topical Conference on Radio Frequency Power in
Plasmas (Clearwater 2007), AIP 933, 289 (2007)

ITM task force
Gateway
centre

Lower hybrid
current drive
studies in ITER-
density-relevant
plasmas



n||, and ≤5% for the
high–temperature case (fig.1.3).
Consequently, the LHCD
deposition profile is peaked at
r/a≈0.75 (ILHCD=0.55 MA), and
at r/a≈0.80 (ILHCD=0.34 MA) for
the low-temperature case. For
further lower electron
temperatures in the SOL, which
might occur for operations with
a higher recycling, the LHCD
becomes increasingly weaker,
and deposition occurs more
and more at the plasma
periphery.

During 2007 the tests on the liquid lithium limiter (LLL) with a capillary porous system
(CPS) were continued. The LLL employs the same CPS configuration as that previously
tested successfully on T–11M [1.8]. The structure is a matt of wire meshes of 304
stainless steel, with pore radius 15 μm and wire diameter 30 μm, which carries liquid
lithium (L-Li) from a L-Li reservoir to the side facing the plasma. The LLL system,
composed of three similar units, is installed on a vertical bottom port of FTU.

The LLL has been exposed to the plasma in Ohmic discharges at BT=6 T, Ip=0.5-0.7 MA and line average
density n–e from 0.15 up to 3.0×1020m-3. New plasma regimes with highly peaked density profiles (peaking
factor pkn=ne0/<ne> >2 [1.9], where <…> indicates the volume average) can form spontaneously for
ne>1.0×1020 m-3. Plasma densities near or beyond the Greenwald density limit are achieved and easily
reproduced. Higher electron temperatures at the plasma periphery and in the SOL are generally observed
in the whole density range, as a consequence of the strong pumping capability of Li. The associated
quasi–quiescent MHD activity points out how important it is to have low recycling and high Te at the edge
[1.10]. Further investigations on this crucial issue are under way at FTU [1.11]. 

Evidence of new low-recycling plasmas is shown in figure 1.4 where the temporal evolution of n–e on the
central and a peripheral chord of the interferometer is plotted for two high-density discharges at Ip=0.5 MA.
The strong increase in the density peaking factor occurs at the beginning of MARFE oscillations, which are
visible on the signals starting from about 0.6 s. Remarkably, the higher density shot (#30583,
n
_

e~2.8×1020 m-3) also shows stronger peaking (pkn~2.3 and ne0~4.5×1020 m-3), contrary to common
experience with gas-fuelled discharges. This is
inferred from the fact that the peripheral chords are
almost unchanged for the two discharges, while the
central ones are strongly different. The small increase
in shot #30583 is well below that expected from the
scaling law holding for FTU, according to which
neSOL∝n–e

1.46 [1.12].

A commonly observed feature of high-density
lithizated plasmas is that the radial density profiles are
steeper than those obtained with other wall
conditions, suggesting that the pumping effect of Li
leads to particle depletion of the outermost plasma
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[1.8] V.B. Lazarev et al., Proc. of the 30th EPS Conference
on Controlled Fusion and Plasma Physics
(St. Pertersburg 2003), ECA 27A (2003), P-3,162

[1.9] V. Pericoli Ridolfini et al., Plasma Phys. Controll.
Fusion 49, S123-S135 (2007) 

[1.10] S.I. Krasheninnikov et al., Phys. Plasmas 10, 1678
(2003)

[1.11] R. Cesario et al., Low recycling operation and
improved confinement in tokamaks, Proc. of the 34th

EPS Conference on Plasma Physics (Warsaw 2007),
ECA 31F (2007), P2.019 -  on line at
http://epsppd.epfl.ch/Warsaw/pdf/P2_019.pdf

[1.12] M. Leigheb et al., J. Nucl. Mater. 241-243, 914-918
(1997)
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region. This effect on the density profile is also observed after
fresh boronization, but it lasts only for a few shots. 

Plasma discharges with LH and ECRH at total power levels
up to 1.5 MW have been performed at BT=5.3 T, Ip=0.5 MA
and n–e in the range from 0.5 up to 0.8×1020 m-3. Compared
to “metallic” wall conditions, both the particle recycling and
the Zeff value remain considerably lower even with non-
negligible additional power, and no significant changes in the
edge parameters have been measured at any time in
comparison with Ohmic conditions. Preliminary results also
indicate that stronger internal transport barriers (ITBs) can be
obtained with lower additional power than for pure metallic or
boronized walls. Investigations have been started to assess
the role of Zeff reduction, which increases the LH current
drive efficiency and then facilitates the formation of a proper
current radial profile, as well as that of reduced recycling.

A project is under way for a new LLL capable of withstanding high heat loads and acting as the main limiter
on FTU. This limiter, actively cooled and equipped with a system for Li refilling, could be the prototype of
a divertor panel.

The aims of the 2007 campaign were to continue the 2006 experimental programme,
i.e., i) to look for more efficient m=2 mode stabilisation obtained by modulating the
ECRH source in phase with the island rotation and ii) to use modulated ECRH to trigger
programmatically the sawtooth crash in order to avoid monster sawteeth (possible
cause of [neoclassical] tearing-mode seeding) and maintain particle exhaust.
Experiments were carried out to achieve a reliable plasma target with an m=2 mode with

rotation frequency less than 3 kHz. An ample range of parameters was investigated: change of edge safety
factor from 3 to 13; change of elongation up to 1.085; plasma current ramp-up and -down with/without
impurity injection (Ne puffing or laser blow-off). Each investigated scenario showed a natural mode at high
frequency (over 6 kHz) with transition to low frequency (2 to 4 kHz) only for hollow profile discharges. In
parallel a new modulation scheme was developed for the gyrotron high-voltage power supplies (HVPSs),
which was able to follow an on/off modulation up to 8 kHz (square wave 50% duty cycle).

During the 2007 campaigns the ECRH system routinely delivered 800 kW/0.5 s to the plasma. One
of the four gyrotrons was under repair for a filament fault, while a second was not used because of
poor reliability. Re-conditioning of the latter is under consideration in order to obtain full power in
the near future.

Design of an ECRH fast launcher. To allow the use of ECRH (envisaged for ITER) for plasma control, an
upgrade of the ECRH antenna on FTU was studied and designed. The upgrade consists of a new launcher
added to the previous one and installed in an equatorial port toroidally located at 120° with respect to the
other port. The power of two (of the four) gyrotrons is deviated to the new launcher by way of
beam–switches installed in the transmission lines. Studies were carried out on new launching mirrors that
can be controlled in real time in both poloidal and toroidal directions to allow a continuous steering range
in both directions, hence adding flexibility and potentiality to the electron cyclotron (EC) launcher system.
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New capabilities of beam shaping (zooming: a change of beam waist in the plasma shot-by-shot) were
proposed for the first time and implemented.

Additional space is available in the launcher for insertion of a narrow remote-steering antenna, which can
be used as an alternative launcher/receiver line (e.g., for collective Thomson scattering [CTS]). The
experiments proposed for the new launcher include i) real-time control of MHD instability (tearing modes
and sawtooth triggering); ii) heating of over-dense plasma (via ordinary/extraordinary Bernstein wave
conversion); iii) proof-of-principle of thermal CTS.

The electron distribution function in thermonuclear plasmas behaves differently to a
Maxwellian in particular circumstances (e.g., in the presence of strong additional heating).
To study the deviations a polychromator and a heterodyne radiomemeter, both capable of
receiving signals from an oblique line of sight, have been installed on FTU. Both instruments,
together with the Michelson interferometer (which has only a perpendicular line of sight), will

provide measurements in different regions of the energy space, so it might be possible to infer information
about the non-thermal component of the electron distribution. 

The 12-channel polychromator antenna was modified in order to steer the line of view from perpendicular
to -18° continuously (with respect to the perpendicular view). The heterodyne radiometer (characterised by
high spectral and time resolutions) has been installed on an ECRH corrugated waveguide (88.9 mm diam.).
The receiving antenna is a mirror that can be steered in four different toroidal angles (0°, ±10°, ±20°, ±30°).

Two interchangeable front-ends allow measurements that cover the frequency range between
247 – 325 GHz (2nd harmonic for the typical FTU magnetic field). Both front-ends use a double-frequency
conversion unit in order to give two intermediate-frequency outputs between 2 – 22 GHz each, further
separated by a diplexer into 16 parts, depending on the frequency input. Finally the signals are processed
by a programmable CAEN preamplifier and acquired at a frequency of up to 2 kHz.

Some preliminary measurements were made during both ECRH and LH auxiliary heating, using the
polychromator only. The oblique and the perpendicular spectra are compared in figures 1.5 and 1.6 for
ECRH and LH respectively. The spectra from the Michelson interferometer and polychromator (see fig. 1.5)
were used to recalibrate the polychromator channels across the Michelson. A very high temperature was
obtained because ECRH with central resonance was applied during the current ramp-up, when density is
very low (2-3×1019 m-3) and sawtooth activity has not yet
started. The polychromator line of sight formed an angle
of -18° with respect to the perpendicular to the magnetic
field. In figure 1.6 the spectra were obtained for LH
(1.2 MW) during the current flat-top, with a density of
about 9×1019 m-3. To interpret the spectra, a numerical
code is being developed to compute the ECE arbitrary
distribution function and direction.
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The use of ECRH has been investigated in FTU as
a promising technique to mitigate some of the
problems associated with disruptions (current
quench, runaway production). Disruptions induced
in FTU by injecting Mo through laser blow-off or by

puffing deuterium gas above the Greenwald limit in 500 kA and
350 kA deuterium plasmas have been analysed in detail. The
toroidal magnetic field (Bt=5.3 T) is kept fixed and the ECRH
launching mirrors are steered before each discharge in order to
change the deposition radius. The loop voltage signal (Vloop) is
used as disruption precursor to trigger the ECRH power (PECRH)
before the plasma current quench: the duration of the ECRH
pulse is pre-programmed (typically 30 ms). Analysis of the Mirnov
coils, fast ECE and soft-x-ray tomography show that intense
MHD activity precedes the disruptions (fig. 1.7). The modes (the
largest usually being m/n=2/1) grow, quickly slow down and then
lock. PECRH is triggered around the beginning of the strong MHD
activity and always before mode locking. The mode locking time
(~5 ms before the current quench) is not affected by ECRH.

Application of ECRH modifies the current quench starting time according to the power deposition location
(rdep). Fine scans in rdep have shown that direct heating of one of the magnetic islands produced by MHD
modes (either 3/2, 2/1 or 3/1) prevents its further growth and also produces stabilisation of the other
modes (indicating that those modes are toroidal sidebands of each other and their harmonics) and delay
or avoidance of current quench [1.13]. Disruption avoidance and complete discharge recovery is obtained
when PECRH is applied on rational surfaces, whereas current quench is progressively delayed when rdep
approaches a rational surface from the outer side. The injected PECRH was varied in the range 0.4–1.2 MW
and the fraction of absorbed power was calculated with the electron cyclotron wave Gaussian beam

(ECWGB) code [1.14]. The Rutherford equation
[1.15] was used to reproduce the evolution of the
MHD modes. The modes involved in the disruption
were found to be tearing modes stabilised by
strong local ECRH heating. Comparison of the
model results and the experimental data (fig. 1.8)
shows that there is agreement with the minimum
absorbed power values found for disruption
avoidance: an absorbed ECRH power level of ~0.4
MW is enough to produce avoidance at 500 kA
(deposition on the q=2 surface).

[1.13] B. Esposito et al., Disruption avoidance in the
Frascati Tokamak Upgrade by means of
magnetohydrodynamic mode stabilization using
electron-cyclotron-resonance heating, to be
published In Phys. Rev. Lett

[1.14] S. Nowak et al., Phys. Plasmas 1, 1242 (1994)

[1.15] G. Ramponi et al., Phys. Plasmas 6, 3561 (1994)

[1.16] C. Castaldo et al., Nucl. Fusion 47, L5 (2007)

[1.17] C. Castaldo et al., Fast dust particles in tokamak
plasmas: detection and effects, Proc. of the 34th EPS
Conference on Plasma Physics (Warsaw 2007), ECA
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Experimental studies were dedicated to the
detection of dust in FTU, in the framework of a
collaboration with the Max Planck Institute for
Extraterrestrial Physics Garching, the Royal Institute
of Technology Stockholm, the Universities of Naples

and Molise and the Institute of Plasma Physics of the Italian
National Research Council (CNR) Milan.

In 2006, probe measurements of electrostatic fluctuations in the SOL of FTU revealed that some features
of the signals can only be explained by a local, non-propagating phenomenon. The observed spikes of the
ion saturation current signal vs time could be due to dust impact ionization produced by micrometer-sized
grains impinging on the probe surface at velocities of the order of 10 km/s. A first report of the consistency
of the available data with such an interpretation was published in 2007 [1.16], and a more detailed study
was carried out during 2007 [1.17,1.18]. The results of the latest analysis suggest that the characteristics
of extreme very rare events (current spikes of amplitude ≥6 root mean square [rms] current fluctuation
amplitude), such as their amplitude, duration, shape, occurrence probability and rate as a function of the
position vs the wall are not compatible with those typically ascribed to plasma propagating structures. On
the other hand, the interpretation in terms of dust impact ionization is consistent not only with these
characteristics but also with the charge collected by the probes during extreme events (1012~1013

elementary charges). The latter is confirmed by empirical formulas for hypervelocity dust impacts in
vacuum.

In 2007, an extended probe surface analysis was carried out in collaboration with the Superconductivity
Section of ENEA Frascati. Scanning electron microscope (SEM) analysis of the probe revealed the
presence of craters with diameters ranging from several microns up to 100. The crater statistics (size
distribution, total number, etc.) are in reasonable quantitative agreement with estimates by empirical
formulae for impact craters and with the total duration of the probe plasma exposure. The configurations
of the craters are not compatible with the hypothesis of their originating from unipolar arcs.

The consequences of hypervelocity impacts on the
reactor walls were studied, and neutral gas
contamination in fusion reactors was evaluated [1.19]. 

In the 2007 summer campaign, new experiments
were performed with molybdenum targets introduced
by the sample introduction system. The exposed
targets were analysed by SEM to detect the presence
of the impact craters. The results of the surface
analysis showed that the morphology of the targets
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was not affected by plasma exposition.
Moreover, the probe measurements did not
show clear evidence of the uncorrelated large
events observed in 2006. A possible
interpretation suggested was that lithization of
the walls during the summer campaign led to
an increase in plasma temperature in the SOL
and, consequently, to vaporisation of dust
particles. 

The feasibility of introducing aerogel samples
in the SOL to capture hypervelocity dust
particles was investigated. Aereogels are
highly porous, very low density material
(1 mg cm-3) that allow hypervelocity particles
to be captured without destroying them and
are already widely employed to study cosmic
dust. Preliminary outgassing tests were

performed on aereogel samples (fig. 1.9) and possible sputtering was evaluated. 

The Thomson scattering (TS) diagnostic was used to measure the dust present in the FTU plasma
discharges after disruptions [1.20]. Elastic scattering signals, due to the presence of dust particles, were
often detected at the end of runaway discharges. It should be noted that the edge lines of sight  of the TS
do not cover the SOL region, where usually laser elastic scattering by dust is observed in other tokamaks.
The average density of the dust particles after disruptions was about 107 m-3. Assuming a Rayleigh regime
of scattering, the size of the particles did not exceed the order of 0.1 μm, with the size distribution roughly
following a power law.

From theory predictions, it is expected that in standard FTU operating conditions (BT=5.3 T,
Ip=0.5 MA, <ne>=0.5×1020 m-3) fishbone-like modes are destabilised by coupling a
relatively high LH power (PLH≥1.5 MW) in the presence of a qmin=1 layer located off-axis of
the plasma column. Experiments aimed at optimising plasma operations for exciting
fishbone-like internal kink instabilities driven by electrons have recently been performed in
FTU with moderate LH power (0.5 MW). The plasma current density radial profile evolution
in realistic experimental conditions was modelled with the JETTO code, including the early
phase of the plasma current ramp-up. The experiment was performed with the lithizated

vessel, which provided a broader Te profile as well as a lower Zeff than in the case of the standard
boronised vessel. As a consequence, slower current diffusion is produced, which is more suitable for
exploring optimal destabilisation conditions for the fishbone-like mode.

During this experiment, MHD precursor events of the fishbone-like instability are observed with LH power
as low as 0.5 MW (see fig. 1.10), i.e., lower than the expected threshold for strong excitation of the
fishbone-like instability (≈1.5 MW) [1.21]. During the time window in which qmin≥1, just before the sawtooth
onset, this precursor consists of an m=1, n=1 mode occurring at t ≥0.32 s and localised around r/a=0.3.

[1.20] E. Giovannozzi et al., Dust measurements with
Thomson scattering in FTU, Presented at the
International Workshop on Burning Plasma
Diagnostics (Varenna 2007), to be published in
Plasma Phys. 

Fig. 1.9 - Aerogel sample used for outgassing tests 
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1.4 Plasma Theory

Theoretical research activities were significantly focussed on the Fusion Advanced Studies Torus (FAST)
conceptual design, aimed at showing that the peculiar physics of burning plasma conditions can be
investigated in D plasmas where the role of fusion alphas is played by energetic ions tails produced by
additional heating. The activities are summarised in the specific FAST section.

Applications of theoretical analyses to experimental observations have led to deeper physical insights and
have often motivated further and more focussed experiments. This is the case for nonlinear Alfvén mode
excitations by a large magnetic island in FTU, for which analyses of nonlinear distortions of the Alfvén
continuous spectrum are consistent with observations and suggest possible novel diagnostics.

Meanwhile, physical understanding of both electron and ion ITBs at JET was improved by the use of a 2D
full wave code (TORIC), which takes into account both the JET magnetic field structure and the antenna
radiated power pattern. 

Finally, numerical simulations with the Frascati hybrid magnetohydrodynamic gyrokinetic code (HMGC)
were performed for DIII-D to explain fast ion behaviour in neutral beam heated plasmas in the presence of
well diagnosed Alfvénic fluctuations.

Fundamental properties of rf wave interactions with burning plasmas were investigated with Hamiltonian
perturbation theory methods. Within the framework of the continuing collaboration with the University of
California at Irvine (UCI), a kinetic analysis of radial structures and nonlinear excitations of geodesic
acoustic modes (GAMs) led to the discovery of kinetic GAMs (KGAMs).

Within the same framework of UCI collaboration, the unified description of shear Alfvén modes on the basis
of the general fishbone-like dispersion relation was further investigated and extended to the description of
nonlinear fluctuations. 

A non-linear four-wave resonant model was derived for energetic particle behaviour, which is adequate for
analysing non-perturbative fast ion interactions with Alfvénic modes in burning plasmas.
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The work was done in
collaboration with the
Physics Department of the
University of Pisa and the
Department of Physics and
Astronomy at UCI. The
shear Alfvén wave
continuous spectrum is

calculated for finite-β tokamak equilibria in the
presence of a finite-size magnetic island, adopting a
slab model and constant-ψ near the corresponding
rational surface. The beta-induced Alfvén eigenmode
continuum accumulation point (BAE-CAP) [1.22-1.24]
is found to be shifted in space from the rational
surface of the island to the separatrix flux surface
position (labelled ψ=ψsx in fig. 1.11), while the
frequency fBAE remains the same. Splitting between
the frequencies of the odd and even modes because
of the non-uniformity of the magnetic field along the field lines was also discussed. The most remarkable
feature is the presence of new continuum accumulation points at the O-point of the island (ψ0), which
depend on the toroidal mode number n, and thereby give rise to gaps in the continuous spectrum and
regions free of continuum damping. This fact could make the existence of new magnetic-island-induced
Alfvén eigenmodes (MiAEs) possible, excited via wave-particle resonances, provided the island size be
sufficiently wide with respect to the mode radial localisation. The MiAE-CAP frequencies are given by

, (1)

where q0, s, and Bpol are respectively the values of the safety factor, shear and poloidal magnetic field
calculated at the rational surface of the island, Bisl,0 is the magnetic island amplitude and fA is the Alfvén
frequency:  fA=vA/(2πqR) with vA=B/√4πρ and ρ the mass density. For small-amplitude magnetic islands
the scaling is linear with the amplitude, and the approximate value is

. (2)

The regime of validity of the linear approximation is given by

, (3)

which can be broken for high mode numbers (n>√β/M) even for
finite-β plasmas, where M=q0sBisl,0/Bpol. In the case of low-β
plasmas, it is worthwhile noting that the order of magnitude of
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Bpol
n2 << 1
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Shear Alfvén wave
continuous spectrum
in the presence of a
magnetic island
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the island-induced frequency shift can be comparable with the BAE-CAP frequency itself.

Modes in the BAE frequency range have been observed in FTU [1.25-1.26] in the presence of an
(m,n)=(–2,–1) magnetic island. A theoretical analysis showed that they can be interpreted as BAE modes,
when thermal ion transit resonances and finite ion Larmor radius effects are accounted for [1.27], in the
small magnetic island amplitude limit. In fact, their measured frequencies were found to depend on the
magnetic island amplitude as well, with the same scaling as in equation (2) in the magnetic field. The
modes were observed only when the magnetic island size was over a certain critical threshold. Similar
observations have been reported by TEXTOR [1.28-1.29].

Due to the dependence of the MiAE-CAP frequency on mode numbers and the magnetic island size, the
possibility of using equations (1) and (2) as novel magnetic island diagnostics is evident.

To establish whether the physical mechanism involved in an electron ITB is the
same as in an ion ITB, direct heating of the plasma ions by ICRH in the “minority
heating regime” (3He minority) without neutral beam injection (NBI) was provided
in an experiment on JET [1.30]. Since under this scheme the available ICRH power
is very small (both as absolute power released by the plant and total power
provided to the ions), very accurate experiment preparation was mandatory and
required using a full wave code to study the ICRH coupling and absorption.
The calculation performed to analyse the previous experiment, based on the use

of the 2D full wave code TORIC, was improved. These new evaluations were used to re-visit the old
experimental data and to prepare the next JET experiment. Moreover, TORIC was coupled with a code,
which solves the 2D steady-state quasi-linear Fokker-Planck (SSQLFP) equation, to establish redistribution
of the power from the minority to the principal species of the plasma (electrons and majority ions) by
collisions. This new and more complete analysis was applied to the previous experiments (f=3 MHz,
≈4 MW of ICRH), showing that the best 3He minority concentration, which maximises the minority heating,
is around 6-7%. The fraction of power, which is directly absorbed by the minority, is about 70% of the
total power, while the electrons absorb the remaining 30%. Quasi-linear calculations show that the power
transfer from these energetic tails to the bulk ions is around 90%, so the global power absorbed by ions
is less than 65% of the total launched power. Although transport calculations, which use the above power
deposition profiles as the starting point, have shown that there is a reduction in ion conductivity
at the barrier location (χi=1 m2/s), the power coupled with the ions is too marginal to observe

any macroscopic effect on the barrier formation.

Following the experience obtained
in simulating JT-60U discharges
[1.31] with the HMGC, the
investigation of energetic ion
transport and nonlinear Alfvénic
fluctuations in present-day

experiments was focussed on the DIII-D device, in a
collaboration with UCI and General Atomics, San Diego.

In reversed-shear beam-heated DIII-D discharges, a large
discrepancy between the expected (from classical deposition)
and measured energetic particle radial density profile has

1. Magnetic Confinement

Modelling and
analysis of ICRH
heating experiments
in JET ITB regimes

Physics (Tarragona 2005), on line at
http://epsppd.epfl.ch/Tarragona/pdf/P
5_059.pdf

[1.29] P. Buratti et al., Proc. of the 32nd EPS
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(Tarragona 2005), on line at http://
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[1.31] S. Briguglio, et al., Particle simulations
of bursting Alfvén modes in JT-60U,
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Particle simulation of
neutral-beam-heated
DIII-D discharges
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been observed in the presence of a large amount of Alfvénic activity induced by the neutral beams [1.32].
Indeed, initialising the simulation with the expected energetic particle radial profile (as computed, e.g., by
the TRANSP code) gives rise to strong energetic particle driven mode (EPM) activity, resulting in a relaxed
radial profile close to experimental measurements. This can be seen in figure 1.12, where the energetic
particle deposition profile as computed by TRANSP is shown along with the experimental profile as
reconstructed from equilibrium measurements. The numerical simulation (considering in this case a toroidal
mode number n=2) is initialised by loading the energetic particle population according to a slowing down
distribution with a radial density profile corresponding to that provided by the TRANSP code; it results in a
strongly driven EPM. This mode saturates because of significant modifications of the energetic particle
radial profile (fig. 1.12): note that the saturated profile is very close to the experimental one as
reconstructed by the equilibrium measurements.

The excellent radial resolution of the measured frequency spectra on DIII-D [1.33] provides a good test–bed
for HMGC results. A careful analysis of the frequency spectra as obtained by numerical simulations was
carried out to check whether the qualitative and quantitative features of the experimentally observed
frequency spectra of the modes are well reproduced by HMGC simulations initialised with the TRANSP
fast–ion profile. In this respect, the main qualitative feature of the experimental results is certainly
represented by the sensitive dependence of the mode frequency on the minimum-q value, which is typical
of the so–called reversed shear Alfvén eigenmodes (RSAEs), also known as Alfvén cascades. Concerning
the simulation results, no significant correspondence was found between the observed frequencies and
that of the fast growing EPM, with respect both to the absolute values and to the sensitivity to the
minimum-q value. This is not surprising because the EPMs, in the linear phase, are strongly driven by
energetic particles and hence their frequency is mainly
determined by the wave-particle resonance condition.
On the contrary, after the large energetic particle
redistribution (saturated phase) has taken place, the
weaker residual modes obtained in the simulations

[1.32] W.W. Heidbrink et al., Phys. Rev. Lett. 99, 245002
(2007)

[1.33] M.A. Van Zeeland et al., Phys. Rev. Lett. 97, 135001
(2006)

[1.34] G. Vlad et al., Particle simulations of Alfvén modes in
reversed-shear DIII-D discharges heated by neutral
beams, Presented at the 10th IAEA Technical
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reproduce the experimentally observed dependence on minimum-q variations. Moreover, the frequency
spectra obtained from several simulations with different toroidal mode numbers compare well with
experiments both in absolute frequency and in radial localisation of the modes (fig. 1.13), provided the
nominal q profile be slightly (but well within the experimental error bars) decreased from the nominal
minimum-q value qmin=3.99 to qmin=3.89.

These results [1.34] lead to the following conclusions: a) the equilibrium profile computed by TRANSP,
which neglects energetic particle collective excitations, is strongly unstable once such dynamics is
accounted for; b) the collective mode dynamics causes relevant flattening of the energetic particle density
profile; c) the saturated state is close to that experimentally observed, both with respect to the fast–ion
density profile and the frequency spectra; d) the observed state could then be the by-product of a short
time scale collective phenomenon.

The application of LH heating and current drive to next-generation
tokamaks, mainly devoted to burning plasma physics studies, is crucial to
plasma profile control and ITB formation. For correct modelling of plasma
wave interaction, a wave equation, valid for the LH range of frequencies
(cold plasma and electrostatic approximation), was derived and
asymptotically solved (Wenzel, Kramer, Brillouin [WKB] expansion) up to the
second order in the expansion parameter [1.35]. This approach allows

reconstruction of the electric field inside the plasma and a critical analysis of the wave propagation in the
vicinity of caustics and cut-offs. Starting from the Hamiltonian character of the WKB non-linear-partial-
differential equation (Hamilton-Jacobi equation) for the wave-phase surface, the Hamilton-Jacobi equation
in 2D geometry (in a general tokamak plasma equilibrium) is analytically solved by means of the
“Hamiltonian perturbative theory”, considering the toroidal geometry as a perturbation of the straight
cylindrical geometry and expanding the equation in terms of the inverse aspect ratio ε. The essence of this
technique is to expand the generating function S (which in this case is the phase surface or the eikonal) in
powers of the small parameter ε, and then determine Sn recursively by solving a chain of partial differential
equations, which can generally be solved by quadrature.

This method makes it possible to avoid direct numerical (or analytical) integration of the ray equation
system (Hamilton equations) and to obtain an analytical expression for the generating function (phase
surface) at any order of the expansion. An extension of the analysis to the cold electromagnetic equation
(in the presence of both slow and fast modes) has also been considered in order to study the solution
behaviour in the mode conversion regime.

It has been shown that GAMs [1.36] constitute a continuous
spectrum due to radial inhomogeneities. The existence of a singular
layer thus suggests linear mode conversion to short-wavelength
KGAMs via finite ion Larmor radii and finite magnetic drift orbit
widths. This result is demonstrated by derivations of the GAM mode
structure and dispersion relation in the singular layer. At the lowest

order in kζρi, with kζ the radial wave vector ρi=vti/ωci,
the ion Larmor radius vti=(2Ti/mi)

1/2, and ωci=(eB/mic),
the well–known kinetic dispersion relation of GAMs is
recovered [1.37]. At the next relevant order O(kζ

2 ρi
2),

the KGAM generally propagates in the
low–temperature and/or high safety-factor domain,
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i.e., typically, radially outward [1.38]. The roles of wave-particle resonances at the thermal ion transit
frequency harmonics have been discussed in the long as well as short wavelength limits [1.24,1.38-1.40].

Analyses also confirm that GAMs and BAEs [1.23,1.41] are degenerate in the long wavelength limit, where
diamagnetic effects are ignored, even when finite Larmor radius and finite magnetic drift orbit width
corrections are accounted for. As already reported [1.42,1.43,1.21], this is not a coincidence but a
consequence of the fact that shear Alfvén wave (SAW) compressibility due to geodesic curvature coupling
at k||=0 is identical to the corresponding dynamics of electrostatic waves with kφ=kθ=0, as long as
diamagnetic effects are neglected.

Geodesic acoustic modes are important to turbulence transport studies because their low-frequency radial
structures can scatter drift wave (DW) fluctuations to the stable short-wavelength domain and thereby
suppress DW turbulence transport [1.44,1.45]. While the KGAM is linearly stable due to ion Landau
damping, it can be nonlinearly excited by finite-amplitude DW turbulence via three-wave resonant
parametric interactions. Nonlinear GAM excitation by DWs via three-wave resonant interactions was
recently discussed in [1.46] using a fluid model. Unlike [1.46], in this work kinetic theory has been used
throughout as it is crucial in order to account for DW sideband and KGAM damping at short wavelengths
and to determine the KGAM excitation threshold. Nonlinear excitations of GAMs by DWs have been
investigated in [1.44-1.46] by the wave-kinetic approach.

In this work, the approach of [1.47] has been followed and it is assumed that a pump wave in the DW
turbulence spectrum (e.g., an ion turbulent gradient [ITG] mode) is characterised by frequency ω0 and
wave-vector k0, while the corresponding scalar potential in toroidal geometry is

, (4)

where A0 is the mode amplitude and Φ0(n0q-m) provides the radial structure of the single poloidal
harmonics m. It has been demonstrated that the pump DW can spontaneously decay into a zonal mode
(KGAM), given by (δΦζ=Aζe

ikζr-iωζt+c.c. and characterised by (ωζ,kζ), and a lower-sideband DW (ITG)

, (5)

with ω-=ωζ-ω0* and k0+ k-= kζ. In the local limit, a set
of coupled nonlinear equations is derived for A0, A-,
Aζ. This driven-dissipative system based on three-
wave couplings exhibits limit-cycle behaviour, period
doubling and route to chaos as a possible indication
of the existence of strange attractors [1.48]. The
three-wave nonlinear system is characterised by
prey–predator self-regulation, where KGAMs are
preferentially excited with respect to GAMs because
of the radial wave-vector dependence of the
parametric excitation process. In non-uniform
plasmas, the KGAM growth is limited by finite DW
pump width and/or kζ mismatch due to
non–uniformities [1.49].

δΦ− = A−e
in0ζ+ik ζr−iω−t

e−imθ

m

∑ Φ0
* (n0q− m) + c.c.

δΦ0 = A0e−in0ζ eimθ−iω ot

m

∑ Φ0(n0q− m) + c.c.
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Perturbations of the SAW spectrum generally consist of singular (inertial) and
regular (ideal MHD) structures. For this reason, via asymptotic analyses it is
always possible to derive a general fishbone-like dispersion relation in the form
[1.50,1.51] iΛ(ω)=δW

^ 
f+δW

^ 
k. Here, iΛ(ω)is the inertial layer contribution due to

thermal ions, while the right-hand side comes from background MHD and
energetic particle contributions in the regular ideal regions. On the basis of this
dispersion relation, two types of modes exist: a discrete Alfvén eigenmode (AE),
for ReΛ2<0; and an energetic particle continuum mode  [1.50] for ReΛ2>0. The
combined effect of δW

^ 
f and Re δW

^ 
k, which determines the existence conditions

of the AE by removing the degeneracy with the SAW accumulation point,
depends on the plasma equilibrium profiles. Thus, various effects in δW

^
f + Re δW

^
k can lead to AE

localisation in various gaps, i.e., to different species of AE [1.43]. In the case of EPM, meanwhile, ω is set
by the relevant energetic ion characteristic frequency, and mode excitation requires the drive to exceed a
threshold due to continuum damping, i.e., ImδW

^ 
k>ReΛ [1.52]. This AE zoology [1.53] is consistently

described by the single and general dispersion relation. Different applications of practical interest of the
general fishbone-like dispersion relation have been discussed and it has been shown how it can be the
starting point for systematic extensions of these analyses to the nonlinear regime [1.54]. 

In collaboration with Department of Physics and Astronomy UCI, the four-wave
modulation interaction model, introduced by Chen et al. [1.47], for analysing
modulational instabilities of the radial envelope of ITG–driven modes in toroidal
geometry, has been adopted and extended to the modulations on the
fast–particle distribution function due to nonlinear Alfvénic mode dynamics, as
proposed in [1.55]. In the case where the wave-particle interactions are
non–perturbative and strongly influence the mode evolution, as for the EPM
[1.50], radial distortions (redistributions) of the fast-ion source dominate the
mode nonlinear dynamics. It has been shown that the resonant particle motion
is secular with a time-scale inversely proportional to the mode amplitude [1.56]

and that the time evolution of the EPM radial envelope can be cast into the form of a nonlinear Schrödinger
equation a la Ginzburg-Landau [1.42].

1.5 JET Collaboration

Two campaigns (C18-C19) were executed in 2007.
The organisation of the experimental programme was
led by two main task forces (TFs S1 and S2). The
experiments proposed by the other task forces
(Diagnostics, Heating, Magnetics, Exhaust, D-T) were
integrated in the S1 and S2 experimental programme.
ENEA’s involvement in the European Fusion
Development Agreement (EFDA) JET 2007 work
programme concerned participation in the
commissioning of systems included in the JET
enhancement programme (EP); organisation of new
enhancements for JET EP2 (2006-2008); and
execution of experiments in C18-C19.
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ENEA has provided the EFDA associated leader for JET, two TF leaders (Transport and Diagnostics),
one deputy TF leader (Advanced Tokamak Scenario), one responsible officer (RO) in the Close Support Unit
(H–mode scenario and Transport) and one RO for enhancements in the EFDA JET Close Support Unit
(CSU).

ENEA’s participation in orders (contracts between EURATOM and EU associations) for JET C15-C19
reached nearly 17% of the total amount, which is close to the contributions of the UK and Germany. The
ENEA-EURATOM Association unites the activities of ENEA Frascati, the CREATE Consortium, the Institute
of Plasma Physics CNR Milan, the Reversed Field Experiment (RFX) Consortium Padua, Turin Polytechnic
(POLITO), and Catania University. (See figs. 1.14-1.16.)

Digital acquisition and processing system for neutron detectors. The
neutron/gamma digital pulse shape discrimination (DPSD) unit coupled to the NE213
scintillator in the central channel of the JET neutron camera was completed [1.57].
Consisting of acquisition hardware based on a 14-bit 200 MS/s digitiser and processing
software written in LabVIEWTM, the system was fully developed at ENEA-Frascati

[1.58,1.59] (task JW5-EP-SEN-SP3). Two such systems were also given to the Institut für Plasma Physik
(IPP) in Garching and to the Physikalisch-Technische Bundesanstalt (PTB) in Braunschweig for neutron
spectroscopy applications on the ASDEX-U tokamak and on the PTB accelerator facility, respectively.
Analysis of the data acquired in the mixed neutron-gamma field of JET deuterium discharges was focussed
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on the treatment of the scintillator pile-up events (overlapping pulses). The processing software identifies
all pile-up events (fig. 1.17) and a method for their off-line digital processing was developed: pile-ups are
reduced to single pulses through a pulse fitting procedure (fig. 1.18) and then correctly labelled as
neutrons or gammas. If the method is applied to pile-ups with successive peaks separated by more than
50 ns, ~87% of the pile-up events can be resolved and used for spectral analysis [1.60].

Development of artificial diamond detectors. Of the two artificial diamond detectors grown by
chemical vapour deposition (CVD) techniques, one is a 37–μm-thick polycrystalline film (p-CVD), the other
is a single 30–μm–thick crystal diamond (SCD). Both detectors are covered with a 2–μm layer of LiF
enriched at 95% in 6Li [1.61,1.62]. 6Li converts low-energy neutrons into alphas and tritons of about 2 MeV
and 2.7 MeV respectively via the well-known (n,α) reaction in 6Li. In the case of the p-CVD detector the
goal is to measure the total neutron yield and compare it with the data of the standard 235U fission
chambers installed at JET (KN1 diagnostics). In the case of the SCD detector the goal is more ambitious
as it was developed with the aim of having a single detector capable of measuring simultaneously the total
and the 14-MeV neutrons from DD plasma. At the moment this is achieved at JET by using fission
chambers and silicon diodes (KM-7 diagnostics). The diodes have a hardness problem and are usually
changed each year. 

A peculiar aspect of the SCD detector is the conductive boron doped contact developed for this
application and which from preliminary studies (to be confirmed at JET) seems to allow the detector to
work under very stable conditions (e.g., no polarization effects) [1.61].

The different ways of detecting thermal and 14-MeV neutrons by the SCD are shown in figure 1.19, where
HPHT stands for high-pressure high-temperature layer.

Fast neutrons are detected through the products of the reaction

n + 12C → α + 9Be – 5.7 MeV  .

Thermal neutrons are detected through the products of the
reaction
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n + 6Li → T + α + 4.8 MeV

ET= 2.73 MeV;  Eα = 2.06 MeV  .

Both detectors were tested (see also [1.63,1.64]) and a good correlation was found between the p-CVD
and SCD measurements and those of the fission chambers. The ratio of the SCD/fission chamber
measurement vs the neutron yield showed good stability, i.e., over two orders of magnitude of variation in
neutron yield (fig. 1.20).

Since the goal of the SCD detector was to demonstrate its capability to simultaneously detect total and
14–MeV neutrons, figure 1.21 reports the correlation between the SCD detector and one of the 14-MeV
silicon diode monitors used at JET (KM–7 diagnostic). Despite the poor statistics of the SCD due to its
thinness, the correlation is surprisingly good, well within the experimental error.

Another important aspect is to compare the time-dependent behaviour with that recorded by the silicon
diode. The example given in figure 1.22 was obtained by summing two shots. The capability of the SCD
to measure simultaneously the DD and 14–MeV neutrons is clear in the figure.

Artificial diamonds for UV light detection. UV radiation coming from the plasma is measured at JET
by using mult micro-channel plates with a 1D photodiode array. These types of monitors are suitable for
JET plasma as the other radiation background (due to neutrons and gamma-rays) is not strong enough to
downgrade their detection performance. It is very important to test a CVD diamond as a UV detector at
JET because the monitors (especially the
micro–channel plates) used at present are very
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sensitive to radiation damage and cannot be used in ITER. So studying and testing the performance of
new detectors for ITER is mandatory and JET is the only large tokamak where ITER-like working conditions
can be obtained. 

The single crystal diamonds used as UV detectors are blind to visible light. To date their detection
performance has been tested from a few nanometers up to 250 nm by ENEA with the University of Tor
Vergata, a member of the EURATOM Association since 2004.

The time response of a diamond device is very fast (<1ns), so it is expected that the main feature that could
be improved in JET with respect to the present diagnostic methods is the time resolution.  

Following the proposal to install two diamond UV detectors at JET at the locations of the other JET UV
detection systems, i.e., inside the KS6 chamber (the Bragg rotor x-ray spectrometer for impurity surveys),
the first action was to procure one diamond sensor and the associated electronics. Some single-crystal
CVD diamond films were fabricated with different growing parameters. The films were then covered with
different patterns of contacts and tested with a Jobin Yvon toroidal grating vacuum monochromator. After
the tests one detector was chosen and installed in the KS6 vacuum chamber.

Advanced tokamak scenario

• Experiment optimisation and real-time profile control of ITB scenarios at
high βN to extend duration. The activity grouped two experiments started
in C17, i.e., “ITER-relevant ITB scenario at high βN and bootstrap
current fraction”  and  “Development  of integrated real-time profile control

for advanced scenarios”. The two topics remained distinct during the campaigns. Here the results from
the first one only are summarised. The original programme could not be entirely fulfilled because of the
lack of NBI power. Nevertheless the choice of the plasma parameters and of the waveform for gas
injection and additional power to get the best performances was further optimised and the possibility to

extend the plasma parameter space for this
regime was assessed. The use of the extreme shape
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controller in the new configuration was fully exploited. The
technique of resonant field amplification was systematically
applied to study MHD stability. Data analysis is a major point
of involvement. The role of ITBs in determining the overall
confinement was clearly assessed. A deeper study of the
MHD stability and phenomenology is under way. Methods
to extend the limits of the operational space in terms of βN
(βN=normalised beta = β(%) / (IP/aB)) are being defined, in
relation to the established q-profiles. Another field that
deeply involved ENEA is the modelling of the discharge
evolution with particular emphasis on the shape of the
current profiles, both due to bootstrap and to LH. A
summary of the results obtained in terms of βN vs total
power (neutral beam + ion cyclotron heating RF) is given in
figure 1.23 where the 2007 data are shown together with
the 2000 data [1.65). The maximum βN obtained is 2.8. The
corresponding H-factor, where the contribution of fast ions
is subtracted , is given in figure 1.24. Data show that the
discharge (#68927, B=2.3 T, Ip=1.5 MA, q95~5) with
highest βN (~3) has both electron and ion ITBs. A rich MHD
phenomenology is exhibited, including fishbones and n=2
MHD modes, which prevent a higher βN from being
obtained. The results of the experiments can be
summarised as follows: i) Large ITBs (rITB/a~0.65 ) lasting
~20 τE and compatible with edge localised modes (ELMs)
and Zeff accumulation were obtained. ii) MHD stability
requires q-profile control and efficient current drive, in off-
axis positions where the ITB  develops. This  last  point  will
be  investigated  in dedicated experiments in C20 (spring
2008), together with a study on optimisation of LHCD. After
accurate analysis of the available JET data, it was proposed
to operate at lower recycling than that for the reference

shots performed in December 2006 (e.g., shot #68927) and to operate with a bigger radial outer gap,
maintaining the plasma wall distances in the vessel optimised for low plasma-wall interactions. This
condition is identified as being useful for optimising the ITBs, as higher temperatures at the plasma
periphery and higher bootstrap current densities are expected to occur. The proposals were successfully
carried out during C18 and produced the best performance of plasma confinement in the considered
regime (shot #70069), consistent with the analysis at the basis of the proposal. As a further contribution,
the plasma current density profile evolution was modelled routinely during the campaign, considering the
realistic data of the experiments. The work was useful for further designing of the experiments,
highlighted the significant role played by the bootstrap current density at the plasma periphery in
improving the ITER-relevant regimes of JET (high βN at high triangularity), and was important in the
decision taken by TF leader to address efforts to exploring more in depth the plasma edge profiles
during high βN experiments.

• Experiment “optimise performance of
high–βN–scenarios with weak or no ITB for steady-
state application”. A robust and reproducible

[1.65] C. Gormezano et al., High beta plasmas with internal
transport barriers in JET, Proc. of the 27th EPS
Conference on Controlled Fusion and Plasma
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scenario was obtained at B=1.8 T, Ip=1.2 MA, with
a high triangularity shape optimised for high poloidal
beta. To study q-profile effects on stability and
confinement at high beta, the current profile shape
was varied by using the start time of the main NBI
pulse. The normalised beta was controlled in real
time by feedback on the NBI power. βN values
above the no-wall stability limit as given by resonant
field amplification were obtained. The beta values
were limited by the onset of MHD activity with n=1
toroidal number, which resulted in a significant loss
of confinement: a slight reduction of the beta
request resulted in stable discharges, as shown by
the blue dots in fig. 1.25. The sensitivity of this limit
to the q-profile shape was systematically
investigated; a clear correlation was observed, with
higher βN reached at lower qmin (fig. 1.26). The
confinement regime was H-mode with type-I ELMs.
Except in a few cases, no ITBs were present. The
confinement enhancement factor HITER89L-P ranged
from 1.7 to 2.1, systematically increasing with NBI
start time, i.e., with decreasing qmin. It is estimated
that about one third of the plasma current was
provided by the bootstrap mechanism and, with the
on-axis NBI current, 50-60% of the total current was
driven non-inductively. The important role of the
MHD n=1 mode in achieving the highest βN is
outlined in figure 1.27, where the traces related to
discharges #69920 and 69921 are shown. In the
figure, the βN from equilibrium reconstruction is
shown by the red curves (EFIT/BTNM). The
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difference between the discharges is in the appearance of the MHD n=1 mode in discharge #69921 (see
the monitor of this mode given by the trace of the signal DA/C1-G101) preventing the achievement of
βN~3, while in discharge #69920 the βN~3 compatible with the no-wall limit of βN~4 li (li=discharge
internal inductance) is reached and maintained with the non-appearance of the MHD mode (PROC/LI4).

• Ion heating by ICRH in ITB discharges. ITBs have been obtained using dominant ICRH in a 3He minority
ion heating scheme with a shear-reversed q-profile. Real-time control was used to maintain the 3He
concentration at about 7%, for maximum ion heating. The toroidal torque applied to the plasma was
varied: the ion heating power was kept constant by varying the mixture of heating powers, ICRH
(6–0 MW) and NBI (1.5–7 MW). It was found that E×B shear driven by toroidal rotation is not important
in forming ITBs. On the contrary the strength of the barrier (measured by the ΔTi, the variation in the ion
temperature) increases with lower torque. The ion deposition profiles calculated with the TORIC code
were compared with those measured experimentally through power modulation analysis.

Diagnostics

• Polarimetry. The experimental data were compared with all the solutions (numerical, approximate and
Guenther Model A) of the Stokes equations (fig. 1.28) [1.66]. The figure reports the measurement of the
Cotton-Mouton phase shift for the high-density shot #67777 (maximum electron density
ne=1.2×1020 m-3) with the error bar shown only for one point, the calculated value of the Cotton-
Mouton phase shift obtained by solving numerically the Stokes equations and the same quantity
evaluated by using the Guenther Model A solution. The Stokes equation model for propagating the

polarization of the interferometer laser beam into the
plasma is taken as the reference model. The numerical
solutions are generally found to be in agreement with the
measurements [1.66]. The example in figure 1.28 is taken
from a study on the modelling of polarimetric
measurements on JET [1.66], where all the available
models were compared with data. The aim of the study
was twofold: i) validation of models; ii) determination of the
plasma-parameter range suitable for extracting the value of
the plasma line density from the polarimetric
measurements. It has been shown that, for the plasma
parameters (mainly densities n

_

e<15×1019 m-2) considered
here, the difference between the measure ments of phase
shift and the measure ments calculated by using the
numerical solution of the Stokes equations is well within the
experimental error bar. In general the plasma-density line
integral from the Cotton-Mouton measurements is in
agreement with the interferometer and Thomson scattering
measurements, so the Cotton-Mouton measurements can
be used to evaluate the plasma-density line integral by
using the formula

[1.66] F.P. Orsitto et al., Modelling of
polarimetry measurements at JET,
Report EFDA-JET-PR(07)58  (2007);
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C1 ∫ B2
T ne dz=tanϕ, 

with C1=0.00194 (ϕ=phase shift, Cotton-Mouton measurement). The accuracy of this evaluation is well
within one fringe for the line-integrated densities. Work has started on using polarimeter data to correct
interferometer fringe jumps, on data analysis for high-current experiments to define mutual interference
between the Cotton-Mouton effect and the Faraday angle and on polarimeter calibration, particularly in
relation to Faraday rotation measurements.

• Motional Stark effect. The investigation
started in C15-C17 was continued.
Figure 1.29 shows the different results
obtained for the q-profile reconstruction
when i) only the magnetic measurements
are used in the EFIT equilibrium code
analysis; ii) EFIT is constrained by the
polarimetry measurements (Faraday
rotation measurements only); iii) EFIT is
constrained by the MSE measurements.
While the EFIT with only magnetic
measurements gives qmin~2 at the plasma
centre, there is substantial agreement
between EFIT+MSE and EFIT+polarimetry
which give qmin≤2 at the plasma centre. The MSE data analysis was critically reviewed by comparing
different constraints on the EFIT data e.g., choice of MSE channel weights, data from polarimetry,
variation in pressure constraints and polynomial degree. Where possible, the results were checked
against proofs of the existence of rational surfaces for q given by mode analysis of fast diagnostics or
the occurrence of sawteeth. The activity in support of the TFS2 experiments was concentrated on
programmes concerning hybrid and high βN studies. Inter-shot analysis of the q-profiles, done by mainly
monitoring the central q-value, was a useful tool for achieving the desired configuration. 

• High-resolution Thomson scattering (HRTS). Data analysis was focussed in particular on the experiment
to optimise the performance of high βN scenarios with weak or no ITB for steady-state application.
HRTS data were important in evaluating the bootstrap current fraction on the pedestal. A preliminary
project for a system that uses cameras for laser alignment control was outlined and discussed. The aim
is to monitor the laser beam incident on the input window and on the beam dump inside the vacuum
vessel.

• JET ECE Michelson interferometers. The two main lines of research followed were i) calibration of the
ECE interferometer at JET (KK1 & KK5), with laboratory tests, assessment of the procedure and
characterisation of the source; ii) analysis of the spectral response in different plasma conditions,
completion of the ECE database and relative calibration with magnetic field ramps.
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The successful development of ITER and DEMO scenarios requires preparatory
activities on devices that are smaller than ITER, sufficiently flexible and capable of
investigating the peculiar physics of burning plasma conditions. 

The aim of the Fusion Advanced Studies Torus (FAST) proposal [2.1] (formerly FT3 [2.2]) is to show that the
preparation of ITER scenarios and the development of new expertise for the DEMO design and R&D can be
effectively implemented on a new facility. FAST will a) operate with deuterium plasmas, thereby avoiding problems
associated with tritium, and allow investigation of nonlinear dynamics (which are important for understanding
alpha –particle behaviour in burning plasmas) by using fast ions accelerated by heating and current drive systems;
b) work in a dimensionless parameter range close to that of ITER; c) test technical innovative solutions, such as
full-tungsten plasma-facing components and an advanced liquid metal divertor target for the first wall/divertor,
directly relevant for ITER and DEMO; d) exploit advanced regimes with a much longer pulse duration than the
current diffusion time; e) provide a test bed for ITER and DEMO diagnostics; f) provide an ideal framework for
model and numerical code benchmarks, their verification and validation in ITER/ DEMO-relevant plasma
conditions.

2.2 Physics

The scientific rationale of the FAST conceptual design is its capability to address the peculiar
physics issues of burning plasma in the integrated framework of operation scenarios
unobtainable in existing or foreseen experimental devices. This can be achieved in a flexible
and cost-effective way in the FAST proposal, thanks to the choice of a high equilibrium
magnetic field and to the consequent possibility of being able to operate routinely at high

plasma current, high plasma density and moderate temperature, while maintaining a significant fusion
performance at equivalent fusion power gain Q>1. A typical pulse duration of 25-30 resistive times is
foreseen for studying advanced tokamak (AT) plasma scenarios, with the possibility of reaching up to 80
resistive times for extended pulse length, similar to that of ITER. Ion cyclotron resonance auxiliary heating
systems are the optimal choice for accelerating minority plasma ions to 0.5 -1.0 MeV energies. 

In particular it will be possible to simultaneously achieve:

• Production and confinement of energetic ions in the 0.5-1.0 MeV range, corresponding to dominant
electron heating in the range 40-90% of the total collisional power transfer (fusion alphas in ITER will
deliver ~70% of their energy to electrons).

• Dimensionless fast-ion and thermal plasma particle orbits close to ITER values, for reproducing micro-
and meso-scale fluctuation spectra, their cross-scale couplings and related transport processes.

• Large ratio between heating power and device dimensions at high density and low collisionality for
investigating the physics of large heat loads on the divertor plates (ratio of heating power to major radius
[P/R] similar to that of ITER), as well as the production and control of ITER- and DEMO-relevant edge
localised modes (0.4 MJ/m2 are envisaged).

Furthermore, optimised performance scenarios at
Q=3 can be obtained with plasma current up to
8.5 MA, q=2.6 and a flat-top of 2.5 s.

Introduction

[2.1] FAST conceptual study report, ENEA Internal Report
RTI/2007/001 (Dec. 2007)

[2.2] F. Romanelli et al., Fusion Sci. Technol. 45, 483 (2004)

[2.3] R. Albanese et al., Unified treatment of forward and
inverse problems in the numerical simulation of
tokamak plasmas, Proc. of the 11th Inter. Symposium

Scientific
rationale



The ITER design presently foresees the
investigation of three main equilibrium
configurations: a) a standard H-mode at
plasma current Ip=15 MA with a broad
pressure profile (p0/<p>=2); b) a hybrid mode
at Ip=11 MA with a narrower pressure profile
(p0/<p>=3); c) an AT scenario at Ip=9 M with

a peaked pressure profile (p0/<p>=4). FAST equilibrium
configurations have been designed to reproduce those of ITER
with a scaled plasma current, but still suitable to fulfil plasma
conditions for studying burning plasma physics issues in an
integrated framework. The plasma parameters obtainable in the
various equilibrium configurations are then determined on the
basis of a coupled core-edge 0-D code. An overview of the
three main configurations (H-mode, hybrid and advanced
scenarios) is given in table 2.I. A transient scenario at IP=8.5 MA
and BT=8 T (q~2.6, Q=3) has also been investigated, assuming
an additional 10 MW of negative neutral beam injection power
input. The configurations have been designed so that the
geometrical plasma features (fig. 2.1 where a FAST H-mode
equilibrium is obtained by the CREATE-NL code [2.3])
R=1.82 m, a=0.64 m, k=1.7, <δ>=0.4 remain the same in all
the cases.

The discharge duration is always limited by the heating of the
toroidal field coils, which are inertially cooled by helium
gas at 30 K. 

The heating power in all three cases is assumed to be 30 MW
provided by the ICRH system (60-80 MHz). However, for the
long-pulse AT scenario, 6 MW of LH (3.7 or 5 GHz) have been
added to actively control the current profile, whereas 4 MW of
ECRH (170 GHz - BT=6 T) provide enough power for MHD
control. In the reference H-mode scenario, one obtains for
FAST: ρ*fast=2×10-3, β

∧
fast=1.1% and ν*=8.7×10-2

(ρ*fast,ITER=1.25×10-3, β
∧

fast,ITER= 1.1% and ν*
ITER=9×10-2). The

hybrid scenario would allow an equivalent Q of about 1 to be
reached, considering an enhanced confinement factor of
1.3×H98. Meanwhile, βN=2 and n/nGW=0.8. In the AT scenario,
the non-inductive/inductive current ratio INI/Ip is 60% and the
pulse length tflat-top is ≈25 times the resistive time τres.

Predictive simulations of the above scenarios have been
performed by means of the JETTO code, using a
semi–empirical mixed Bohm/gyro-Bohm transport model [2.4].
Plasma position and shape control studies are in preparation
for the reference scenario.
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on Applied Electromagnetics and Mechanics - ISEM
2003 (Versailles, France, Conference Record) pp
404–405

2.4] G. Cenacchi and A. Taroni, JETTO: A free boundary
plasma transport code (basic version), JET Report
JET-IR (88) 03 (1988); and G. Vlad et al., Nucl. Fusion
38, 557-570 (1998)

Table 2.I - FAST plasma parameters (the values
obtained by seeding argon impurity into the
divertor are given in brackets)

H-mode Hybrid AT

Ip (MA)/q95 7.5/2.9 5/4 3/5

BT (T) 8.0 7.5 6

H98 1 1.3 1.5

<n20> (m-3) 2.8 3 1.3

n/nGW 0.5 0.8 0.5

Pth,LH (MW) 17-23 18-23 8.5-12

βN 1.4 2.0 2.0

tflat-top (s) 6 15 60

τres (s) 5 2.8 2.5

τE (s) 0.58 0.52 0.25

T0 (keV) 12 8.5 15

frad (%) 18 (75) 20 (55) 63

Zeff 1.1 (1.3) 1.0 (1.3) 1.35

Q 1.26 0.9 0.18

tDischarge (s) 14 20 70

INI/Ip (%) 18 30 60

Plasma
scenarios and
equilibrium
configurations
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Minority ions, accelerated by rf waves in the range of MeV energies, predominantly transfer
their energy to plasma electrons via collisional slowing down. The use of ICRH in the
minority scheme (H or 3He) in D plasmas can indeed produce fast particles that, with an
appropriate choice of the minority concentration, rf power, plasma density and
temperature, can reproduce the dimensionless parameters ρ*fast and βfast characterising

the alpha-particles in ITER. Thus, a device operating with deuterium plasmas in a dimensionless parameter
range as close as possible to that of ITER and equipped with ICRH as the main heating scheme would
make it possible to address a number of burning plasma physics issues, e.g., fast–ion transport due to
collective mode excitations and cross-scale couplings of micro-turbulence with meso-scale fluctuations
due to the energetic particles themselves.

A detailed study with reference to the FAST conceptual design was performed to determine the
characteristic fast-ion parameters necessary for addressing the above-mentioned burning plasma physics
issues and to present a stability analysis of collective modes excited by the ICRH-induced energetic ion
tail. The 2D full-wave code TORIC was used, coupled to the SSQLFP code, which solves the quasi-linear
Fokker-Planck equation in 2D velocity space. The HMGC hybrid code was also used to investigate the
destabilisation and saturation of fast-ion-driven Alfvénic modes below and above the EPM stability
threshold, applying as initial velocity space distribution function a bi-Maxwellian distribution for energetic
particles, which takes into account the anisotropy in the velocity space (T⊥>T�) due to ICRH. A parametric
study based on density and temperatures profiles given by the TORIC code was also carried out.

Among the R&D missions for possible new European plasma fusion devices, the FAST
project will address the issue of “First wall materials & compatibility with ITER/DEMO-
relevant plasmas”. FAST can operate with ITER-relevant values of P/R (up to 22 MW/m,
against the 24 MW/m of ITER, inclusive of the alpha-particle power), thanks to its

compactness; thus it will be possible to investigate the physics of large heat loads on the divertor plates.

The FAST divertor will be made of bulk tungsten (W) tiles, for basic operations, but also fully toroidal divertor
targets made of L-Li are foreseen. Viability tests of such a solution for the DEMO divertor will be carried
out as final step of an extended programme started on the FTU with the L-Li limiter. 

To have reliable predictions of the thermal loads on the divertor plates and of the core plasma purity, a
number of numerical self-consistent simulations has been performed for the H-mode and steady-state
scenarios by using the code COREDIV. This code, already validated in the past on experimental data
(namely JET, FTU, TEXTOR), is able to describe self-consistently the core and edge plasma in a tokamak
device by imposing the continuity of energy and particle fluxes and of particle densities and temperatures
at the separatrix.

The overall picture shows that at the low plasma densities typical of steady-state regimes, W is effective in
dissipating input power by radiative losses, while Li needs additional impurities (Ar, Ne). In the intermediate
and, mainly, in the high-density H-mode scenarios, impurity seeding is needed with either Li or W as target
material, but a small (0.08% atomic concentration) amount of Ar, not affecting the core purity, is sufficient
to maintain the divertor peak loads below 18 MW/m2, which represents the safety limit for the W
monoblock technology presently accepted for the ITER divertor tiles. The impact of ELMs on the divertor
in the case of a good H-mode with low pedestal dimensionless collisionality has also been considered, and
it has been shown that FAST will reproduce quite closely the ITER edge conditions, so it will be possible
to study and optimise them in order to minimise the ELM perturbation.

One of the key missions of FAST is the study of fast-particle dynamics in H-mode plasmas
at high magnetic field (BT). Diagnosing fast particles is not easy due to the high spatial and

Minority ion
acceleration
by ICRH

Edge plasma
issues

Diagnostics

[2.5] F.P. Orsitto et al., Nucl. Fusion 47, 1 (2007)
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temporal resolution needed [2.5]: the minimum relevant spatial scale (δR/a, a=minor radius) for
measurements has to be of the order of δR/a~1/20-1/30, close to the fast particle Larmor radius, and the
minimum time scale (τ/τA,� τA=R0/VA=Alfvén time ~0.2 μs, R0=major radius, VA=Alfvén velocity) is of the
order of τ/τA~300, close to the relevant time scales for the interaction of Alfvén modes with fast particles
[2.5]. The study of the H-mode needs high-resolution kinetic measurements of the pedestal, edge current
profile and fine divertor diagnostic systems. At lower BT values, FAST allows investigation of AT regimes
with ITBs: these scenarios require diagnostic systems for the measurement of current profile, plasma
turbulence, MHD fluctuations and plasma rotation (toroidal and poloidal) and a very flexible real-time control
system.

The diagnostics foreseen for FAST can be subdivided in five groups: 1) burning plasma; 2) kinetic
parameters and current profile; 3) magnetics; 4) SOL and divertor; 5) turbulence and emission of radiation.
Group 1 (neutron monitors, neutron/gamma camera, neutron spectroscopy, collective Thomson
scattering, escaping and confined fast-ion probes) is essential to the mission of FAST and enables the
study of burning plasma, fast particles and MHD-related parameters. Group 2 (motional Stark effect and
charge exchange recombination spectroscopy, electron cyclotron emission, Thomson scattering, CO2
interferometry, Bremsstrahlung, spectroscopy and polarimetry) is used for the physics evaluation of
plasmas. Group 3 (magnetic sensors) is used for the equilibrium and measurement of MHD activity and for
real-time control of the machine (safe operation and scenario realisation). Group 4 (divertor spectroscopy,
main chamber reciprocating probes, infrared thermography) is dedicated to determining SOL kinetics,
thermal loads on the wall and divertor, erosion, deposition and plasma fluxes. Group 5 (Langmuir probes,
reflectometry, bolometry, tomographic gas puff imaging, microwave Thomson scattering) should provide a
complete picture of the temporal evolution of electrostatic instabilities (fluctuations in plasma density)
related to the ion temperature gradient (ITG) and possibly to the electron temperature gradient (ETG), with
reasonable space resolution inside and at the plasma edge.

FAST can be a test bed for the development of the ITER diagnostics that require consistent R&D activity,
particularly those for measuring the energy and density distribution of confined and escaping fast particles,
for the following reasons: plasma conditions similar to those of ITER (production and confinement of
energetic ions accelerated by ICRH delivering a high fraction [40-90%] of their energy to electrons; fast-
ion-induced fluctuation spectrum, power load and fast particles); reduced costs and development time of
the diagnostics (as FAST works in DD with a tungsten wall, problems and cost related to the use of tritium
and beryllium are avoided); flexibility of the device in terms of testing different technical solutions to optimise
diagnostic performance; reduced optimisation time due to fewer operational constraints, e.g., in
scheduling diagnostic system commissioning.

2.3 Design Description

The FAST load assembly (fig. 2.2) consists of 18 toroidal field coils (TFCs), 6 central
solenoid (CS) coils, 6 external poloidal field coils (PFCs), the vacuum vessel (VV) and its
internal components and mechanical structure. Resistive coils, maintained at cryogenic
temperatures, are adiabatically heated during the plasma pulse. 

FAST is a flexible device capable of operating in several scenarios with Ip from 2 MA (around 3-min-long
pulse advanced scenario ) up to 7.5 MA (H-mode scenario). Since the FAST magnet has to sustain the
duration of a long pulse, helium gas at 30 K has been chosen for cooling the oxygen-free copper magnet,
as the ratio of copper resistivity to specific heat is minimum at this temperature. 

The load assembly is kept under vacuum inside a stainless steel cryostat to provide the thermal insulation
of the machine. Several feedthroughs allow the penetrations of bus bars, fluidic pipes and support legs.
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The cryostat overall dimensions could be thought of as a
7.8-m-diam, 5-m-high circular cylinder. Penetrations are
provided for the 18 equatorial ports and the 36 vertical and
horizontal ports. 

The magnet consists of 18 coils, each one made of 14
copper plates suitably worked in order to have 3 turns in the
radial direction. The 42 turns of each coil are welded so that
they correspond to the most external region in order to
obtain a continuous helix. Each TFC is contained by a
stainless steel belt fitted to the outside zone of the coil itself.
Two pre-compressed rings situated in the upper and lower
zones guarantee structural continuity in a wedged
configuration. From the structural standpoint, the magnet
section is adequate to self-sustain the forces. The magnet
insulation is made of glass-fabric epoxy with a maximum
thickness of 0.5 mm between turns and 3 mm to ground.
The maximum turn thickness is 30 mm. The plates are
tapered at the innermost region to get the needed wedged
shape. In this area the filling factor is around 0.9. The

inductance and the total magnetic energy of the toroidal magnet during the H-mode plasma pulse are
respectively L=332 mH and ET=1.33 GJ. 

After a long current pulse in AT scenarios (i.e., 3 MA – 6 T; flat-top 60 s), the toroidal coils reach a maximum
temperature of about 180 K, while the poloidal coil system reaches 60 K as a maximum. Cooling of the
toroidal magnet system is guaranteed by a global helium gas flow of about 4 kg/s through suitable
channels cut out in the coil turns.

The finite distribution of 18 TFCs can cause significant losses in the confinement of high-energy particles
because of their being trapped inside the “ripple” valleys introduced along the field lines by these
discontinuities. Hence, the toroidal field ripple in the whole region inside the FW was accurately evaluated,
taking into account the real 3D shape of the TF. To limit the TF magnet ripple within acceptable values
ferritic inserts have been introduced inside the outboard area of the VV. Different design solutions were
compared. At the end of this analysis the ripple on the plasma separatrix was reduced from 2% to 0.3%
with optimised Fe inserts.

The main components of the PF system are the CS and the external poloidal coils (3+3 coils). The free-
standing CS is subdivided into six coils to increase plasma shaping flexibility, facilitate manufacture and
allow cooling. The CS is held in place by means of a central post, which axially constrains it through a
spring washer compression stack. Radial grooved plates at the interfaces between coil segments maintain
concentricity. The PFCs and busbars are made of hollow copper conductors. The coils are layer wound
and have an even number of layers so that the electrical leads can be located on the same side of the coil.
The conductors are wrapped with glass fabric and kapton tapes and vacuum impregnated with epoxy
resin. The design filling factors is 0.85. The magneto resistive effect was taken into account to calculate
the coil temperatures. In the AT scenario with a 3-min-long pulse the final temperature is not expected to
ever exceed 130 K in any of the poloidal coils. 

The VV is made of 18 D-shaped toroidal sectors welded together by automatic remote equipment. To
reduce the start-up flux consumption, the shell is made of Inconel to minimise the VV time constant (about
25 ms); the ports are made of stainless steel. The shell is manufactured by hot forming and welding. The
equatorial ports have a 400×1460 mm rectangular area, the vertical ports have a length of 390 mm, and
the horizontal are almost triangular with 200 mm max width. The ports are adequate for the required
diagnostic system, the ICRH system, remote handling access, etc.

Fig. 2.2 - Axonometric view of FAST load assembly



The VV will be supported by the toroidal field magnet system by means of vertical brackets attached to the
TFC case through the equatorial ports of the vessel. It has been assumed that the vertical displacement
event (VDE) occurs at approximately constant plasma current until the safety factor q at the plasma
boundary decreases to a limit value; at this time a low-q-limit disruption occurs and a fast plasma current
quench follows at a rate of about 1.5 MA/ms. The disruption events were simulated with the use of the
MAXFEA code. The total vertical force produced by the VDE during the 6.5-MA H-mode operating scenario
was evaluated with the MAXFEA code and is about 6 MN. The operating temperature of the vessel ranges
from room temperature to 100°C. 

FAST has to operate with elongated plasmas in single X-point configurations. The first wall (FW) has to
withstand thermal loads, both in normal operating conditions and in the case of disruptions, as well as
electromagnetic loads due to eddy and halo currents. The FW and the divertor are actively cooled by
pressurised water with velocity 5 and 10 m/s, respectively. The FW consists of a bundle of tubes armoured
with ∼3 mm plasma-spray tungsten. The heat load on the FW is, on average, 1 MW/m2 with a peak of
about 3 MW/m2. The design has to be remote-handling compatible and maintenance will be carried out
from the equatorial ports.

Tungsten and L-Li have been chosen as the divertor-plate material, and argon and neon as the injected
impurities to mitigate the thermal loads. As  L-Li can be replenished, it would solve the problem of damage
and hence might be a solution for the DEMO divertor. Modelling of the coupled edge/SOL-bulk plasma has
been started, using the COREDIV code for the H-mode and steady-state scenario. In high-density regimes,
ne≥3×1020 m-3, the SOL density is so high as to reduce the sputtered impurity flux from W, and radiation
losses due to intrinsic impurities are small. Consequently, almost all the heating power is delivered to the
divertor and the average power load on the plates could exceed 18 MW/ m2, so mitigation with impurity
seeding has to be considered. In the case of L-Li as the divertor target, the cooling rate remains too low
and prompt re-deposition prevents Li from entering the main plasma, hence  requiring the use of an
additional impurity. For the steady-state scenario with average density (ne=1.3×1020 m-3) a  large
concentration of injected impurity ions is required to achieve high radiation fractions, but this leads to an
increase in the value of Zeff. The technology adopted for the W divertor is monoblock, which has been
extensively tested in the relevant heat flux range. The armour consists of hollow tungsten tiles inserted in
a copper tube heat-sink. The impact of the ELMs on the divertor has also been analysed. By assuming the
same spatial deposition profile as inter-ELM and a factor of two asymmetry in the in-out ELM energy
deposition, the energy density on the inner divertor is expected to be about 0.4 MJ m-2, to be compared
with the value of 0.5 quoted as the limit for tolerable W erosion in ITER.

The scheme of maintenance operations is similar to that for ITER, with the frame acting as a carousel all
around the machine. The divertor maintenance is based on the development of an ad hoc cassette mover
tractor capable of grasping and moving the divertor cassette. An articulated boom plus a front-end
manipulator have been considered for the first wall assembly/disassembly.

To achieve burning plasmas conditions in FAST, plasma ions will be accelerated in the half-MeV
range through an ICRH system (f=60 –90 MHz) able to couple up to 30 MW of rf to the plasma.
The launchers are based on conventional current straps fed by external conjugate-T matching
networks to achieve good resilience to fast plasma instabilities. For long-pulse AT scenarios, a
6-MW LH current drive system (f= 3.7 GHz) has been designed to actively control the current

profile. Passive active multijunction (PAM) launchers are envisaged for this system to face the harsh plasma
conditions expected in FAST. A back-up solution with a more suitable 5-GHz frequency has been studied,
the final choice being affected by the availability of suitable rf power generators (500 kW, CW). The third
system is a 4-MW ECRH system (f=170 GHz) that will provide enough power for MHD control. The ECRH
power is also available for current profile control and electron heating.
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The technology activities carried out by the Euratom-ENEA Association concern
the continuation of the European Fusion Development Agreement (EFDA) as well
as the  ITER activities coordinated by the ITER International Office and Fusion for

Energy. Also included in the activities are design and R&D under  the Broader Approach Agreement between the
EU and Japan.

In order to better contribute to the programme a number of consortium agreements among the Associations are
being signed. Collaboration with industries in view of their participation in the construction of ITER was further
strengthened, mainly in the field of magnet and divertor components.

The new European Test Blanket Facility at ENEA Brasimone was completed; the design of the ITER radial neutron
camera was optimised and the performance achievable with the in-vessel viewing system was further assessed
by experimental trials. Design activities for the JT-60SA magnet and power supply system as well as the design
and experimental activities related to the target of the International Fusion Materials Irradiation Facility were
continued. Significant work was done to define quality assurance for neutronics analyses. Mockups of the ITER
pre-compression ring made in glass fibre epoxy were tested.

The activities and results documented in the following illustrate ENEA’s efforts to support fusion development.

3.2 Divertor, First Wall, Vacuum Vessel and Shield

After the successful manufacturing and testing of several small-scale
mockups of the vertical target of the ITER divertor (see Progress
Report 2006), the feasibility of using an alternative tungsten (W) grade
manufactured in the Russian Federation is being investigated (EFDA
contract 05/1249). The activity consists of

• procurement of the W grade from the Efremov Institute St. Petersburg, Russian Federation;

• manufacture of six monoblock samples; 

• high heat flux loading at the Efremov Institute;

• post-test examination of the tested samples.

ENEA is mainly involved in managing the contract, starting with the procurement of one hundred W
monoblock tiles with a pure cast copper (Cu) interlayer. The tiles from Efremov have to be accompanied
by a report on the nondestructive testing assuring defect-free Cu casting. The small monoblock samples
are manufactured by ENEA’s patented hot radial pressing (HRP) technique with which five tungsten tiles,
already provided with the Cu interlayer, are bonded to the ITER-grade Cu tube at ENEA Frascati. The
one–hundred W monoblock tiles were received and the first two mockups manufactured (fig. 3.1). The first
results encourage continuing this activity on diversifying the procurement of W grade material as well as
the potential suppliers of divertor components.

During 2007 3D profilometry with a Zygo NewView 5000 white-light interferometric
profilometer and ceramo-(metallo-)graphy were carried out on the parts of the W
and carbon fibre composite (CFC) tiles exposed to ITER-relevant Type I edge
localised modes (ELMs) and disruption loads in the Quasi-Stationary Plasma

Introduction

Qualification of an alternative
W grade to manufacture
divertor monoblocks 

Profilometry on W
and CFC tiles



Accelerator Facility of the Troisk Institute
for Innovation and Fusion Research (task
TW4-TPP-TARCAR). Figure 3.2 shows a
metallographic cross section and the
profilometry for a W tile. The
metallography shows some cracks
present in the region within the footprint
of the plasma beam. The cracks are
about 500 µm long and correspond to
macroscopic cracks visible on the
surface. As expected, a much more
complicated pattern was found in the
CFC tiles and work is in progress to
identify the characteristics. For both W
and CFC tiles, the effects of the plasma
beam are difficult to recognise due to the
unavailability of pre-exposure ceramo-
(metallo-)graphic analyses.

Characterisation
of ITER primary
first-wall panels
under thermal
fatigue cycles.
Thermal fatigue

testing of the mockups of the primary
first-wall (PFW) panel under
ITER–relevant operating conditions
(temperature and thermal flux) continued
under the Engineering Design Activities
(EDA) VI campaign. The aim of the work
is to qualify beryllium (Be)-metallic
heatsink (Cu alloys)-austenitic steel 316L
joints made by hot isostatic pressing.
The 30000 thermal fatigue cycles
planned should be concluded in spring
2008. The main characteristics of the
EDA-BETA experimental setup
connected to the ENEA Brasimone
CEF 2 water loop (fig. 3.3) for mockup
cooling are recalled in table 3.I (see 2006
Progress Report).
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Engineering
Design Activities:
VI test campaign

Fig. 3.1 – W monoblock mockups manufactured by HRP
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Fig. 3.2 - Metallographic cross section (relative to red line) and profilometry

(relative to yellow square) for a tungsten tile

Fig. 3.3 - CEF loop for the experimental

campaign of ITER PFW panel mockup
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The main results so far from the 2007 experimental
campaign are

• no detachment of the Be layer from the bulk
metallic structure (Cu alloy and AISI 316 L) after
27000 cycles;

• mean lifetime of the CFC resistor around 2500
cycles. 

Complete characterisation of the mockups will be
possible at the end of the experimental campaign.

The ITER divertor
consists of 54
cassettes, each
one integrated with
three plasma-
facing components

(PFCs): outer vertical target (OVT), dome liner (DL)
and inner vertical target (IVT). The thermohydraulic
design of the ITER divertor cassette (fig. 3.4) module
is complex because of the following demanding
requirements:

• the need to remove high heat fluxes (up to
20 MW/m2);

• the need to keep the pressure drop at an
acceptable level (a few bars);

• the need to keep a high margin against the critical heat flux (CHF).

Moreover, because of the refurbishment operations required, activated water has to be eliminated with high
efficiency from each divertor module. To do this, a procedure has been proposed and tested, which
foresees the water first discharged by pressurised gas and then a drying phase to eliminate the residual
water.

An exhaustive experimental campaign on the hydraulic characterisation of the three PFCs was concluded
in 2007 (EFDA contract 05-1235). Two different types of experiment were implemented for each PFC: in
the first the aim was to determine the pressure drop at different water temperatures and mass flow-rates;
in the second the objective was to carry out a first study on the efficiency of the draining & drying (D&D)
procedure for the fast discharge of the water after gravity draining. For the water discharge from the PFCs,
a specific loop was designed, constructed and installed in the CEF facility at ENEA Brasimone.

The most significant results are summarised below:

• Experimental determination of the pressure drop for each PFC showed that the overall pressure drop
through a single divertor cassette is within the design limit (1.4 MPa) with a good margin.

• Theoretical evaluation of the pressure drop for each PFC, developed in a RELAP 5.3 environment,
showed good agreement with the experimental results, with a discrepancy of less than 5% (fig. 3.5). 

• A non-uniform flow distribution in the parallel DL tubes was measured by an ultrasonic flow-meter. Also,

[3.1] G. Maddaluno, In VV dust measurement and removal
techniques, ENEA Internal Report, Task TW6-TSS-

Hydraulic characterisation
of full-scale separate
divertor components 

EDA-BETA size (∅xl) 700×1200 mm

Max power delivered by the resistor 41 kW

Max thermal flux emitted by the resistor 0.75 MW/m2

Loop design temperature 140°C

Max water flow-rate in CEF 2 2×70 kg/s

Max CEF 2 pump head 2×1.2 Mpa

Table 3.I - EDA-BETA glove box plus CEF 2 water loop

Fig. 3.4 - Hydraulic architecture of the ITER divertor

cassette



theoretical simulation predicts an acceptable flow
misdistribution in the OVT and IVT swirl tubes.

• Cavitation insurgence for the OVT and IVT was
investigated by means of ENEA CASBA 2000
patented accelerometers. At 100°C and 17.3 kg/s
cavitation insurgence was  not detected.

• The D&D experimental tests demonstrated the
possibility of reaching a very high efficiency in water
evacuation at 2.0 MPa and room temperature
(OVT=97.8%; IVT=99.7%; DL=99.8%), with a
negligible residual mass of water into the PFCs.
Hence, the subsequent drying phase, carried out at
low pressure (0.1 MPa), was useless, with a
negligible amount of water recovered. In addition,
the water evacuation efficiency predicted by the
model implemented in collaboration with Palermo University was found to be significantly less (≈92-95%)
than that experimentally found (≈98-99%) for a given time interval.

In ITER the production of dust by plasma-wall interaction is of concern because of the
safety hazards involved, e.g., tritium retention, chemical reactions and the potential risk
of explosion. The objective of this task (TW6-TPP-DUSMEAS) is to demonstrate
diagnostic techniques for time-resolved dust measurements in tokamaks. In this

context ENEA is in charge of the experimental investigation and implementation of Thomson scattering (TS)
in evaluating dust-rate production during the various phases of a FTU discharge. In 2007 a large quantity
of data acquired just after a disruption was analysed to see whether dust production depended on the kind
of disruption and on the plasma parameters at the onset of the disruption. So far no clear evidence of any
dependence has been found. In addition to the detection channel monitoring the laser wavelength
scattered by dust grains, analysis of the TS data was extended to the spectral channels routinely used for
electron-density and temperature measurements [1.23]. Evidence of a blackbody-like emission was found,
suggesting that the interaction between the high-power laser beam and the dust grains could result in
strong heating and ablation of the latter. This means that the real dust-grain size could be underestimated.
Experiments on introducing tungsten dust in the vacuum vessel by the sample introduction system (SIS)
were also carried out. Both the TS and the spectroscopic data are being analysed. Work was also done
to set up faster acquisition electronics and to design experimental layout modifications for dust detection
during the discharge.

The objective of the task (TW6-TSS-SEA 5.1)  was to review and update previous
work done on dust diagnostics and to complete these studies. ENEA’s activity
consisted in reviewing the results of diagnostics based on Rayleigh scattering, i.e., the
TS systems, usually used for plasma density and temperature measurements,

operating in DIII-D, FTU and TORE SUPRA. The feasibility of using infrared absorption spectroscopy,
already used by the “dusty plasmas” community for dust characterisation in tokamaks was also evaluated
[3.1]. Elastic light scattering was shown to be a reliable method for real-time detection of the presence and
the size distribution of dust particles levitating in a tokamak during or after a plasma discharge.
Measurements of the total inventory of dust in ITER could be helped if it is  known what fraction of dust
produced is successively mobilised and transported elsewhere, hence reducing the “number of places” in
which to look for it.
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Infrared absorption spectroscopy, extensively used in dusty-plasma research, can provide information on
dust creation and accretion in the vacuum vessel, as well as on its chemical composition. For elastic light
scattering the main limiting factors are the local character of the measurement, the lowest limit to the
measurable dust size, as defined by the minimum number of photons required, and the rather complicated
Mie scattering theory that is used when the particle size is comparable to the probing laser wavelength.
The main limitation of infrared absorption spectroscopy as used in a tokamak environment is probably the
strong background of infrared radiation.

A knowledge of fuel retention in metallic materials in ITER-like conditions is very important
because ITER is expected to operate with all-metal plasma-facing components and
because of the decommissioning phase. In the framework of this task (TW6-TPP-
RETMET) both exposure to neutral deuterium in the laboratory and exposure to ion/neutral

deuterium in the tokamak are foreseen. ENEA is working on the exposure of metallic samples in the
scrape-off layer of FTU. Tungsten, molybdenum, stainless steel and aluminium samples will be introduced
in the vacuum vessel by means of the SIS and, after exposure to the plasma, the samples will be analysed
with the thermal desorption spectrometer to measure the retained deuterium. In 2007 the main activities
were procurement of material, design of samples and a feasibility study on providing the FTU SIS with a
sample heating system.

In the framework of this task (TW4 - TPP – DIADEV.d4) rhodium-coated molybdenum
mirrors (∅=18 mm) were manufactured by electroplating [3.2]. No intermediate layer
was used. The thickness of the Rh coatings after finishing processing was ≥1 μ, as
confirmed by energy dispersive x-ray analysis. The mirrors were characterised in
terms of macroscopic planarity, microscopic roughness, hemispherical, specular and

diffused reflectivity. The reflectivity at 45° with s and p polarised light was measured, too. One out of the
mirrors produced was exposed to 19 plasma discharges in the scrape-off layer of TEXTOR. Post-exposure
profilometry showed that the previous flat profile was modified into a slightly convex one (fig. 3.6). This
could be due to some strain the constrained substrate underwent during strong heating. Optical
characterisation showed a few percent reduction in hemispherical reflectivity (fig. 3.7) and a very small
decrease in both s and p - polarization reflectivity under 45° incidence. After exposure, optical
characterisation was also carried out at the University of Basel. Hemispherical reflectivity results were in

[3.2] G. Maddaluno et al., Tests of rhodium-coated
molybdenum first mirrors for ITER diagnostics, Proc.
of the 34th EPS Conference on Plasma Physics
(Warsaw 2007), ECA Vol. 31F, P1.056 (2007), on line

Fuel retention

Rhodium-coated
molybdenum
mirrors

20
07
P
ro
gr
es
s
R
ep
or
t

H
ei

gh
t (

nm
)

Distance (mm)

1000

-250

-1500

-2750

-4000
0 5 10 15

Surface profile

b)

H
ei

gh
t (

nm
)

Distance (mm)

1000

-1000

-2000

-3000

0

0 5 10 15 20 25

Surface profile

a)

Fig. 3.6 – Pre- a) and post- b) exposure 2D characterisation of mirror #1. Despite the slightly different scale, a clear convexity

of the previously flat profile is visible



good agreement with ENEA data, while a rather large
discrepancy was found for the diffuse component.
Comparative measurements on test mirrors are
being carried out to clarify this point.

The detection of tiny amounts of helium isotopes in a hydrogen-isotope
background is of great importance in fusion research. In a DT fusion experiment,
such as IGNITOR or ITER, 4He and neutrons are generated. Quantitative
measurement of the amount of helium produced during a plasma discharge may
provide direct evaluation of the fusion power. Moreover, accumulation of 4He

ashes in the core plasma is a main concern, as this would dilute the DT fuel, thus resulting in a drop in the
fusion power output. In order to control impurity concentration in the core plasma and to sustain fuel
density, several active pumping methods for 4He (and other impurities) have been proposed, such as
magnetic divertors or pump limiters. Quantitative analysis of 4He concentration in the gas exhausts of such
devices could provide a straightforward method to compare the efficiency of different methods and
configurations. 

The detection of helium leaks in the plasma chamber (as well as in auxiliary equipment, such as the neutral
beam injector) is a further major problem. Vacuum tightness (with minimum detectable leaks in the 10−10

to 10−12 Pa m3/s range) is indeed a rigorous requirement in order to minimise the concentration of
impurities in the plasma. However, during a leak test, the plasma-chamber wall will release large quantities
of deuterium, which could mask the much smaller signal by leaked 4He.

The determination of tritium activity, by the 3He in-growth method, is a further relevant issue in fusion
research and requires a mass spectrometric analysis system capable of detecting small increments of 3He
in a tritium background. Quadrupole mass spectrometers (QMSs) are very convenient devices for gas
analysis as they are less expensive, faster in response, more compact and easier to use than sector field
mass spectrometers. However, they do not feature sufficient resolving power to discriminate helium and
hydrogen isotopes. To cope with the above issues, a QMS (or a standard helium-leak detector) requires
appropriate inlet filters capable of achieving strong selective attenuation of the hydrogen-isotope content
in a gas sample.

An innovative sample purification scheme, based on a double-stage arrangement of non-evaporable getter
(NEG) pumps, has been developed at ENEA Frascati [3.3]. The first getter alloy, operating at high
temperature, provides rough but fast reduction of active components, while the second, operating at room
temperature, gets rid of residual active gases (particularly in regard to hydrogen isotopes). Noble gases, of
course, are thoroughly preserved. To demonstrate the concept, as well as to investigate its performance,
such an inlet sample purification system has been integrated with a BALZERS QMG 421 quadrupole mass
spectrometer (fig. 3.8). Extensive tests performed using ultra-high purity grade deuterium, featuring
99.999% chemical purity and 99.5% isotopic purity, demonstrate that the proposed method allows
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[3.3] A. Frattolillo, A. De Ninno and A. Rizzo, J. Vac. Sci.
Technol. A25,1, 75-89 (2007)

Detection of helium
isotopes
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detection of 4He/D2 peak ratios as low as 2.5×10-7. As a matter of fact,
this double-stage arrangement of NEG pumps is able to suppress the
D2 content by a factor which can be estimated to be better than eight
orders of magnitude. As far as performance with 3He and 3H is
concerned, quantitative statements cannot be made to date because
the system has been tested only with D2, as the laboratory is not suitable
for tritium handling. However, the results achieved with 4He and D2 can
be safely extended, from a qualitative viewpoint, to 3He and tritium as
there is no indication that the performance of NEG pumps may depend
significantly on the particular hydrogen isotope. Therefore, this technique
has the potential to provide a powerful tool to measure tritium activity by
the 3He in-growth method, although the real performance must be
quantitatively assessed by appropriate experiments. Further
investigation is indeed necessary to address concerns about potential
damage of the getter alloy, as well as about possible release of 3He to
the vacuum chamber, as a consequence of the decay of tritium sorbed
in the bulk material. 

Both the above issues, however, could simply require somewhat more
frequent regeneration of the NEG pumps to avoid tritium accumulation

inside the alloy. A preliminary study, aimed at assessing the feasibility and the appropriate scale-up of this
system, as well as addressing the compatibility of getter alloys with tritium, was recently started [3.4].
Discussion began with Oak Ridge National Laboratory (ORNL) and Los Alamos National Laboratory (LANL)
in order to evaluate the possibility of a cooperative effort on this topic; joint experiments could be
performed at the LANL tritium facilities.

3.3 Breeder Blanket and Fuel Cycle

During 2007 ENEA continued to make a strong effort in different R&D fields related to the
development of the helium-cooled pebble bed (HCPB) and helium-cooled lithium lead
(HCLL) test blanket modules (TBMs) to be tested in ITER. In line with the past years, the
work was focussed on experimental activities to test components and technologies and on

the implementation of the experimental facilities available at ENEA Brasimone.

The European Breeding Blanket Test Facility (EBBTF) under installation at ENEA
Brasimone is the European Union reference facility for testing and qualifying HCLL
and HCPB TBM mockups, relevant technologies and components. The EBBTF
essentially consists of a liquid metal loop, IELLLO, coupled to the He cooling

circuit HEFUS3 in the same experimental facility. The main objectives of the EBBTF are to

a) test/qualify components and technologies relevant to HCPB and HCLL blanket concepts;

b) test/qualify TBM mockups of both concepts in ITER-relevant conditions;

c) test/qualify auxiliary circuits, such as tritium extraction and coolant purification systems.

Concerning b), it should be noted that partial and integral tests on both HCPB-HCLL TBM 1:1 scale
mockups, when available, will be carried out under operative conditions close to those foreseen in ITER:
1.4 kg/s flow-rate; 0.25 MW/m2 first wall heat flux,

[3.4] A. Frattolillo and A. De Ninno, A powerful tool to
quantitatively detect tiny amounts of 4He in a
deuterium rich background for fusion research,

Fig. 3.8 - Frascati QMS analysis facility

Test blanket
modules

European Breeding
Blanket Test Facility 



1 MW total power delivered to the mockups. During
2007 IELLLO was constructed and installed at
Brasimone (fig. 3.9), following the design specifications
prepared in 2006 and summarised below:

• Maximum liquid metal (Pb-16Li) flow rate 3 kg/s

• Design temperature 550°C 

• Design pressure 0.5 MPa

• Liquid metal inventory 0.5 m3

• Cover gas argon

• Installed power 60 kW

At the same time, the contract to upgrade HEFUS3
was prepared after closure of a call for tender started
in July 2007. The main modifications foreseen to
upgrade HEFUS3 are a new water heat exchanger of
900 kW and a new electric power supply unit of 1 MW,
to provide 250 kW of electrical power to the first wall and 750 kW to the breeding region of the TBM
mockups. Detailed technical specifications were produced for both systems. Moreover, HEFUS3 will be
equipped with a new He compressor able to provide a He flow-rate of 1.4 kg/s with a head of 0.9 MPa.
Its installation on HEFUS3 is foreseen for early 2009. 

During 2007 the HEFUS3
experimental cassette of the
lithium beryllium pebble bed
(HEXCALIBER) mockup (see

Progress Report 2006) was reconditioned and
connected to the HEFUS3 loop (fig. 3.10) in view of the
next experimental campaign on the thermomechanics
of the HCPB blanket. HEXCALIBER  simulates a
portion of a past TBM-HCPB design, with two lithium
orthosilicate (OSi) and two beryllium pebble bed cells,
each one heated by two flat electrical heaters (Kanthal
alloy covered by a steel sheet).

The whole experimental setup, including the control
and data acquisition system developed in a Labview
environment, was designed and constructed.
HEXCALIBER was inserted in a caisson of around
5 m3, kept under light vacuum, whose function is to
prevent any possible leakage of Be particulates
towards to experimental hall. Three independent gas
circuits are connected to HEXCALIBER: a circuit to supply He coolant to the HEXCALIBER cooling plates,
connected to the HEFUS3 loop, and two low–pressure He purge circuits which keep the OSi and Be
pebbles under inert conditions.

The benchmark exercise started in 2006 to select the best constitutive model developed by different EU
associations for the thermomechanical prediction of pebble-bed behaviour under blanket-relevant

conditions is under further development. 
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Presented at the 22nd IEEE/NPSS Symposium on
Fusion Engineering - SOFE 2007 (Albuquerque 2007)

Thermomechanics
of HCPB blanket

HEFus3 operative conditions
- Processed fluid: He
- Design temperature: 530°C
- Design pressure: 8 MPa
- Max He mass flow-rate: 0.35 kg/s
- Max He mass flow-rate (upgraded): 1.4 kg/s
- Max heating power: 210 kW

IELLLO operative conditions
- Processed fluid: Pb-16Li
- Design temperature: 550°C
- Design pressure: 0.5 MPa
- Max LM flow-rate: 3.0 kg/s
- LM Inventory: 500 l
- Max heating power: 60 kW

Fig. 3.9 - HEFUS3 and IELLLO loops in EBBTF facility

Fig. 3.10 - HEXCALIBER caisson connected to HEFUS3

loop



The second year of activities
on the development and
testing of systems for
extracting tritium from
Pb–16Li was dedicated to
the commissioning phase of

the TRIEX loop, testing and qualifying the main
components and trying, at the same time, to
solve the hydraulic instabilities previously
detected.

At the same time, a sensor for operation in
Pb–16Li molten alloy was designed, constructed
and tested. The instrument is based on the
principle of gas permeation, which is a
component of basic importance for TRIEX as well
as for the HCLL-TBM system. It consists of a
hollow capsule of pure ARMCO iron, whose geometry was optimised on the basis of the latest
developments. Before installation in the TRIEX facility, the sensor was qualified in gas and liquid metal
phases in an ad hoc device constructed at ENEA Brasimone. Tests on three hydrogen sensors (indicated
as PE1, PE2, PE3 in figure 3.11) consisted of

• performance analysis in gas phase at operational temperature (450°C) and H2 partial pressure of
690 mbar;

• compatibility study in lead alloy at operational temperature to verify the structural integrity of the sensors
after exposure to a liquid metal environment.

Discrepancies between the pressure evolutions of PE1, PE2 and PE3 and between experimental and
simulation results (fig. 3.11) could probably be attributed to the formation of a superficial oxide layer or
slight differences in the permeation wall thickness. On the other hand, endurance tests in Pb-16Li alloy
showed that  the sensors were able to maintain their structural integrity. Therefore, it can be concluded that
permeation sensors in Pb-16Li appear suitable for measuring the hydrogen isotope concentration in
Pb–16Li at steady state in the TRIEX loop and, once implemented and optimised, in DEMO. However, such
technology has to be greatly improved for dynamic hydrogen isotope measurement, as required in the ITER
environment. To cope with the HCLL-TBM requirement of strongly decreasing the measurement time
constant (order of magnitude of ten seconds), modifications to the sensor design (geometry as well as
materials used) are under investigation. 

The aim of the activity, which is important for the design of DEMO, is to
investigate the performance of natural oxides nucleated on different
structural materials as tritium permeation barriers. After the experimental
campaign carried out on EUROFER steel as candidate material for the
blanket cooling plates, the same type of investigation was performed on
Inconel 718, which is a possible material for the steam generator in DEMO.

In the explored range, 3-300 of H2/H2O molar ratio, no appreciable effects
on the reduction in hydrogen permeation rate were found (fig. 3.12).
Recent experiments performed by other researchers on the oxidation of

Inconel 718 and its effect on crack growth demonstrated that nickel does not react with oxygen even at
high temperature, while iron and chromium can react, albeit with slow kinetics. It appears likely that the
high concentration of nickel in this alloy blocks the formation of a stable oxide, at least for short exposition

Fusion Programme

48

20
07
P
ro
gr
es
s
R
ep
or
t

Technologies of
tritium extraction
from Pb-16Li 

Experimental study on
efficiency of oxide layers
for tritium permeation
reduction through
EUROFER and heat
exchanger materials
(Incoloy, Inconel)
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times (here 1-2 h). The focus will now be on Incoloy 800 HT, which is one of the reference materials for
high-performance steam generators.

The tritium extraction system (TES) and coolant purification system (CPS) are the
principal auxiliary circuits in any type of TBM to be tested in ITER.  In the HCPB
TBM, the main functions of the TES are to extract tritium from the lithiated ceramic
breeder by gas purging, remove it from the purge gas and route it to the ITER
tritium plant for its final recovery. The CPS has to process part of the TBM He
coolant stream in order to remove tritium permeated from the TBM, remove

incondensable impurities, and control the He chemistry.

A preliminary design of both systems was proposed, starting from determination of the expected gas
composition at the TES and CPS inlet during the different ITER operational phases and taking into account
the main requirements of  ITER and TBM experimentation: small space and flexibility in operation. The
design included a 3D layout for a first assessment of the space required for installation of the systems on
ITER. 

For the TES, having considered and compared different technologies (cold traps, adsorption systems,
selective membranes, getter beds), the proposed process consists essentially of an adsorption column,
filled with a microporous material (zeolite or other) and operated at room temperature, for Q2O removal,
and a temperature swing adsorption (TSA) system, operated at LN2 temperature in the adsorption phase,
for Q2 removal. The adsorption column for Q2O removal has been dimensioned to be substituted just after
a six-day back-to-back pulse series. The TSA is able to remove and deliver continuously all Q2 extracted
from the purge gas to the downstream ITER tritium systems. The process also contains a by-pass line
which houses a U (or other metallic) getter, used as a scavenger bed. This means that the TSA system can
be excluded when, for example, only isolated standard pulses are foreseen and a relatively small amount
of Q2 has to be extracted, or during the TSA system maintenance.

Part of the system, up to and inclusive of the adsorption column for Q2O removal, has to be placed in the
port cell, while the downstream part, with the Q2-TSA, should be located in a suitable glove box in the
tritium building. The estimated space needed in the port cell is 2.4×1.4×1.0 (L×W×H) m3 and 2.0×1.4×2.5
(L×W×H) m3 in the tritium plant building.

The CPS has been dimensioned to process 7 Nm3/h of He, corresponding to 0.025% of the total He mass
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flow-rate in the helium
coolant stream. The
proposed CPS is based on a
three-stage process:

• oxidation of Q2 and CO to
Q2O and CO2 by a fixed
bed oxidizer (Cu2O-CuO);

• removal of Q2O and CO2
by a pressure temperature
swing adsorption (PTSA)
system operated at room
temperature in the ad -
sorption phase;

• removal of impurities by
PTSA operated at LN2
temperature in the
adsorption phase.

Figure 3.13 shows  the
process flow diagram and 3D
layout of the CPS. According
to the 3D layout, the space
required for the CPS installation is 4.5×1.8×2.8 m3

(L×W×H). The CPS should be located in the tokamak
cooling water system (TCWS) vault, close to helium
coolant stream main compressor or, as an
alternative, inside the tritium plant building. 

Both TES and CPS have been designed with a
regeneration loop to feed the ITER tritium systems
with tritium only in an elemental form, with a
negligible amount of tritiated water.

Work on the dual coolant lithium-lead
(DCLL) blanket with vertical module
segmentation (VMS) of the blanket
modules continued in collaboration

with the University of Thessaly, Greece. With this
setup the modules (both outboard and inboard to
the plasma) are arranged in single poloidal
structures. The studies performed were aimed at
optimising the fluid flow in the modules and the magnetohydrodynamic (MHD) issues related to the
movement of a conductor (Pb-17Li) in the magnetic field of the tokamak. The DCLL blanket is cooled using
He flowing in the grids and Pb-17Li flowing in channels in the module  (fig. 3.14). To limit MHD effects, the
grid is separated from the flowing Pb-17Li by a SiC/SiC composite insert, keeping a 2-mm gap between
grid (in steel) and insert. The gap is filled with stagnant Pb-17Li. To keep the temperatures and thermal
stresses at an acceptable level, the He flow in the grids has to be separated in two parallel flows in the
inboard modules and in three parallel flows in the outboard. This solution requires the use of intermediate

[3.5] C. Nardi and S. Papastergiou, Demo blanket DCLL
using vertical module segmentation, ENEA Internal
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manifolds to transfer the He from the grids to the main
manifolds at the back of the module  (fig. 3.14). This
can be obtained as indicated in figure 3.15. Evaluations
of temperature and stress distribution in the
semicircular manifold showed there are no problems
(figs. 3.16 and 3.17), and the studies on MHD effects in
the conditions of the DCLL blanket VMS, performed  by
the University of Thessaly, showed that no issues are
foreseen  for this type of phenomena [3.5].
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Fig. 3.15 - Intermediate-manifold arrangement in

the DCLL VMS blanket
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The aim of the work is to compare the tritium confinement strategy adopted in the design
of ITER with the regulatory requirements applicable to Basic Nuclear Installations in France,
by pointing out possible critical issues in the design of systems and components dedicated
to tritium confinement (EFDA contract 07-1702/1551, task TW6-TTFD-TR69). Preliminary

activities focussed on the nuclear heating, ventilation and air conditioning (HVAC) system and the
atmosphere detritiation system.

The diffusion of tritium through the target material (CuCrZr alloy) of the
calorimeter panels of the neutral beam injector to be built in Padua was
calculated by using literature data on the diffusion constant. The
assessed diffusion flux of tritium during both the beam-on and the
beam-off phases is modest: more than 99% of the total tritium is

transferred into the vacuum side of the calorimeter, with small amounts going into the cooling water [3.6].

3.4 Magnet and Power Supply

Fibreglass composite material. The studies on fibreglass
unidirectional composite for the ITER pre-compression rings were
continued with tests at the ENEA Faenza facilities to evaluate the

long–term behaviour of the material when subjected to constant loads. The samples used in the tests were
obtained from batch 5 of the material produced at ENEA Frascati in 2006, which is the same batch from
which samples were taken for mechanical tests at room temperature. In 2007 two tests were completed
(fig. 3.18, [3.7,3.8]), while four others are still in progress. The test parameters are summarised in table 3.I.

[3.6] F. Borgognoni, S. Sandri and S. Tosti, Evaluation of
tritons diffusion through the neutral beam injector
calorimeter panel, ENEA Internal Report FUS TN BB-
R-025 (Dec. 2007)

[3.7] C. Nardi, et al., Report on fiberglass creep test
VR5–2s, ENEA Internal Report FUS-TEC MA R 028
(Oct. 2007)

[3.8] C. Nardi and L. Bettinali, Creep test VR5-8s, ENEA
Internal Report in preparation

Evaluation of triton diffusion
through the neutral beam
injector calorimeter panel

Tritium
confinement

ITER pre-compression rings

# ID pc UTS
[%]

Failure time
[h]

Total strain
at failure [%]

Creep rate
[h-1]

1 VR5-2s 67 3816 (1) 9.736×10-6

2 VR5-8s 71 2662 3.2 1.734×10-6

3 VR5-5s 63 In progress

4 VR5-3s 75 In progress

5 VR5-10s 67 In progress

6 VR5-11 71 In progress

Fig. 3.18 - Test specimen VR5-2s after failure

(3800 h)

Table 3.I – Long-term tests for unidirectional fiberglass

(1) The measured strain was at full range of the extensimeter
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The creep strain is reported in figure 3.19. In both
the completed tests an acceleration of the strain
was observed 200-400 h before collapse of the
specimen. The tests in progress show similar
behaviour.

Characterisation. The ENEA Frascati testing
system for the ITER pre-compression rings was
commissioned, and tests were carried out on the
first two rings (fig. 3.20) (EFDA contracts 04-1168
and 07-1702/1588). The short-term stress
relaxation test on the first ring showed no stress
relaxation at 820 MPa ring hoop stress, with
985 MPa reached before failure. Based on the
experience with the first-ring test and after a
finite-element method analysis, the testing
system was improved with new stainless steel
ring spreaders and a steel disc to perform
long–term stress relaxation tests with constant
deformation imposed on the ring [3.9].

Nondestructive methods were also
investigated. They will be adopted for
the final rings in order to ensure that
the mechanical properties meet the
specifications. Positive results were
obtained with the radiography
technique, which was used on a
composite sector taken from the part
of the first ring that was undamaged
after testing (fig. 3.21). X-ray survey of
the second ring before testing
showed that no defects (>0.5 mm)
were present. The stress relaxation
test on the second ring started in late
2007 and is still in progress. Creep
tests at ENEA Faenza were
completed for two linear specimens
and are continuing on four
specimens.

Alternative solutions. Technical work has been carried out to study two alternative design options to the
ITER pre-compression fibreglass composite system (EFDA contract 06-1508) [3.10].
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[3.9] L. Semeraro, P. Rossi, ITER pre-compression rings
characterisation - Final Report, (EFDA Contracts
04–1168, 07/1702/1588), ENEA Document ICR-021-
TR0 (11/12/2007)

[3.10] L. Semeraro and G. Mazzone ITER pre-compression
rings alternative solutions - Final Report, (EFDA
Contract 06/1508), ENEA Document ICR-019-TR0
(3/12/2007)
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The first option analysed is a
stainless-steel ring design
consisting of two coaxial and
interrupted rings (fig. 3.22).
The hoop-force flows from
the inner ring to the outer
and back to the inner
through a series of vertical
keys. To avoid current loops

the keys are insulated by a thin
alumina film or by interposing a

thin insulation sheet between the
key and the keyway.

Some local stress exceeds what is
allowable, but it can be contained by the

plastic behaviour of the material. Ring stiffness
and the small elongation due to the lower strain allowed

makes the requirements of assembly accuracy more stringent. Ring machining and assembly are simple
and straightforward. The rolling procedure of the raw material needs specific experience and equipment
that have not yet been found within the EU, but there might be competent companies in the USA and
Russian federation.

The second solution is a spiral ring concept based on the possibility of realising a ring by winding on a
spool a 3-mm-thick metallic strip insulated by 1 mm of glass fibre. The winding should then be
impregnated following the standard vacuum impregnation techniques already developed for magnet
manufacture. The spiral ring design produces unacceptable stresses in the insulation material and metal
sheets, but the problem can be mitigated by

[3.11] C. Neri et al. The in-vessel 3D inspection system for
ITER, Presented at the 22nd IEEE/NPSS Symposium
on Fusion Engineering (Albuquerque 2007)
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Fig. 3.23 - ITER full-scale ring-testing equipment

Fig. 3.22 - Stainless steel ring: mechanical designFig. 3.21 - X-ray survey of calibrated sample of the ring



increasing the metal-to-glass ratio from 1:3 to 1:5. Local stress concentration on the zone where the
winding starts has to be solved. The activity also included two proposals for ITER full-scale ring-testing
equipment (fig. 3.23).

During 2007, the digital simulation of the whole high-voltage power
supply system (main solid-state high-voltage generator plus solid-state
modulator) of the test facility of the European collector depressed
potential electron cyclotron resonance heating gyrotron source
(Lausanne) was updated (EFDA contract 02-686). The activity included

a comparison with the experimental results of the test facility. However the work was not performed due
to a delay in the delivery of both the gyrotron and the power supplies from the industry concerned. This
activity could be requested during 2008-09 by Fusion for Energy.

During 2007 the detailed design of the 22-kV distribution system of the
ITER steady-state electrical power network (SSEPN) was completed. The
present ITER design foresees a medium-voltage distribution at 6.6 kV. To
reduce cost and to simplify cabling, a 22-kV solution has been proposed

and designed in detail. A comparison between the two solutions is to be performed by ITER during the first
half of 2008, so an extension of the activity could be required.

3.5 Remote Handling and Metrology

ENEA has been doing R&D for several years on the laboratory prototype of the ITER
in-vessel viewing system (IVVS) for 3D in-vessel monitoring of the machine [3.11]
and, possibly, measurement of the erosion of the first-wall material [3.12]. The 3D
images are obtained by merging viewing and distance measurements. Six IVVSs are

expected to be delivered by Fusion for Energy to ITER. In 2006 the required performance (mainly
sub–millimetric accuracy during 3D inspection) was demonstrated to be fully complied with. The 2007
activity was devoted to experimentally demonstrating the possibility of further improving performance,
without manufacturing a completely new probe. Three improvements were investigated in the experimental
setup used for the prototype characterisation in 2006:

a. Increasing the modulation frequency of the laser beam amplitude from fm=77 MHz up to about
fm=193 MHz: theoretical expected improvement factor=2.5.

b. Increasing the efficiency ε of the probe optics (mainly removing interferential filter, due to the fact that
the actual operational environment is not usually illuminated): theoretical expected improvement
factor=2.

c. Increasing the backscattered laser power by increasing the launched power from P=4 mW up to P=11
mW: theoretical expected improvement factor ΔPR=2.8.

As a result the IVVS maximum theoretical accuracy improvement is expected to be (an avalanche
photodiode (APD) is used as photo/electric transducer of the laser reflected beam)

Δσmax=Δfm×Δε×ΔPR=12   .

The work performed in 2007 successfully
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[3.12] C. Neri, The in-vessel 3D inspection system for ITER,
Presented at the Workshop on Dust in ITER-
Technology Issues (Nice 2007). Oral presentation

High-frequency/high-voltage
solid-state modulator for
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ranging system 
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[3.13] L. Petrizzi et al., Fusion Eng. Des. 82, 1308 (2007)

[3.14] B. Esposito et al., TW6-TPDS-DIADES Procurement
Package 11 – Radial Neutron Camera and Equatorial
Visible/IR Wide Angle Viewing System, ENEA
contribution to First and Second Intermediate
Reports on TW6-TPDS-DIADES (2007)

without interferential filter σ = 0.387with interferential filter σ = 0.834

270.7

220.7

533.0 pixels

630.0 pixels

m
m

350.0

300.0

570.0 pixels

639.0 pixels

m
m

Fig. 3.25 - IVVS performance

improvement achieved by removing

interferential filter (fmod=193 MHz,

stay time per pixel 20 μs) during

testing on ITER FWP mockup. Noise

reduction (inversely proportional to

accuracy) is evident. Standard

deviation of ranging measurements

is reduced by a factor of >2, which

indicates an equal improvement in

measurement accuracy

Fig. 3.24 - IVVS performance improvement achieved

by increasing laser beam modulation frequency from

fm=77 MHz up to fm=193 MHz. Comparing distance

measurement accuracy σ (defined as  inversely

proportional to standard deviation  of the distance

measurements) an improvement factor of >2.3 is

experimentally obtained

Pixels

R
an

ge
 (

m
m

)

593

583

573

563

553
1 101 301 501 701 901

193 MHz sigma = 125 μm

77 MHz sigma = 290 μm



demonstrated this expectation (see figs. 3.24,3.25 where probe accuracy is defined as the standard
deviation of the acquired measurements). Figure 3.26 shows that the experimented total improvement is
higher than a factor of 10.

3.6 Neutronics

The European Domestic Agency (Fusion for Energy) will provide some ITER diagnostic
systems as port-based procurement packages. Diagnostic Procurement Package 11
(PP11), under the responsibility of Europe, consists of two leading diagnostics to be
included in ITER equatorial port 1: the equatorial visible/infrared wide-angle viewing
system (Eq. Vis/IR WAVS) and the radial neutron camera (RNC). The RNC is composed
of two fan-shaped collimating structures (an ex-plug structure viewing the plasma core

with three sets of twelve collimators and an in-plug structure with nine collimators for plasma-edge
coverage) for measuring line-integrated neutron emissivity from the plasma. By means of inversion
reconstruction techniques, the radial profile of the neutron emissivity and the total neutron strength are
obtained. Spectral measurements also provide information on ion temperature and on the ratio of
deuterium and tritium density. 

ENEA Frascati has carried out work on the design of the RNC (EFDA contracts 04-1209, TW6-TPDS-
DIADEV2 and 06-1209 [3.13,3.14,3.15]. The RNC layout was reviewed and the analysis shows that all
three ex-plug planes are needed to obtain the required dynamic range of the neutron emissivity
measurement. A slight poloidal tilting (a few degrees) of two of the three ex-plug planes has also  been
proposed (fig. 3.27) so that the RNC can have a total of 36 different ex-plug lines of sight instead of the
present 12 lines (with the same layout of 12 lines in each of the three planes). This would improve the RNC
spatial resolution and reconstruction capability. The dose rates 12 days after shut-down were calculated
by means of MCNP in various positions at the back of the port plug. It was found that, by filling up the port
plug in the region close to the RNC ex-plug nose, the dose rates fall to values close to the 100 μSv/hr limit.
A failure mode and effect analysis of the RNC during machine operation, e.g., accidents and diagnostic
failures, was also carried out. Analysis of CAD drawings showed various interface problems with other
diagnostic systems in the same port. 

The RNC data acquisition requirements were addressed
and a preliminary architecture has been proposed. The
RNC will need a set of 90 (45 lines of sight each housing
two detectors) fast-acquisition channels (200 Msample/s)
for data transfer and a set of about 900 (10 channels per
detector) slow-acquisition channels (1 kSample/s) for
power supply and monitoring (high voltage, preamplifier,
temperature sensor, magnetic field sensor, LED sensor,
etc). The scheme of the calibration procedure foreseen for
the RNC has been detailed, including the operations to be
performed during the RNC construction phase, before
and after its installation on the machine. Extensive use of
DD and DT portable neutron generators and passive
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[3.15] D. Marocco and B. Esposito, Final Report on EFDA
Task TW6-TPDS-DIADEV2: Assessment of effects of
RF- and NBI-generated fast ions on the
measurement capability of diagnostics, ENEA
Internal Report FUS TN PHY-R-007 (2007)
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sources (neutron, gamma and alpha) will be needed. Urgent R&D
tasks have been identified (in addition to the already on-going tasks
on detector radiation hardness, digital acquisition systems and
neutron emissivity reconstruction tools): test the operation of
scintillation detector systems at high count rate and under high
magnetic field (∼1 T); optimise the operating temperature of the
detectors and study the need for active cooling systems (especially
for the in-plug detectors); develop large-area diamond detectors
and check their long-term stability; consider other detector options
for redundancy; develop the conceptual design of adjustable
collimators; investigate the tools for providing temperature profiles
and nT/nD ratio from acquired line-integrated spectrometry/
emissivity measurements.

The measurability of effects due to ion cyclotron resonance heating
(ICRH) and neutral beam injection (NBI) on the signals measured by
the RNC and vertical neutron cameras (VNCs) shown in figure 3.28
was assessed in two ITER reference scenarios (standard H mode
and steady state) by means of the Measurement Simulation
Software Tool (MSST) code [3.13,3.15]. The results indicate that

effects of ICRH and NBI on the integrated neutron measurements should not be visible at 1-ms time
resolution (ITER measurement requirement for neutron emissivity profiles) because of the magnitude of the
counting statistics error affecting the measurements; however, such effects might be visible at a lower time
resolution (1 s) provided only small (<1%) additional random errors be present. At 1-s time resolution,
effects due to ICRH and NBI (e.g., peaked, hollow profiles) are visible on the inverted neutron emissivity
profiles with sufficient accuracy. The accuracy of the profile reconstruction obtained using the VNC is poor,
mainly due to high background affecting the measurements. Nevertheless, measurable differences are
observed between thermal and total inverted emissivity.

Single-crystal diamond (SCD) films were obtained by homoepitaxial microwave
plasma chemical vapour deposition (CVD) on high-pressure high-temperature
(HPHT) Ib substrates (see also Sec. 1.5 of this report). Some of the films were
also used as thermal neutron detectors by depositing a 6LiF layer on the Al
contact. The 6LiF layer acts as converting material to detect thermal neutrons by

means of the 6Li(n,α)T nuclear reaction. One of the devices was tested as a neutron flux monitor inside the
TRIGA reactor at ENEA Casaccia. The device responds very well even at very high count rate, up to
150000 cps. Figures 3.29 and 3.30 report comparisons between the diamond and the  standard fission
chamber (FC) flux monitor of TRIGA. A pile-up correction had to be applied for the diamond electronics
because of the very high count rate.

Neutrons produced
during DT and DD
plasma operations
induce activation of the
materials constituting the
fusion machine com -
ponents. Prediction of

the induced activation and resulting dose rates is a
main issue for fusion reactors.
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[3.16] Y. Chen and U. Fischer, ITER-FEAT, Shutdown dose
rate analysis by rigorous method. Final report on
Contract EFDA/00-564, FZK Internet Bericht IRS Nr.
9/01, FUSION Nr. 177 (September 2001)

[3.17] Y. Chen and U. Fischer, Fusion Eng. Des. 63-64,
107-114 (2002)

[3.18] H. Iida, et al., J. Nucl. Sci. Technol., Supplement 1,
235-242 (2000)

[3.19] L. Petrizzi et al., Improvement and benchmarking of
the new shutdown dose estimation method by
Monte Carlo code: advanced Monte Carlo for
radiation physics, particle transport simulation and
applications, Proc. of the MC2000 Conference
(Lisbon 2000), Springer pp. 865–870 (2001)

Validation of shutdown
dose-rate Monte Carlo
calculations through a
benchmark experiment
at JET

Development of CVD
diamond-based
neutron detectors

1020 84 6
-6

-4

-2

0

2

4

6

Z
 (

m
)

R (m)

Fig. 3.28 - Layout of the VNC

Fusion Programme



1.5×105

1.0×105

5.0×104

0
5.0×102 1.0×103 1.5×1030

S
C

D
 (

cp
s)

FC (cps)

10 kW to 1 MW
1 MW to 10 kW
Pile-up corrected
Linear fit

Over the years, two different calculation approaches have been developed under the Fusion Technology
Programme. One is the so-called rigorous two-step (R2S) method developed by Forschungszentrum
Karlsruhe (FZK) Germany [3.16,3.17]; the second is the direct one-step (D1S) method [3.18,3.19]
developed by the ITER team and ENEA. Both methods use the MCNP code [3.20] for transport
calculations and the FISPACT [3.21] inventory code for activation calculations. Several computational and
experimental benchmarks of the two methods have been performed in the past. Good results have been
obtained for simple geometries under well-defined conditions (ITER-oriented experiment at Frascati
neutron generator [3.22]). A more complex benchmark was performed in 2004 at JET [3.23]. D1S and R2S
dose rate calculations were compared with dose measurements collected by the JET Health Physics group
during the first experiment with tritium (DTE-1) in 1997, seven years previously. The benchmark results
were not satisfactory, so it was decided to conduct a dedicated experiment at JET, this time using ad hoc
detectors. Dose-rate data were measured during off-operational periods and at the end of the 2005-2007
JET campaigns in two irradiation positions, at different decay times, and compared with those calculated
by D1S and R2S [3.24]. 

Two irradiation positions, in-vessel and ex-vessel, were selected,. An active Geiger-Müller (GM) detector
was installed on the top of the main vertical port of a JET sector (Octant 1) below the vertical neutron
camera (ex-vessel position). High-sensitivity thermoluminescent detectors (TLDs) GR-200A (natural LiF)
were used for in-vessel measurements. The JET DD and DT daily neutron yields during the 2005-2007
campaigns were measured by the JET neutron diagnostic systems and had a typical error of ±10%.

The 3D MCNP model of the JET Octant 1 is shown in
figure 3.31a. The original model, provided by the
United Kingdom Atomic Energy Agency (UKAEA), was
developed by adding more details where needed on
the basis of CAD drawings, especially around the GM.
The chemical compositions of several components
were taken from reference [3.25]. Details of the GM
detector and of the irradiation end, where the TLDs
are installed, are given in figure 3.1b,c, respectively.
D1S and R2S use consistently the same transport and
decay nuclear cross-section data (FENDL2 and
FENDL2A). 
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Fig. 3.29 - Comparison between responses of  SCD detector and

FC monitor. Open circles: reactor ramp-up from 10 kW to 1 MW.

Full circles:  subsequent sudden decrease from 1 MW to 10 kW.

Open triangles: pile-up corrected data during the whole cycle. Full

line: linear best fit of the pile-up corrected data

Fig. 3.30 - Comparison between time traces of pile–up

corrected SCD detector (left-hand vertical scale) and the FC

monitor (right-hand vertical scale)
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Results of the benchmark expressed in terms of
the calculation/experiment  (C/E) ratio for both
methods are shown in figure 3.32. The total
uncertainty of the C/E data was obtained by
summing quadratically the uncertainty on E
(estimated experimental error) and on C (statistical
error of MCNP calculation and neutron yield error).
For the in-vessel position, as a general trend, the
experimental value is reproduced by both
approaches within the estimated total uncertainty,
although the D1S results are systematically higher
and the R2S slightly lower. The trends of the two
methods are expected (one higher and the other
lower for inner positions).

For the ex-vessel position, although optimum
agreement between R2S and D1S evaluations is

obtained (within ±20%), both methods underestimate the experimental values (the C/E varies between 0.3
and 0.5). As distance from source increases, the impact of the modelling (geometry and material
descriptions) of the interposed components, structures and surrounding environment becomes important.
At the beginning of the benchmark the original MCNP model gave C/E <0.02. The model updates provide

a) b)

c)

Fig. 3.31 - MCNP model: a) 45° sector bound by

reflecting surface; b) main vertical port and GM

detector; c) irradiation end (TLD)
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better results. The resulting dose rate is mainly due to gammas emitted by cobalt isotopes (Co–60 and
Co–58). These radionuclides are produced by neutron reactions with predominantly nickel and cobalt. The
observed underestimation could be due to the fact that some components that contain these elements are
absent in the description of the model. 

The neutron-induced decay heat on samples of rhenium irradiated at the Frascati
neutron generator (FNG) in a FW-like neutron spectrum was measured (European
Activation File  [EAF] Project).  Two thin rhenium  samples (25 mm) were irradiated
for 12360 s. One sample was monitored by ENEA’s decay heat measuring
system where gamma and beta decay heats are simultaneously measured. The
other sample was monitored by HPGe detectors. The radionuclides produced
were identified through gamma spectroscopy. The decay times studied were

from a few minutes up to about one month after the irradiation. The European Activation System (EASY)
calculations were carried out with the use of EAF 2005.1. 

The results and uncertainties of the comparison between experimental data and EASY predictions
(fig. 3.33) give confidence in the accuracy of the EASY code in predicting induced decay heat for a fusion
reactor such as ITER. A discrepancy (C/E=0.65±0.1 exp err.) found in the decay heat for medium decay
time was identified as being due to the reactions Re187(n,g)Re188. This nuclide is responsible for about
90% of the heat produced for a decay time <1×1005 s (fig. 3.34). With gamma spectroscopy it was
possible to identify radionuclides and thus the nuclear reactions that mainly contribute to the induced
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activation. Eight reactions were identified as being responsible for more than 99% of the heat produced in
the measured decay time. For these reactions EASY-2005.1 data are adequate to reproduce the
experimental results obtained at FNG.

The design of the TBM - HCLL mockup to be used for neutronics benchmark experiments
at FNG has been completed and optimised. The mockup (fig. 3.35) reproduces the
characteristics of a breeder insert: radial thickness, thickness of ceramic layers and
thickness of steel plates. It is made of alternating layers of LiPb eutectic alloy (35.9 mm
thick) and steel (9 mm, simulating the cooling plates). Lithium with a natural isotopic
composition is considered. The total weight of the LiPb used in the mockup is 630 kg.

Tritium production will be measured by using Li2CO3 pellets at different depths along the block central axis
and will be compared with the calculated production. 

A pre-analysis of the tritium production measurements was performed with the MCNP-4c code. As a first
step, the results were compared with those obtained in the TBM-HCPB mockup experiment performed in
2005: although the total tritium produced in the mockup is comparable to that of the HCPB (0.0098
T– atoms/n, 1.75610×-11 Bq/n T- activity), in the HCLL tritium is produced in the whole Li-Pb volume and

not concentrated in the small volume defined by the
ceramic breeder layers as in the HCPB. Thus, the
distribution of tritium production in the HCLL
decreases very rapidly with depth and at about
25 cm of penetration depth it is more than 20 times
lower than in the HCP. Therefore, the TBM-HCLL
experiment requires more sensitive techniques to
measure the tritium production distribution up to
about 25-30 cm depth within the same
experimental uncertainty (i.e., ~5%). The
pre–analysis showed that to improve tritium
production (mainly due to thermal neutrons) it could
be useful to surround the mockup with a large
polyethylene (PE) shield (fig. 3.36). In this way,
neutron spectra more similar to those occurring in
the TBM in ITER conditions are also obtained. The

TBM - HCLL
mockup for
neutronics
experiments
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Fig. 3.36 - Comparison of T-specific activity in Li2CO3
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use of Li2CO3 pellets enriched in 6Li up to 90% was also considered in order to increase the sensitivity of
the technique (fig. 3.37). Measurements of the tritium production rate will be performed also with the use
of other independent techniques, i.e., TLD detectors and 6Li-covered diamond detectors. All the
measurements have been detailed.

Construction of the neutronics HCLL mockup could not be started as planned (for October 2007)  because
the LiPb material was not delivered by the firm producing it for EFDA (EFDA contract). 

3.7 Materials

In collaboration with the
University of Rome Tor
Vergata ENEA  has
d e v e l o p e d
instrumentation and

mathematical models for performing and
interpreting cylindrical-indentation tests. In
2007 a special mechanical apparatus,
consisting of two levers of the second kind
in series (fig. 3.38), was produced to
perform creep tests with a cylindrical
indenter. Creep tests constitute a way to
analyse the resistance of the structures of
materials that have to operate at high
temperature. Deformation at constant
load and temperature is tested by directly
submitting a viscoelastic specimen to the
load and measuring its deformation as a
function of time.

Compared to conventional creep
experiments, indentation creep tests have
several advantages. For example, only
small amounts of materials are needed
and sample preparation is simple. Some
numerical and experimental research has
been performed to build the relationship
between indentation creep testing and
conventional uniaxial creep testing.

The creep tests were performed with a
1–mm-diam cylindrical indenter on F82H
ferritic martensitic steel at a temperature of
535°C (fig. 3.39) and on the AA2014.8
aluminium alloy at 150°C. Figure 3.40
reports comparisons between data
obtained by conventional uniaxial creep
testing and data from indentation creep
testing for the F82H.

Indentation
creep testing

Fig. 3.38 - Indentation creep tester
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3.8  International Fusion 
Material Irradiation Facility

The activities carried out during 2007 in the
framework of the Broader Approach/
International Fusion Materials Irradiation

Factility (IFMIF) Engineering Validation and Engineering Design Activities (EVEDA) phase were mainly
devoted to implementing the target design, particularly in the version of the “bayonet concept”, proposed
by ENEA (fig. 3.41). The main topics were thermohydraulic investigation, materials-compatibility study in
the presence of high-velocity flowing Li and optimisation of remote handling procedures. 

The first step for the engineering design of the European version of the IFMIF target is the
thermohydraulic profile. Several calculations and experiments have shown that the
transition from the straight to the curved profile is accompanied by significant flow
instabilities which cannot assure a stationary flow regime. In this condition a premature
rupture of the back-plate could be expected as well as insufficient neutron production. To

prevent this type of flow instability, ENEA studied two alternative profiles: parabolic and linearly variable
radius. The proposal based on a parabolic profile is illustrated in figure 3.42 where it is compared with the
present profile based on a straight line connected to a constant radius curvature. The difference between
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Fig. 3.41 - Target assembly (bayonet concept)
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Fig. 3.42 – Back-plate parabolic profile



the two approaches turned
out to be insignificant from the
fluid-dynamic aspect. The
second proposal, which
presents a continuous
curvature change as illustrated
in fig. 3.43, seems better. The
proposed fluid-dynamic
profiles are adaptable to both
the European and the
Japanese back–plates and will
be extended to the inlet nozzle
as well. An important cause of
back-plate damage is the
neutron irradiation effect on the
structural material. To better
understand the damage
distribution on the component,
a neutron damage calculation
(fig. 3.44) was performed. It is
clear that even if a maximum
value of 58 dpa/year is
reached in the centre of the
footprint, the periphery of the
component, where the delicate
tightness system is located, is
affected by less than
1 dpa/year. This result paves
the way for the application of
the bayonet-type back-plate. 

An important degrada tion factor of the IFMIF back-plate is represented by the
erosion/corrosion effect due to the flow of lithium at high velocity (15 to 20 m/s). In
order to experimentally study these effects, the LIFUS III loop (fig. 3.45) was
commissioned and operated for the first test campaign of 1000 h in 2007. First
results at 16 m/s showed there was an enhanced damaging effect with respect to

simple corrosion. The effect of Li velocity on the base-material removal rate appeared very intense for both
AISI 316 and EUROFER 97. A further increase in damage was discovered at the inlet of the corrosion
orifice, where the fluid turbulence is higher than in the straight channel. Figure 3.46 shows the increased
erosion of the specimen at its inlet side.
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One of the most technically challenging activities, requiring sophisticated machines
and remote handling, is the maintenance and refurbishment of the IFMIF components
located in the target, test cell and accelerator facilities.  

The Preliminary Remote Handling Handbook (PRHH) is the first attempt to treat
homogeneously the remote handling activities for the IFMIF facility.  The objectives of

the handbook are to identify equipment and tools to be used during the RH maintenance tasks, devise a
RH strategy to fulfil the stringent requirements of IFMIF plant availability, design the RH procedures for the
main components and systems and integrate in a unique document the work already done by the different
research associations.

The final version of the PRHH (completed at the end of 2007) consists of five chapters:. 1 - Introduction
and general description; 2 - Design guidelines; 3 - Remote handling needs; 4 - Remote handling
equipment; 5 - Remote handling procedures. The manual was compiled by RH experts from the ENEA and
Commissariat à l’Energie Atomique (CEA) Associations.  ENEA dealt with the RH activities for the target
and test-cell facilities; CEA with the RH activities for the accelerator and the conventional facilities. ENEA
was also responsible for  coordinating the work. 

The back-plate of the IFMIF target assembly system is the component most heavily
exposed to a high  neutron irradiation flux (up to 50 dpa/fpy), so its expected lifetime
is estimated to be less than one year. To increase the overall target lifetime and to
reduce the waste materials, the reference target design is based on a removable
back–plate. 

The two options of the removable back-plate (the so-called “cut & reweld” and “bayonet” concepts)
presently under investigation differ greatly in the locking systems to seal the edge of the back-plate and in
the RH approach for its substitution. The cut & reweld option considers the removal of the entire target
assembly from the test cell cavern, and then its transport to a hot cell area where the back-plate is
exchanged by using a cutting & welding YAG laser machine (fig. 3.47). The back-plate bayonet concept
has been designed to allow back-plate replacement without removing any other components of the target
assembly system (back-plate in- situ replacement) (fig. 3.48). Detachment of the back-plate from the target
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Fig. 3.46 - AISI 316 specimen exposed to 16 m/s Li flow for 1000 hFig. 3.45 – LIFUS III lithium loop
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assembly in this case is performed by using a simple angular bolting tool.

The replaceable back-plate bayonet concept developed and implemented by ENEA is the EU reference
design for the IFMIF target assembly system, whilst the cut & reweld concept was developed by the Japan
Atomic Energy Agency (JAEA).  

During 2007 ENEA’s activities were focussed on the preparation of a suitable work programme to be
performed along all the EVEDA phase. The programme also includes several R&D activities to validate the
back-plate bayonet concept from the technological viewpoint as well as to assess the suitability of the
designed target assembly for remote handling. In particular the 2007 activities centred on validating the
back-plate bayonet concept design. Therefore a wide programme of technological tests was set up to
assess its suitability to operate under IFMIF-relevant operating conditions. It includes the following
activities: 

• Sealing capability of the gasket. Sealing of the target assembly system is provided by a soft iron
Helicoflex gasket. During lithium jet operation, evaporation-condensation of the flowing lithium could
cause an accumulation of lithium in the groove of the gasket and in the outer jacket of the gasket itself.
The corrosive nature of the lithium could compromise the sealing capability of this kind of gasket.
Accordingly the activity is aimed at verifying the capability of the proposed sealing system under
simulated IFMIF conditions.  

• Evaluation of the impact of swelling on the functionality of the tightening system. The closing system of
the back-plate bayonet concept consists of three skates mounted on the upper, lower and lateral sides
and six bolts on the fourth side. Evaluation of the swelling phenomena (i.e., ΔV/V% on the bolts/holes)
on the bolted coupling system becomes a precondition for the validation of the back-plate bayonet
concept design. This activity is performed in collaboration with the University of Palermo.

• Dicronite assessment. Due to the extreme operating conditions (radioactivity, high temperature, etc.)

2007 Progress Report

67

Fig. 3.47 - Removal of the target assembly for the “cut &

reweld” concept

Fig. 3.48 - In-situ back–plate replacement for the

“bayonet concept”
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lubricants cannot be used, so all the bearing surfaces have been treated with a non-seizure coating
called Dicronite. The activity is aimed at establishing whether such treatment can substitute lubricants.
The activity will be performed in collaboration with the IMM institute at the National Research Council
(CNR) Bologna.

All these activities are ongoing and will continue in 2008.

3.9 Safety and Environment, Power Plant Conceptual Studies and
Socioeconomics

Failure mode and effect analyses (FMEA) were performed at component
level to see whether operation of the following ITER systems, not yet
analysed, could have safety-relevant implications:

• remote handling (RH) systems to replace port plugs [3.26] ;

• vacuum pumping system (VPS) [3.27];

• water detritiation system (WDS) [3.28];

• ion cyclotron heating & current drive system (IC H&CD) [3.29];

• electron cyclotron heating & current drive system (EC H&CD) [3.29];

• some diagnostics (representative parts) [3.29];

• fuelling system [3.30];

• hot cell systems [3.31].

The systems were described and breakdowns of the main components were prepared to support the
FMEA and to help identify the components. For each component the possible failure modes were
investigated by identifying possible causes, actions to prevent the causes, consequences and actions to
mitigate consequences. The elementary failures leading to consequences relative to public safety were
then grouped in postulated initiating events (PIEs). For each PIE a deterministic analysis has to
demonstrate that the plant is able to mitigate the consequences and, in each case, keep the
consequences below established safety limits. Seventeen PIEs were identified for the overall systems. Six
PIEs had already been dealt with in the “Generic Site Safety Report” (GSSR) of ITER. The remaining eleven
PIEs will be the subject of future studies. All elementary failures not generating consequences relative to
public safety were classified as not safety-relevant. Although this type of event is not important from a
safety viewpoint, it becomes important when defining plant operability and maintenance strategy, and it is
useful in evaluating worker safety. In some cases,
probabilistic evaluations were performed to categorise
the likelihood of PIEs occurring.  Another interesting
output of these studies was the identification of
accident maintenance scenarios for the hot cells and
for the RH systems used to replace port plugs.

This is the first time an
attempt has been made
to identify potential
worker overexposure
situations during

[3.26] R. Caporali, T. Pinna, Failure mode and effect
analysis for remote handling transfer systems of
ITER, ENEA Internal Report FUS-TN-SA-SE-R-156
(Dec. 2006) 

[3.27] C. Rizzello, T. Pinna, Failure mode and effect analysis
for the vacuum pumping system of ITER, ENEA
Internal Report FUS-TN-SA-SE-R-181 (Oct. 2007)

[3.28] C. Rizzello, T. Pinna, Failure mode and effect analysis
for the water detritiation system of ITER, ENEA
Internal Report FUS-TN-SA-SE-R-167 (Apr. 2007)

[3.29] T. Pinna, Failure mode and effect analysis for ITER
systems: ion cyclotron heating & current drive (IC
H&CD) system; electron cyclotron heating & current
drive (EC H&CD) system; diagnostics (representative
parts), ENEA Internal Report FUS-TN-SA-SE-R-
188 (Dec. 2007)
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machine maintenance operations [3.32]. The key findings obtained from the study are as follows. 

Firstly, there are no machine maintenance operations during which the risk of worker overexposure is
considered significant enough  to warrant immediate attention to the design.

Secondly, the most significant risk of worker overexposure is due to airborne releases of radioactivity from
cooling water pipes and tubes that may not have been fully drained and dried when cut or inadvertently
opened by workers (the frequency of pipe-cutting activities could be significantly high).

Thirdly, the risk of overexposure due to human error could also be significant. This varies from mistaking
the machine sector to mistaking the component to be maintained.  This is analogous to working on a live
electrical circuit which is believed to be disconnected from the power source because the worker has
erroneously selected the wrong circuit – a look-alike situation.  Similarly, consider the situation of a worker
preparing to work on a cooling water circuit that is still at pressure and temperature, instead of a circuit
that has been drained and dried. The more look-alike situations there are in the facility, the greater the
probability of committing this type of error.

Fourthly, when human error is considered, the aggregation of different diagnostics in the same port might
increase the probability of that error. At present, these risks cannot be quantified, but they should be
considered in the future.

Finally, transport of activated in-vessel components, including those of the plasma-heating and current-
drive systems, in non-shielded casks could imply a significant risk of worker overexposure. In the context
of the as-low-as-reasonably achievable (ALARA) requirements, this approach requires a specific study to
justify its use.

In conclusion, it is important to note that identifying the possibility of an overexposure situation does not
mean that it is probable. The calculation of probability awaits further studies of this type, when the design
reaches a more detailed level.

This study provides a preliminary assessment of the tritium confinement
strategy adopted in the design of ITER, with particular reference to the
tritium building and detritiation systems [3.33]. The atmosphere-detritiation
and vent-detritiation systems included in the ITER design reduce the
environmental releases of tritium from the atmosphere of the rooms, which
could become contaminated due to an accidental spill of tritium (fig. 3.49).
The design of these safety-related systems was analysed to assess their

adequacy, in particular during design basis accidents (DBA). The following accidents were selected as they
are the most important in challenging the confinement
of tritium:

• accidental spills of tritium from process equipment
and the related glove box enclosure (primary
containment);

• fires and hydrogen explosion;

• extreme winds (tornado).

The main results are:

• In case of an accidental spill, the stand-by vent
detritiation system (S-VDS) requires some time
to come  into  operation,  which  may  lead  to
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[3.30] R. Caporali, T. Pinna, Failure mode and effect
analysis for fuelling systems of ITER, ENEA Internal
Report FUS-TN-SA-SE-R-174 (Sept. 2007)

[3.31] R. Caporali, T. Pinna, Failure mode and effect
analysis for hot cell systems of ITER, ENEA Internal
Report FUS-TN-SA-SE-R-173 (Oct. 2007)

[3.32] A. Natalizio, T. Pinna, C. Rizzello, Safety analysis of
failures and consequences during maintenance,
ENEA Internal Report FUS-TN-SA-SE-R-170 (June
2007)

[3.33] C. Rizzello, T. Pinna, Concerns on tritium
confinement and atmosphere detritiation systems in
ITER tritium building, ENEA Internal Report FUS-TN-
SA-SE-R-169 (May 2007)

Integration of design
modifications (in
Preliminary Safety Report
[PSR]) to tritium building
and detritiation system 
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unacceptable releases to the environment during a first transient. In addition, according the present
design  solutions, the  reliability  of the normal VDS (N-VDS) and S-VDS to intervene on demand and to
correctly mitigate in time a large accidental tritium release in the operating area seems low. 

• An alternative approach to detritiation of the operating areas is proposed as a conceptual design. The
concept consists of a scrubber (fig. 3.50) capable of contacting, by a spray of water, all the air effluent
from areas potentially contaminated by tritium. If a tritium spill should occur inside a process room, the
contaminated air channelled into the scrubber comes into contact with the scrubbing water and will lose
by dilution the concentration of HTO. The effluents released to the environment should be practically
cleared of HTO. 

• For fires, it is necessary to assess the behaviour of some critical components, such as filters and
recombiners, which are required to process the fumes produced by combustion (in terms of dusts and
volatile products capable of poisoning the catalyst). Another concern is related to the capability of the
ventilation systems to maintain, also in the case of fires, a slight de-pressurisation of internal rooms with
respect to the environment in order to avoid an increase in room leaks.

• No relevant concerns are related to the capability of
safely dealing with tornado events.

[3.34] A. Natalizio, M.T. Porfiri, ALARA evaluation for ITER
design change requests 3 to 65, ENEA Internal
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The ITER design change requests (DCRs) were fully reviewed and evaluated to
determine their potential impact on occupational radiation exposure (ORE)
[3.34]. As a result it can be concluded that a significant amount of attention has
been given in the design process to worker radiation exposure. Of the 54
requests only four (table 3.II) have been identified as having a potentially

negative impact on ORE. For most of the DCRs the impact is neutral and for many the impact is believed
to be positive. It is clear that for the four DCRs with a potentially negative impact the project needs to justify
their acceptability, in accordance with the ALARA requirements.
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Report FUS-TN-SA-SE-R-161 (June 2007)

Table 3.II – DCRs with potential negative impact on ORE

ALARA evaluation for
ITER design change
requests 3 to 65

Cosa significa???

DCR NO. DCR TITLE STATUS Cause of ORE modification Potential
ORE Impact

10
Use of separate loop for the VV
field joint cooling

COMPLETED

The additional VV cooling water pipes,
inside the port cell and port-cell interspace,
would increase the hands-on work-effort
during such operations.  

negative impact

27

Modification of the thickness
of the upper cryostat bioshield

ACCEPTED The DCR introduces two design changes: a
reduction in shielding thickness and an
access restriction. The maintenance work
will now be exposed to a higher radiation
level because the shielding thickness is
less, but the work is displaced from periods
of machine operation to when the machine
is not operating. The other factor to be
considered is the effect of sky-shine, which
could be significant as it could  have an
impact on a large number of workers in
unshielded areas.

negative impact

52

VV inert gas injection safety
system in the case of air
ingress

ONGOING This new system has to prevent
hydrogen/dust explosions inside the
vacuum vessel. The impact of adding a
new system is an increased maintenance
requirement.  

negative impact

54

Design of the pressure relief
system for the TCWS vault in
the case of ex-vessel cooling
pipe break at baking

ONGOING It is proposed to consider three design
options for the tokamak cooling water
system (TCWS) vault pressure relief
system, relative to radiation protection of
workers:

negative impact

• contaminate the TCWS vault only, 

• contaminate the TCWS vault and another
volume, and

• contaminate the TCWS vault, another
volume and the cryostat.

The consequences in terms of worker
doses increase progressively with the
number of volumes contaminated.



The main aim of the study was to point out the implications of the updated
calculation results for the ITER Preliminary Safety Report. At the time of
the study the PSR had not yet been published, so the analysis was carried
out with reference to the table of contents. In the framework of the task,
ENEA was requested to consider and assess the following three cases:

• Case 1) An increase in the neutron fluence on the ITER first wall from 0.5 (i.e., the GSSR value) to
1.0 MWa/m2. Beryllium is considered as the first-wall protective layer. The analyses and results are given
in [3.35]. An example of the Case 1) comparison with the corresponding GSSR results is shown in
figure 3.51.

• Case 2) Tungsten instead of the beryllium considered for the first-wall plasma-facing components in the
GSSR. The ITER first-wall fluence is 0.5 MWa/m2. The analyses and results are given in [3.36].

• Case 3). A combination of the two previous cases, i.e., tungsten as the ITER first-wall protective layer
and a total fluence of 1 MWA/m2 on the first-wall equatorial plane. The analyses and results are given
in [3.37]. A comparison between the activation results of cases 2 and 3 is shown in figure 3.52.

The reference design characteristics for all the calculations are defined in the Activation Analysis
Specification-3, Version 1.12, and in the Safety Analysis Data List, Version 5.1.1. The calculation scheme
is similar to that used for the ITER GSSR. The material activation was calculated with the European
Activation System EASY-2005.1 code package (based on the FISPACT-2005 activation code and the
European Activation File [EAF]-2005.1 neutron activation library). Comparison with the GSSR Volume III
data was also performed and reported. The implications for compilation of the ITER PSR were pointed out,
with reference to the  table of contents.

The most recent calculations were
performed with the EASY-2007 (based
on the EAF-2007 neutron activation
library) package, released in 2007,
because some errors had been found
in the EAF-2005.1 data library (mainly
related to the cross-section data for
the n, p nuclear reactions of the Ni58

producing Co58). All the activation data
results obtained and the related
analysis and discussion are on going
and will be included in the report
[3.38].

Fusion Programme

Implications  for PSR of
an increase in the ITER
first-wall fluence and of
an "all tungsten machine”

20
07
P
ro
gr
es
s
R
ep
or
t

72

1×10-8 1×10-6 1×10-4 1×10-2 1×102 1×1040

6

5

4

3

2

1

0

R
1.

0=
(a

ct
iv

ity
 IT

E
R

 2
00

7)
/

(a
ct

iv
ity

 IT
E

R
 G

S
S

R
)

Time after shutdown (years)

Z38 - Be
Z39 - Copper
Z39 - AISI316LN-IG
Z40 - AISI316LN-IG
Z47 - AISI316LN-IG
Z55 - AISI316LN-IG
Z56 - AISI316LN-IG
Z58 - SS 30467
Z59 - SS430
Z62 - AISI316LN-IG
Z64 - Conductor
Z72 - SS 304L

Fig. 3.51 – Ratio between results of calculation for ITER design 2007 and

ITER–GSSR, for activities of various inboard zones materials at different

cooling times

[3.35] G. Cambi, D.G. Cepraga, ITER material activation report. Case 1): Beryllium as first wall PFC with first wall average
fluence 1.0 MWa/m2, Contract EFDA 07-1702/1574, Task TW6-TSS-SEA4.1, Deliverable D3, ENEA Internal Report
FUS-TN-SA-SE-R-182 (Dec. 2007)

[3.36] G. Cambi, D.G. Cepraga, ITER material activation report. Case 2): Tungsten as first wall PFC with first wall average
fluence 0.5 MWa/m2, Contract EFDA 07-1702/1574, Task TW6-TSS-SEA4.1, Deliverable D4, ENEA Internal Report
FUS-TN-SA-SE-R-183 (Dec. 2007)

[3.37] G. Cambi, D.G. Cepraga, ITER material activation report. Case 3): Tungsten as first wall PFC with first wall average



The ITER licensing process taking place in France also requires an assessment of the
accident analyses for the two European test blanket modules (HCLL and HCPB) that will
be tested in ITER. ENEA was requested to coordinate the accident analyses work for
both concepts.

An accident scenario was outlined for each concept: An ex-vessel vessel loss of He
coolant, aggravated first by a postulated failure of the fast plasma shutdown system and then by a
postulated failure of the blanket water coolant pipes in the vacuum vessel [3.39]. They were classified as
Beyond Design Basis Accidents (BDBA). The investigation of the BDBA conditions was also aimed at
showing the limits within which the test blanket modules (TBMs) can be operated and the effect of a failure
of the TBMs on ITER in terms of the radiological risks. The analyses performed were complex for several
reasons [3.40]: 

• lack of some software-tool models, which made it impossible to simulate with only one code all the
phenomena involved in the transients;

• paucity of experimental data related to  the chemical reactions; 

• approximation in the modelling of the fluid LiPb in the HCLL analysis;

• need to extend the characteristics of the materials to ranges not covered by experimental data.

The results obtained in the accident analyses are not definitive for the TBM safety assessment and can be
considered as work in progress. However they do indicate some weak points in the design and in the
available database.

An R&D programme is needed to
complete the information that is
missing in regard to the critical issues.
For the HCPB, work should be mainly
focussed on investigating the chemical
reactions in the Be pebble bed with air
and/or steam in the configuration of the
HCPB box. For the HCLL the studies
should concern the chemical reactivity
of the LiPb with water in the typical
conditions of the ITER vacuum vessel
because the existing database does
not include the range of temperature
and pressure foreseen in accident
conditions in the vessel.  
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[3.38] G. Cambi, D.G. Cepraga, ITER 2007 activation calculations: understanding comparison with GSSR and implication
on RPrS writing, EFDA Task TW6-TSS-SEA4.1, Deliverable D6, ENEA Internal Report in preparation

[3.39] M.T. Porfiri, Coordination of EU TBM safety analyses: initial report, ENEA Internal Report FUS-TN-SA-SE-R-159
(Dec. 2006) 

[3.40] M.T. Porfiri, Coordination of EU TBM safety analyses: final report, ENEA Internal Report FUS-TN-SA-SE-R-172 (Dec.
2007)
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The development and validation of software tools for simulation of all the accident scenarios is another
concern which should be faced in the near future because of the large approximations that have to be used
at present in safety analyses. 

The study dealt with the ORE assessment, ALARA application and accident
analysis during maintenance activities in the ITER neutral beam injector (NBI)
cell [3.41]. The ORE study took into account the related ITER DCRs: DCRs 53
(relocate the NB cell wall and access door); 49 (NB maintenance scheme and
NBI cell layout); 42 (removal of the front active coils in NB magnetic field

reduction system) and 34 (redesign the vacuum-vessel pressure suppression system (VVPSS) relief pipes
to by-pass the NBI shutter). Maintenance of the NBI box internal components, the diagnostics connected
to the upper ports from no. 5 to 7, the VVPSS rupture disks, the crane for remote handling and the ancillary
equipment (motors, valves and ventilation system) were considered. The ORE assessed for NBI system
maintenance was 26.2 p–mSv/a, which is 5.2% of the ITER total collective dose target (500 p-mSv). Two
accident analyses were carried out (one leak in the divertor (DV) cooling loop and one in the injector cooling
loop. The results showed that releases of tritium, activated corrosion products (ACPs) and dust in the NBI
cell after 12 days, when the radiation field in the cell allows maintenance operations, are much lower than
the release limits established in the accident analyses of the ITER design guidelines.

PACITER. The PACTITER code, an adaptation of the PACTOLE code developed for
PWRs, is relevant for predicting ACP generation and transport in the various primary
heat transfer systems of ITER.  However, it requires some new models for an
unambiguous assessment of the ACPS, which contribute to the source term of the

activity released to the environment, in the case of an accident, and to the ORE  during normal operation
of ITER. For the code validation and application, two sets of calculations were carried out. The first was
done to simulate the CORELE experiments on SS316L release rate measurements at T=200°C, and
provided results in good agreement with the experimental data [3.42]. The second dealt with a simulation
of the presence of a chemical and volume control system (CVCS) (addition of an ion exchange resin unit)
in the vacuum vessel  primary heat transfer system (PHTS) loop to verify the potential to reduce the high
level of ion concentration in the loop [3.43]. The calculation results revealed that the introduction of the resin
unit is effective in reducing the soluted ion concentration by an average factor of 3-5. In addition, the
deposit activity and the total potential mobilisable inventory (deposit plus coolant activities) are reduced by
one order of magnitude.

ANITA-2000 and SCALENEA-1. The shutdown dose-rate measurements at the JET detector positions
P1 (thermo-luminescent detector) and P2 (Geiger Müller tube) were used as a benchmark for the ANITA-
2000 and SCALENEA-1 validation, see [3.44] and figure 3.32. The deterministic discrete ordinates
technique, SCALENEA-1, with the VITENEA–J 175n-42γ transport library based on the FENDL/E-2 data
file, was applied to calculate the neutron irradiation spectra. ANITA-2000, with the neutron activation library
based on EAF2003/EAF2005.1 data and neutron spectra, was used to calculate the decay gamma
sources in the various material zones. Finally, the shutdown dose rates in selected positions of JET were
evaluated through a decay-gamma transport performed with SCALENEA-1. The neutron power loads
(NPLs) on the JET first wall for P1 and P2, for both the DD and the DT cases, were defined according to
data from ENEA Frascati and using the NPL code module included in SCALENEA-1. ENEA Frascati

[3.41] M.T. Porfiri, S. Paci, NBI design change requests: incident analyses and ORE assessment in the new configuration,
final report, ENEA Internal Report FUS-TN-SA-SE-R-162 (Oct. 2007)

[3.42] M.T. Porfiri, Post-test calculations of CORELE 2004-2005 experiments, final report, ENEA Internal Report FUS-TN-
SA-SE-R-168 (Oct. 2007)

[3.43] M.T. Porfiri, Influence of the CVCS adoption on the ACP inventory of the ITER VV PHTS loop, draft final report, ENEA
Internal Report FUS-TN-SA-SE-R-179 (Oct. 2007)
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modified the 3D MCNP geometry model, and several material compositions were also modified according
to the new CAD model and chemical analysis table. The shielding analysis sequence SCALENEA-1 was
updated by including modules from the SCALE5 system code and new materials (Ag-107 and Ag-109) in
the Vitenea-J radiation transport library (NEA-1703 ZZ-VITENEA-J). An updated version of the activation
code ANITA (i.e., the 2007 version instead of the 2000) was used for the decay gamma source calculation.
The new version includes an activation library based on the EAF2005.1 activation data.

The group-wise cross sections were updated through application of the Bondarenko shielding factors for
the materials of the JET zones surrounding P1 and P2. As the NPL values had been updated, the doses
in (P1) and (P2) positions were re-evaluated for the residual dose-rate measurements. The calculated
values are DD contribution, 30 μGray/h; DT contribution, 16.9 μGray/h, for a total of 46.9 μGray/h for P1
and 0.65 μGray/h for P2.

The dose rates related to the 2006 measurements in both experimental positions have been calculated
and the results are in the processing phase.

Occupational radiation exposure is one of the main issues to be faced in the ITER
licensing process, and the data collection regarding experience in existing nuclear
fusion facilities can help in defining the work effort (WE=number of people*number
of hours) necessary to perform maintenance activities in the plant.

As JET is the largest fusion facility in the world, it represents the main benchmark for monitoring
occupational safety data. This work [3.45] deals with the collection of the work effort data for maintenance
activities performed at JET during the 2007 shutdown. The final goal was to create a first database useful
to assess ORE for the ITER maintenance tasks. The scaffolding mounting and dismounting and the KT1–H
spectrometer mirror chamber replacement were followed in situ to gather the data.

For other activities, such as the replacement of a window (KK1) for diagnostics, radiation monitoring,
pipe/tube cutting and welding, pipe/tube insulation installation and removal, flange bolted sealing and
unsealing, flange lip seal welding, component transportation in and out of the maintenance zone and
electrical cable maintenance, the data were collected by interviewing the appropriate experts. 

The in-vessel components of the PPCS Plant Model B [3.46] were classified
according to the scheme proposed in the PPCS study for the management of fusion
activated material, including clearance and recycling. The classification was based
on actual requirements and procedures, such as handling (contact dose rates),
cooling (decay heat rates) and routes, and the radiological levels derived from

European reviews on the experience of industries. The following results were obtained: 1) the convenience
of extending the decay period beyond 50 years exists only for replaceable components, which are only
30% of the total activated mass generated; 2) the quantity of materials which could be cleared or recycled
in foundries does not change from 50 to 100 years of decay; 3) the lifetime components at 100-years’
decay time will be mostly clearable (69%) or recyclable in foundries (~13%). The remaining (~18%),
belonging to the vacuum vessel, is classified as “shielded handling” material (12%) or would even require
remote handling (6%).
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[3.44] G. Cambi et al., Shutdown dose rate at JET tokamak. Codes benchmark: ANITA-2000 and SCALENEA-1 validation,
JET FT Monitoring phone meeting, (June 2007)

[3.45] M.T. Porfiri, Collection of data on work effort during 2007 JET shutdown, ENEA Internal Report FUS-TN-SA-SE-R-
171 (Dec. 2007)

[3.46] M.T. Porfiri, Components and materials classification of PPCS plant model B for clearance and recycling and use of
the radio-toxicity index to derive missing clearance levels, ENEA Internal Report FUS-TN-SA-SE-R-180 (Oct. 2007)
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During 2007, a large amount of the work was centred on the ITER project and
related tasks. The activities based on low-temperature superconducting (LTS)
materials included the manufacture and qualification of ITER full-size conductors

under relevant operating conditions, the design of conductors and magnets for the JT-60SA tokamak and the
manufacture of the conductors for the European dipole facility. A preliminary study was also performed to develop
a new test facility at ENEA in order to test long-length ITER or DEMO full-size conductors. Several studies on
different superconducting materials were also started to create a more complete database of superconductor
properties, and also for use in magnet design. In this context, an extensive measurement campaign on transport
and magnetic properties was carried out on commercially available NbTi strands. Work was started on
characterising MgB2 wire and bulk samples to optimise their performance. In addition, an intense experimental
study was started to clarify the effect of mechanical loads on the transport properties of multi-filamentary Nb3Sn
strands with twisted or untwisted superconducting filaments.

The experimental activity on high-temperature superconducting (HTS) materials was mainly focussed on the
development and characterisation of YBa2Cu3O7-X (YBCO) based coated conductors. Several characteristics
regarding YBCO deposition, current transport performance and tape manufacture were investigated. In the
framework of chemical approaches for YBCO film growth, a new method, developed in collaboration with the
Technical University of Cluj-Napoca (TUCN), Romania, was studied to obtain YBCO film via chemical solution
deposition, which modifies the well-assessed metallic organic deposition trifluoroacetate (MOD-TFA) approach.
The results are promising in terms of critical current and film thickness values. YBCO properties in films with
artificially added pinning sites were characterised in collaboration with TUCN and Roma Tre University.
Spectroscopic and mechanical characterisation of Pd-based buffer layer structures, which represent a good
template for YBCO coated conductors on Ni-based substrates, providing high Tc and Jc values, was performed
in collaboration with the University of Rome Tor Vergata. Finally, commercially available HTS wires were
characterised in terms of their operational stability by directly measuring the quench propagation velocity and
minimum quench energy, in collaboration with the SuperMat CNR-INFM Regional Laboratory.

4.2 ITER-Related Activities

As a member of the international testing group for the ITER magnets, ENEA participated
in tests and data analysis on ITER full-size toroidal-field conductors (TFPRO1, made from
bronze route Nb3Sn strands produced by European Advanced Superconductors [EAS],
Germany and TFPRO2, made from internal-tin Nb3Sn strands produced by Oxford
Instruments, Superconducting Technologies [OST] England), in the framework of a
European Fusion Development Agreement (EFDA) task (TMC-FSTEST). The samples were

manufactured with different values of sub-cable twist pitches and void fraction under the supervision of
ENEA in 2006. The measurement campaign, carried out at the SULTAN facility of the Centre de
Recherches en Physique des Plasmas (CRPP) Villigen in 2007, focussed on assessing the current sharing
temperature Tcs, critical current Ic, as well as on evaluating the alternating current (ac) losses.

In the main qualification campaign during spring 2007, the sample performance was measured by a pair
of voltage taps placed in the high-field zone. To check the reliability of the performance assessment based
on these standard voltage taps, TFPRO2 (OST 1 and 2) samples were retested in autumn 2007. The basic
instrumentation was extended with two sets of star voltage taps placed both on the jacket and on the
crimping rings, as well as with several additional thermometers applied to different sides of the conductor.

Introduction

Toroidal-field
prototype
qualification



The reason for the voltage tap stars on the jacket
was to have an averaged evaluation of the
conductor voltage, while the stars on the crimping
rings had the advantage that the contact
resistance between cable and jacket was much
lower than in the rest of the conductor because of
the strong compaction obtained below them. As
a further check, a calorimetric approach was
adopted to determine the Tcs by calculating the
heating power (W) in the cooling fluid, due to the
transition of superconductors to normal state at
increasing temperature within the cable. The
values of Tcs obtained with the different
techniques are reported in figure 4.1. 

As can be seen in the figure, EAS1, EAS2 and
OST2 fulfil the ITER requirements (5.7 K≅11 T and
68 kA) and the spread among the different
technique evaluations of Tcs is low. For OST1, the
discrepancies in Tcs values as determined by
means of diverse tools is higher, and not always
above ITER requirements. As a general
observation, the calorimetric approach shows
good agreement with electrical analysis, although calorimetry requires a higher level of approximation for
the determination of Tcs. It should  be noted that OST2 shows outstanding performance, well above the
requirements, and is so far the best performing conductor produced in the framework of fusion activities.

A fundamental step in the design and construction of ITER magnets is to test conductor
samples in relevant operating conditions. Currently, the only facility available for this
purpose is SULTAN at CRPP, which will not be able to withstand the huge duty foreseen
for ITER construction in the very near future. To overcome delays in cable testing, the

European Community decided to build a new facility, the EFDA Dipole (EDIPO), to share the test tasks with
SULTAN.

The new coil is based on a wind and react (W&R) dipole magnet, wound with the latest generation of
Nb3Sn strands, the so-called “advanced strands”. It is the very first magnet based on such strands as well
as the first dipole ever made by using a cable-in-conduit conductor (CICC).

ENEA has been charged with supplying the cable and following the manufacture of the entire CICC for the
dipole (EFDA contract 1316, task TMSC-DIPCON). All the activities are carried out in collaboration with
EFDA and the Italian company of Luvata (formerly Outo Kumpo). 

In the first qualification tests of the dipole samples, the conductor performance was lower than expected,
mainly because of the weak support of the Nb3Sn strands against transverse em loads. After a design
review, it was agreed to manufacture a new set of short CICCs with a different layout and lower void
fraction. Hence, a second task named PITCON was started to provide the required conductor lengths for
testing, get a better understanding of the degradation and improve the cable layout (EFDA Contract
06–1493, task TMSC-PITCON). 

PITCON. Several batches of short length cables with different geometry and composition were prepared
and delivered to the SULTAN, FBI Karlsruhe (Germany) and National High-Field Magnet Laboratory
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(NHFML) Talahassee (USA)
facilities for testing. It was
decided to involve more than one
laboratory in order to get results
as fast as possible and thereby
have the minimum delay in
setting up EDIPO. ENEA’s
participation involved both
manufacturing the cables as well
as preparing the samples
according to the specific
geometry required from each
testing facility. Table 4.I gives the
fabrication parameters of the first
batch of samples delivered to
SULTAN; fig. 4.2 reproduces the
sample geometry for the
conductors tested at NHFML
[4.1,4.2,4.3].

DIPCON. Based on the positive
results obtained during the
PITCON measurement
campaign and the relative gain of
the parameters defined, the final
processing of the dipole dummy
cables was carried out in the
second half of 2007. A full set of
two high-field-region and five
low-field-region conductors, for a
total length of slightly less than
1 km, was manufactured and
delivered for winding tests to
Babcock Noell GmbH
(Germany), responsible for the
coil construction. In addition to
cable manufacturing, ENEA
undertook gas-flow/helium-leak
measurements and developed

special conductor terminations for tight sealing of the cables. After the results of the Babcock Noell winding
tests, the definitive dipole cables will be produced and the activity is expected to end within June 2008.

In the framework of magnet R&D, EFDA involved ENEA in a research programme on the
development and validation of detailed simulation tools. The activities, aimed at increasing the
prediction capability of conductor performance, were split into different tasks and developed
with the support of Padua, Udine and Bologna Universities, Turin Polytechnic, the CREATE

Consortium and the Italian company of L.T. Calcoli  S.r.l.

Considering the particular structural characteristics of
the ITER CICCs, a specific campaign was started to
investigate the influence of the geometric parameters
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[4.1] P. Bauer et al., Proposal for critical current testing of
CICC cables for the EFDA dipole project at the
NHMFL split solenoid facility, EFDA CSU Garching
(March 2007)
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Fig. 4.2 - Sample geometry for testing CICC cables at NHFML (units in mm)



on conductor stiffness at different
cabling sub-stage levels because the
superconducting performance of
Nb3Sn strands is very sensitive to
mechanical strain. By means of
finite–elements analysis, with detailed
3D nonlinear cable representation, it
was proved that variations in
twist–pitch and void fraction provoke
considerable changes in the
longitudinal and bending stiffness of
the cable sub-stage. Further
developments of the simulation
models, together with an experimental
programme to complete the

validation, are in progress and will lead to the simulation of the entire last-but-one cabling stage of the ITER
toroidal-field conductor.

In support of the final design of the new EFDA dipole Nb3Sn coil, ENEA was assigned the task of
developing a model capable of evaluating the strain state of the strands inside the conductor. The
finite–elements code ABAQUS was used to study the conductor cabling, including twisting and
compaction, cool-down from the heat-treatment temperature to the operative cryogenic temperature, and
the mechanical loads due to Lorentz forces in operative conditions. Two different models were considered:
a) beam-like model; b) solid model. Different levels of discretization were adopted to identify also the
correct strain distribution within the strand cross section, based on the bending and axial strain distribution
obtained from analysis at conductor scale. All the simulations were performed on the different layouts
proposed by EFDA for the high-field and low-field conductors. A sensitivity analysis was applied to the
EDIPO low-field conductor, with variable cabling twist pitch (TP) and fixed void fraction (TMSC-CODVAL).
Results indicate that the configurations with a short TP have a total tensile strain (TS) lower than the long
TP configurations, suggesting that the short TP sample has better transport performance.

In order to have the simulations adhere to the physical reality, a nonlinear constitutive relation based on
experimentally measured stress-strain curves was adopted for the strand behaviour. The final results of the
activity concluded the conductor design optimisation (TMSC-DICOMO).

At the same time, numerical techniques were used to tackle the problem of crack propagation in the
EDIPO insulating resin which de-bonds at the conductor interface (TMSC-CODVAL). The dipole insulation
was studied in a 2D model at T=4.2 K and nominal current, and a maximum shear stress of 80 MPa was
obtained, which is within the acceptable limit of 100 MPa. Work is in progress for a full detailed 3D model.
Push out tests will be performed at 4.2 K.

A 3D nonlinear electromagnetic code is being used to investigate the em behaviour of the ITER poloidal
field full-size conductor. Simulation of the poloidal field insert sample (PFIS) experimental characterisation
campaign performed at the SULTAN facility in 2004 includes development of an ad hoc model for the
terminations and bottom joint and a review of the input parameters used in the code. Thermal parameter
sensitivity analysis is in progress and first results are promising. A new code for nonlinear ‘fast’ analyses is
being tested and will be used for a comparison with the results that will be obtained in 2008 from the
poloidal field conductor insert (PFCI) measurement campaign. The activity (TMSC-CODVAL) started in
August 2007 and final results will be discussed within May 2008.

During 2007 the relevance of some conductor tests
carried out in the past at SULTAN were discussed at
length. To clarify earlier measurement procedures and
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[4.2] P. Bauer et al., Report on PITSAM III & IV assembly
at ENEA Frascati, EFDA CSU Garching (April 2007)

[4.3] P. Bauer et al., Report on FL1&2 Test at NHMFL June
2007, EFDA CSU Garching (August 2007)

Table 4.I - Set of parameters of batch #1 samples

Conductor PITSAM1 LF1 HF3

Cable pattern 3×3×4×4 3×3×3×4 3×3×4×4

Sc strand OST 8712-2

Sc strand number 144 48 144

Cu/non Cu (0/9×4×4 (5/4)×3×4 (0/9)×4×4

Twist pitches (mm) 58/95/139/213

Outer dimensions (mm) 21.1×9.5 12.6×12.6 20.3×10.3

Jacket thickness (mm) 1.6 1.75 1.6

Estimated void fraction (%) 30 35 35
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results and particularly to get a better interpretation of the tests, which showed unexpected degradation
of the current-carrying capability of Nb3Sn conductor samples similar to those proposed for the ITER coils,
EFDA and the ITER International organisation asked ENEA to perform a simulation campaign to assist the
on-going R&D on conductors in the prediction and understanding of two main aspects: the structural
modelling of full-size ITER cables (strain effects on strands because of operative loads) and modelling of
the effects of current non-uniformity in SULTAN samples. The activity of this task (TMSC-SULMOD) started
in autumn 2007.

NbTi is the best developed superconducting compound currently available on the market. The
superconducting properties (critical current as a function of field and temperature, upper critical field) are
controlled by several intermediate heat treatments and final drawing strains that create the required density
of the pinning centres (alpha Ti precipitates).

As demonstrated, the normally adopted extrapolation of strand properties from high (e.g., at 5 T, 4.2 K) to
low critical current density range might not be appropriate. This is particularly true for the ITER poloidal field
coils (P1/P6), which should be wound by NbTi CIC conductors and will operate at high magnetic field (say,
6.0 T), considering the temperature reference value (6.5 K) to be the sum of the operating temperature plus
the required temperature margin. Therefore, the strand performance to be adopted for a sound design of
the NbTi coils should be determined and specified in the operating condition range. 

In 2007, a trial to optimise the NbTi strand current-carrying capabilities at high field and
temperatures by changing the process parameters during production (e.g., adjusting the
intermediate annealing steps) was carried out (contract 06-1516, task TW6-TMSC-
NBTI). Three strands were chosen as the starting point for the task: the EM Large
Hadron Collider (LHC), as it is so far the best performing NbTi strand produced in large
quantities; then Luvata-JT60_C1 and Luvata-JT60_C2, because they correspond to the
ITER request for P1/P6 strand, which is being designed to work at about 6 K and 6.5 T
in the toroidal field coils of the Japanese tokamak JT-60SA. The Luvata-JT60_C2 strand
was able to reproduce exactly the performance of the EM-LHC, so it was decided to

optimise its production route. As the ac losses have to be kept at a low level to operate properly in the
ITER PF coils, the ITER candidate strand should have a smaller filament diameter (from 20 to 6 μm) than
the Luvata-JT60_C2 and thus a larger number of filaments.

The results of the characterisation campaign showed that,
despite the optimisation process, the design values defined
by ITER for the NbTi PF 1/6 performance are rather
optimistic, and the target could not be fulfilled. The ITER
P1/P6 current density can be reached only up to 6.1 K, i.e.,
0.4 K below the required margin, as calculated with the
Bottura equation (1) using the fit parameter set derived
from measurements at B and T close to the operating
conditions (fig. 4.3):

. (1)

The R&D programme executed in the framework of the
task showed that despite trying several different
combinations, Jc at high operating temperatures (above

    
Ic B,T( ) = C0

B
⋅bα ⋅ (1− b)β ⋅ (1− tn )γ

Optimisation
of NbTi strand
performance
for ITER
poloidal field
coils

J c
 (

A
/m

m
2 )

T(K)
5 5.5 6 76.5

Jc@5.5 T meas
Jc@6.0 T meas
Jc@6.5 T meas
Jc@5.5 T fit
Jc@6.0 T fit
Jc@6.5 T fit
Jc ITER P1/P6
(195 A/mm2)

1000

800

600

400

200

0

6.1 K

Fig. 4.3 - Jc vs T at different magnetic field,

compared to the ITER operating current level



6 K) could not be improved, compared to the strand types developed in previous programmes (e.g., for
the LHC). Clearly this is not the proper route to improve the NbTi characteristics, and perhaps some other
solution should be attempted, also taking into account that the ITER requirements seem to be out of reach
for such a material.

4.3 Superconducting Joints 

During 2006 ENEA developed and patented a new kind of junction for CICCs, characterised by an easy
manufacturing procedure, low room occupancy, low price and low electrical resistance. Some prototypes
of this joint concept were produced and successfully tested, showing R<1 nΩ and hence fulfilling the EFDA
dipole requests for which the junction had been studied.

In 2007 the joint design was optimised. The work focussed on the connection of the NbTi CICCs rather
than the Nb3Sn CICCs as the latter were the subject of the previously mentioned study that led to the joint
definition. Some prototypes with the same dimensions as the dipole conductor were tested to get direct
comparisons, as well as smaller prototypes. The connection of two cables made up of 144 NbTi strands
gave an electrical resistance of 0.8 nΩ, in agreement with the very good values already obtained for past
Nb3Sn samples and suggesting the possibility of adopting this joint concept in several fusion applications.
Indeed the joint has been proposed for the ITER central solenoid and poloidal field coils.

Another study performed proposes a different sample configuration for the test of full-size conductors in
the SULTAN facility. The two straight conductor lengths to be measured are usually connected by a bottom
joint. The vicinity of the joint to the high-field region might affect the results and in fact it has been pointed
out as the possible cause of the apparent degradation in superconducting performance. ENEA
demonstrated that it is possible to eliminate
this joint, showing that there is enough
room to bend an ITER full-size toroidal field
conductor, after removing the jacket,
external wrapping and central spiral
(fig. 4.4). This U-shaped conductor may
thus be inserted in a stainless steel box
where it could be fixed by appropriate
supports to avoid movements due to the
Lorentz force. Following this procedure it
would be possible to characterise the
conductor without the influence of the
bottom joint discontinuity.

4.4 JT-60SA

ENEA is involved in the design of the 18 toroidal field coils for JT-60SA, which is to be built within the
framework of the Broader Approach Agreement between Europe and Japan. During the first half of 2007
a design solution for the winding pack (WP) was proposed by ENEA, and analysed and studied in detail in
collaboration with the Commissariat à l’Energie Atomique (CEA). The design proposal was based on a
square winding pack, with five double pancakes, of nine turns each, and a conductor with internal
dimensions 25.1×25.1 mm2 and a stainless steel jacket thickness of 2.2 mm. The resulting cable consisted
of 720 NbTi strands of 0.8 1 mm diam.
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Fig. 4.4 - U-bent full-size ITER toroidal field conductor
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Following the extended campaign of industrial NbTi strand characterisation and optimisation (see above)
carried out in collaboration with Luvata, the candidate strand selected for the Italian contribution to the
JT–60SA TF magnet  has a ratio of 1.86 Cu:nonCu and Jc(6 K; 6.4 T)>200 A/mm2.

During the design phases, extensive analyses were performed  to validate and finalise the solution
adopted: the expected temperature margin, to be compared with the design value ΔTmargin>1 K, was

determined according to the computation of the
heat loads on the magnet. The contributions
included were nuclear heating on the winding pack
(WP) and stainless steel case, with the consequent
heat transfer to the conductor, and finally the heat
load due to ac losses during normal operation.

In order to proceed as fast as possible with the
design and qualification of the conductor, a sample
cable of 720 superconducting strands was
manufactured (fig. 4.5). In addition, ENEA
developed two electrical models for simulating the
behaviour in the case of a coil quench, when the
energy stored in the TF system is discharged by
dumping its current on appropriate bank resistors
(fast safety discharge).

In October 2007, due to budget reasons, it was
decided that a re-baseline of the overall JT-60SA

machine was
necessary. It was in fact
recognised that the
estimated cost for the
reference TF magnet
exceeded by about
50% what had originally
been calculated in
2005. Thus, all design
activities based on that
solution were stopped,
and a completely new
design for the TF
magnet aimed at a
sensible cost reduction
was pursued.

Given the newly defined
constraints, i.e., a much
smaller WP and the
peak field on the
conductor reduced to
5.65 T, ENEA
contributed to the
definition of a new
proposal for the WP
design solution, based

Fig. 4.5 - Cross-section of the 720-strand conductor

manufactured according to the first EU TF magnet

specifications for JT-60SA

Original
Design

EU Ref.
design

ENEA alternative
proposal

Number of turns 90 72 70

Number of double pancakes 5 6 (or 4 quadrip.) 5

Number of layers 9 6 7

Conductor int. 
dimensions (mm2)

25.1×25.1 18×22 15×27

Jacket thickness (mm) 2.2 2.0 2.2

Winding pack dimensions (mm2)

Including 8 mm ground insulation
299.5×335 160×357 165.8×355

Iop (kA) 25.3 25.7 26.4

Bpeak on conductor (T) 6.4 5.65 5.65

Magnetic energy (GJ) 1.4 1.06 0.995

Torus inductance (H) 4.06 3.25 2.86

Conductor unit length (m) 334
226

(454, with quadrip.)
265

Conductor length/TF coil (km) 1.67 1.36 1.32

τdelay (s) 2 2 2

τdischarge(s) 12 10 10

Table 4.II - Main features of the three options for the JT-60SA TF conductor design, as

described in the text



on a rectangular NbTi conductor with internal dimensions
15×27 mm2. With this solution it would be possible to
maintain the five double pancakes for the WP, rather than a
more expensive WP design. The main features of the new
conductor and WP layout are summarised in table 4.II and
compared with the previous reference design solution and
the option proposed by ENEA. 

4.5 Conductor Manufacture

A fundamental step in CICC manufacture is compaction of
the steel jacket, which shapes the round conduit in which the
cable is initially inserted into the final form and dimensions
requested. To obtain a more precise compacting process,
ENEA equipped its laboratory with a mill machine, ad-hoc
developed in collaboration with the Italian company DEM
(fig. 4.6). The machine is capable of compacting the steel
jacket from a round to rectangular shape in one step, with an
outer final size ranging from 10×10 mm to 60×60 mm, and tolerance lower than 0.1 mm. The speed of
compaction can be set from 1 to 14 m/min.

The first conductor manufactured, a sample for the JT-60SA TF magnet, demonstrated that ENEA could
carry out jacket compaction for the future short-sample test campaign. In 2008 it is foreseen to equip the
laboratory with a mill capable of performing the round-to-round compaction required for the ITER TF
conductors.

4.6 ENEA Frascati Test Facility 

A preliminary study has been carried out to develop a new high-field test facility - the ENEA Facility for
Superconducting Inserts (ENFASI) - for testing ITER and DEMO full-size conductors in a small-coil
configuration. The present design is a background magnet with a 90-cm i.d. and a maximum magnetic
field on the sample of 15 T. The peculiarity of this solution is that it is possible to wind the conductor to be
tested on a frame introduced in the coil bore. In this way quite a long length (about 30 m) of conductor can
be placed so that it lies in a ±7% homogeneous field, and each single turn (2.5 m) undergoes a practically
uniform field. 

The whole magnet will be made of Nb3Sn CICCs. To optimise the amount of superconductor and hence
reduce the cost, the magnet will consist of three concentric coils formed by conductors with slightly
different dimensions, each one having an optimised number of superconducting and copper strands.

The main characteristics of the background magnet are:

• Maximum field Bmax=15 T • Operating pressure Pin/Pout=6/4 bar

• Internal free bore Dint=90 cm • Total magnetic energy Em=140 MJ

• Operating current Iop=20 kA • Maximum voltage during discharge Vmax=2 kV

• Inlet helium temperature Tin=4.5 K

4. Superconductivity
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Fig. 4.6 - Mill machine installed at the ENEA

laboratories
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4.7 Characterisation of Superconducting Materials

A facility for characterising superconducting strands at variable temperatures has been
recently upgraded at ENEA. Measurement of transport properties of superconducting
strands can now be carried out in the temperature range 3.5 K to 15 K, with stability
less than 10 mK, and in magnetic fields up to 12.5 T, covering a range of critical
currents between a few Amperes, up to about 300 A. The sample holder is sketched
in figure 4.7.

During 2007 an extended measurement campaign was performed on different NbTi
wires in order to create a database to be used in the design of superconducting magnets for fusion and
other applications. The NbTi strands had different diameters and Cu-nonCu ratios ranging between about
1.5 to about 7. The measurements showed the critical behaviour of NbTi in the range of relatively high
temperatures (T>5.5 K) and high magnetic fields (B>6 T), typical for large coils in fusion reactors, where
CICCs are used and temperature margins of at least 1 K are required for a sound design.

For each NbTi strand the expression (IcB1–α)1/β vs B, including the self-field contribution (Kramer plots),
was evaluated. Kramer plots and the fit results at different temperatures are reported in figure 4.8 for
sample Luv-JT60-C2, selected as candidate strand for the JT-60SA TF conductor project. A scanning

electron microscope (SEM) image of the internal
layout of the sample is shown in the inset.

As a unique set of parameters does not fit Ic(B,T)
over a broad field range with the same level of
accuracy, it can be concluded that, for the
determination of the fitting parameter set to be
used in conductor design, measurements at B
and T close to the operating conditions are more
appropriate.

Besides electrical characterisation, the magnetic
properties of NbTi strands were measured by
means of the ENEA vibrating sample
magnetometer (VSM) system. It was possible to
determine Tc from the temperature dependence
of the magnetic moment, the irreversibility field
Birr and the upper critical field Bc2, by means of
hysteresis loops. The critical current density
Jc(B,T) could be determined from the hysteresis
loops by

(2)

and cross-checked with electrical measurement
results. In the formula, deff is the effective filament
diameter, which is linked to the hysteresis losses
and to the strand stability.

The VSM was also used to determine the time
constant nτ, for the decay of the coupling
currents in ac regimes. Closed loops were

Jc B( ) = 30
4

π ΔM
deff

Vsample
(sample length in    between=50mm)
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Fig. 4.7 - Sample holder of variable temperature insert for dc

characterisation of strands at variable background field and

temperature
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measured with different applied field rates and then,
from the plot slope of the loop area (the losses) as a
function of dB/dt, it was possible to get nτ. However,
it should be noted that even if there is evidence of
increasing losses with ramp rate, the frequency range
investigated is still low, and for this reason the system
is now being upgraded with a new current generator
that can power the VSM magnet up to 3 T/min.

ENEA is carrying out research
activities on the super -
conducting properties of Nb3Sn
strands subject to mechanical

loads. To clarify some aspects of the current transfer
process within the wire cross-section, an intense
experimental campaign was carried out to study the
effect of a pure bending strain on the transport
properties of multi-filamentary internal-tin strands
with twisted or untwisted superconducting filaments.
The tools used to heat-treat and measure the
samples are shown in figure 4.9. Critical current
measurements were  performed on  internal–tin
strands, which were inserted and compacted inside
thin stainless steel tubes before heat treatment. With
the application of a maximum bending strain of
0.5%, the strands with twisted filaments present a
degradation in critical current and in the n-index,
while the performance of the untwisted strands
shows improvement (fig. 4.10). Comparison between
the experimental data and the predictions from Ekin’s
model indicates that an upgraded model for the
critical current as a function of the strain in its 3D
form has to be developed for a complete description
of the system under analysis. The VSM was also
used to experimentally characterise the same
strands: in fact important information on the effect of
strain on Nb3Sn properties can be obtained from the
measurement of the superconducting transition
temperature Tc and upper critical field Bc2.

At the end of 2007, ENEA set up a
collaboration with EDISON for the
optimisation of MgB2 performance. The
activities started with the characterisation of a

bulk sample of MgB2. The magnetic properties of
polycrystalline MgB2 were fully characterised by
means of the VSM in order to determine its
parameters, i.e., the irreversibility field Hirr(T) and the
critical current density Jc(B,T). Figure 4.11 shows
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Fig. 4.9 - Tools used to heat treat the samples, apply the bending

strain and measure the transport properties

Fig. 4.10 - Critical current values measured at 4.2 K

as a function of magnetic field for the reference

samples (IC0 curve) and for the samples subjected to

either 0.25% or 0.5% peak bending strain
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Fig. 4.11 - Magnetic moment vs temperature in FC (red

line) and ZFC (blue line). Insert: first and second

derivatives calculated to determine Tc and its error
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temperature dependences of the zero-field-cooled (ZFC) and field-cooled (FC) magnetic moment for a first
sample of MgB2, which exhibits the onset of the superconducting state at Tc=38.5±0.5 K. The transition
is sharp and the shielded field (full Meissner effect) is almost identical to the  trapped field, indicating a
strong pinning force efficiency, low porosity of the polycrystalline sample and uniformity in superconducting
properties. Magnetisation cycles (fig. 4.12), M(B) were measured in applied fields up to 12 T and from 4.2 K
to above Tc. Flux–jumps were not detected at any temperatures. Assuming a simple critical state model
(Bean model), it is possible to determine Jc(B,T) from the magnetisation cycles. The irreversibility field was,
in turn, determined either as the hysteretic loop closure point or from extrapolations of Kramer plots
(Jc

0.5B0.25vs B).The extrapolated intercept Bk(T) always remains lower than Birr extracted from the loop
closure points (fig. 4.13).

4.8 High-Temperature Superconducting Materials 

Ni-Cu-based alloys have recently been studied as an alternative substrate to the
commonly used alloy for YBCO CC. To enhance the microstructure of Ni-Cu alloy, a small
amount of cobalt was added. Figure 4.14, reports a comparison between the
microstructures of Ni-Cu and Ni-Cu-Co re-crystallised tapes. A cube fraction as high as
95% was obtained for Ni-Cu-Co substrate, making it suitable for YBCO CC applications.
The tensile properties of Ni-Cu-Co were evaluated by means of stress-strain
measurements and compared to those of  NiW (fig. 4.15). The yield strength measured

at 0.2 % strain is 120 MPa, i.e., slightly higher than that exhibited by constantan alloy. Although far from
the tensile properties exhibited by Ni-Cu-Co, the increased strength of Ni-Cu-Co alloy compared to pure
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Ni tapes is nevertheless relevant and indicates that this
ternary alloy substrate could be successfully employed in
a reel-to-reel deposition system. The hysteresis loops
M(H) at 77 K for Ni-Cu, Ni Cu Co and re-crystallised
substrates are plotted in figure 4.16a. The hysteresis
losses of Ni-Cu-Co are  intermediate between  those of
Ni-Cu and  Ni-W. A detail in  the low-field region  reveals
that the loop exhibited by Ni-Cu-Co is less askew than
that of Ni-Cu (fig. 4.16b). In fact, while the magnetic
domains are poorly correlated in Ni-Cu and below the
coercion field some domains begin rotating, the
presence of Co atoms contributes to the coupling of the
magnetic domains. YBCO film was deposited on
Ni–Cu–Co substrates by using the standard
CeO2/YSZ/CeO2 buffer layer architecture with the interposition of an additional Pd layer. The YBCO film
exhibits a Tc of 87.6 K, a Jc value at 77 K and a self-field of about 0.3 MA/cm2.

Chemical solution deposition methods are regarded as promising low cost and
industrially scalable approaches for YBCO CC preparation. To date, the MOD
technique with TFA precursors has been the most common method used to
obtain high Jc YBCO films. To reduce the hydrofluoric acid formation that limits
the YBCO film thickness and imposes too long a  pyrolysis time, a modified

TFA–MOD method is being studied that uses only barium TFA and an alcoholic solution of Cu and Y
acetates dispersed in propionic acid. After the solution deposition, the precursor film undergoes a two-step
heat treatment consisting of a low-temperature pyrolysis process for the metal-organic decomposition and
then a high-temperature crystallisation process for the formation and growth of the YBCO film. Compared
to the conventional TFA method, the introduction of metal propionates shortens the pyrolysis time by a
factor of four. The epitaxial YBCO films obtained  on both monocrystalline STO substrate and metallic tape
buffered with Pd/CeO2/YSZ/CeO2 multilayer have a sharp out-of-plane orientation with (005)YBCO peak
Δω values  of 0.2° and 1.9°, respectively. Cross-section analysis of fractured samples  deposited on  tape
(fig. 4.17) show that the interfaces between each layer are clean and defined. The YBCO film thickness is
about 0.6 μm, i.e., up to three times thicker than that obtained with the conventional TFA method. The
surface morphology observed by SEM analyses (fig. 4.18) is characterised by the presence of particulates,
probably related to CuO compound formation, and superficial holes which, however, do not undermine the
compactness of the YBCO film. These films show high Tc (R=0) values up to 91 K and large critical current
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densities Jc greater than 1 MA/cm2 at 77 K and self-field. Magnetic measurements performed for YBCO
film on STO substrate with the magnetic field direction parallel to the c-axis are reported in figure 4.19. At
a temperature of 25 K the loop is still not closed, demonstrating that the irreversibility field Hirr is well above
12 T. From these measurements, assuming a simple critical state model (Bean model), it is possible to
extract the Jc values of 2 MA/cm2 at 77 K and 14 MA/cm2 at 10 K and self-field (fig. 4.20). These results
are in good agreement with the dc transport measurements obtained for the YBCO films deposited on
Ni–W substrate, where values of Jc greater than 1 MA/cm2 at 77 K and self-field were achieved. These
activities are funded by the EFDA Underling Technology Programme.

The introduction of second-phase nanoparticles in a superconducting YBCO
film can result in an improvement in the in-field performance of the
superconductor by acting on the film pinning properties. Therefore, research
on BaZrO3 (BZO) nanoparticle inclusion in pulsed-laser-deposited
superconducting YBCO films was carried out on different templates, such as
SrTiO3 (STO) single-crystal substrate and CeO2-buffered Al2O3 (ALO)

substrate. Despite a slight Tc reduction, BZO addition in YBCO-STO films resulted in an improvement in
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Fig. 4.18 - Surface morphology of metal propionate

YBCO film deposited on STO single-crystal substrate
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the in-field performance, with the appearance in the low-field region
of a Jc plateau which extends up to about 2.5 T irrespective of the
temperature, at least in the investigated range (down to 65 K)
(fig. 4.21a). On the other hand, samples deposited on ALO did not
exhibit any remarkable difference, either in the Jc value or in the
magnetic field dependence compared with pure YBCO. Analysis of
the pinning force densities Fp as a function of the normalised field,
b=B/B* (B* is the magnetic field where the pinning force density is
lower than 1% of its maximum), as shown in figure 4.21b, confirms
that the effect of introducing BZO differs according to the substrate.
In samples grown on ALO, the lower Tc value determined by BZO
addition results in a decrease in Fpmax and B* absolute values at
77 K, while the shape of the Fp(b) curve does not change. On the
contrary, samples on STO with BZO inclusions exhibit a remarkable
increase in the maximum pinning force density (9.9 GN/m3

compared to 1.7 GN/m3 exhibited by pure YBCO) and a shift of the
Fpmax towards higher normalised fields. These characteristics,
coupled with the shift of the irreversibility field towards higher
magnetic fields, suggest a better pinning-site lattice efficiency.
Considering  that the Jc(B) dependence improves in the whole
magnetic field range inspected, it can be supposed that BZO inclusions introduce strong pinning sources
inside YBCO films on STO substrate. As suggested by the analysis of the angular properties shown in
figure 4.22, these sources exhibit a c–axis–correlated character. Apart from the intrinsic peak due to the
layered structure of YBCO which is always  detectable, the appearance of a broad peak centred at 0°
(magnetic  field direction parallel to the c-axis) in BZO films on STO  indicates the presence of extended
defects along the c-axis direction. The correlated defects can be identified with dislocations arising at
BZO–YBCO interfaces as a consequence of the lattice mismatch. Actually, a small 0° contribution can be
measured also for ALO films, even though it cannot be ascribed to BZO introduction as pure YBCO on
ALO shows the same angular behaviour. 

The introduction of BZO on YBCO films also results in a different film morphology, which depends on the
investigated substrate as can be revealed from atomic force microscope (AFM) investigations (figure 4.23).
The features of YBCO films on STO substrates can be explained in terms of a mixed 2D-3D growth
mechanism. According  to  the Stranski-Krastanov  model, once  the critical  thickness for a pure 2D
growth is reached, the stress is released, promoting an island growth mechanism. As can be seen in
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figure 4.23a, the film morphology shows a flat uniform background with isolated terraced structures that
can be related to the spiral growth mechanism around screw dislocations. On the contrary, the YBCO on
ALO template is characterised by a more compact granular aspect (fig. 4.23c). The increased grain density
for YBCO on ALO leads to the extension of the regions where structural defects arise during grain
coalescence. In this way the stress is released at the grain boundaries, preventing the nucleation of
dislocations with the related spiral growth mechanisms observed on STO. While BZO-added films on ALO
(fig. 4.23d) are very similar to pure YBCO films, the morphology of YBCO-BZO films deposited on STO
substrate presents remarkable changes (fig. 4.23b), as the film surface is more compact and has a scaly
character. The presence of c-axis-correlated defects together with the improved structural quality of
BZO–added YBCO films grown on STO can be related to the observed change in the surface morphology,
assuming that an effective stress release mechanism is provided by edge dislocations at the YBCO/BZO
interfaces, which allows the growth of an unstrained YBCO film which inhibits the spiral growth
mechanism.

The magnetic properties of YBCO-BZO thin films on STO substrate were characterised by means of a
VSM. Magnetisation cycles M(B) were measured in applied fields up to 12 T and from 4.2 K to above Tc
with the magnetic field direction parallel to the c-axis. Figure 4.24 reports the critical current density Jc(B,T)
extracted from magnetisation cycles assuming the Bean model, at different temperatures and as a function
of the applied magnetic field for YBCO-BZO and pure YBCO thin films. The effect of the introduction of
such an artificial defect is the enhancement of Jc(B,T), indicative of an improvement in the pinning
efficiency. For example, it was found that Jc roughly increases three times at 3 T and 77 K. To get further
insight into the pinning mechanism, the time dependence of the decay rate of magnetisation S(T), which
is related to the pinning potential, was measured. Preliminary results show that the behaviour of S(T) as a
function of temperatures seems to be independent of the applied external field, at least up to 1 T. More
interestingly, in the investigated magnetic field range, S(T) is not affected by the BZO addition. Further
analyses will be carried out at different BZO concentrations and applied magnetic field in order to fully
investigate the pinning potential and hence the underlying mechanism.

The measurement of the microwave response in the vortex state is a particularly stringent test of the
pinning properties, as small vortex oscillations are involved and one tests both the presence of pinning

0 1 10

Height (μm)
0 1 10

0 1 10 0 1 10

Height (μm)

Fig. 4.23 – a) AFM images collected on pure YBCO films and b) BZO-added YBCO films  on a) STO a) and b) ALO

substrates



centres and the steepness of the potential well. A very large
reduction in the field induced  surface  resistance at
47.7 GHz in YBCO films as  a consequence of the inclusion
of submicron-sized BZO particles was observed. The
increase in the surface resistance by the application of a dc
magnetic field is smaller by a factor of three in the film with
BZO inclusions, very close to the transition temperature.
Clearly, the introduction of BZO particles enhances pinning
at high frequency. It is a nontrivial finding that BZO inclusions
originate pins that are effective at frequencies so high that
the shaking of vortices around their equilibrium position is
the dominating mechanism.

The use of a Pd over-layer between
the Ni-based tape and the oxide
buffer layer structure promotes the
development of YBCO–coated
conductors with high Tc and Jc
values. The Pd film presents a
smoother surface and a sharper

texture than the bare substrate and increases the adhesion
of the substrate/buffer layer interface. In order to investigate
the origins of these beneficial effects, preliminary studies
were performed on Pd film grown on Ni-W substrates, and
YSZ/CeO2 b–layers deposited on both the Pd-buffered and
the bare substrate using extended x-ray absorption fine
structure (EXAFS) techniques. EXAFS analyses were carried
out around the K edge of Ni. Oscillations in the absorption
spectra above the K edge can give structural information on
inter-atomic distance and coordination number. The
resulting data were processed and compared with
theoretical simulations  with the use of a dedicated fitting
programme. Figure 4.25 reports the analyses for the fast
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Fourier transform (FFT) of the EXAFS spectra for the
bare Ni-W substrates and for the Ni-W/Pd/CeO2/YSZ
annealed at 600°C for 30 min in O2. The data from
simulations are in good agreement within a significant
region of the spectra, showing the presence in the
annealed samples of Ni-Pd interdiffusion, which gives
rise  to an ordered fcc Ni-like crystalline structure in
the region of the Pd/buffer layer interface. Analyses of
the spectra of the as-deposited buffer layer structure
showed the absence of  interdiffusion between Ni
and Pd.

The  nanoindentation test was used to carry out
preliminary studies on the mechanical properties of
the CeO2 buffer layer film deposited on Ni-W tape
with and without the Pd over-layer. In the ultra-low-

load configuration, differences between the load-displacement curves for the two samples (fig. 4.26) show
that the introduction of a Pd layer between CeO2 and Ni-W substrate improves the buffer layer elasticity,
as the hardness reduces from 2.8 GPa to 1.6 GPa and the Young modulus improves from 180 GPa
to 200 GPa.

The use of high-temperature superconductor materials for extensive industrial
applications requires comprehensive knowledge of their behaviour in every
possible condition of operation. In particular, one of the main topics to explore is
the tape stability, in terms of minimum quench energy and propagation velocity,
against heat and current disturbances. In fact, the normal zone propagation
velocity in this type of superconductor is two to three orders of magnitude slower
than in low-Tc superconductors operating at 4.2 K. Therefore, one of the primary

challenges for protecting high-temperature superconducting magnets is quench detection. To develop
effective quench detection and protection schemes, a thorough understanding of the minimum quench
energy (MQE) and the normal zone propagation velocity is essential. Hence, an experimental activity
devoted to studying quench initiation has been set up and, at the same time, a numerical code to simulate
and predict the thermo-electric response of YBCO tapes is being developed. The goal of this
numerical/experimental activity is twofold: on one hand the characterisation of a new generation of
commercially available YBCO tape stabilised by means of a copper coating chemically deposited around
the layered structure of YBCO; on the other, the validation of the numerical code, which will permit its use
in optimising their components.

Quench experiments were carried out on the YBCO AMSC 344 tape (a multi-layered structure composed
mainly of a Ni-based metallic substrate, the YBCO film and protective Ag and Cu layers) provided by the
American Superconductor Corporation. The experiment setup is reported in figure 4.27. The quench is
induced by a local heat pulse generated on the tape surface. When the heat is generated from either the
YBCO or the substrate side a difference in the MQE is observed, being higher in the case of quench
induced by the substrate side, whereas the normal zone propagation velocity (NZPV) is not affected by the
heat-source configurations (fig. 4.28). This variation in MQE could be related to the asymmetric architecture
of the conductor, which in turn leads to an intrinsic difference in the thermal properties of the two faces of
the tape, whereas propagation of the normal zone is only driven by the current flowing in the tape, Ibias. 

On the numerical side, two different simulation programmes have been developed, both based on a finite
difference discretization of the Fourier heat equation and implementing a standard model for the
superconducting transition. One is simply 1D by means of a homogenization process performed on each
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section; whereas the other is 2D, thus providing
information on the voltage/temperature evolution
within each section of the tape, without any
homogenization. It is worth noting that the
material properties of the tape implemented in the
model are based on experimental measurement
of each single component and are highly nonlinear
compared to their temperature dependence. The
iterative algorithm is explicit and therefore proper
constraints on the maximum time step applicable
at each step of integration have been inserted to
avoid numerical instabilities. Figure 4.29 reports
the voltage distribution measured in the simulated
run and compared with the respective
experimental measurements. These activities are
funded by the EFDA Technology Work
Programme HTSPER task (TW5-TMSC-HTSPER).
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5.1 Outline and Overview

In 2007, experimental analysis of the Fast Ion Generation Experiment (FIGEX) [5.1-5.6] was completed and
final results were presented at Current Trends In International Fusion Research: a Review (invited paper),
March 2007, and at Inertial Fusion Science and Application, September 2007. FIGEX, supported by the
Euratom-ENEA Association, was designed in 2004 by the ENEA Inertial Fusion Energy (IFE) group to
explore the possibility of creating a multi-MeV/nucleon ion source based on the controlled amount of
matter (CAM) concept. The experiment was performed with ultra-short laser pulses (pico-second regime)
at the Central Laser Facility of the Rutherford Appleton Laboratory (CFL, RAL-UK) by ENEA in cooperation
with local colleagues.

The experimental activity being prepared at the Frascati ABC facility to study non-equilibrium processes in
foam-like materials was postponed because a relevant number of professionals from  the IFE group were
appointed to ENEA internal evaluation activities during the last  four months of 2007.

Over the last three or four years the IFE community has widely turned attention to fast ignition and related
short laser pulse applications. While this scenario was shaping up, an entirely civilian development for IFE
was launched by CLF, RAL–UK in the framework of the High-Power Laser Energy Research, Roadmap
(HiPER), ESFRI 2006, endorsed by France, seven EU countries at governmental or regional funding agency
level, Japan, China, South Korea, Canada, Russia and the USA. 

In April 2007 the Italian Ministry of Research asked ENEA to coordinate Italian participation in the HiPER
preparatory phase, with this outlook: “Based on the results of this preparatory phase, and the priorities to
be defined within the available budgetary frames, the possibility of an active participation in the
implementation phase may be taken into consideration by our Ministry and/or other funding authorities”.
As a consequence,  the participating national institutes are expected to launch new HiPER-relevant
cooperative activities, to produce new technical skills and to update the existing national facilities.

5.2 FIGEX

The optimal beam parameters to ignite a DT target of 200 g/cm3 by 1-MeV-protons are duration ≈15 ps,
diameter ≈40 μm full width at half maximum (FWHM) and energy ≈40k J. The injected entropy method can
also be used to attain ignition by different vectors (x-rays, heavy and light ions). In this approach all the fuel
is conventionally accelerated along a low adiabat to velocities ≈3×107 cm/s and, before stagnation,
additional energy is injected into the portion of imploding fuel destined to become the ignition spark. Thus,
this portion of fuel is carried on a suitably chosen higher adiabat in a shorter time than the implosion
duration. In the meantime the system dimensions remain practically unchanged and work cannot be done
on (and by) the imploding fuel portion. After the entropy injection, the compression work performed by the
imploding cold fuel on the portion set on the higher adiabat brings on the ignition conditions. Due to the
ignition premises created near the stagnation (fuel on higher adiabat radius 3-4 times that of the ignition
spark), instabilities and mixing arising in the fuel destined to become the ignition spark appear less in this
approach.

The CAM mode in the version used in FIGEX is based
on the concept of a causally isolated target, e.g., a
thin disk anchored to a massive support by spokes
that are as thick as the disk, with length L and width
w, where L>ct/2. Here c is the light speed and t is of

[5.1] A. Caruso, C .Strangio, The injected entropy approach
for the ignition of high gain targets by heavy ion beams
or incoherent x-ray pulses, Proc. of the 1st

International Conference on Inertial Fusion Science
and Applications - IFSA99 (Bordeaux 1999), p. 88-93
(1999)

[5.2] A. Caruso and C. Strangio, Laser Part. Beams 19,
295-308 (2001)

[5.3] A. Caruso and C. Strangio, J. Experim. Theoretic.
Phys. 97, 5, 948-957 (2003)



the order of the laser pulse duration or the target expansion time or any time of
interest in the interaction process. Under these conditions, the time to
propagate any information in a round trip, between the target and the massive
support, is longer than t. The additional condition that the total mass in the
spokes has to be smaller than that in the disk gives an upper limit for w. No
return current can affect the fast-electron confinement in the time of interest.
The additional spoke mass potentially involved in the interaction process is
smaller than the mass of the disk. Thus the amount of mass involved in the
interaction process can be predetermined, as well as the laser energy to be
transferred by the electrons to the ions to get an assigned ionic energy.

Suitable interaction regimes can be found to limit the number of energetic
electrons escaping from the target before supplying the absorbed laser energy
to the ions [5.6]. Thus the fast electrons trapped in the target transfer the
absorbed laser energy (fraction η) to the ions via a quasi-neutrality electrostatic
field that couples electrons to ions and drives the target expansion (at the
required ion velocity = νion). 

Low-aspect-ratio disks having initial values of thickness Δ=Δ0 and radius R=R0 chosen to make Δ0/2R0<<1
(fig. 5.1) are properly shaped to produce hydrodynamic conditions on the pressure gradients that collimate
most of the ions around the normal to the target, during a quasi-1D expansion: 

(5.1)

(p(o) is the pressure in the target centre).

During target expansion the pressure gradients get comparable values along the r and z directions
(Δ→2R0). Thus the ion collimation effect becomes relaxed at this time tc≈ R0/(νion/2). So as not to affect
the attained collimation degree, the allowed laser pulse duration has to be tlas≤tc. Due to mass
conservation during the quasi-1D target expansion (until t=tc) it follows that
πR2

0Δ0ρ0≈R2
02R0ρc→Δ0/2R0=ρc/ρ0 where ρ0 is the initial target density and ρc is the density at the time tc.

Assuming ρc equal to the critical density then represents the condition for allowing the maximum laser
pulse duration before the plasma becomes transparent.

Adding the energy conservation to these assumptions on the previous condition on the target aspect ratio
it follows that [5.4]

(5.2)

(Φlas is the laser power density and Elas the laser
energy).

Under the selected interaction regime (fig. 5.2), the
quasi-neutrality condition λD
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upper limit of the attainable ion energy corresponding to the available laser energy Elas. Then,
corresponding to  Elas, the target thickness Δ0 and the laser pulse duration Tc can be derived on the
straight lines corresponding to attainable ion energy values (MeV/nucl). The target thickness Δ0 has also to
be chosen greater than the estimated lower limit when the target can be destroyed by the laser pulse
forerunner. The initial value of the target diameter (2R0) follows from the target aspect ratio, the target
material being fixed.

About 180 J in 1 ps were delivered on transparent Si3N4 targets. The cases considered in the experiment
are reported in table 5.I. The targets were designed to survive the pre-pulse forerunning the main laser
pulse (bigger survival margin but lower performance: LARGE case). With longitudinal expansion during light
absorption, ion emission mostly collimated around the target normal was expected, while energy flowing
to the ions while supplied to the fast electrons was expected for the SMALL case (expansion time tc≈tlaser).
Also expected for SMALL was an ion average energy ≈5 MeV/nucl, initial light penetration into the target
≈0.4×initial thickness (estimated as c/ωp, including relativistic effects), laser radiation directly interacting
with most of the electrons and the radiation pressure transferring to the system a specific energy of the
order of 0.5 MeV/nucl. Actually the measured ion average velocity was 1 MeV/nucl, which is compatible
with the huge presence of contaminants and a fraction of the absorbed energy η≈15% (instead of η=30%
as used in the target design). Remarkable asymmetry was found, as most (≈80%) of the ions (and energy)
were collected near the normal on the rear side of the irradiated surface. This result cannot be explained
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as a reaction to low ion emission from the target front side where highly energetic ions suitable for
balancing the forward momentum were not found. Thus the net forward momentum can be attributed to
electro-dynamic effects (radiation pressure)  induced by the laser electromagnetic field which can
overcome the thermo-kinetic effects in regimes of poor absorption (η=15% instead of 30%). The measured
average ion velocity turns out to be tc≈1ps≈tlaser so that actually the electrons give energy to the ions
during the laser pulse absorption.

For LARGE the expected scenario was confirmed. The average ion energy was ≈0.25 MeV/nucleon and
the expansion time from the measured ion average velocity was tc≈10ps (≈10tlaser). Therefore on average
the plasma density remains much higher than ρc, while the electrons receive energy from the
electromagnetic field. The quasi-symmetric angular distribution of detected ions does not show relevant
electro-dynamic effects (the radiation pressure was expected to give ≈ 0.001 MeV/nucleon to the system). 

In both cases most of the ionic emission was well collimated around the normal to the target
(FWHMSMALL≈ 40° and FWHMLARGE≈ 30°). The stronger hydro-channelling effect for LARGE can be
attributed to the laser pulse duration shorter than tc. Ions with 1/28 ≤Z/A≤1/2 were detected in a
high–energy group (HEG, Z/A>1/3) and a low-energy-group (LEG, Z/A≤1/3). According to acceleration
mechanisms due to a quasi-neutrality electric field driven expansion, LEG was empty or carrying a few
percent of the total energy. About 15% of the total ion energy was carried by a few MeV-protons from
contaminants. As expected from the target design, good electron confinement is confirmed by the
experimental results. The ratio between the detected escaping electrons and the electron target nominal
content was estimated to be of the order of 5×10-5 for LARGE, 8×10-3 for SMALL, while λD

2/Δ0
2 was

estimated to be of the order of 10-5 for LARGE and 10-2 for SMALL.

LARGE and LARGE-LIKE had a similar scenario, while for SMALL-LIKE the ion energy was degraded if
compared with that found for SMALL and a number of detected ions larger than the nominal content in
the target portion delimited by the laser spot points out substantial transverse diffusion processes. The
remarkable asymmetric ion emission from the target rear side disappears and about the same amount of
ions is detected on both the target sides. SMALL-TIGHT (laser spot ≈10 μm) was characterised by an ion
angular distribution quite similar to that of SMALL but by a degraded specific energy scenario
(≈0.4 MeV/nucl), probably due to the target being pierced by the pre-pulse forerunner, as the best contrast
condition available at these power densities (target irradiated by the wings of the main pulse spot) was
insufficient.
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Considered
cases

Target diam.
(μm)

Target thick.
(nm)

Spoke width
(μm)

Laser spot diam.
(μm)

SMALL 32 (disk) 40 1 ≈30

LARGE 92 (disk) 100 2 ≈90

SMALL-LARGE (foil) 50 = ≈30

LARGE LIKE (foil) 100 = ≈90

SMALL-TIGHT 32 (disk) 40 1 ≈10

Table 5.I – Target and focussing parameters used for FIGEX
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In spite of the relatively modest power densities adopted in the experiments, ions with multi-MeV/nucleon
were found in the channels of distribution functions strongly peaked around a low value of specific energy
and having low-populated high-energy tails (up to 5 MeV/nucl for LARGE and up to 35 MeV/nucl for
SMALL).

Due to the required contrast, energies of the order of 200 J in 1 ps were available to be delivered on the
target. Thus to get ion energy in the range of MeV/nucl, as required for fusion applications, extreme values
of parameters require challenging technology for target production. However, laser performance for fusion
applications (e.g., HiPER: 70 kJ, 10 ps) significantly relaxes the requirements for target parameters
(table 5.II). It should be noted that under the conditions R0

2(Δ0×ρ0)=constant and  Δ0/2R0<<1 adjustments
to target dimensions could be made by reducing the radius in favour of the thickness (Δ0∝1/R0

2) and a foam
target instead of solid material could also be prepared.

The ion pulse duration (tsource) can be estimated as tsource≈d/νaverage where d is the distance of ion source
to target and νaverage is the ion flow velocity spread. Through solutions of hydrodynamic equations for 1D
flat layer expansion (energy, mass and moment conservation, Gaussian density spatial distribution and the
hot electron temperature uniform on the layer) it can be easily demonstrated that νaverage≈νion and up to a
distance d≈0,5 cm, tsource gets values of hundreds of ps, comparable with the time duration of ion sources
required to inject entropy on a suitable portion of imploding cold fuel. The source extensions in table II are
smaller than those required in this approach to fusion, which could possibly be studied with the HiPER
facility, and also have possible applications in other fields, e.g. nuclear physics.

5.3 HiPER Activities

To positively answer the Italian Research Ministry indications, a preliminary feasibility evaluation for the
implementation of the ABC facility with synchronised short (ps) + long (ns) pulse capability was performed
for proposal, in addition to the modification to the laser architecture (from a MOPA two-beam to a two-
beam multi-pass) already under study. With this new performance, the ABC facility (until now operative only
in ns regimes) can easily acquire an attractive peculiarity for Italian and European groups in the framework
of the IFE keep-in-touch activity, which could also be HiPER relevant. In May 2007 during a visit to Frascati
after the presentation of the ENEA IFE future activities, Dr. Dunne, Head of the HiPER project, positively
evaluated the proposed solutions for technically improving the ABC laser and the possible use of this

Target
material

Δ0
(nm)

Δ0×ρ0
(μg/cm2)

R0
(μm)

tc
(ps) λΔ2/Δ02

H2 8000 57 170 11 7.6×10-6

C 450 90 135 8.7 3×10-4

CH2 800 82 140 9 1.4×10-4

Table 5.II – Target parameters for 50 kJ of laser energy, 5 MeV/nucl ion energy,
η=0.5 and laser wavelength λ=1.054 μm



installation. In September 2007 the institutes (ENEA, INFN, CNR, CNISM) delegated by the Italian Research
Ministry attended the first meeting on Italian participation in the HiPER preparatory phase. The meeting,
organised by ENEA, was held at Frascati.

Theory and numerical calculations were also carried out to evaluate the possibility of scaling the FIGEX
results for HiPER applications. The positive conclusions obtained are reported at the end of section 5.2.
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6.1 ITER and Industry

As ITER construction is starting in the European site of Cadarache, several initiatives have been launched
by ENEA in order to provide the relevant information to Italian industries potentially interested in the
realisation of the ITER.

One hundred and eighty people, representing almost one hundred industrial
companies from all over Italy, gathered on 17 January in Villa Tuscolana,
close to ENEA Frascati, to partecipate in the “Presentation of the ITER

Project to Italian Industry” (fig. 6.1). The event was organised by ENEA with the objective of informing Italian
industry about the present status of ITER and the possibilities of participation in its construction. 

Dr. Gianni Lelli, ENEA Director, and Dr. Alberto Renieri, Head of the Fusion and Nuclear Technologies
Department of ENEA, welcomed the participants and stressed the importance of the early involvement of
industry in the ITER construction and the willingness of ENEA to promote such involvement. By working in
the fusion programme, Italian companies have gained excellent experience in providing large and complex
components and meeting performance challenges; therefore they are in a good position to participate in
the realisation of the device. Dr. Paola Batistoni explained the objectives of the workshop in more detail

and gave an introduction to the physical and technical
basis of fusion as an energy source. Representatives from
the European Fusion Development Agreement (EFDA), Dr.
Maurizio Gasparotto (EFDA Associate Leader for
Technology), Dr. Enrico Di Pietro and Dr. Marco Ferrari,
presented a technical overview of the ITER project, the
international organisation and sharing, and the EU
procurement system with its technical and administrative
aspects.

The second part of the day was devoted to the
presentation of the possible role of fusion laboratories in
Italy. It was pointed out that the research institutes
involved in fusion will also participate in the construction
of ITER. Dr. Aldo Pizzuto (ENEA), Dr. Francesco Gnesotto
(RFX) and Dr. Enzo Lazzaro (CNR-IFP) presented the
opportunities for a joint involvement of fusion laboratories
and industrial companies in the procurement of

components for ITER, e.g., superconducting magnets, high heat flux components and vacuum vessel,
remote handling, power supply, as well as heating, diagnostics and control systems. They all stressed the
availability of research institutes for a useful and successful collaboration between the fusion research
community and industry. 

The initiative was welcomed by the participants. Questions were asked about the mechanisms and
regulations of contracts awarded by the European Domestic Agency. Several comments were made on
the importance of promoting forms of coordination and of collaboration among Italian industrial companies.
At the end of the workshop the participants expressed the intention of strengthening contacts and taking
further initiatives to promote involvement in the ITER construction.

A collaboration has been started between ENEA and the Union of
Italian Chambers of Commerce and Industry, through the DINTEC
consortium, with the objective of promoting the participation of

Fig. 6.1 - Presentation of ITER project to Italian Industry
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Italian SMEs in the ITER procurements. The agreement includes first an analysis on the components and
services to be procured that could potentially be of interest to Italian companies, and then the organisation
of informative meetings for selected groups of companies. In the framework of this collaboration a back
office has been set up to provide technical information about the ITER project and the administrative and
procedural aspects (http://www.innovazione.dintec.it/iter,  http://www.fusione.enea.it/). ENEA has also
started  an activity of technical support and participation in the workshops on the ITER project organised
by Italian regional Chambers of Commerce and Industry. The first of these events was held at the Genoa
Chamber of Commerce and Industry on 26 october 2007 (Wokshop ITER – Dalla Fusione L’Energia per il
Nostro Futuro).

Two brochures were produced in 2007 for use in the information
initiatives mentioned above: “Imbrigliare l’energia delle stelle”
describes the fusion principles, the research programme and the
European roadmap to fusion; “Sulla strada della fusione –
Opportunità per l’industria italiana” describes the European system
of procurements for ITER and is particularly dedicated to industries.

6.2 Public Events

In the framework of the 17th Settimana della Cultura Scientifica e
Tecnologica (19-25 march 2007) organised by the Italian Ministery
for Research, ENEA opened the fusion laboratories to the public for
visits, conferences and meetings. Several seminars were held on
ITER and fusion research. More than a thousand visitors, most of
them students, visited FTU and the exhibitions on technologies such
as superconductivity. 

ENEA also participated in the Researcher Night on 28 September
2007, during which several seminars were organised in Frascati, as
well as free visits to FTU. Several thousand people participated in the
event.
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8th Inter. Symp. on Fusion Nuclear Technology (ISFNT-8), Heidelberg (Germany), September, 30 October 5, 2007

RTI TT-G-R-001 (2007) I. RICAPITO, A. CIAMPICHETTI, F. DESIDERI,
Development of conceptual design of the HCPB TBM tritium e x t r a c t i o n
system

RTI DC-G-R-006 (2007) A. TINCANI, I. RICAPITO, A. MALAVASI, G. BERTACCI
Hydraulic tests on separate divertor components

Internal
reports



RTI LB-A-R 025 (2007) A. AIELLO, M. UTILI
Triex hydrogen sensors in lead lithium qualification

RTI R-GE-R-015 (2007) G. MICCICHÈ, M. GRANIERI, L. MURO
Final report on the formal trials for the refurbishment of the ITER 2001
divertor cassette

RTI IM-G-R-009 Rev. 3 (2007) G. MICCICHÈ, M. GRANIERI, L. MURO, O. DAVID, J.P. FRICONNEAU
International fusion materials irradiation facility: Preliminary remote handling
handbook for IFMIF facility

7.2 Workshops and Seminars

20.4.2007 Workshop on ITER Licensing and Neutronics: Status and outstanding issues. ENEA contributions
and opportunities

9/01/2007 A.M. GAROFALO - Columbia Univ. - New York (USA)
Sustained high beta and high bootstrap fraction with internal transport barrier in DIII-D

5/02/2007 J. Halbritter – FZK – Karlsruhe (Germany)
Dc and rf transport via growth boundary networks of Mott -versus band gap insulators in the normal and super
conducting state

19/02/2007 F. BOMBARDA – MIT – Cambridge (USA)
The Ignitor experiment in the context of a science first fusion program

29/03/2007 F. BORGOGNONI – ENEA – Frascati (Italy)
Studio del catalizzatore del vent detritiation system di ITER

7/05/2007 S. NEWTON – UKAEA – Abingdon (UK)
Collisional transport in a low collisionality plasma with strong toroidal rotation

19/06/2007 D.K. MANSFIELD – PPPL – Princeton (USA)
Results of lithium conditioning experiments on NSTX

25/06/2007 F. ORSITTO – ENEA – Frascati (Italy)
Recenti risultati sull'analisi della polarimetria al JET

16/07/2007 A. BIANCALANI - Univ. di Pisa – Pisa (Italy)
Beta-induced Alfvén eigenmodes and their driving and damping mechanisms

7/09/2007 R. WAGNER - Inst. Laue-Langevin (ILL) – Grenoble (France)
Scientific horizons at the Institut Lau-Langevin

14/09/2007 L. CINOTTI - Azienda del Fungo Giera – Genova (Italy)
Il nucleare da fissione di IV generazione

22/10/2007 T. ZYLOV - Energetics Technologies Ltd. – Omer (Israel)
Report on elecrolysis experiments at energetics technologies

5/12/2007 D. MENDES - Dept. de Engenharia Quimica, Univ. do Porto – Porto (Portugal)
Production of Pd-Ag membranes and study of process applications: experience at ENEA Frascati laboratories
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Fission Technology

8.1 Advanced and Innovative Reactors

Research and development activities on advanced and innovative reactors are performed within a
domestic programme and international initiatives. The ongoing New Nuclear Fission National Programme
is synergic and complementary to the International Nuclear Energy Initiative (INERI) and Euratom
framework programmes and is managed by ENEA through a specific agreement signed in June 2007 by
the Italian Ministry for Economic Development (MSE). The activities concern an integral advanced
pressurised light-water-cooled reactor (IRIS nuclear power plant [NPP]) and several Generation-IV fast
reactors: lead-cooled, very high temperature and sodium-cooled.

A summary of the main results achieved in 2007 follows.

In the framework of the INERI programme ENEA and other Italian organisations are
involved in the design of the International Reactor Innovative and Secure (IRIS
NPP), particularly in the design certification. An appropriate integral testing
programme will be performed in the SPES-3 facility to be built at the SIET
laboratories in Piacenza. The facility will be located inside the building of the

decommissioned Emilia oil-fired power plant. Once erected, the facility will simulate IRIS at full height, full
pressure and temperature, and with volumes and power scaled by factors of 1:100 and 1:150,
respectively. The activity will be carried out in a collaboration with Oak Ridge National Laboratory (ORNL),
USA under an international initiative concerning cooperation in the field of nuclear-related technologies of
mutual interest.

In 2007 activities were mainly devoted to the conceptual design of the SPES-3 facility, the development of
SPES-3 nodalization and the seismic isolation analysis of the IRIS auxiliary building.

SPES-3 facility: conceptual design. SPES-3 (figs 8.1, 8.2) has been designed to be suitable for
performing both integral and separate effects-tests. The former is aimed at verifying thermohydraulic
interaction among the various safety-related systems during selected accident sequences covering IRIS

transients, including double-ended pipe
breaks and long-term cooling
capability; the latter, at verifying the
performance of selected components
(steam generators and emergency
heat removal system (EHRS) vertical
heat exchanger). The test results will
provide thermohydraulic data for
computer code validation and/or will
ensure that new component and
system functions important to plant
safety are reliable. To carry out these
objectives, a multinational group of
experts from Westinghouse, ORNL,
Croatia University, CIRTEN, Ansaldo
Nucleare, Ansaldo Camozzi, SIET
and ENEA was set up in mid-2006.

As the IRIS reactors are characterised
by the thermo-dynamically coupled
behaviour of passive safety systems
located in the containment and in the

International
Reactor Innovative
and Secure

EBT

Steam
line

DVI line
Feed
line

Wet well Cavity

RPV

ADS quench
tank

Dry well

LGMS

SG
makeup

tank

PCC

RCP EHRS

Fig. 8.1 - Sketch of SPES-3 facility
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integral reactor pressure vessel in order to mitigate small loss-of-coolant
accidents (LOCAs), the facility also simulates the containment system, the
primary system, the secondary system up to the main steam isolation valves, the
safety-related systems and the auxiliary systems. 

To simplify the design, the integral layout of the reactor containment was not
maintained, and the containment and safety systems it houses are simulated
with separated vessels and connecting piping. On the other hand, the integral
primary coolant system layout was maintained, with the exception of the primary
pumps. A single pressure vessel, therefore, houses a reactor core simulator
(heater rods), a steam generator simulator, a pressuriser, a riser and a
downcomer. To well reproduce the thermohydraulic phenomena in the facility,
control of energy exchange and losses on component surfaces during a
transient is obtained passively by applying insulation material and/or actively by
applying electrical heaters. All facility components (tanks, piping and valves) were
designed to maintain the same power over mass flow rate, residence time,
power over volume ratio and heat fluxes. In addition, the components were
located at elevations based on the dimensions of IRIS  and were adequately
instrumented, defining type (temperature, pressure, flow, level, etc.) and location.
For the two-flow measurements the activity was limited to defining needs and
location.

SPES-3 nodalization development. Once the conceptual design was finished,
the mechanical component sizing and layout were used to build a numerical
model for the RELAP5 code to simulate the facility behaviour under selected
accidents and give feedback information for the final facility design. The activity is still in progress, with 25%
completed in the reporting year. 

IRIS plant seismic isolation analysis. During the general IRIS meeting held in Santander in November
2006, ENEA was assigned the task of investigating the pros and cons related to the use of seismic isolation
to prevent earthquake effects on the IRIS buildings and internals. The basic concept of seismic isolation is
to disconnect the building from the ground by introducing devices (seismic isolators) capable of “filtering”
the energy transmitted by the earthquake from
ground to structure and of dissipating a part of
the energy, thereby strongly reducing the amount
entering the structure and the consequent
damage.

Analysis was limited to the IRIS auxiliary building.
The finite element model of the non-isolated
building developed by Westinghouse for the
ABAQUS code was used for parametrical
analyses aimed at optimising isolator features
after the required modifications. Different isolator
dimensions, layout (fig. 8.3) and isolation
frequencies were analysed. Well-known easy-to-
manufacture commercial isolators were chosen. 

A time history analysis was performed to
compare the behaviour of the structure with and
without isolators. The time histories used for the
analyses were generated by Westinghouse
according to AP1000 documents and American
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regulations [8.1–8.4]. The parameters chosen for
comparison were acceleration and maximum displacement
calculated in some points on the structures considered
relevant for the seismic design, i.e., vessel and roof, which
are characterised by high amplification of the peak ground
acceleration (PGA). 

The results referring to a PGA of 0.3 g show a reduction in
acceleration by a factor of two at vessel level (fig. 8.4) and
by a factor of six at roof level. It is also worth noting that the
nodes of the roof and vessel move exactly in the same way,
thus confirming the rigid-body movement of the structure
above the isolators. The maximum horizontal vessel

displacement, evaluated as the vector magnitude of each displacement along X and Y, is 154 mm, below
the maximum displacement of the isolators (250 mm). The vertical movement is very limited and the
maximum differential displacement is only about 1.5 mm.

A preliminary cost analysis of the whole isolation system was also done. Costs related to acceptance and
qualification testing were neglected as they depend on the standard used.

The objective of the European Lead-Cooled System (ELSY) project of the 6th

European Framework Programme (FP6) is to investigate the technical and economical
feasibility of a 600-MWe power reactor cooled by molten lead and to demonstrate that
it is possible to design a competitive and safe fast critical reactor, capable of recycling

its own nuclear wastes, by adopting simple engineered technical features. The lead fast reactor (LFR) is
one of the six innovative systems being considered by the Generation-IV International Forum (GIF) [8.5]) as
it could represent a significant step forward for sustainable, safe, non-proliferant and economic nuclear
energy. The LFR features a fast-neutron spectrum and a closed fuel cycle for efficient conversion of fertile
uranium (U) and can, in principle, fission part of its wastes, composed of long-lived transuranic (TRU)
isotopes, while producing energy at an affordable cost. Figure 8.5 shows the ELSY concept as of end 2007

and table 8.I reports a tentative list of the reactor
parameters [8.6].

In 2007 ENEA’s main efforts were devoted to
defining a consistent reference core configuration,
for which ENEA is responsible under the ELSY
project. Actually two options are being investigated
in parallel: the first is based on conventional
wrapped hexagonal fuel assemblies (FAs), typical of
a sodium fast reactor (SFR), where pins and
subassemblies (S/As) are arranged in a triangular
lattice; the second consists of open square FAs,
typical of a pressurised water reactor (PWR), where
pins and S/As are arranged in a square lattice. ENEA
is focussing on the latter, more innovative

[8.1] RG 1.60 – Design response spectra for seismic
design of nuclear power plants

[8.2] ASCE 4-98 – Seismic analysis of safety-related
nuclear structures and commentary

[8.3] APP-1000-S2C-060 – Time history analysis of
nuclear island shell model
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configuration. Although the project is aimed at developing a minor actinide (MA) burner, the first year of
activity was directed towards demonstrating the potential of ELSY to be fully self-sustaining in Pu and to
burn its own generated MAs. The result of this “adiabatic” approach is a core design, characterised by a
unitary breeding ratio (BR) without blankets (to increase the proliferation resistance goal), as well as a
limited Pb void effect and a low coolant velocity (both these parameters are particularly critical in fast
spectra and in a lead environment). 

The parametric analyses were carried out with the ERANOS 2.0 deterministic code, by adopting a 2D
cylindrical cell description and using the JEFF2.2 nuclear data library. On the basis of these parametric
studies, a FA open square design was obtained by arranging 17×17 pins (of which five positions devoted
to stainless steel structural pins as in the usual PWRs). Figures 8.6 and 8.7 show the reference FA and core
configuration, respectively; figure 8.8 gives the radial flux distribution at the core mid-plane.

The reactivity swing along the fuel cycle was evaluated and indications given about the reactivity to be
compensated for by absorbers. A reactivity swing as
small as possible was targeted to avoid any significant
compensating rod insertion and, therefore, significant
flux distortion. Figure 8.9 shows the keff swing and
breeding gain (BG) behaviour, obtained with the 2D
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[8.4] APP-GW-G1-003 – AP1000 Seismic design criteria

[8.5] A Technology Roadmap for Generation IV Nuclear
Energy Systems – GIF 002-00 (2002).

[8.6] S. Monti, The support to GENIV LFR within the Italian
R&D programs on nuclear fission, Presented at GIF
LFR Steering Committee (Washington 2007)

ELSY plant Tentative parameters

Power ∼ 600 MWe

Thermal efficiency ∼ 40%

Primary coolant Pure lead

Primary system Pool type, compact

Primary coolant circulation (at power) Forced

Primary coolant circulation for DHR Natural circulation + Pony motors

Core inlet temperature ∼ 400°C

Core outlet temperature ∼ 480°C

Fuel pellet material MOX with assessment also of behaviour of nitrides and dispersed MAs

Fuel handling Search for innovative solutions

Fuel cladding material T91 stainless steel (aluminized, GESA)

Max fuel cladding temperature ∼ 550 – 560°C

Main vessel Austenitic SS, hanging, short-height

Safety vessel Anchored to the reactor pit

Steam generators Integrated in the main vessel

Secondary cycle Water-supercritical steam

Primary pumps Mechanical, in the hot collector

Internals As much as possible removable (objective: all removable)

Hot collector Small-volume above the core

Cold collector Annular, outside the core, free level higher than free level of hot collector

DHR coolers Immersed in the cold collector

Seismic design 2D isolators supporting the main vessel

Table 8.I - Main characteristics of the ELSY-600 reactor plant
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model in figure 8.7, in a five-year cycle (at full power and without any refuelling). The max keff excursion is
700 pcm and the BR remains close to one over the full period. It should be noted that both the keff and
the BG increase in the first three years and decrease in the last two. This behaviour is coherent with the
evolving Pu239 equivalent mass. 

Figure 8.10 shows the burn-up capability. By considering the mass balances at the fifth year, it is found
that (in comparison with the beginning of life [BOL]) the amount of U decreases by about 9%; Pu  increases
by  about 3% and the MAs have exponential behaviour towards an equilibrium content of some 400 kg,
about 6% of the Pu mass and 1% of the total heavy metal (HM) inventory. The time constant of the
exponential is about 12 years.

For the thermohydraulic (TH) performance of the open square core, the available correlations for pressure
losses and the heat transfer coefficient for heavy liquid metal flow in a rod bundle were investigated during
the first part of 2007. Based on the investigation, a RELAP5 model of the core, consisting of completely
independent hot and average assemblies, was used for a conservative TH assessment of the 1500-MW
core in figure 8.7. Due to corrosion constraints, the maximum allowable temperature of the
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aluminium–coated T91
cladding material is
550–600°C. The calcula -
tions were performed at
nominal conditions (fig. 8.11)
and at unprotected loss-of-
flow (ULOF) conditions (30%
of nominal mass flow rate in
natural circulation and 65%
of the power for thermal
feedback effects). The temperature peaks reported in table 8.II show a satisfactory margin with respect to
the safety limits, for both the average and the hot channel and in both nominal and ULOF conditions. 

Under the ELSY project, ENEA is responsible for the work package (WP) concerning lead technology
development. Hence in 2007 ENEA dedicated a large effort to investigating the physical and chemical
properties of lead and its interaction with the structural materials and secondary coolant (water). Different
corrosion protection coatings and corrosion-resistant steels for fuel cladding, pump impellers, etc., were
also studied. Following a critical review of the existing data on the thermophysical properties of lead, a
database of its thermochemical properties was compiled.

With regard to the physical effects and possible consequences of lead/water interaction due to a
steam–generator tube rupture (SGTR) accident, the programme will include an experimental campaign at
the LiFUS5 facility at ENEA Brasimone. The facility has been modified and its instrumentation upgraded on
the basis of the experience gained from previous tests performed for the EUROTRANS project.

ENEA has also started a collaboration with the University of Trento in order to produce T91 samples,
FeAl–coated by direct current sputtering, as this is the most promising solution for the ELSY fuel cladding.
A commercial supplier (SSA s.r.l. Brescia) has been contacted and will produce two new kinds of coating
(FeAl-based), i.e., SS 39-L and BLUE (a material developed for the Italian and USA armed forces), to be
tested in the CHEOPE III Pb loop at ENEA Brasimone. A review of potential  high-corrosion-resistant alloys
has also been performed.

Regarding the assessment of candidate materials and coatings for pump impellers, a contract has been
signed between ENEA Brasimone and the USA supplier 3-one-2. A set of specimens in MAXTHAL, a very
promising material, has been delivered for testing in pure lead at the CHEOPE III facility. A new impeller for
the CHEOPE III pump will be provided.

8. R&D on Nuclear Fission
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ffrad=1.15 ffax=1.12 T coolant (°C)
Average Hot

T clad (°C)
Average Hot

T fuel (°C)
Average Hot

Nominal conditions 482 494 511 527 1502 1708

ULOF conditions (power
65%, Mflow 30%)

577 601 604 631 1154 1291

Table 8.II - Peak temperatures at nominal and ULOF long-term conditions
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The Very High Temperature Reactor (VHTR) is one of the nuclear reactor designs
considered for the research activity of the Generation-IV International Forum. This reactor
is helium-cooled and graphite-moderated, with its design optimised for the industrial
utilisation of process heat (e.g., hydrogen production) besides the generation of electricity.
Under FP6, the “Reactor for Process Heat, Hydrogen and Electricity Generation

(RAPHAEL) Integrated Project” aims at developing technologies for gas systems with temperatures ranging
from 850 to 1000°C, which are essential for the development of a European design.

As one of the main partners in the RAPHAEL consortium under FP6, ENEA continued work on the
development and qualification of high-temperature components, the validation of computational tools for
the core physics and the transient analysis for the VHTR.

The HEATRIC tests at HEFUS3 ENEA Brasimone have to check the influence of helium on the mockup
performance (comparison with previous data on air and the manufacturer’s predictions). The original test
grid proposed by AREVA NP SAS, France, consists of hydraulic and thermal tests to determine friction and
the heat transfer law as a function of the Re number. After checking the feasibility of the tests against the
compressor performance, the number of tests planned was strongly reduced (table 8.III). However, ENEA
is quite confident that it will be possible to provide additional tests at a higher flow rate because of a too
conservative computation of the pressure drops in the HEATRIC mockup and also in consideration of the
fact that the compressor will be operated at its maximum speed (18000 rpm) and at higher pressure
(24 bar).

Concerning the benchmarking exercise for thermohydraulic transient-code validation, the experimental
data have been released to the benchmark participants (ENEA, ANSALDO, CEA, IRSN, TRACTEBEL,
AREVA with four codes  RELAP5, CATHARE, MELCOR and MANTA). Preliminary calculations with

Helium mass
flow 

(kg/s)

HEATRIC
inlet temp.

(°C)

HEATRIC
out temp.

(kPa)

HEATRIC
pressure

drop (kPa)

HEFUS3
pressure drop

(kPa)

Total
pressure

drop (kPa)

Compressor
head (*) (kPa)

Feasibility

0.025 510-121 105-494 130 0.7 131 195 yes

0.050 510-127 105-488 257 2.6 259.6 175 no

0.075 510-133 105-482 381 5.7 386.7 155 no

0.1 510-137 105-479 505 9.9 514.9 145 no

0.050 200-111 105-194 129 2.1 131.1 175 yes

0.075 200-112 105-193 193 4.7 197.7 155 no

0.100 200-113 105-192 397 8.2 405.2 145 no

0.125 200-112 105-193 611 12.8 623.8 120 no

0.025 Room T Room T 33 0.5 33.5 195 yes

0.05 Room T Room T 65 1.8 66.8 175 yes

0.075 Room T Room T 98 3.9 101.9 155 yes

0.1 Room T Room T 250 6.8 256.8 145 no

0.125 Room T Room T 370 10.6 380.6 120 no

0.150 Room T Room T 509 15.2 524.2 95 no

(*) 16000 rpm, 22 bar

Table 8.III - HEATRIC original test matrix

Very High
Temperature
Reactor



RELAP5 have already been performed. Figure 8.12 shows the fairly good agreement between the main
parameters, calculated for a loss-of-flow test (LOFA30), and the experimental data. 

The main goals of the innovative European Sodium-Cooled Fast Reactor (ESFR)
Roadmap Specific Support Action (EISOFAR SSA) are to i) define a comprehensive
set of innovative requirements essential to steer the work of researchers, designers
and suppliers in general on future liquid meal fast reactors (LMFRs) and in particular

on Generation-IV ESFRs; ii) roughly identify feasibility domains so as to be sure that the requirements
remain compatible with the technology potential; iii) enable the European Community to define its roadmap
for a Generation-IV ESFR. Seventeen European organisations (research institutes, industries, utilities and
universities) participated in the SSA, under the co-ordination of CEA France.

Several parallel activities were started in February 2007 in order to define the innovative requirements and
to roughly identify feasibility domains and innovative technology options. The EISOFAR SSA adopted an
analogous structure to that of the Generation-IV SFR project, organised in three main technical WPs:

• System Integration, Design and Assessment.

• Fuel with Minor Actinides.

• Component Design and Balance of Plant.

Each WP required insights into requirements, feasibility domains, innovative options and the corresponding R&D. 

ENEA contributed both to the definition of requirements and to the identification of feasibility domains, as
well as assuring the global coherence of the roadmap.

8.2 Innovative Fuel Cycles Including Partitioning & Transmutation

Work on chemical partitioning continued under FP6 in the framework of the
European Research Programme for the Partitioning of Minor Actinides
(EUROPART), which ended in June 2007. Chemical partitioning is a complex

process applied to spent nuclear fuel in order to recover fissile nuclides from minor actinides and fission
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products [8.7]. The central operation is electro-refining, which takes place in an electrochemical cell where
dissolution of most of the fuel elements occurs. This is followed by selective electro-deposition of the
actinides onto a solid and/or liquid cathode by applying an electrochemical difference among elements in
molten LiCl-KCl salt and liquid cadmium (or bismuth) under high-purity argon atmosphere at 460°C
(pyroprocessing). 

The ENEA Pyrel II facility [8.8], operated at 460°C (fig. 8.13) under an Ar gas atmosphere, was used for
electro-refining experiments on lanthanum (as a stimulant for uranium), which is transported from a fuel
dissolution basket (FDB), loaded with lanthanum ingots, to a solid steel cathode (SSC), varying the distance
between anode and cathode, current intensity, cathode surface area, cathode rotation and position of the
stirrer in the bath (fig. 8.14).

All the experiments were successful in that a lanthanum deposit occurred in all cases (fig. 8.15),
irrespective of the parameters tested. From a visual inspection of the deposit it can be concluded that the
consistency and amount of deposit depend on the applied current intensity and the anode-cathode
distance. All things being equal, a current of 50 mA is much more effective than a current of 300 mA,
referring to the Faradic yield of the electrolysis. In detail:

• The closer the cathode to the anode, the higher the amount of deposit (at the same current density).

• A cathode rotating at the same speed as the stirrer (70 rpm) generates a much better deposit equally
distributed along both the length and the circumference of the steel cathode, but its amount is lower
than that of a fixed cathode.

• When the cathode does not rotate, the deposit
occurs mainly on the side facing the anode basket.

• Diameter of the cathodes: to maintain the same
current density (1.60 mA/cm2), a current intensity of
33.0 mA was applied to the 8-mm-diam cathode,
50 mA to the 12-mm-diam cathode, and 85.4 mA
to the 20-mm-diam cathode, taking into account
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Fig. 8.15 - Examples of cathodes brought outside the

glove-box, and related to the experiments at 50 mA (left)

and with the rotating cathode (right), both positioned

close to the fuel dissolution basket
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Fig. 8.13 - Trend of temperatures in PYREL II plant before and

during the electrorefining experiments

Fig. 8.14 - Outline of the different positions for: fuel dissolution basket;

solid steel cathode; stirrer; thermocouples. (one is shown in the photo)

[8.7] T. Nishimura et al., Prog. Nucl. Energy 32, 3/4,
381–387 (1998)

[8.8] G. De Angelis and E. Baicchi, A new electrolyzer for
pyrochemical process studies, Proceedings of
GLOBAL 2005 (Tsukuba 2005), Paper 048

[8.9] M. Carta, Re-examination of the fuel burnup level of
the TRIGA RC-1 Casaccia reactor, and pre-TRADE
experimental benchmark specifications,



the fact that all the cathodes were immersed 8.0 cm in the salt bath. The 12-mm-diam cathode had the
highest amount of deposit; the 20-mm-diam, a low deposit.

• The position of the stirrer in the bath seems to have some influence on the cumulation of lanthium on
the cathode. When the stirrer is located on a side, the amount of deposit increases.

In conclusion, based on the experiments performed so far, the maximum quantity of cathode deposit is
obtained when a SSC with a diameter of 12 mm is close to the FDB, at a moderate current intensity of
50 mA, without cathode rotation, and with the stirrer of the bath positioned on a side. Chemical analyses
are under way to get a better evaluation of the experiments and to decide how to address future research
work.

Activities concerning molten salts were carried out for the European Assessment of Liquid Salts for
Innovative Applications (ALISIA) project in the framework of FP6. ENEA’s contribution was focussed on
analysing different options for “salt clean-up” in a molten salt reactor fuel cycle. ENEA’s experience in liquid
salt facilities for solar applications could also  be of benefit for nuclear applications and, in this respect, the
tests on liquid salt loops could be very interesting for components, welding, safety devices, geometrical
and operational parameters, instrumentation, salt control systems, salt selection criteria, etc.

Most of the activities on transmutation were carried out under the European
Transmutation (EUROTRANS) Integrated Project The objectives are to
demonstrate experimentally operations and dynamic characteristics of the
accelerator-driven system (ADS), to deliver a conceptual design for the

European Transmutator Demonstrator (ETD), including its overall technical feasibility, and to perform an
economic assessment.

ENEA’s research was mainly focussed on:

• Neutronic design, pin mechanical analysis, analysis of stress induced by vibrations, and reactor safety
analysis of a Pb-cooled European facility on an industrial scale transmuter (the European Facility for
Industrial Transmutation [EFIT]) (Domain DESIGN);

• Interpretation of some neutronics measurements performed during the Reactor-Accelerator Coupling
Experiments (RACE)-T campaign and electron-beam target design for the RACE-high power (HP)
experiment and RACE-Idaho State University (ISU) calculation (Domain ECATS);

• Study, analysis and simulation of the thermo-fluid-dynamic behaviour of the primary system of a heavy
liquid metal pool-type nuclear reactor, experimental activities to study interaction of lead alloys with
water and to investigate materials and heavy liquid metal (HLM) technologies, and post-test analysis of
the MEGAPIE experiment (Domain DEMETRA).

ENEA is also involved in the coordinate research project “Analytical and Experimental Benchmark Analyses
of ADSs” coordinated by the International Atomic Energy Agency (IAEA). In particular ENEA coordinates a
computational benchmark named “Pre-TRADE Experimental Benchmark”. The benchmark is focussed on
evaluating spatial/energy correction factors to be applied to some selected reactivity estimates performed
in the framework of the RACE-T experimental campaign carried out in the 1-MW TRIGA reactor at ENEA
Casaccia. Reactivity estimates were performed with the use of the so-called Pulsed-Neutron Source (PNS)

Area Ratio and Modified Source Approximation (MSA)
methods, at different core configurations, namely SC2
(∼ -2500 pcm)  and (∼ -5000 pcm) [8.9, 8.10].

EFIT core neutronic design. The neutronic core
design as reported in the 2006 Progress Report [8.11]
was upgraded. Keeping the leading approach “42-0”

123

8. R&D on Nuclear Fission

2007 Progress Report

http://www.triga.enea.it/IAEA_Bench
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calculations for the pre-TRADE benchmark,
Presented at the IAEA Technical Meeting (ENEA
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[8.11] ENEA – Nuclear Fusion and Fission, and Related
Technologies Department, 2006 Progress Report,
Sect. B1.1
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and the related fuel
composition (Pu 45.7%,
MA 54.3% in vol.), which
implies a rather small reactivity
swing along the cycle, a new
core was laid down to increase
the safety margin during
transients.

Three different fuel assemblies
with the same hexcan have
been designed (fig. 8.16). The
inner and intermediate zones
are fuelled with geometrically
identical assemblies and pins,
but with a different content of

matrix in the pellets (57% inner, 50% intermediate), while in the
outer zone the pin diameter has been increased (from 8.62 mm
to 9.52 mm), keeping the matrix content at 50%. The three
types of fuel assembly have been arranged so that the core
(fig. 8.17) flattens the radial distribution power as much as
possible. This accounts for a narrow excursion of the coolant
outlet temperatures, increasing the margin to the maximum
allowed clad temperature (823 K). Figure 8.18 shows the radial
distribution of the power density.

A detailed 3D analysis gave the assembly-by-assembly power
distribution (fig. 8.19) and the peak pin power for further
thermohydraulic verification carried out by
Forschungszeuntrum Karlsruh (FZK) Germany. It is clear from
the figure that by rearranging the contours of the zone another
optimisation is possible, but this is outside the scope of the
present FP6.

The three-zone core has been characterised. The large positive
void effect (fig. 8.20) has been confirmed, as well as the almost
zero Doppler coefficient. 

EFIT pin mechanical analysis. Spacers along the height of
the pin avoid undesirable vibrations but produce significant
concentrated pressure drops and points of weakness that
open the way to corrosion of the lead. Therefore a key point of
the mechanical pin design is to optimise their number and
stiffness. Parametric evaluations were performed for different
degrees of stiffness, different interspaces and boundary-
constraint (hinge, joint) hypotheses.

Figure 8.21 shows the joint boundary condition, vibration
frequencies and amplitudes as a function of stiffness for the
case of five spacers. Table 8.IV shows, for each selected
hypotheses, and different space number, the frequencies and
amplitudes in terms of the Chen-Weber model Xmax/dh. As a
result, five spacers have been chosen with stiffness no higher
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than 200 N/mm, so an amplitude smaller than 0.1 mm and a frequency of about 35 Hz are expected,
fulfilling the Cheb–Weber criterion of acceptance. 

EFIT safety analysis. The RELAP5 thermohydraulic model of EFIT and its coupling with the PARCS
neutronics model were improved according to EFIT design developments and then used for accident
transient analysis. The scheme of the EFIT reactor, characterised by a pool-type primary system and
cooled by lead in forced circulation through steam generators, and the related RELAP5 model are
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Grid
number

Hinge Joint
100 N/mm 150 N/mm 100 N/mm 150 N/mm

Frequency Hz Xmax/dh Frequency Hz Xmax/dh Frequency Hz Xmax/dh Frequency Hz Xmax/dh

3 13.9 0.021 13.9 0.021 16 0.016 16 0.016

4 22.4 0.0081 22.5 0.0081 26.8 0.0057 26.9 0.0056

5 33.8 0.0036 34.0 0.0035 35.9 0.0032 36.1 0.0031

6 47.6 0.0018 48.7 0.0017 55.15 0.0013 56.0 0.0013

7 62.4 0.0010 64.3 0.00098 62.6 0.00010 68.7 0.00088

Table 8.IV - Frequencies and Chen-Weber parameters vs spacer number, stiffness and constraints
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represented in figure 8.22. The definition of an appropriate nodalization scheme for the EFIT reactor with
RELAP5 was supported by multi-D analyses carried out with the SIMMER-III code. This is particularly true
with regard to the natural circulation flow paths established inside the primary vessel, following loss of
forced circulation or activation of the decay heat removal system in the case of loss of the steam
generators.

Both protected and unprotected transients were analysed to verify the validity of the solutions adopted for
the current reactor design with respect to safety requirements and to confirm the inherent safety behaviour
of the reactor, such as decay-heat removal in accident conditions through natural circulation in the primary
system.

The more representative protected transients initiated by total loss of heat sink or partial/total loss of forced
circulation in the primary system were analysed with RELAP5. Analysis of the loss of a heat-sink transient
showed that the decay-heat removal system can cope with accident situations with the sudden loss of all
the steam generators with limited core temperature increase. The decay-heat removal system brings the
plant to long-term safe conditions. The total loss of forced circulation leads to a more significant core
temperature increase. However, the natural circulation that becomes stabilised in the primary system after
a proton beam trip and reactor shutdown maintains the fuel rod clad temperature below acceptable limits
(fig. 8.23).

First analyses of the thermohydraulic/neutronic behaviour of the EFIT in the case of a spurious proton beam
trip event and ULOF transient were carried out with the RELAP5/PARCS coupled code in order to take into
account thermal feedback effects on the fission power calculation. Although a refinement of the model is
still needed, the nominal steady-state conditions achieved with the coupled model are very close to the
design parameters and present some minor differences only with respect to thermohydraulic and
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neutronics stand-alone calculations. The suitability of the model to simulate the reactor also in transient
conditions is confirmed by the results of proton beam trip and ULOF analysis (fig. 8.24), which are in good
agreement with the dynamic behaviour expected for an ADS-type reactor with a high level of sub-criticality
and U-free fuel. The results of these transient analyses have also confirmed that the intrinsic safety
characteristics of the plant design are good.

Experimental measurement interpretation. The RACE-T experimental campaign carried out in the
1–MW TRIGA reactor at ENEA Casaccia consisted of several measurements to characterise the neutronics
of different subcritical loadings of the TRIGA reactor. ENEA was involved in the interpretation of some of
the measurements, which  focussed on the following points:

• interpretation of subcritical level measurements by the modified source multiplication  (MSM) method;

• evaluation of the TRIGA RC-1 fuel burn-up level for an international benchmark focussed on interpreting
subcritical level measurements by MSM and area-ratio methods;

• preparation of the benchmark specifications.

The MSM analyses were performed by means of the ERANOS code for the experimental campaigns
“TRADE Experimental Week 41-2003”, “TRADE Experimental Week 43-2003” and “TRADE Experimental
Week 22-2004”. During the three campaigns, the reactor was studied in a number of configurations
ranging approximately from keff∼0.99 to keff∼0.90.

The TRIGA RC-1 fuel burn-up level  was evaluated in two steps. With the first it was possible to establish
an “experimental” coherent burn-up factor dataset, satisfying the energy balance constraints and based
on the experimental fluxes relative to the first TRIGA RC-1 historical configuration, which has been applied
to all the core configurations loaded in the TRIGA RC-1 reactor. The second consisted in evaluating
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through calculations the energy produced by each element for all the TRIGA RC-1 configurations by means
of the spatial diffusion code TRIGLAV. Once the fuel-elements energy mapping was obtained, the ERANOS
code was used to evaluate the relative fuel pin compositions, including the content of plutonium, MAs and
fission products.

Finally, the area-ratio and source multiplication methods were used to analyse the reactivity estimates, for
different core locations and for three different “clean” (without control rods) subcritical core configurations,
namely, SC0 (∼ -500 pcm), SC2 (∼ -2500 pcm) and SC3 (∼ -5000 pcm).

RACE–HP electron beam target and RACE-ISU calculations. The main design constraints for the
RACE–HP experiment (an electron accelerator able to achieve a neutron production of 1014 n/s) imposed
a careful choice of neutron-source material. To reach the targeted neutron production, uranium was
chosen. The main design criteria were addressed. No boiling was expected during heat removal, for a
maximum thermal flux of 4 MW/m2.

The thermomechanic criteria are 

• maximum thermal stress of the structural parts has to remain below the extended plasticity conditions;

• local plasticity is allowed up to a maximum value of 1%.

Two main designs concepts studied for a 30-kW powerful target were radial and multiplate. The
geometries were carefully examined as well as the calculated source intensities. The source intensities of
the low-power RACE-ISU target were evaluated by the MCNPX code, taking into account the following
aspects:

• contribution of the different materials of the target to neutron
production;

• neutron flux profile in the target;

• energy deposited;

• gamma distribution. 

Integral Circulation Experiment. The Integral Circulation
Experiment (ICE) is one of the main activities developed by ENEA
to study, analyse and simulate the thermo-fluido-dynamic
behaviour of the primary system of a heavy liquid metal pool-type
nuclear reactor. The work is carried out within the WP “Large-Scale
Integral Test” of the Domain DEMETRA and concerns
thermohydraulic tests for the use of HLM as reactor coolant on
large facilities, operated by European institutes within the
Community.

During 2007 the design of the test section to be installed in the
CIRCE facility (fig. 8.25) at ENEA Brasimone was completed
(fig. 8.26), i.e., the fuel pin simulator, heat exchanger, pumping
system, chemistry control system, and procurement of the main
components and instrumentation was begun.

The design of the fuel pin simulator, which has to reproduce the
thermohydraulic behaviour of a nuclear pin assembly, required the
development of numerical simulations and experimental support
activities to analyse and qualify manufacture of the heat source
(HS). Several computational fluid dynamic (CFD) simulations were
performed to evaluate cooling of the HS, calculating the LBE
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Temperature range               200 to 550°C

Operating pressure              15 kPa (gauge)

Design pressure                   450 kPa (gauge)

Argon flow rate                     15 NI/s
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Fig. 8.25 - CIRCE facility: overview



velocity and the clad temperature along the sub-channels. The calculations were performed with the use
of the FLUENT CFD code. Figure 8.27 shows the grid adopted for the domain discretization; 1/12 of the
overall domain was analysed, adopting the HS symmetries. Figures 8.28 report the velocity magnitude and
the temperature field as computed in the inlet, middle and outlet section of the HS: the maximum velocity
expected along the sub-channels is 1.23 m/s, while the maximum clad temperature is 760 K. These
preliminary results indicate that it is possible to cool the ICE heat source with the adopted parameters
(average velocity, p/D ratio, installed thermal power).

To achieve the performance of a nuclear heat source, a pin power density of 500 W/cm3 and a pin heat
flux of 100 W/cm2 are required for the electrical rods that simulate the nuclear pins. To get such a high
thermal performance, R&D was carried out in collaboration with THERMCOAX, a leading French company
in the field of heating systems. Two different technological solutions were analysed and four prototype pins
were built, a couple for each technical solution. The prototypes will be tested and qualified at the Natural
Circulation Experiment (NACIE) facility at ENEA Brasimone. The facility (fig. 8.29), an 8-m-long, 1-m-wide
rectangular loop that uses LBE or pure lead as working fluid, was designed, manufactured and installed at
Brasimone in 2007. The total HLM inventory of the loop is about 1000 kg, and it has been designed to
work up to 550°C, which allows relevant components and systems to be tested for LFR.

The NACIE loop also  has the key objectives to

• characterise the natural circulation flow regime in a HLM loop;

• obtain data on the natural circulation heat transfer coefficient in a rod bundle assembly;

• characterise the gas-enhanced circulation in a HLM loop;
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t • evaluate the global heat transfer coefficient inside the HX (HLM-water);

• simulate several operational and accident transients inside a HLM loop;

• establish a reference experiment for the benchmark of commercial codes when implemented in a HLM
loop;

• develop and qualify a chemistry control system for a HLM loop.

As for the ICE test section, a LBE-water heat exchanger has also been designed for the NACIE. The
exchanger is a double-wall tube-in-tube, counter-flow type to strongly reduce the possibility of  LBE-water
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Fig. 8.28 - Velocity magnitude (left) and temperature field (right) in the inlet, middle and outlet section of the HS



interaction due to a pipe
failure. To guarantee good
thermal performance for the
heat exchanger, the annulus
between the two pipes will be
filled with stainless steel
powder, which assures good
thermal conductivity but
allows differential thermal
expansion between the pipes.

The test on the NACIE loop
will be performed in the 2008
and will allow definition of the
technological solution to
adopt for the ICE bundle and
collection of experimental
data on the thermohydraulic
behaviour of HLM flowing
through a pin bundle.

Interaction of lead alloys with water. Assessment of the effects and possible consequences of
LBE–water interaction caused by a cooling tube rupture inside the steam generator of an XT-ADS (the
experimental demonstration of the technical feasibility of transmutation in an accelerator-driven system)
continued. The work includes an experimental programme, using the LIFUS5 facility (fig. 8.30) and related
modelling with the SIMMER III code. The modelling activity is performed in collaboration with Pisa
University. SIMMER III is a 2D, three–velocity–field, multi-component, multiphase, Eulerian fluidodynamic
code coupled with a neutron kinetics model. 
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After the first test on LIFUS5 in 2006, the second
experimental campaign in 2007 was devoted to exploiting
the consequences of LBE/water interaction in conditions
representative of the ICE activity planned in the CIRCE
facility. The LIFUS5 facility was rearranged to reproduce as
accurately as possible a representative liquid metal pool for
CIRCE and for a pool reactor. The second test consisted
in injecting pressurised water at 6 bar in the LIFUS5
reaction vessel containing LBE at 350°C. The most
significant results showed that the maximum pressure
exceeded the water injection pressure and that the
pressure evolution detected in the gas phase in the free
level of the reaction vessel followed the same trend as in
liquid metal (fig. 8.31).

After developing the 2D geometrical model for the reaction
system of LIFUS5 (fig. 8.32), SIMMER simulations were
performed for tests one and two (fig. 8.33). Pre-test
simulations were used to help select the operating
conditions for the experiments, while post-test analyses
allowed a better understanding of the experimental results.

In general, the simulations and experimental results agreed
quite well, hence proving the capability of SIMMER to
reproduce the phenomenology of LBE–water interaction

Experimental and SIMMER results of the second test were
used to support the assessment of the accidental scenario
of a “heat exchanger tube rupture”, considered as
reference accident in the safety analysis of the ICE activity. 

Test n. 3 should be performed at the beginning of 2009,
taking into account the operating conditions chosen for
the XT-ADS steam generator.
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Materials and HLM technologies. Two parallel experimental campaigns to investigate the corrosion
behaviour of materials of interest for the ADS and LFR concepts are being carried out in the lead corrosion
(LECOR) and chemistry operation (CHEOPE III) facilities at ENEA Brasimone. The reference steels are
commercial nuclear grade T91 and AISI 316L, chosen because of their properties and market availability.
They are considered for many components and parts of HLM-cooled reactors and have to undergo
numerous compatibility tests. In 2007, 7000 h of experiment in the CHEOPE III loop, at 500°C, in flowing
Pb at 1 m/s (fig. 8.34) and 2000 h in the LECOR loop, at
450°C, in LBE at 1 m/s (fig. 8.35) were completed. The
exposed specimens are studied at Brasimone analysis
laboratory.

ENEA has been involved in the mechanical characterisation of
the reference materials in contact with HLM. One of the most
challenging tasks concerns creep crack growth as no direct
measurement of its evolution is possible under liquid metal. A
method to allow the determination of creep crack growth in
HLM has been developed by ENEA as an extension of the
compliance approach described in the ASTM Standard E
1820 applicable, strictly speaking, to fracture toughness
measurements of metallic materials. The method requires
rigorous calibration based on a set of experiments carried out
in air, both at room temperature and at 500°C (fig. 8.36). This
is the first step and a prerequisite for deriving reliable
information from the creep crack growth experiments. 

ENEA also performed a full experimental creep-fatigue
campaign (fig. 8.37) in collaboration with the French National
Council for Scientific Research, Lille. One objective was to
evaluate any possible influence of the holding time during
relaxation–fatigue testing on the fatigue resistance of the
system. Another aim was to determine whether there are any
specific combinations of stress, strain and holding time, liable
to damage the system, which suggest a creep–fatigue
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interaction process operating in LBE in a certain
temperature range. The tests were first performed at
300°C for which the fatigue resistance of the 316L SS
is decreased in contact with LBE. However, no
influence of holding time has so far been proved for the
316L fatigued in LBE at 300°C, contrary to what was
found with T91 steel after a number of relaxation–
fatigue tests in LBE. 

A large effort has been dedicated to the development of oxygen sensors and control systems as well as
purification systems. An oxygen control system in a pool-type facility was developed on the basis of data
and experience gathered from loop devices. A two-phase experiment was designed, to be performed in
the CIRCE multipurpose facility, in order to assess the most effective integrated system for non-metallic
impurity control and monitoring in a complex pool system. The work was performed in collaboration with
the Institute of Physics and Power Engineering (IPPE) Obnnisk, Russian Federation. A gas closed circuit
equipped with mechanical filters, oxygen and water sensors and moisture separation devices will be used
for oxygen diffusion in the pool experiment, in the first part of the experimental campaign. The second part
will consist in testing a mass exchanger device, together with an open gas circuit, equipped with sensors
and instrumentation. The oxygen sensors for the liquid phase were made by ENEA and IPPE. The
experiments will test filtering systems for the gas phase, different designs of oxygen sensors, integrated
instrumentation for the gas phase, integrated instrumentation for the liquid phase and gas bubblers.

MEGAPIE experiment post test analysis. Within the
framework of the EUROTRANS project (domain
DEMETRA), post-test analysis of the MEGAPIE Target
Experiment was performed  to assess RELAP5, the
ENEA reference system code for transient and safety
analysis of LBE and lead cooling systems. The code,
which was used in the design phase to simulate the
behaviour of the target cooling system at different
operational and off-normal conditions, was first assessed
on the single-pin tests at ENEA Brasimone  and
successively on the MEGAPIE integral tests (MITs) at
Villigen, Switzerland. The main result of these activities,
described in previous reports [8.11, 8.12], produced the
implementation in the code of a dedicated correlation for
simulation of the LBE-oil heat exchanger (THX). 

The post-test analysis concerned the thermohydraulic
behaviour of the cooling system in a SINQ (Swiss

spallation neutron source) configuration (fig. 8.38) in steady state and in transient conditions:

• Component calculations confirmed the adequacy at high power (up to 540 kW) of the Gnielinsky
correlation, expressly implemented in the  code for the thermal exchange in the THX oil side and already
assessed on the MITs at low power (up to 200 kW).

• Cooling loop calculations showed that the code is capable of simulating the thermohydraulic
performance of the circuit (table 8.V) and considers in particular the intermediate cooling loop in oil.
Since the uncertainty on LBE mass flow-rate measurements in the target loop is too high, a significant
evaluation of the code accuracy cannot be achieved.

Simulation of an accelerator trip event has confirmed
the applicability of the code to the transient conditions
(fig. 8.39).

Fig. 8.37 - Creep fatigue setup and sample in HLM
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ENEA continued working as coordinator for the Virtual European Lead
Laboratory (VELLA), the FP6 project for European research on HLM
technologies for nuclear applications (see Progress Report 2006).

The VELLA official website, which will become a central point of information on HLM technologies, has
been constructed by ENEA, following all the rules regarding portability and accessibility of information on
the web. The site is now available at www.3i-vella.eu and is updated every six months. The first three
issues of the VELLA electronic newsletter have been edited and circulated among the scientists involved

in activities related to HLM technologies for nuclear
applications. The distribution list for the newsletter
presently numbers around 1500 contacts.
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Circuit
component

Flow rate and
temperature

Experimental RELAP
standard

RELAP
modified

THX LBE Mflow (kg/s) 41.23 imposed imposed

T7 (inlet) °C 319.6 316.2 316.2

T5 (outlet) °C 229.5 imposed imposed

THX Oil Mflow (kg/s) 9.25 imposed imposed

T8 (inlet) °C 185.8 175.4 185.3

T9 (outlet) °C 212.9 203.5 212.6

IHX Oil Mflow (kg/s) ? 2.8 2.72

T10(inlet) °C 214.4 204.1 212.9

T8 (outlet) °C 112.0 104.7 110.9

IHX Water Mflow (kg/s) 8.04 imposed imposed

T12 (inlet) °C 33.8 imposed imposed

T13 (outlet) °C 49.3 50.3 50.1

Table 8.V – SINQ temperature distribution (target power 540.3 kW)

Virtual European Lead
Laboratory

Advanced Physics, 2005 Progress Report, Sect. 1
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ENEA organised the IV Workshop on Materials for HLM-Cooled Reactors and Related Technologies, held
in Rome on 21-23 May 2007. About 90 researchers from 16 different countries participated in the event,
with 20% of the participants coming from outside Europe. The technical programme consisted of invited
plenary and specific technical sessions, organised in eight areas of technical interest (system design and
component development; corrosion and structure protection; mechanical behaviour in HLM;
physical/chemical properties of HLM and impurity control; oxygen control; irradiation in liquid metals;
thermohydraulics; safety and procedures). Around 50 contributions were  presented, and are now all
available on the official VELLA website (at http://192.107.58.30/HLMWORK.htm ). The final proceedings
of the workshop will be published in a special issue of the Journal of Nuclear Materials at the beginning of
2008.

Analysis of worldwide research activities on HLM technologies for nuclear applications has been started in
order to find commonalities and synergies among the various programmes, increase technical cooperation
and maximise the profit of the ongoing activities.

The first Transnational Access (TA) call has been launched, supporting two accesses to the infrastructures,
one of which to the ENEA Brasimone facility CHEOPE III, and two human mobility actions. An institute
external to the VELLA consortium has also participated in the activities under the TA. This is a first step in
creating a large European common laboratory where researchers from every part of the Community have
the possibility to perform their test campaigns.

ENEA also carried out studies on oxygen control, purification, HLM pump development and
thermohydraulics in the framework of the Joint Research Activities (JRAs).

A major accomplishment in the innovative “uranium-free” inert matrix and thoria fuel
R&D, which was started about ten years ago with the aim of finding a more efficient,
non-proliferant way to burn plutonium in LWRs and also in fast neutron systems, was

the post-test analysis, by means of the fuel rod
performance Transuranus code, of the IFA-652
experiment in Halden, discharged from the reactor
at the end of 2005. The test rig included six fuel rods
(fig. 8.40), two for each of the three oxide fuel types
(table 8.VI): pure inert matrix (IM), inert matrix-thoria
(IMT) and thoria (T). The inert matrix was
calcia–stabilised zirconia (CSZ) and the fissile phase
93% highly enriched uranium (HEU) oxide. All the
fuel rods, with the same diameter as those in PWRs,
zircaloy cladding and a 500-mm active length, were
equipped with fuel thermocouples, pressure

Fuel IM
(rods 1-2)

IMT
(rods 3-6)

T
(rods 4-5)

Density, g×cm-3 5.637 6.995 8.180

CSZ, (wt%) 81 45 -

Thoria (wt%) - 39.2 88.3

HEU (wt%) 19 15.8 11.7

Table 8.VI – IFA-652 fuels

Innovative fuels 

NDi Neutron detector

T (Thoria fuel)

IMT (Inert matrix-thoria fuel)

IM (Inert matrix fuel)

ND3

ND2

ND4

1

2

3

4

5

6

Reactor
centre

Fig. 8.40 - IFA-652 test rig (cross section)

20
07
P
ro
gr
es
s
R
ep
or
t



transducers and fuel stack elongation sensors
(fig. 8.41). The rod average burn-up at discharge
was in the range 340-400 kWd/cm3 (about
34–40 MWd/kgoxeq), quite close to the design
target, with an operational linear power history in
the range 250-300 W/cm. The analysis on pure
IM fuel rod no. 2 (fig. 8.40) was in continuation of
the first-phase activity on the inert matrix fuel (IMF)
modelling implementation in Transuranus. Efforts
were focussed on modelling basic behaviour
under irradiation, such as relocation, densification,
fission gas release and swelling. The simulations
have shown fairly good agreement with
experimental data for most of the irradiation time,
while modelling improvement is still required for
the higher burn-up conditions (after 20,000 h). 

A parallel activity with the Transuranus code,
whose development and utilisation work is carried
out in cooperation with ITU Karsruhe, was the implementation and verification of some modelling features,
such as cladding corrosion, advanced T91 stainless steel properties, helium production and release, aimed
at Mg-oxide matrix (CER–CER) and molybdenum metal matrix (CER-MET) advanced fuels conceived for
plutonium and MA incineration in lead/lead-bismuth cooled fast systems (LBE-XADS project).

8.3 Nuclear Safety

Studies on nuclear safety were focussed on accident analysis, accident management, severe accidents,
reliability and risk analysis. All the activities were performed at an international level.

The consequences of LOCAs in spent fuel pools were studied under a contract funded by the
French Institute of Radioprotection and Nuclear
Safety (Institut de Radioprotection ed de Sûreté
Nucléaire [IRSN]) The ICARE/CATHARE

modelling, previously developed to simulate uncovery
accidents in an irradiated fuel assembly during unload
operations in the reactor or fuel building pool (see Progress
Report 2006), was extended to assess the
thermomechanical behaviour of fuel assemblies located in a
pool of the Hague reprocessing plant during a LOCA.

The simulated system (fig .8.42) consists of nine canisters
containing nine squared sheaths, where each assembly is
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Fig. 8.41 - IFA-652 instrumentation scheme
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positioned (fig. 8.43). The 3D geometry was transformed into 2D axial-
symmetric geometry,  supported by the code. The modelling adopted
allows simulation of partial and instantaneous uncovery of the spent fuel
assembly, with water remaining at any level in the pool and cutting the
assemblies in two zones: an upper portion, exposed to the building air,

and a lower one immersed in water. The behaviour of the fluids (air and water) is not simulated and
therefore heat transfer by convection is imposed as a boundary condition by means of temperature and
exchange coefficients. Radiation between the different sheaths is roughly simulated due to the constraints
imposed by the axial-symmetric geometry.

A sensitivity analysis on fuel assembly power and water level was performed. The results allow a preliminary
quantification of the importance of the pool water level in reducing the maximum fuel assembly
temperatures and, consequently, to delay or avoid failure of the fuel rod cladding. Figure 8.44 shows the
thermal behaviour of the system considering a water level 2.1 m from the fuel bottom, power of 4 kW for
the fuel assemblies in the central canister and  2 kW for the other assemblies.

It is worth underlining that i) the current modelling, needing a change of the real geometry to a 2D axial
symmetric geometry, requires complex management of the heat transfer models of the ICARE/CATHARE
code [8.13], which can be done only by experienced users; ii) the results have to be validated against data
available and/or coming from dedicated experiments. 

In accident management, an important measure is to re-flood a degraded core by water
injection in order to mitigate the consequences of a severe accident. As observed in the
TMI-2 accident, debris beds may result from quenching of very hot rods during core
re–flooding. The coolability of the rods is important if molten pool formation, expansion,

and possible relocation in the lower head of the vessel are to be avoided. In addition, a significant hydrogen
source may result from debris-bed oxidation at high temperatures.

To support the preparation of an experimental programme promoted by IRSN to investigate debris–bed
re–flooding phenomena, calculations were performed
with the ICARE/CATHARE V2.1 code under a bilateral
agreement with IRSN to analyse debris–bed

Accident
management

[8.13] S. Ederli, Dénoyage partiel et instantané d’une
piscine d’entreposage de l’usine de retraitement de
La Hague: Calculs exploratoires avec le code
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re–flooding both in a
TMI–2 core con figura -
tion and in an
experimental test
configuration. In the
former case, starting
from a partially
degraded and oxidized
core in a TMI-2 reactor
configuration, the
transition from a rod–like
geometry of the core to
debris bed was
simulated in the inner
and middle core regions
at the onset of re-
flooding. In the
reference calculation,
the re-flooding phase is
initiated by water
injection of the high-
pressure injection
system operating at its
full capacity. Several parametric studies on more important and uncertain debris-bed and re-flooding
parameters were performed to investigate their influence on debris–bed cooling progression and hydrogen
production. The investigated parameters were i) debris–bed initial temperature, particle diameter, porosity
and permeability; ii) residual power; iii) re-flooding rate; iv) zircaloy oxidation fraction and oxidation kinetics;
v) system pressure and lower plenum temperature; vi) boiling curve parameters. The results of the
reference calculation (fig. 8.45) show that, after a sharp temperature increase mainly driven by the oxidation
power, the debris bed is coolable and its temperature reaches saturation value in about 1000 s from the
beginning of core re-flooding. A significant amount of hydrogen is also produced by debris-bed oxidation.
The debris-bed cooling is very sensitive to particle size and porosity,  which greatly affect its permeability.
The initial and boundary conditions, such as residual power, debris–bed temperature, degree of oxidation,
re-flooding rate and system pressure, may noticeably affect the debris-bed heatup and cooling progression
during the re-flooding phase.

A non-coolable debris-bed configuration was also investigated, by reducing the high-pressure injection
rate, under different system pressure conditions. In the experimental test analysis, the reference
debris–bed configuration is not representative of a degraded reactor core, but is used for modelling and
testing debris–bed re-flooding. The above-mentioned parameters related to the TMI-2 degraded core
configuration were investigated to find their influence on debris-bed cooling progression and to verify the
consistency of the code results. 

A typical representation of debris–bed re-flooding and cooling, as calculated by code, is shown in
figure 8.46. The cooling progression is very sensitive to the parameters which highly affect the permeability
of the debris bed and the by-pass, such as particle size and porosity, besides its initial temperature and
residual power. The system pressure is also important, as it greatly affects gas velocity and friction factors
through the debris bed. The variation in the boiling curve parameters is important in the low-temperature
range where transition between different heat transfer configurations takes place. The results of these

sensitivity studies provided valuable data for debris-
bed re-flooding experiment preparation and
management. 
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Severe-accident studies are performed under the European Severe Accident Research Network
of Excellence (SARNET). The objective is to enhance the safety of present and future nuclear
plants by resolving the most important uncertainties regarding severe accidents.

In the framework of Integrating Activities, ENEA made valuable contributions to the WP “Physical Model
Assessment - Accident Source Term Evaluation Code (PHYMA-ASTEC)” aimed at evaluating the quality of
ASTEC models by comparison with experiments, and “Reactor Application Benchmarking (RAB-ASTEC)”
to assess and improve the ASTEC capability to simulate reactor accident scenarios, including safety
systems and severe accident management procedures. With regard to PHYMA-ASTEC the results of
comparison with other codes contributed to building a large validation matrix. For RAB-ASTEC, ASTEC
was applied to a type-PWR900 French reactor and the results compared with the MELCOR 1.8.5 code.
A large benchmarking matrix and a databank of reference input decks are now under progressive
construction. 

In the framework of jointly executed research activities (WP “Zircalloy (Zry) Oxidation by Air or by Steam-
Air Mixture”), an improvement of the model for oxidation of Zry by air for the ICARE/CATHARE code was
proposed, based on analysis of the MOZART experiments performed by IRSN and the Shanz work  on Zry
oxidation by steam [8.14]. The new model simulates the pre-breakaway phase of Zry oxidation and
hypothesises parabolic behaviour for the oxidation kinetics below a pre-defined temperature value and a
cubic law for higher values. Figure 8.47 reports the results from simulation of an isothermal MOZART test
at 900°C, using the new model. It is worth noting that the proposed model improves the code prediction
capability in assessing the  MOZART experiments, compared with the previous model (parabolic law).

Within the WP “Oxidizing Environment Impact on
Source Term (OXIDEN)”, aimed at quantifying the
source term, in particular for Ru, under oxidizing
conditions/air ingress for HBU and MOX fuel,
fission product (FP) release from UO2 fuels was
assessed in order to validate the ELSA/DIVA
module included in the ASTEC 1.3 rev.0 reactor
code against HCE3 experiments [8.15]. The
HCE3 experiments (Chalk River Laboratories of
Atomic Energy of Canada Limited [AECL]) were

[8.14] G. Schanz, Recommendations and supporting
information on the choice of zirconium oxidation
models in severe accident codes, FZKA 6827,
SAM–COLOSS-P043 (March 2003)

[8.15] R. D. Barrand, et al., Release of fission products from
CANDU fuel in air, steam and argon atmospheres at
1500-1900 °C. The HCE3 experiment, Presented at

Severe
accident

1.0

0.8

0.6

0.4

0.2
-0.3 -0.2 -0.1 0

R(m)

Z
(m

)

Time (s)
300

1

0

1.0

0.8

0.6

0.4

0.2
-0.3 -0.2 -0.1 0

R(m)

Time (s)
300

1300
1200
1100
1000

900
800
700
600
500
400
300

Fig. 8.46 - Void fraction,

fluid velocity and steam

temperature in the debris-

bed region at 300 s

Te
m

pe
ra

tu
re

 (
°C

)

950

930

910

890

870

850
2500 3500 4500 55003000 4000 5000

Time (s)

M
as

s 
ga

in
 (

g/
m

2 )

100

80

60

40

20

0

Calculated mass gain (parabolic behaviour with
corr. based on C. Duriez data)

Measured sample temperature
Measured mass gain

Calculated mass gain (parabolic + cubic behaviour)

Parabolic

Parabolic only

Cubic

Fig. 8.47 - Simulation of the isothermal MOZART experiment

at 900°C

140



conducted on irradiated cladded CANDU reactor fuel under
different environments and temperatures leading to fuel
oxidation/vaporization. The tests chosen were H01 (steam) and
H02 (air). The experiments were modelled as a cladded UO2 fuel
rod inside a gas flow channel. The results of the H01 test
assessment show that the ruthenium release is in good
agreement with the experimental data (fig. 8.48), while the release
of volatiles is somewhat overvalued, although it remains in the
range of experimental uncertainties. Instead, the volatile FP
release assessed for the H02 test is in very good agreement with
experimental data, while the ruthenium release is zero or almost,
as well as Ba release and UO2 vaporization and volatilization. A
sensitivity analysis on oxygen partial pressure, gap thickness and
channel pressure gave the same results. Figures 8.49 and 8.50
show comparison between the releases calculated by
DIVA/ELSA for Te and Xe and the H02 experiment data,
respectively. The fit is almost perfect for Xe, whereas it is in
general very good for Te, except for timing differences at the
beginning of the test. Different values of grain size ranging
between 7 and 15 μ [8.16] (typical grain sizes for CANDU fuel)
were used for the test assessment, as the volatile FP releases
mainly depend on temperature and grain size. For the H01 test
the highest grain size value (15 μ) was used, as its influence on
the release is irrelevant due to the high test temperature. Instead,
for the H02 test, a 7 μ fuel grain size was chosen and the results
fit the experimental data very well.

It is worth underlining that the reason for the incapability of the
code to evaluate the release of less volatile FP and the
vaporization and volatilization of urania fuel for the tests in air is
because in the DIVA models air flow in the channel at the moment
has to be represented as a N2O2 mixture in the code input form.
This has already been taken into account by the developers in
order to correct miscalculation in the new version of ASTEC to be
released on March 2008.

In the framework of the NPP design
implementation for thermohydraulic passive
systems (i.e., relying on natural circulation), the
application of the reliability physics framework,

based on the load-capacity model, was studied in order to
achieve a reliability figure. The proposed procedure allows
evaluation of the system functional reliability, that is, the
probability to accomplish the requested mission to achieve a
generic safety function (e.g., decay heat removal) and consider
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that a system is in either a failed or safe state with respect to identified failure modes. The change of state
(failed or safe) passes through the limit states, where the values of the parameters involved are
representative of failure conditions. The methodology was applied to the isolation condenser of the
simplified boiling water reactor (SBWR). The results of the analysis, in terms of minimum output-parameter
requirement as a function of the desired reliability, will help the designer to determine the allowable limits
for the system performance parameters, within a probabilistic framework. The uncertainties associated
with passive system reliability were also studied.

The IAEA co-ordinated research project “Natural Circulation Phenomena, Modelling and Reliability of
Passive Systems that Utilise the Natural Circulation” is aimed at merging the thermohydraulic and
probabilistic aspects of reliability analyses of different passive system designs. In this framework,  studies
were carried out on the reliability assessment of the passive features of the Argentinean integral-type
CAREM-like reactor.

In the framework of the network on “Incorporating Ageing Effects into Probabilistic Safety Assessment”, an
activity has started on the development of reliability and availability models of systems and components,
incorporating effects of aging.

8.4 Proliferation and Nuclear Security

In 2007 ENEA started to develop an integrated approach toward nuclear security. In this area of strong
scientific and industrial competition and cutting-edge technologies, it is necessary to keep abreast with the
end-user in understanding requirements, resources and future trends. ENEA has been engaged in security-
related activities for several years; however, new technologies and research topics have recently emerged
and technical support for the Public Administration has become urgent. ENEA’s activities in this field have
focussed on i) understanding potential internal resources; ii) developing a security culture and an integrated
approach to nuclear security; iii) understanding the needs of the end-users at a national and international
level; iv) monitoring scientific activities with a potential impact on security; v) including innovative
approaches.

A document entitled “Linea Tematica SECURITY” was prepared to serve as a possible roadmap for a
strategic project on security for all the ENEA departments. Experts from the departments have regularly
attended meetings held in Europe on research into security matters: from the first, the European
Conference on Security Research (SRC 07), to others related to the FP7 call -Theme 10: Security.
Considerable efforts have also been dedicated to the preparation of a European project for this call for the
detection of the entire family of actinides, including depleted and enriched uranium and plutonium, hidden
and possibly shielded inside containers. The detection method is based on high-energy photons inducing
photofission on actinides. 

Nuclear security is a global issue and as such is dealt with in various international frameworks: the IAEA;
treaties on disarmament and non-proliferation, e.g., the Non-Proliferation Treaty and the Comprehensive
Nuclear-Test-Ban Treaty; UN resolutions; conventions and initiatives. The latest - the Global Initiative to
Combat Nuclear Terrorism - was launched by Presidents Bush and Putin at the St Petersburg G8 summit.
Within this initiative, several activities have been identified and experts from ENEA have so far taken part
in a number of them to provide technical expertise, gain a better understanding of the technical needs of
the public administration, and identify or assess new areas of research on security to which ENEA could
contribute. 

Experts from ENEA have also taken part in IAEA initiatives, e.g., combating the illicit trafficking of nuclear
materials and, in general, the control of nuclear and radioactive material. ENEA will also have the role of



Integrated Service Manager for the transport, characterisation, treatment (if necessary) and temporary
deposit of radioactive sources no longer in use, in accordance with the Italian implementation (Legislative
Decree no. 52) of the Euratom directive 2003/122 on high-activity sealed sources and orphan sources.
Decree 52 also assigned to ENEA other roles, from training to source detection.

At the request of the Ministry of Foreign Affairs, experts from ENEA have taken part in the activities of the
technical working group of the Preparatory Commission for the Comprehensive Nuclear Test Ban Treaty
Organisation. The objective is to establish and operate a radionuclide monitoring network, with particulate
and xenon capability, as laid down by the treaty. 

ENEA has also provided expertise to the public administration with regard to IAEA and Euratom activities,
controls on material and technology export and monitoring of the multilateral approaches for preventing
the uncontrolled spread of sensitive technologies (e.g., the Global Nuclear Energy Partnership). To increase
the protection of nuclear material and technologies against the threats posed by host countries or terrorist
attacks, two major international initiatives were established, the International Project on Innovative Nuclear
Reactors and Fuel Cycle (called INPRO) launched by IAEA, and the Generation-IV International Forum
Proliferation Resistance & Physical Protection (PR&PP) Working Group, with the objective of developing a
methodology to measure and evaluate the proliferation resistance of innovative nuclear fuel cycles or parts
of them. Experts from ENEA are observers in INPRO. Steps have been taken to contribute to the PR&PP
Working Group, through Euratom. 

8.5 Nuclear Data

Scattering in PT-symmetric quantum mechanics. Considerable interest has
been shown recently in non-Hermitian Hamiltonians that exhibit definite
transformation properties under parity P, time reversal T, and charge conjugation C,
in particular PT–symmetric Hamiltonians, which are invariant under the product

operator PT, but not under P and T separately. 

The scattering properties of 1D PT-symmetric Hamiltonians have been rather generally studied, after
defining a 2×2 scattering matrix, whose entries are the transmission and reflection coefficients for
progressive waves, T(L→R) and R(L→R), and for regressive waves, T(R→L) and R(R→L), respectively. It
has been shown that Hamiltonians which are PT invariant and whose asymptotic wave functions are
eigenstates of PT are necessarily reflectionless (|T(L→R)| = |T(R→L)| =1, R(L→R) = R(R→L) = 0).

Measurements of neutron cross sections at the n_TOF facility at CERN.
Publication of experimental results obtained in the 2002-04 campaign at the n_TOF
facility at CERN continued in 2007 with definitive values of neutron capture cross
sections of 139La, 204Pb and 206Pb.

Nuclear resonance parameters and the capture cross section of 139La were measured relative to 197Au in
the neutron energy range from 0.6 eV to 9 keV, where 79 resonances were observed. The main nuclear
constants obtained in the analysis are the resonance integral, the average gamma widths, spacings and
neutron strength functions for s and p waves. The derived Maxwellian-averaged capture cross sections are
important in interpreting the most recent spectroscopic observations in low-metallicity stars.

The (n,γ) cross section of 204Pb was measured in the neutron energy range from 1 eV to 440 keV. In the
resolved resonance region, between 480 eV and 100 keV, 171 resonances were observed; in the energy
range from 100 to 440 keV an average capture cross section was determined. The derived
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Maxwellian–averaged cross sections are in agreement with previous experiments at kT=30 keV, but about
35% larger than the values reported so far at kT=5 keV.

The (n,γ) cross section of 206Pb was measured in the neutron energy range from 1 eV to 620 keV. Of the
130 resonances observed, the parameters of 61, between 3.36 keV and 572 keV, were determined.
Compared to the values in the literature, the Maxwellian-averaged cross sections derived from the present
data are about 20% and 9% lower at kT=5 keV and 30 keV, respectively. The new results have a direct
impact on the s-process abundance of 206Pb, which represents an important test for interpretation of the
cosmic clock based on the decay of 238U.

Preliminary results on neutron capture by other isotopes, such as 90,91,92,93,94,96Zr, 186,187,188Os, 197Au,
234U, 237Np, 240Pu, and neutron-induced fission of 233,235U and 245Cm were obtained and presented at
international conferences.

Two multi-group coupled neutron and photon cross section libraries based on the
JEFF-3.1 Organisation for Economic Cooperation and Development/Nuclear Energy
Agency (OECD/NEA) Data Bank (Issy-les-Moulineaux, France) library of evaluated data
were generated for nuclear fission applications. The libraries, named VITJEFF31.BOLIB
and MATJEFF31.BOLIB, were respectively re-processed in AMPX and MATXS format

through the ENEA Bologna revised versions of the NJOY-99.160 and SCAMPI nuclear data processing
systems. A total of 182 files (176 standard files + 6 thermal scattering files for bound nuclides) were
processed into the VITAMIN-B6 American library energy group structure (199 neutron groups + 42 photon
groups). To update and improve as much as possible the libraries, it was decided to process eight
JEFF–3.1 revised files (Bi-209, Ca-46, Cl-35, Cl-37, Cr-52, Fe-58, U-233 and U-234) downloaded from the
OECD/NEA Data Bank. This set of files, accepted by the JEFF Working Group of the OECD/NEA Data
Bank, contains in particular the Ca-46 revised file, prepared in ENEA Bologna and proposed for the future
JEFF-3.2 evaluated data library. A massive data validation of VITJEFF31.BOLIB was performed with
transport codes on about 90 criticality safety benchmark experiments with thermal, intermediate and fast
neutron fission spectrums. The discrete ordinate (SN) codes XSDRNPM (1D) and DORT (2D) were
employed in the calculations. In parallel, the MCNP4C2 code was used with an ENEA Bologna specifically
generated JEFF-3.1 point-wise (continuous-energy) cross-section library in ACE format in order to have
reference results, consistent with the official JEFF-3.1 data validation results, performed by the OECD/NEA
Data Bank with MCNP4C3. In addition,  two similar multi-group coupled neutron and photon cross section
libraries, based on the recent ENDF/B-VII.0 American evaluated nuclear data library, were produced. The
VITENDF70.BOLIB and MATENDF70.BOLIB libraries were generated respectively in AMPX and MATXS
format through the ENEA Bologna revised versions of the NJOY-99.160 and SCAMPI nuclear data
processing systems. Then, two working libraries of self-shielded cross sections in FIDO-ANISN format in
the energy group structure (47 neutron groups + 20 photon groups) of the BUGLE-96 American library
were collapsed from VITJEFF31.BOLIB and VITENDF70.BOLIB l in AMPX format, through the ENEA
Bologna 2007 revision of SCAMPI. The two libraries, BUGJEFF31.BOLIB and BUGENDF70.BOLIB, are
specifically dedicated to LWR shielding and pressure vessel dosimetry applications.

The NJOY-99.160 version used in the present data processing of the VITJEFF31.BOLIB,
MATJEFF31.BOLIB, VITENDF70.BOLIB and MATENDF70.BOLIB fine-group libraries contains an ENEA
Bologna revised patch for the GROUPR module dedicated to extending the group-wise data processing
capability to the evaluated data files, e.g., 69 JEFF-3.1 nuclear data files, including non-Cartesian
interpolation schemes for secondary neutron energy distributions. An original version of this patch was
prepared in ENEA Bologna in 2006 and sent to the OECD/NEA Data Bank to be used officially for the first
time with NJOY-99.112. 

A specific correction patch dedicated to calculating properly the fluctuation factors for heating in the

Nuclear data
processing and
validation



probability tables generated by the PURR module was developed, tested successfully and sent to
OECD/NEA Data Bank before similar official corrections were publicly announced with the NJOY-99.172
version. The corrections introduced make it possible to calculate properly the heat deposition in MCNP
calculations when a specific evaluated file with the unresolved resonance (URR) representation (LSSF=1)
is involved. The problem is present in seven JEFF-3.1 files (Fe-58, Re-185, Re-187, U-235, U-238, Pu-240
and Am-241) and in nine ENDF/B-VII.0 files (Zr-90, Re-185, Re-187, Th-232, Pa-231, Pa-233, U-233,
U–235 and U-238). 

A package of updating and corrections, absolutely necessary for processing the JEFF-3.1 and also the
ENDF/B-VII.0 data files, was prepared for the SCAMPI system and will be freely released to the OECD/NEA
Data Bank, in parallel with the future release of VITJEFF31.BOLIB. The package, named “ENEA Bologna
2007 Revision of SCAMPI”, permits a potential user of VITJEFF31.BOLIB to perform further data
processing  in AMPX format. The list of modifications already prepared last year was further integrated with
new corrections. The RGENDF subroutine was corrected and modified in the SMILER module to read
GENDF double-precision binary files from NJOY-99. It should be remembered that the ENEA Bologna
2007 Revision of SCAMPI includes obviously all the pre-2007 ENEA Bologna SCAMPI modifications
related to the MALOCS and SMILER modules. In particular, the fission matrix collapsing and the possibility
to truncate the upscatter terms with the full effective use of the options IOPT7 (IOPT7 = 0, 1, 2, 3) were
included in MALOCS. Concerning SMILER, the possibility to obtain the total neutron fission spectrum,
taking into account the prompt and the delayed component, was assured, unlike the official ORNL version
of SMILER which extracts only the prompt component from  the GENDF file of NJOY. 

These activities were performed in a profitable co-operation with a Russian specialist formerly in charge of
the IPPE Obninsk, Russian Federation.

ADEFTA-4.0 and BOT3P-5.2 were released in 2007. They are available from both the
OECD/NEA Data Bank and the ORNL Radiation Safety Information Computational
Centre.

ADEFTA is a script file for any UNIX/Linux platform that uses only Bourne shell commands and the "awk"
UNIX-Linux utility in order to calculate the atomic densities related to any compositional model for transport
analysis. ADEFTA is particularly addressed to users of the GIP code, included in the ORNL DOORS
package, which prepares macroscopic cross sections for the DORT and TORT deterministic transport
codes (both included in the DOORS package), and the Monte Carlo Los Alamos National Laboratory
(LANL) MCNP code. Compared to the previous version, ADEFTA 4.0 changes only the format of the output
file for MCNP, which can be directly used by MCNP with minor editing.

BOT3P is a set of standard FORTRAN 77 language codes developed by ENEA Bologna. BOT3P Version
1.0 was originally conceived as a set of standard FORTRAN 77 language programmes to give users of the
DORT and TORT deterministic transport codes some useful diagnostic tools to prepare and check their
input data files for both Cartesian and cylindrical geometries, including mesh grid generation modules,
graphic display and utility programmes for post-processing applications. Later versions included the
possibility to produce the geometrical, material distribution, and fixed neutron source data to other
deterministic transport codes, such as TWODANT/THREEDANT (both included in the LANL-USA
DANTSYS package), PARTISN (the updated parallel version of DANTSYS) and the sensitivity code
SUSD3D (distributed by OECD/NEA Data Bank) and, potentially, to any transport code through BOT3P
binary output files that can be easily interfaced. BOT3P-5.2 contains new important graphics capabilities
and a new module that has much improved the capability of BOT3P geometrical models to interface with
any transport analysis code. BOT3P allows users to model X-Y, X-Z, Y-Z, R-Θ and R-Z geometries in two
dimensions and X-Y-Z and R-Θ-Z geometries in three dimensions.

145

8. R&D on Nuclear Fission

2007 Progress Report

Computer code
development 



Fission Technology

146

20
07
P
ro
gr
es
s
R
ep
or
t

BOT3P has large world-wide diffusion and is currently used by important companies such as
Westinghouse Electric Co. OECD/NEA Data Bank received more than 130 dispatch requests of the
different versions at up to the end of 2007. BOT3P is designed to run on most Linux/UNIX platforms. 

8.6 Cold Neutron Beam Utilisation for Condensed Matter Studies

Activities at the High Flux Reactor of the Institute Laue Langevin (ILL) Grenoble, France concerned research
projects as well as industrial-type experiments. Funding is mostly provided by national institutes, such as
MIUR, and international agencies, such as Euratom. External scientific collaborations were also developed
with Italian laboratories (University of Trieste, University of Bologna, CNR) and with several other European
laboratories (FZK, ENSAM-Paris and CEA-Saclay, ETH-Zürich and PSI-Villingen). Small-angle neutron

scattering (SANS) and neutron diffraction are the
experimental techniques most frequently utilised to
characterise materials and components of interest for
a variety of technical applications. SANS is used to
characterise microstrucural inhomogeities (such as
microvoids or precipitates in steels), while neutron
diffraction is used for crystallographic structure
determination and stress measurements. Neutrons
provide in fact a unique experimental tool for non-
destructive bulk investigations, for probing magnetic
materials and for  analysing microstructural effects
related to the elemental composition of the materials
investigated and to the presence of hydrogen. With
regard to SANS, the activities are carried out to
improve and optimise the methods employed to
analyse neutron data and, more specifically, to obtain
reliable and relevant microstructural information.
Figures 8.51 and 8.52 show the results of the study
on microstructural radiation damage in Eurofer 97
martensitic steel neutron irradiated at two different
dose levels, 2.5 and 8.4 displacements per atom
(dpa). The increase in the SANS cross section
(fig. 8.51) with increasing irradiation dose is due to the
growth of microvoids. The Fourier transformation of
these data into the corresponding size distributions of
the microvoids is shown in figure 8.52: increasing the
dose the microvoid average size is nearly unchanged,
but their volume fraction increases by a factor of two.
Such studies on technologically relevant materials
require a significant improvement in the currently
available SANS detector systems in order to reduce
background noise as much as possible. A prototype
high data rate neutron detector for SANS
measurements has been developed at ILL in a
collaboration which includes ENEA. Such detectors,
which are indispensable to better exploit the currently
available neutron sources, will be even more
necessary in view of the future intense spallation
sources.
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8.7 TRIGA RC-1 Plant Operation for Application Development

Neutron radiography. In 2007 the installation of a second neutron collimator at the tangential port of the
reactor was completed and characterised in terms of neutron flux, cadmium ratio, gamma background and
collimating factor. The values measured for these parameters show that the new channel is a great
improvement on that of the previous TRIGA neutron facility installed at the thermal column and encourages
the completion of the facility with a beam shutter and bunker.

An iterative method for the tomographic reconstruction problem was developed. The method will allow
reconstruction also in the case of an incomplete set of tomographic projections. 

To allow remote control, via Internet, of the neutron radiography equipment, a client-server strategy was
developed. With the Web Interactive Neutron Experimental Structure (WINES) all registered users have
access to the dedicated computer of the experiment, with full control of acquisition parameters and real-
time data access. A plant supervisor can temporarily inhibit access or interaction with the instruments as
a function of the plant status or other user priority. Users also have access to the measurement database
with the acquisition data sheets or image files collected at the imaging instruments.

Neuronal network training. A set of measurements was performed to collect a series of thermohydraulic
data from the reactor core, cooling system, control rod positions and neutron flux for a neural network
training process. The neural network was successfully tested for monitoring of the  reactor behaviour
during its normal operation and for reactivity step experiments.

Thermal column modification design for BNCT applications. The thermal column of the reactor was
re-designed with MNCP techniques in order to obtain the maximum achievable homogeneity in terms of
thermal neutron flux and reaction rate in a leaver model with 10B content comparable with the therapeutic
doses. 

In-core test for synthetic single-crystal diamond. In the framework of a bi-lateral collaboration with
Rome University Tor Vergata, a series of diamond-based prototype neutron detectors was tested under
neutron irradiation at high fluxes at the TRIGA RC-1 research reactor of ENEA Casaccia. During the
irradiation sequences a fission chamber was used as a reference neutron flux monitor. The excellent
agreement between the two detectors encourages further investigations, which will be devoted to verifying
the detector response with ageing in terms of neutron fluence. 
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9.1 Boron Neutron Capture Therapy 

The boron neutron capture therapy (BNCT) project at ENEA is mainly based on the TAPIRO experimental
nuclear reactor and (more recently) also on the TRIGA reactor, both located at ENEA Casaccia. TAPIRO
has two facilities: an epithermal column (EPIMED) constructed for research on deep tumours, such as
glioblastoma, and a thermal column (HYTHOR) mainly used in collaboration with the Legnaro National
Laboratory (LNL) of the National Institute of Nuclear Physics (INFN) and with the University of Padua for
in–vivo radiobiological studies and neutron microdosimetry. The feasibility of using the thermal column of
the TRIGA reactor to treat explanted livers with BNCT is being studied. The collaboration with INFN Pavia
and the University of Pavia on applying BNCT to lung tumours continued.

In 2007 the final agreement from the Italian Agency for Environmental  Protection and
Technical Services (APAT) was obtained and the reactor operating conditions with the
EPIMED facility were established.  As described in the 2006 Progress Report [9.1], the
epithermal neutron beam (neutron energy between 1 eV and 10 keV) entering the
reactor hall has been shielded by a bunker of limited volume, appropriate for beam

characterisation with the reactor operating at a maximum 10% of nominal power (5 kW). 

In June 2007 characterisation of EPIMED began in collaboration with a network of national groups (ENEA,
University of Milan, University of Pisa, INFN Frascati, University of Turin and Polytechnic of Milan) and will
be completed in 2008. Characterisation consists in using different techniques to measure the beam
physical properties (neutron flux and gamma dose) in air and in a phantom at the beam aperture
(12×12 cm2) (fig. 9.1) in the standard configuration, in order to verify the design parameters [9.1, 9.2].

The thermal and epithermal fluence rate of neutrons
was measured at the collimator exit of the epithermal
column by assessing the activity of activated bare and
cadmium-covered gold foils with a NaI(Tl) scintillator.
Thermoluminescence dosimeters (TLDs) were used
to measure the thermal neutron flux both in air and in
the polyethylene phantom designed by the University
of Milan. The fast (over 10 keV) neutron fluence rate
was measured in air and in the phantom by two
different sets of bubble detectors designed by the
Universities of Pisa and Turin (fig. 9.2). A set of five
Bonner spheres of different diameters (47, 97, 147,
201 and 253 mm), designed at the Nuclear
Engineering Department of Milan Polytechnic, were
used to perform some neutron spectrometry
measurements at the beam aperture. Gold foils were
placed at the centre of the Bonner sphere moderator
(polyethylene). The centre of each sphere was placed
25 cm from the beam aperture (fig. 9.3). Also for these
measurements, the activity of the activated foils was
assessed with a NaI(Tl) scintillator. The neutron

The epithermal
column EPIMED
at TAPIRO
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[9.1] 2006 Progress Report, ENEA – Nuclear Fusion and
Fission, and Related Technologies Department,
Sect. B2 (2006)

[9.2] 2005 Progrss Report, ENEA – Technical and
Scientific Division for Advanced Physics
Technologies, Sect. 5 (2005)
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spectrum was then determined by an unfolding
method based on the Gravel algorithm. Preliminary
measurements of the gamma component were
performed by means of an ionization chamber.

All the measurements will undergo further checks and
the results obtained by the different techniques will be
compared.

In the framework of research into new
boron carriers for treating skin
melanoma, the therapeutic effects of
the HYTHOR radiation field on mouse
melanoma (without boron injection)
were evaluated as a preliminary part of

a comprehensive study concerning local control of the
tumour through the boron neutron capture effect. Several studies were carried out to set up the
experimental procedures. In the irradiation cavity (14×14×24 cm3), up to six mice can be simultaneously
irradiated. Control mice underwent identical experimental procedures (including anaesthesia, transport to
and from the nuclear reactor) to the irradiated mice, but were not exposed to irradiation. The results
obtained will be compared with future irradiation of mouse melanoma with boron injection. The neutron
dose was monitored by using one of the ionisation chambers inserted inside the TAPIRO reactor. The
ionisation chamber current was measured with a Keithley 614 electrometer interfaced with a personal
computer.

With regard to the microdosimetry of mixed radiation fields such as BNCT, special mini tissue-equivalent
proportional counters (TEPCs) were designed and constructed by INFN Legnano and then tested in the
HYTHOR facility [9.3]. The sensitive volume of the proportional counters is about 1 mm3. A twin mini-TEPC

was also constructed to obtain the different dose
components in a single measurement. This detector is
composed of two independent mini-TEPCs, one
containing the boron isotope 10B (simulating the
cancerous region), the other boron free (simulating the
healthy tissue).
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[9.3] Davide Moro, Development of tissue equivalent
proportional counters for BNCT microdosimetry,
PhD thesis (2007)

Fig. 9.2 – a) Bubble detectors in front of the beam; b) bubble detectors inside the polyethylene phantom placed in

front of the beam

Fig. 9.3 – One of the Bonner spheres in front of the beam
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In collaboration with the Department of Physics of Milan University, the results of some in-phantom
dosimetry studies carried out at HYTHOR were compared with those obtained with the same tissue-
equivalent gel phantoms in the thermal column of the TRIGA MARK II reactor of Pavia University. The
spatial distribution of the gamma dose and the thermal neutron fluence were evaluated by means of gel
dosimeters and activation foils, respectively. Dose and fluence rate profiles were also compared with Monte
Carlo simulations. The results obtained in the two thermal columns are very similar.

A feasibility study was carried out to verify the use of the thermal column of the TRIGA
reactor to treat explanted livers with BNCT [9.1]. In 2001 and 2002, this technique was used
to treat two patients for liver metastases at the TRIGA reactor at Pavia (250 kW power). One
characteristic of the treatment was that the liver had to be rotated 180° halfway through
irradiation so as to provide a thermal neutron field that was as homogeneous as possible

throughout the whole organ.

At the TRIGA reactor in Casaccia (1 MW power), two initial objectives of the feasibility study were to

• verify that the thermal neutron field in the thermal column is equal to or greater than that at Pavia, where
it has been both calculated and measured extensively;

• verify whether, with an appropriate design of the graphite configuration in the thermal column and with
appropriate spectral hardening, the 180° rotation of the organ during treatment could be avoided; for
this purpose, the Department of Physics of Pavia University allowed designs developed at Pavia to be
adapted to the TRIGA at Casaccia.

The first objective turned out to be more complex than had been expected. Apparently, the following
differences in the two TRIGA designs have an appreciable impact on the thermal neutron flux in the thermal
column:

• the larger core in the Casaccia TRIGA (with an extra ring of fuel rods), implying a lower core leakage per
unit power than the smaller Pavia core;

• the different type of junction between the thermal column and the reactor tank in the two reactors, with
the presence of masonite (of uncertain physical condition) at Casaccia;

• a gamma shield made of lead in the Casaccia TRIGA, but  a bismuth gamma shield in Pavia.

The modelling indicates that all these factors operate in the same direction, lowering the neutron flux in the
thermal column of the Casaccia TRIGA compared with that in the Pavia TRIGA. Preliminary indications are
that the four times extra core power at Casaccia is approximately cancelled out by the above factors and
one should expect similar levels of flux in the thermal column to those found at Pavia. Thus similar
treatment times to Pavia are expected. The next step of measuring the flux values in the thermal column
of the Casaccia TRIGA that should have started in September 2007 has unfortunately been delayed.

The second objective has been attained, and it has been verified that the setup of the graphite column
suggested by the Pavia group, together with their new organ container design (fig. 9.4), which contains a
layer of lithium fluoride, does provide sufficiently homogeneous irradiation of the explanted organ to allow
a single irradiation of the organ in the same position without resorting to a 180° rotation halfway through.
The layer of LiF – too thin to appear in the figures – covers an azimuthal angle of approximately 270° on
the side of the container towards the reactor core. The liver phantom was also supplied by Pavia.

Therapeutic dose profiles and contamination dose profiles from fast neutrons and from gamma rays for the
new setup were compared with those in a similar
setup to that employed in the Pavia treatments of

[9.4] L. Casalini, Applicazione dei codici SABRINA ed
MCNP al fantoccio antropomorfo ADAMO, ENEA
Internal Report CT WCD 00005 (1994)

[9.5] G. Gualdrini, L. Casalini, B. Morelli, Monte Carlo
technique applications in the field of radiation

The thermal
column at
TRIGA 



2001-2002. Figure 9.5 shows a typical comparison
of therapeutic (10B) dose profiles in the two setups. It
is clear that the new setup gives a better dose
coverage of the whole organ than the old one.

The collaboration initiated in 2006
with INFN Pavia continued in
2007 in the framework of the
BNCT lung project coordinated
by Pavia (supported by the

Ministry for Higher Education and Research and
INFN). The aim is to study the possibility of applying
BNCT in the treatment of diffuse lung tumours. 

To test whether it was possible to uniformly irradiate the whole lung by using external neutron beams,
Monte Carlo calculations were performed to evaluate the thermal neutron flux distribution in a model of the
human thorax. The MCNP code and the anthropomorphic phantom ADAM [9.4, 9.5], in which the different
organs are represented schematically using analytical volumes, were used. The MCNP capability for
repeated structures was implemented to voxelize ADAM’s thorax and the organs contained, obtaining a
mesh of voxels of 1 cm3.

The thermal neutron flux and the dose distribution were calculated along chosen axes in the phantom’s
thorax. With two opposite mono-energetic neutron
beams of 1 keV, the thermal neutron flux distribution
was substantially homogeneous throughout the lung
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dosimetry at the ENEA Radiation Protection Institute:
a review, ENEA Report RT/AMB/94/34 (1994) and
presented at the 4th Conference on Radiation
Protection Dosimetry (Orlando1994)

Study of BNCT
applied to lung
tumours 

Fig. 9.4 - Horizontal a) and vertical b)

cross sections of the new setup of the

thermal column with the organ phantom

and container (the reactor core is to the

left)
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Fig. 9.5 - A typical comparison of therapeutic (10B)

dose profiles in the new and in the old setup 
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volume. Thus the tumour can absorb a similar dose wherever it is located in the lung. These preliminary
results obtained with an ideal beam provide optimistic indications regarding the possibility to irradiate lung
tumours by realistic multiple external epithermal neutron beams.

Forthcoming activities will concern simulation of the thorax irradiation by modelling the actual epithermal
beam of the TAPIRO reactor. 

9.2 Nuclear Power for Space-Application

The use of nuclear power in space is technically feasible but, due to the remote risk of an accident at
launch or in the event of an uncontrolled re-entry, it still remains politically unacceptable. Nevertheless,
small and safe nuclear reactors could generate 30-60 kW of electrical power for a period of 10-15 years
even in the case of a deep space mission, where conventional energy conversion devices are useless or
inefficient. Furthermore, the standard space systems for electrical power generation (photoelectric
conversion and radioactive thermal generator) are unable to sustain similar performances even in orbital
conditions. A carefully designed nuclear reactor for space application could also be used for satellite (and
maybe spacecraft) propulsion. On the basis of these premises a scoping study on the possible space
application of nuclear reactors has been started in collaboration with the Energy Conversion Department
of the University of Rome La Sapienza. The main objectives are to i) overcome the safety-related concerns
of European public opinion on space nuclear technologies and ii) enforce and maintain national skills in the
field of nuclear reactor science. Space Power Core Ka (SPOCK), as stressed by the ancient Egyptian word
Ka (Essence of Things and Life), is a conceptual study on the possible use of nuclear space applications.
In 2007 a 3D Monte Carlo model of the whole nuclear system was implemented as a MCNPX input deck,
allowing definition of the conceptual neutronic design. In the meantime computational fluid dynamics
simulations were carried out on a FLUENT 3D model in order to define the optimal conditions for both
nuclear criticality and energy conversion. The first hypothesis of a prototype is a nuclear reactor whose
core will be able to supply a thermo-electric converter to generate 30 kW of electricity for space
applications. The prototype is also compatible, by dimension and weight, with the launch parameters of
NASA and ESA. On the basis of the results obtained, a common strategy between ENEA and the
University of Rome La Sapienza will be developed in order to gain European partnerships and funding. 

9.3 Development Activities for Antarctic Drilling

The objective of the Talos Dome Ice Core (TALDICE) project is to drill deep ice in the Talos Dome site
(72°48’S; 159°06’E, 2316 m) on the edge of the East Antarctic plateau, adjacent to the Victoria Land
Mountains in the western Ross Sea area (see for reference 2006 Progress Report). 

The fourth and final campaign of perforation was carried out during the 2007-2008 Antarctic Campaign.
The aim was to drill the ice down to the bedrock, initially estimated to be 1550±25 m deep, and recover
the brittle zone ice left the previous year in the buffer for relaxation. The camp was opened on
17 November. 

During the season the new Italian drill system (IDRA) and the new logger probe (Themocle 2) were tested.
When testing the IDRA system (fig. 9.6), it was found that the pump had difficulties in recovering chips and
as it was impossible to solve the problem in the field, the drilling instrumentation for the Berkner drill system
(3 December) was mounted and set up. The drilling activities started on 6 December, while the packing
activity of the brittle ice lasted from 2 to 7 December.
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On 23 December, at 17:30, after 15 days of useful
perforation, a depth of 1619.20 m was reached
without any evidence of the bedrock proximity, so the
drilling was stopped, also to maintain the hole in a
safe condition for the future (fig. 9.7). The liquid level,
at the end of the drilling operation, was at a depth of
–140 m, and the last drum of Solkane, stored in the
French station of Dumont D'Urville, was used to refill
it up to the safety level of 120 m. This, with a density
of the fluid of 0.958 at the bottom, ensures a hole
enclosure rate of less than 0.5 mm and the certainty
that the hole can still be used for a future perforation
season or measurement campaign. During the
logging, 59 visible layers were found in the ice core,
all above a depth of 1528 m. Most of the them are
probably ash, but some seem to be cloudy bands
(fig. 9.8). These layers will be very useful for getting
an exact dating of the ice extracted during
perforation.

After the end of the drilling campaign, the logger
probe was mounted to start with the measurements
of the hole. As the liquid in the hole had been
disturbed by the drilling activity, the logging worked
as a test of the instrument. On 27 December  logging
started at 150 m (as the liquid level was around
140 m) with a speed of 55 cm/min, and with stops of
three minutes every 25 m (fig. 9.9). Unfortunately, on
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Fig. 9.7 - Perforation progress graph: 2007-2008 season 

Fig. 9.6 - Test of the new drill and the perforation trench

Fig. 9.8 - Tephra and cloudy layers
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Fig. 9.9 - Logger console  

Fig. 9.10 - Talos Dome: trench collapsed and camp closed



30 December there was a problem with the power supply on the surface, so the measurements stopped
at a depth of 1423.73 m. 

The final part of the season was dedicated to dismounting all the components inside the perforation trench
(tower, winch, extraction table, etc.) and then flying them to the Mario Zucchelli Station. The perforation
hole had to be made safe, with extension of the casing pipes, before removing the roof of the trench. After
collapse of the trench, the hole, which is inside a wooden construction, is still accessible from the surface
(fig. 9.10). At the end of the season the remote camp was definitively closed. 

During the perforation season 2007-2008 a drilling depth of 1614.30 m was reached (320.44 m drilled this
season); the logged depth was 1619.20 m. The ice from 666.00 to 1001.00 m and from 1300.00 to
1619.20 m (total of 654.20 m) was cut, packed, and sent to Europe for analyses.

In the 15 useful days of perforation a daily average perforation of 21.36 m was maintained, for a total of
176 runs, with a core length average per run of 1.81 m. The total amount of recovered chips was 2200 kg
(6.86 kg/m) in 290 perforation hours, with a core length average per perforation hour of 1.10 m .
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In relation to ENEA’s institutional role as the national focal point and advisor for nuclear-energy-related
scientific and technological issues, the Department of Nuclear Fusion and Fission, and Related
Technologies ensures that ENEA (and Italy as a whole) is represented in the principal committees and
bodies concerned with the pacific use of nuclear energy, at national (Ministry of Economic Development
[MSE] ) and international (Nuclear Energy Agency [NEA], International Atomic Energy Agency [IAEA],
Euratom, etc.) levels. Representatives and experts from the department are present in nearly all the NEA
standing committees (NSC, NDC, CSNI, RWMC, CRPPH) as well as in the steering committees, and in a

Scientific & Technological Country 
Agency/Institution

Commissariat à l’Energie Atomique (CEA) FRANCE

Forschungszeuntrum Karlsruhe (FZK) GERMANY

Argonne National Laboratory (*) USA

Oak Ridge National Laboratory (ORNL) USA

Belgian Nuclear Research Centre (SCK-CEN) BELGIUM

Joint Research Centre - Institute for Transuranium EUROPEAN COMMISSION
Elements (JRC-ITU)

Paul Scherrer Institute (PSI) SWITZERLAND

Seoul National University (SNU) SOUTH KOREA

Institut Laue-Langevin (ILL) FRANCE

Institute of Mathematics and Mechanics, RUSSIA
Ural branch of the Russian Academic of Science
(IMM-RAS)

Table 10.I - Bilateral agreements

(*) Co-operation in the frame of US/EU International Nuclear Energy Research Initiative (I-NERI)



number of IAEA permanent technical working groups (TWGs); for example, on fast reactors, advanced
technologies for light water reactors, on fuel performance and technology, etc. Finally, a senior researcher
of the department acts as national delegate in the Consultative Committee Euratom-Fission (CCE-Fission). 

The department also administers several bilateral agreements with major international organisations (see
table 10.I) in the nuclear fission field to ensure that R&D activities of common interest are performed
synergically.
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Field of Co-operation Thematic area

Nuclear fission Physics, safety, technologies and
code developments for nuclear
reactors

Accelerator–driven systems & Fuel cycle strategies, transmutation
transmutation systems and HLM Technologies

Nuclear fission Lead-cooled fast reactor concept design 
and evaluation

Nuclear-related technology  research Experimental testing, computer
and development simulations, design and performance

of advanced reactors (1st Action sheet)

Accelerator–driven systems Physics and technologies for ADS

Accelerator–driven systems, ADS technologies and advanced
partitioning and transmutation fuels

Spallation neutron sources Physics and HLM technologies

Nuclear fission HLM technologies

Irradiation in high flux reactors Nuclear Instrumentation, diagnostics
and materials

Nuclear and conventional Exp. measurements, computer
accident analysis simulations and code developments
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BIANCHI: First safety analyses for an EFIT type accelerator driven transmuter
8th International Topical Meeting on Nuclear Applications and Utilization of Accelerartors (AccApp’07), Pocatello,
Idaho (USA), July 30-August 02, 2007

G. GRANGET, H. AÏT ABDERRHAIM, P. BAETEN, A. BILLEBAUD, E. GONZALES, ROMERO, G.IMEL, J.KNEBEL,
R. ROSA, M.SALVATORES, MSCHIKORR, D. WARIN: ECATS: an international experimental program on the
reactivity monitoring of accelerator driven systems - Status and progress
GLOBAL '07 - Advanced Nuclear Fuel Cycles and Systems, Boise (USA), September 9-13, 2007

M. CARTA, G. IMEL, C. JAMMES, S. MONTI, R. ROSA: Reactivity measurements in subcritical core: RACE-T
experimental activities
5th International Workshop on the Utilisation and Reliability of High Power Proton Accelerators (HPPA-5), Mol
(Belgium), May 6-9, 2007

R. ROSA, M. CARTA, G.R. IMEL, C. JAMMES, S. MONTI: RACE-T experimental activities. A complete overview of
the different subcritical measurement techniques
8th International Topical Meeting on Nuclear Applications and Utilization of Accelerartors (AccApp’07), Pocatello,
Idaho (USA), July 30-August 02, 2007

R. ROSA, M. CARTA, M. PALOMBA, S. MONTI: RACE-T experimental activities. An overview of the subcritical
measurements preliminary to the accelerator coupling experiment
IAEA International Conference on Research Reactors: Safe Management and Effective Utilization, Sydney
(Australia), November 5-9, 2007

A. CIAMPICHETTI, P. AGOSTINI, G. BENAMATI, G. BANDINI, D. PELLINI, N. FORGIONE, F. ORIOLO, W.
AMBROSINI: LBE/water interaction in sub-critical reactors: first experimental and modelling results
IV International Workshop on Materials for HLM Cooled Reactors and Related Technologies, Rome (Italy), May
21–23, 2007, to be published in J. Nucl. Mater.
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F. ROELOFS, B. DE JAGER, A. CLASS, H. JEANMART, P. SCHUURMANS, A. CIAMPICHETTI, G. GERBETH, R.
STIEGLITZ, C. FAZIO: European research on HLM thermal hydraulics for ADS application
IV International Workshop on Materials for HLM Cooled Reactors and Related Technologies, Rome (Italy), May
21–23, 2007, to be published in J. Nucl. Mater.

M. TARANTINO, S. DE GRANDIS, G. BENAMATI, F. ORIOLO: Natural circulation in a liquid metal one-dimensional loop
IV Workshop on Materials for HLM Cooled Reactors and Related Technologies, Rome (Italy), May 21-23, 2007, to
be published in J. Nucl. Mater.

A. GESSI, G. BENAMATI: Corrosion experiments of steels in flowing Pb at 500°C and in flowing LBE at 450°C
IV Workshop on Materials for HLM Cooled Reactors and Related Technologies, Rome (Italy), May 21-23, 2007, to
be published in J. Nucl. Mater.

A. GESSI, G. BENAMATI: In situ passivation experiments of nuclear grade steels in flowing Pb at 500°C
15th International Conference on Nuclear Engineering (ICONE 15), Nagoya (Japan), April 22-26, 2007, to be
published in ASME

G. BENAMATI, S. DE GRANDIS, C. FOLETTI, H. A. ABDERRAHIM, A. AL MAZOUZI, D. BRICENO, C. FAZIO, J.
KONYS, R. STIEGLITZ, D. GORSE, F. GROESCHEL, C. LATGÈ: VELLA Project: an initiative to create a common
European research area on lead technologies for nuclear applications
European Nuclear Conference (ECN), Brussels (Belgium), September 16-20, 2007

F. VETTRAINO: Country Report Italy 2007
IAEA-TWGFPT Technical Meeting on “Status and  Trends in Water Reactor Fuel Performance and Technology”,
IAEA Headquarters, Vienna, April 26-27, 2007

F. VETTRAINO: Interest in SMRs economy study in the context of nuclear energy status in Italy – a brief overview
IAEA Technical Meeting on “Review of Options to Break the Economy of Scale for SMRs”, IAEA Headquarters,
Vienna, October 15-18, 2007

F. VETTRAINO: Summary overview of nuclear energy status and economics study in Italy
OECD-NEA-WPNE 1st Meeting, Paris (France), November 12-13, 2007

R. CALABRESE, F. VETTRAINO, T. TVERBERG: Transuranus modelling of irradiated inert matrix fuels from Halden
IFA-652 experiment
International Congress on Advances in Nuclear Power Plants “The Nuclear Renaissance at Work” (ICAPP-2007),
Nice (France), May 13-18, 2007, Paper 7293

R. CALABRESE, F. VETTRAINO: Updates on transuranus code experience at ENEA
International Workshop “Towards Nuclear Fuel Modeling in the Various Reactor Types Across Europe”, JRC-ITU,
Karlsruhe (Germany), June 25-26, 2007

G. REPETTO, S. EDERLI: Validation of the porous medium heat transfer model of ICARE/CATHARE to debris bed
and bundle experiments
EUROTHERM Seminar N° 81 Reactive Heat Transfer in Porous Media, Albi (France), June 4-6, 2007

S. EDERLI: ENEA activity in the WP9.3
SARNET CORIUM Topic 3rd Annual Review Meeting, Garshing (Germany), January 30-31, 2007

N. DAVIDOVICH: Summary of ENEA WP14-1 activities in JPA3 and proposals for JPA4
Source Term Annual Review Meeting, GRS Garching (Germany), February 1-2, 2007

A. AUVINEN, G. BRILLANT, N. DAVIDOVICH, R. DICKSON, G. DUCROS, Y. DUTHEILLET, P. GIORDANO, M.
KUNSTAR, T. KÄRKELÄ, M. MLADIN, Y. PONTILLON, C. SÉROPIAN, N. VÉR: Progress on ruthenium release and
transport under air ingress conditions



2nd European Review Meeting on Severe Accident Research (ERMSAR 2007), Forschungszentrum Karlsruhe
GmbH (FZK) (Germany), June 12-14, 2007

N. DAVIDOVICH: Calculations with ELSA-DIVA over the HCE3 AECL experiments
Source Term Ru Circle, VTT Espoo (Finland), June 5, 2007 

L. BURGAZZI: Assessment of the uncertainties associated with passive system reliability
Safety and Reliability Conference (ESREL 2007), Stavanger (Norway), June  25-27, 2007, paper #10

P. PIERINI, L. BURGAZZI: Reliability studies for a superconducting driver for an ADS linac
5th International Workshop on Utilisation and Reliability of High Power Proton Accelerators (HPPA-5), Mol
(Belgium), May 6–9, 2007

L. BURGAZZI: Application of the stress-strength interference model to the design of a thermal-hydraulic passive
system for advanced reactors
19th International Conference on Structural Mechanics in Reactor Technology (SMIRT 19), Toronto (Canada),
August 12-17, 2007

L. BURGAZZI: Passive system performance assessment based on correlated parameters
ANS Winter Meeting, Washington (USA), November 11-15, 2007

L. BURGAZZI: Some open issues in PSA advancement
IAEA Technical Meeting on Development of Safety Guides on Level 1 and Level 2 Probabilistic Safety Assessment
(PSA) for Nuclear Power Plants, IAEA, Vienna (Austria), December 3-7, 2007 

A. VENTURA, R. PEZER: Microcanonical level densities of non-magic nuclei
Workshop on Level Density and Gamma Strength in Continuum, Oslo (Norway), May 21-24, 2007; presentation
available at http://ocl.uio.no/workshop07/talks.htm.

F. GUNSING et al. (The n_TOF Collaboration): Neutron resonance spectroscopy at n_TOF at CERN
International Conference on Nuclear Data for Science and Technology, Nice (France), April 22-25, 2007

C. DOMINGO-PARDO et al. (The n_TOF Collaboration): Improved lead and bismuth (n,γ) cross sections and their

astrophysical impact
International Conference on Nuclear Data for Science and Technology, Nice (France), April 22-25, 2007

G. TAGLIENTE et al. ( The n_TOF Collaboration): Measurement of the 90,91,92,93,94,96Zr(n,γ) and 139La(n,γ) cross

sections at n_TOF
International Conference on Nuclear Data for Science and Technology, Nice (France), April 22-25, 2007

K. FUJII et al. (The n_TOF Collaboration): Capture cross section measurements of 186,187,188Os at n_TOF: the
resolved resonance region
International Conference on Nuclear Data for Science and Technology, Nice (France), April 22-25, 2007

C. MASSIMI et al. (The n_TOF Collaboration): Measurement of the 197Au(n,γ) cross section at n_TOF: towards a

new standard
International Conference on Nuclear Data for Science and Technology, Nice (France), April 22-25, 2007

C. LAMPOUDIS et al. (The n_TOF Collaboration): The 234U neutron capture cross section at the n_TOF facility
International Conference on Nuclear Data for Science and Technology, Nice (France), April 22-25, 2007

C. GUERRERO et al. (The n_TOF Collaboration): The neutron capture cross sections of 237Np and 240Pu and their
relevance in the transmutation of nuclear waste
International Conference on Nuclear Data for Science and Technology, Nice (France), April 22-25, 2007
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E. BERTHOUMIEUX et al. (The n_TOF Collaboration): Simultaneous measurement of the neutron capture and
fission yields of 233U
International Conference on Nuclear Data for Science and Technology, Nice (France), April 22-25, 2007

M. CALVIANI et al. (The n_TOF Collaboration): Measurement of neutron induced fission of 235U, 233U and 245Cm
with the FIC detector at the CERN n_TOF facility
International Conference on Nuclear Data for Science and Technology, Nice (France), April 22-25, 2007

P.F. MASTINU et al. (The n_TOF Collaboration): Measurement of the neutron induced fission cross section on
transuranic elements at the n_TOF facility at CERN
11th Latin-American Symposium on Nuclear Physics and Applications, Cuzco (Peru), June 11-16, 2007

C. GUERRERO et al. (The n_TOF Collaboration): Application of photon strength functions to (n,γ) measurements

with the n_TOF TAC
Workshop on Photon Strength Functions and Related Applications, Prague (CZ), June 17-21, 2007

D. CANO-OTT et al. (The n_TOF Collaboration): The n_TOF facility at CERN
8th International Topical Meeting on Nuclear Applications and Utilization of Accelerators (AccApp’07), Pocatello
(USA), 30 July–2 Aug, 2007

M. CALVIANI et al. (The n_TOF Collaboration): Measurements of fission cross sections of actinides at n_TOF
4th International Workshop on Neutron Measurements, Evaluations and Applications, Prague (CZ), October 16-18,  2007

M. PESCARINI, V. SINITSA, R. ORSI: ENEA-Bologna production and testing of JEFF-3.1 multi-group cross section
libraries for nuclear fission applications
International Conference on Nuclear Data for Science and Technology, Nice (France), April 22-27, 2007

A. KONING, M. AVRIGEANU, V. AVRIGEANU, P. BATISTONI, E. BAUGE, M.M. BÉ, P. BEM, D. BERNARD, O.
BERSILLON, A. BIDAUD, O. BOULAND, A. COURCELLE, C.J. DEAN, P. DOS-SANTOS-UZARRALDE, B.
DUCHEMIN, I. DUHAMEL, M.C. DUIJVESTIJN, E. DUPONT, U. FISCHER, R.A. FORREST, F. GUNSING, W.
HAECK, H. HENRIKSSON, A. HOGENBIRK, T.D. HUYNH, R. JACQMIN, C. JOUANNE, J. KEINERT, M.A. KELLET,
I. KODELI, J. KOPECKY, H. LEEB, D. LEICHTLE, J. LEPPANEN, O. LITAIZE, M.J. LOPEZ JIMENEZ, M. MATTES,
E. MENAPACE, R.W. MILLS, B. MORILLON, C. MOUNIER, A.L. NICHOLS, G. NOGUERE, C. NORDBORG, A.
NOURI, R.L. PEREL, P. PERESLAVTSEV, R.J. PERRY, M. PESCARINI, M. PILLON, A.J.M. PLOMPEN, D. RIDIKAS,
P. ROMAIN, Y. RUGAMA, P. RULLHUSEN, C. DE SAINT JEAN, A. SANTAMARINA, E. SARTORI, K. SEIDEL, O.
SEROT, S. SIMAKOV, J.CH. SUBLET, T. TAGESEN, A. TRKOV, S.C. VAN DER MARCK, H. VONACH: The JEFF
evaluated nuclear data project
International Conference on Nuclear Data for Science and Technology, Nice (France), April 22-27, 2007

R. COPPOLA, P. HENRY, R. LO PRESTI, A. MORENO, E. SIMONETTI: Neutron diffraction study of model
NiO/LiCoO2 electrodes for innovative fuel cell technology development
European Conference on Neutron Scattering (ECNS 2007), Lund (Sweden), June 25-29, 2007

R. COPPOLA, R. LINDAU, R.P. MAY, A. MÖSLANG, M. VALLI: Investigation of microstructural evolution under
neutron irradiation in Eurofer97 steel by means of small-angle neutron scattering
13th International Conference on Fusion Reactor Materials (ICFRM13), Nice (France), December 10-14, 2007
submitted to J. Nucl. Mat.

R. ROSA, F. ANDREOLI, M. PALOMBA: Cultural heritage investigations with thermal neutron tomography
93° Congresso Nazionale Società Italiana di Fisica (SIF), Pisa (Italy), September 24-29, 2007

M. SEPIELLI, M. PALOMBA, A. RATTO, R. ROSA, M. BERNABUCCI: Neural networks application to CRDM and
thermo-hydraulic data validation



IAEA International Conference on Research Reactors: Safe Management and Effective Utilization, Sydney,
(Australia), November 5–9, 2007

M. PALOMBA, R. ROSA: Characterization of a neutron collimator for neutron radiography applications
IAEA International Conference on Research Reactors: Safe Management and Effective Utilization, Sydney,
(Australia), November 5–9, 2007

V. FIASCONARO, F. ANDREOLI, M. PALOMBA, A. PAPALEO, R. ROSA: Volumetric 3D display for visualization of
archaeological samples investigated with neutron tomography
Conference Optical Metrology: O3A Optics for Arts, Architecture and Archaeology, Munich (Germany), June
20–22, 2007, Proceedings SPIE, Vol. 6618, 66180K (2007), DOI:10.1117/12.726001)

L. BURGAZZI: Safety assessment of the lithium target of the International Fusion Materials Irradiation Facility
IV International Workshop on Materials for HLM Cooled Reactors and Related Technologies, Rome (Italy), May
21–23, 2007

R. ROSA: Neutron radiography at TRIGA RC-1: update and future applications
European Neutron Radiography Association Workshop (ENSA), Berlin (Germany), March 23, 2007

M. PALOMBA: TRIGA RC-1 Rome - ITALY country report
Research Reactor Operators Group meeting (RROG), Oslo (Norway), May 2-5, 2007

R. ROSA, F. ANDREOLI: Remote control for the neutron facilities operating at the TRIGA RC-1: an opportunity for
extend the access to research reactors
Technical Meeting on Utilization of Small & Medium Research Reactors, Vienna (Austria), May 7-10, 2007

M. PALOMBA: ENEA TRIGA RC-1 control system report
IAEA Technical Working Group on Nuclear Power Plant Control & Instrumentation (TWG-NPPCI) Meeting, Vienna
(Austria), May 23-25, 2007

M. SEPIELLI, M. PALOMBA, A. RATTO, R. ROSA, M. BERNABUCCI: Neural network application to on-line
monitoring of CRDM and thermo-hydraulic condition
Halden On-Line Monitoring User Group (HOLMUG) Meeting, Olkiluoto (Finland), October 3–4, 2007

R. ROSA: The ENEA-Casaccia reasearch reactors: current status
Technical Meeting on Safety Management and Verification for Research Reactors Safety Committees, Vienna
(Austria), December 3-7, 2007

K. ABBAS, S. BUONO, N. BURGIO, L. MACIOCCO, R. ROCCA, F. SIMONELLI, G. COTOGNO, N. GIBSON, U.
HOLZWARTH, G. MERCURIO: Design and test of an accelerator driven neutron activator at the JRC cyclotron of
the European Commission, oral presentation
18th International Conference on Cyclotrons and their Applications (CYCLOTRON 2007), Giardini Naxos, Messina
(Italy), September 30–October 5, 2007

Medical, Energetic, Environmental Applications

R. ROSA, A. GROSSI: BNCT activities at ENEA’s TRIGA RC-1 reactor
Seminario di discussione sulle sorgenti neutroniche e sulla radiobiologia per la BNCT, Legnaro, PD (Italy), February
10-20, 2007

N. BURGIO, M. CUMO, A. FASANO, M. FRULLINI, A. SANTAGATA: Preliminary neutronic design of SPOCK
reactor: a nuclear system for space power generation
13th International Conference on Emerging Nuclear Energy Systems, Istanbul (Turkey), June 3-8, 2007
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R&D on Nuclear Fission

RTI FPN-P127-001 (2007) L. BURGAZZI
CAREM - Like PRHRS (passive residual heat removal system) reliability
analysis

RTI FPN-P9EH-007 (2007) P. MELONI
Limiti di applicabilità dell'accoppiamento tra il codice RELAP5 Mod. 3.3 e il
codice PARCS multigruppo alla simulazione di sistemi sottocritici raffreddati
a metalli liquidi pesanti (Parte I)

RTI FPN-P9EH-010 (2007) P. MELONI
Heat transfer prediction of the THX exchanger in MEGAPIE facility by using
RELAP5 code suitably modified to deal with helical channel

RTI FPN-P9EH-008 (2007) P. MELONI
Sviluppo di un modello numerico per la simulazione del comportamento
termoidraulico di un reattore raffreddato a piombo utilizzando il codice
RELAP (parte I), 

RTI FPN-P9G1-003 (2007) N. DAVIDOVICH
Calculations over the AECL HCE3 H01 and H02 FP release experiments with
the ASTEC version 1.3 rev0 reactor code 

RTI FPN-P9IX-002 (2007) C.M. ANTONUCCI
EFIT/ELSY - Pressure drop performance of the rod bundle

RTI FPN-P9IX-003 (2007) P. MELONI
Analisi CFD del comportamento termoidraulico del nocciolo per il reattore
raffreddato a piombo ELSY

RTI FPN-P9H6-006 (2007) V. SINITSA, M. PESCARINI
ENEA-Bologna 2007 revision of the SCAMPI (ORNL) nuclear data processing
system

RTI FPN-P9EH-006 (2007) C. PETROVICH
EFIT - Power deposition distribution and neutron source calculations by
means of MCNPX

RTI FPN-P9D0-003 (2007) G. BANDINI, P. MELONI
Calculation of the PWR-1300 H3 sequence with ASTEC V1.2 code  and
comparison with CATHARE2 V2.5 code

RTI FPN-P9D0-007 (2007) F. BIANCHI
Breve nota sul 13th meeting del TWG-LWR e sul 9th meeting del TWG-HWR,  

RTI-FPN-P9D0-006 (2007) F. BIANCHI, G. BAVA
Breve nota sulla 41° riunione del comitato sulla sicurezza nucleare della NEA-
OECD

RTI FPN-P9LU-002 (2007) F. BIANCHI
Status of SPES3-IRIS facility design

RTI FPN-P9EH-005 (2007) G. GLINATSIS
Stochastic approach studies on the 3 zones EFIT-MgO/Pb-coolant core

Internal reports



RTI FPN-NUC-004 (2007) A. LANTIERI
Resoconto del consultant meeting "To review the collaborative project
proposals (CPPs) for phase 2 INPRO” del 21-25/05/2007,

RTI FPN-P817-001 (2007) L. BURGAZZI
CIRCE integral circulation experiments (ICE) safety report

RTI FPN-P9EH-004 (2007) G. GLINATSIS
Decay heat investigation on the U-free transmuter cores dedicated fuels

RTI FPN-P9EH-003 (2007) G. GLINATSIS
Safety aspects of the EFIT/MgO - Pb core

RTI FPN-NUC-003 (2007) A. LANTIERI
Principi base, requisiti e criteri per gli utilizzatori per la "Resistenza alla
proliferazione" in un "Sistema nucleare innovativo"

RTI FPN-P9L7-001 (2007) M. POLIDORI
HE-FUS3 loop: data sheets for code modelling and experimental data for
code assessment

RTI FPN-P9IX-001 (2007) C.M. ANTONUCCI
Comparative assessment of empirical correlations for single-phase heat
transfer in rod bundles of HLM cooled reactors

RTI FPN-P9H6-004 (2007) R. ORSI
ADEFTA version 4.0: A program to calculate the atomic densities of a
compositional model for transport analysis

RTI FPN-P9D0-004 (2007) G. BANDINI
Post-test analysis of QUENCH-11 experiment with ICARE/CATHARE code

RTI FPN-P9EH-002 (2007) M. SAROTTO, C. ARTIOLI, V. PELUSO
Preliminary neutronic analysis of the three zones EFIT-MgO/Pb core

RTI FPN-P9EH-001 (2007) M. SAROTTO, C. ARTIOLI
Possible solutions for the neutronic design of the two zones EFIT-MgO/Pb core

RTI FPN-P9H6-002 (2007) R. ORSI
BOT3P version 5.2: A pre/post-processor system for transport analysis

RTI PN-NUC-001 (2007) M. VECCHI
Presentazione e strategia futura riguardo al progetto della sorgente  intensa
di neutroni sviluppata secondo il principio della catalizzazione muonica, atta
allo studio del comportamento del materiali strutturali di prima parete dei
reattori a fusione

RTI FPN-NUC-002 (2007) M. VECCHI
Optimization of the neutron flux and energy of the EFDA d-Li intense neutron
source

RTI FPN-P9LU-001 (2007) F. BIANCHI, P. MELONI, S. MONTI, R. FERRI, A. ACHILLI, G. CATTADORI, M.
RICOTTI, A. ALEMBERTI, M. CARELLI, G. STORRICK, B. PETROVIC, L.
ORIANI, M.DZODZO, A. CIONCOLINI, D. GRGIC, G. YODER
SPES3 integral tests: organisation of facility analysis and modelling

RTI FPN-P9H6-003 (2007) A. VENTURA
Activity report of the ENEA nuclear data project in 2006
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RTI FPN-P815-008 (2007) C.M. ANTONUCCI
SPES - Considerations about mechanical characterization of UCx

RTI FPN-P815-007 (2007) C. PETROVICH
The SPES target - Power deposition and preliminary radiation protection
analyses

RTI FPN-P9G1-002 (2007) F. DE ROSA
ASTEC V1 reactor applications: «Accident sequence H2 in a French PWR
900 MWe» - A MELCOR/ASTEC comparison

RTI FPN-P9D0-005 (2007) G. BAVA, F. BIANCHI
Breve nota sulla 40° riunione del comitato sulla sicurezza nucleare  dell'OCSE

Medical, Energetic and Environmental Applications

RTI FPN-P129-001 (2007) K.W. BURN
State-of-the-art of BNCT and FNT as at end 2006 and relevance to proposed
ENEA activities

RTI TLE TAPIRO 07/01 (2007) K.W. BURN, L. CASALINI, E. NAVA
Confronto tra calcoli e misure relativo al monitoraggio d’area del reattore
TAPIRO per la caratterizzazione della nuova colonna epitermica (EPIMED)

RTI ET-S-R-002 (2007) A. CIAMPICHETTI, T. CADIOU
LBE/water interaction: report on the first experimental and modelling results

RTI HS-F-R-001 (2007) M. TARANTINO
Gas enhanced circulation experiments on heavy liquid metal pool system



169

11. Publications - Fission Technology

2007 Progress Report





PART III

NUCLEAR PROTECTION

171



Nuclear Protection
20
07
P
ro
gr
es
s
R
ep
or
t

In 2007 ENEA’s Department of Nuclear Fusion and Fission, and Related
Technologies  acted according to national policy and the role assigned to
ENEA FPN by Law 257/2003 regarding radioactive waste management and

advanced nuclear fuel cycle technologies. 

12.2 Entrustment of ENEA’s Fuel Cycle Facilities and Personnel to
Sogin

ENEA continued giving support to the Società Gestione Impianti Nucleari SpA (Sogin), both in security
maintenance of ENEA’s former fuel cycle nuclear facilities as well as in the decommissioning activities
estimated for the installations. Antiseismic warehousing for the plutonium-contaminated waste is being
constructed at ENEA Casaccia. Pending the conditioning operations and final disposition of the waste, the
infrastructure will guarantee both nuclear and conventional safety and security aspects during its interim
storage. The activities should be concluded within the end of 2009. 

12.3 Maintenance and Restoration of Fuel Cycle and Radwaste
Management Facilities

Research support. The development of  technical support for the mechanical design  and construction
related to the research activities in the C-43 Radiochemical Laboratory and the C-5 Technologic Hall was
started. Considerable experience in CAD design and 3D modelling software was acquired during the
activities.

Management and safety maintenance of C-43 Radiochemical Laboratory. Renovation of C-43 is
expected to start shortly. In 2007, according to the prescriptions, routine maintenance was carried out to
verify the effectiveness and operability status of important safety systems of the laboratory. At the same
time, the following extraordinary maintenance activities were performed:

• revision of detection and extinction fire system;

• installation of new fire cut shutters on inlet air canalisations of laboratory rooms;

• improvement of pressure control systems of glow-box air extraction network;

• renewal of process gas distribution network.

Conversion of working authorisation of C-43 Radiochemical Laboratory. In order to obtain formal
authorisation for utilisation of the laboratory as Category A, the following set of documents was delivered
to the Italian Agency for Environmental  Protection and Technical Services (APAT) (Item n. 28, Law 230/95):

• safety report;

• laboratory operational rules;

• internal technical rules of C-43 Radiochemical Laboratory;
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• qualified expert evaluations regarding the dose to the population in the case of a nuclear accident in
C–43, according to the directives of Item n. 115 ter, Law no. 230/95;

• up-to-date situation regarding nuclear materials stocked in C–43.

Additional documents concerning the “Periodical Working Tests of the C-43 Laboratory Systems” were
prepared and delivered to APAT.

The current situation of the authorisation procedure for C-43 is that all the documentation together with a
favourable opinion were transmitted by APAT to the Ministry of Economic Development. 

Renovation of C-43 Radiochemical Laboratory. During 2007, the SRS Engineering Company was
appointed to organise and design the renovation of the laboratory facilities. The project includes: 

• rebuilding of air conditioning plant;

• reconstruction of plumbing;

• reconstruction of process gas distribution network and manufacture of new bottle storage;

• renewal of electrical equipment;

• renovation of perimetrical walls of laboratory;

• rebuilding of roofing waterproofing of laboratory building;

• Improvement of fire detection and extinction system.

The documentation was completed by SRS Engineering and is to have a final check before the activities start.

12.4 Characterisation, Treatment and Conditioning of Nuclear
Materials and Radioactive Waste

The relevant activities are carried out by the Laboratory for the Characterisation of Nuclear Materials at
ENEA Casaccia. A wide variety of measurement techniques are used: segmented gamma scanner (SGS);
angular scanning (AS); low-resolution emission and transmission tomography (ECT/TCT); in-situ object
counting system (ISOCS). (See 2006 Progress Report for details.)

Following the 2006 experimental measurement campaigns to validate the ISOCS, in 2007 assessment of
the performance of the system was extended to surface contamination characterisation. Several
experimental measurements were performed with various configurations of certified gamma-emitting
sources placed at different depths inside a cemented mockup simulating a contaminated wall. The results
obtained have shown that the technical procedure developed is reliable. These activities were required to
obtain accreditation of the technical procedures according to ISO-17025: The accreditation procedure will
start in June 2008 for all the measurement systems of the laboratory. 

Regarding implementation of the SEA radioactive-waste gamma analyser (SRWGA) to characterise the
400-litre drums containing gamma-emitter radionuclides, the use of spiral scanning was  studied because
the tomographic procedure requires too long a measuring time for the large number of drums to be
analysed (see 2006 Progress Report).

The activities at the ENEA Casaccia CETRA Laboratory continued to address the qualification of the
conditioning processes for toxic and/or radioactive waste, in accordance with Technical Guide 26 of APAT.
In addition to the major tests (tensile strength; cyclic temperature gradient resistance; radiation damage
resistance; fire resistance; leaching test; free liquid absence; bio-degradation resistance and immersion
resistance), the following are performed in order to integrate basic information with further structural,
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physical, chemical and mechanical studies:

• heat of hydration of cement;

• setting-time of cement pastes;

• resistance to aggressive solutions;

• depth of penetration of water under pressure;

• Blaine fineness and porosity.

To expand the assay capability of the laboratory,  apparatus for the water penetration depth under
pressure, Blaine  air permeability and heat of hydration was acquired (fig. 12.1-12.3) 

Services. In collaboration with NUCLECO, the SRWGA and ISOCS systems were used during 2007 to
characterise medically-derived radioactive wastes previously deposited at ENEA Trisaia. The aim was to verify
whether any gamma emitter radionuclides were present and then decide if they required conditioning or not.

12.5 Radioprotection and Human Health

ENEA’s fuel cycle facilities were assigned to Sogin SpA through the “Entrustment of
Management Act” on 23 December 2005. Work on developing a physiological comfort
index for workers wearing protective clothing continued. Before carrying out an
experimental campaign on personnel wearing ventilated-pressurized protective clothing,
a computational fluid dynamics (CFD) code was used to make a model of a person
wearing the  clothing. As a first step a simplified model of the gap between the
ventilated–pressurised protective clothing and the skin was developed to obtain reliable
data on the thermal-hygrometric behaviour of the clothing. The data will be used as input

for the CFD code. CFD codes were also used to evaluate the ventilation efficiency in indoor environments,
such as those used as low and medium level radioactive waste repositories.

Fig. 12.1 – Water penetration depth  under pressure Fig. 12.2 - Climatic chamber Fig. 12.3 - Tensile strength tester

Evaluation of
physiological
comfort index
in indoor
environments



In 2007, in collaboration with La Sapienza University of Rome, the life
cycle assessment (LCA) was used to compare steam vacuum cleaning
technology and strippable coating, an innovative technology for
decontamination of nuclear plants. The results showed that strippable
coating had good environmental performance. As the storage phase

showed the most important differences between the two technologies, this phase and the relative
economics were studied in detail.

To perform a more structured and complete analysis, a methodology for the implementation of a life cycle
cost analysis (LCCA) for strippable coating was developed. A LCCA is an engineering economic analysis
tool, which makes it possible to quantify the differential costs of alternative investment options for a given
project. The ultimate objective of the LCCA of a product is to provide a framework for finding the total cost
of design, development, production, use and disposal of the product, with the aim of reducing the total
cost. There are many choices in the selection of a preferred approach to determine the total cost of a
product, pertaining to its entire life cycle. A review was made of the various approaches in order to choose
the most suitable for strippable coating and for the Italian context. 

Risk communication is often seen as a one-way process aimed at
setting right differences between the opinions of regulators,
scientists and public perception. Risk communication is an
exchange of information or an interactive process requiring the
establishment of two-way communication channels. The

communication process can only be effective if all the parties of the process are interested in
communicating and if the dignity and the roles of all the parties are acknowledged. Effective
communication requires the ability to discuss all issues of interest to the public.

Over the last decade the awareness of the necessity for the nuclear waste programmes to become more
communicative has increased the world over. It is not possible to ignore the need to have public consent
to operate hazardous processes or to simply dismiss public views as misguided, irrational and ill-informed.
This reflects advances in international programmes to the phase of site selection and the necessary
involvement of regional and local bodies as well as concerned citizens.

Various factors led to emphasising interest in risk communication. There are growing demands on
government and industry to keep the population informed about environmental and health risks. A basic
reason for the emergency of risk communication research derives from the highly visible dilemmas that
have risen as a result of particular social conflicts over risks; for example, over the location of hazardous
facilities. Fostering appropriate forms of communication between the parties to such disputes might
contribute in some way to better mutual understanding and hence to a resolution of conflict. The success
of risk communication programmes depends on their sensitivity to the perception of risk and the behaviour
of the public. Some key elements, taking into account also the economic factor, for good effective risk
communication have been identified.

12.6 Integrated Service for Non-Energy Radwaste 

As described in the 2006 Progress Report ENEA is responsible for the guidance, supervision and control
of the whole cycle of the management of radioactive waste coming from small producers. The operative
and commercial tasks have been entrusted by ENEA to NUCLECO SpA. ENEA’s  activity is carried out
through  a special Integrated Service, which is also available to the private sector. During 2007, Integrated
Service collected about three hundred cubic metres of low- and intermediate-level radwaste.  
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12.7 Transport of Nuclear Material

Packaging for transport of radioactive material. ENEA is the owner of a lot of radioactive waste and
sources and has to transport the material to its final disposal facility. Based on the experience gained in
developing transport packages (approved as type B in the past) ENEA continued the work on designing
new packaging to store and transport radium needles, plaques and tubes. The packages will be able to
contain 440 capsules, which are the small containers designed by the Department of Health to transport
the radium sources used in the past. The University of Pisa is performing a detailed verification of the
shielding and mechanical calculations used in the design. 

This new packaging will improve storage safety not only for radium sources but also for large sources of
cobalt and caesium, most of which still inside the original irradiator. Hence once the new packages have
been approved by APAT as type B(U) for radium, further analyses will be performed to get approval for
cobalt and caesium.

12.8 Disposal of Radioactive Waste

Artificial barriers for disposal units. The experience gained from past activities of the Task Force for
Radioactive Waste Disposal was implemented in updating the Draft Proposal UNICEN 214 “Final
Repository for Category 2 Radioactive Waste Packages”, issued in 2003 by UNICEN – the Nuclear Energy
Committee in the Italian Standards Institute (UNI). 

The draft was divided into three parts:

1) Basic Design Criteria for Engineered Barriers (U54032141)

2) Basic Qualification Criteria for Engineered Barriers (U54032142)

3) Surveillance and Monitoring Basic Criteria (U54032143)

ENEA was involved in the working group charged with the revision of Part 1 and was responsible for
coordinating the activities of the working group for the revision of Part 2. An important reference was given
by the results of the research activity of ENEA-Milan Polytechnic (see 2006 Progress Report) on the
long–term properties of cementitious material used to confine the waste packages, i.e., the cementious
immobilising matrix (grout) and the concrete of the modular caissons.

Site, conceptual design and management of  disposal plants. ENEA made an important  contribution
to the preparation of the Guidelines 2007 for the Italian Committee for Plants with Complex Technologies
(CITEC), regarding the treatment and disposal of waste in general (hazardous and non-hazardous). The
guidelines give general criteria, methodologies and procedures in planning location, design, construction
and exploitation of the installations. Nuclear experience in radioactive waste management was brought into
this context because of operational similarities in the final part of such management, i.e. in the disposal of
this waste in the biosphere. According to nuclear experience (as established in the “Common Convention
on the Safe Management of Exhausted Fuel and on the Safe Management of Radioactive Waste” signed
and/or ratified by the representatives of the IAEA member states in 2003), it was underlined that
decision–making and administrative procedures be co-ordinated to the greatest possible extent among
local political groups, social groups and the population concerned, since only common agreement on the
solutions to be adopted allows an effective solution to the problem to be found. 

A new approach was suggested, which was to design a new installation or substantially change an existing
installation by taking into account the participation of the public, which must be properly informed by an



adequate system of communication and dialogue based on a set of information items or on simple and
easily understandable messages that are organised systematically, with indications on how to obtain
additional information.

Structure engineering for geological disposal. In the framework of EU FP7, a collaboration was
established with CEA to use the CAST3M simulation code to develop and set up high-performance
concrete structural models.

Long-term storage of radioactive waste. In the wake of Italy’s recent adherence to the Global Nuclear
Energy Partnership, which was announced during the 20th World Energy Congress Ministerial Forum  held
in Rome and the May 2007 agreement between SOGIN and AREVA concerning the shipment abroad of
Italy’s remaining (235 metric tons of heavy metal [MTHM]) commercial spent fuel, a detailed presentation
was made with the intention of making a case for Italy’s recent decision to postpone the issue of storing
its high level radwaste - typically in a dry storage facility - given the international difficulties in moving
forward with the yet to be accepted high-level-waste repositories (Yucca) and domestic difficulties in siting
an intermediate spent-fuel storage installation (ISFSI) after Italy walked away from nuclear power plants in
1987 following a national referendum.

A dedicated IAEA Technical Meeting on “Technical Conditions for Long-Term Storage of Radioactive
Waste” was held in November 2007. The floor consisted of  delegates from Argentina, Belgium, Canada,
China, Cuba, Finland, France, Germany, Hungary, India, Italy, Lithuania, Netherlands, Russia, Slovakia,
South Africa, Ukraine and the United States of America.

The presentation exceeded the issues called for by IAEA, which were expected to address the feasibility
of designing long-term storage facilities - also in the light of the recent accomplishments of the single
countries represented in the meeting- in which to stock high-level radwaste until repositories such as
Yucca Mtn, Gorleben, Bure, Forsmark, Scanzano Ionico etc., are finally built and approved for operation.
It may take more than a few decades before some of them are ready for emplacement of spent fuel and/or
vitrified waste disposal casks and other high level waste classified for final disposal.

The following topics were discussed:

• The legacy of nuclear power generation in Italy and the inventories.

• Italy’s recent decisions regarding reprocessing of its remaining spent fuel.

• Current positions: once through cycle (USA, etc.) and partial recycle (France, etc.).

• Basic considerations on the Global Nuclear Energy Partnership (GNEP)  and full recycle to the benefit of
all countries.

• Current American Nuclear Society (ANS) standards and practices applicable in some countries storing
spent fuel.

• Suggestions for a new IAEA standard to apply for long-term storage facilities.

• Italy’s outlook for disposal of its vitrified and greater-than-class-C (GTCC) waste (2020-2025).

12.9 Additional Protocol and Dual-Use Directive

Throughout 2007, specific software was implemented, under a convention with the Department for
Economic Development, to help the people involved with the declarations required by the Additional
Protocol and Dual-Use Directive, as small discrepancies had been found in the past by the IAEA. The
software makes it possible to navigate through the Additional Protocol documents and to check in the
meantime similar requirements fixed in the dual-use directive. Since the convention is related to the
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Additional Protocol, only nuclear materials have been taken into account. In the future other materials,
items and activities could be added to cover completely the dual-use directive. After a complete check on
the materials and items subject to the Additional Protocol, it is possible with an internal link to use directly
the editor prepared by the European Commission (Coordinated Action for Pan-European Transport and
Environment [CAPE]) for the declaration to be sent to APAT or the Department of Economic Development
in agreement with the Italian law.

At present the software is on a CD but it is ready to be used online when the Department of Economic
Development, on the advice of APAT and the Department of International Trade, decides on the
opportunity to diffuse some of the available technical information to facilitate the recognition of materials to
be declared.

ENEA has followed the work of the European Commission, IAEA and the USA Department of Energy,
which with the National Nuclear Security Administration (NNSA) are carrying out a campaign on security in
nuclear activities on the basis of the non-proliferation treaty and Additional Protocol.

12.10 Advanced Techniques of Instrumentation and Control

Advanced research work with artificial intelligence (AI) tools was carried out in
2007 for reactor core control, on the RC-1, a Triga Mark II, 1-MW,
demineralised water/natural convection cooled research reactor at ENEA
Casaccia. The activity was aimed at developing intelligent data processing of
reactor measurements through soft-computing models based on neural
networks (NN).  A first application concerned validation of the rod position of
the control rod drive mechanism (CRDM) and a second was devoted to fuel

temperature prediction. Both implemented NN-based algorithms, with the use of real data coming from
sensors. The first net used a second-order algorithm (Levenberg-Marquart); the second, a first-order
algorithm (steepest descent algorithm).The net geometry both in the first and in the second application was
the same: a three-layer feed-forward network.

In the first application the related NN
consisted of two nets working in parallel:
the first, for data validation, trained initially
through the reactor data set (input data: fuel
temperature, water temperature; output
data: rod position); the second, used for
training, updated its parameters each time a
difference occurred between the value of
the first net and the measurement from
instruments. The simulation result is shown
in figure 12.4. In the second application the
neural net had a simplified layer structure
I/O (input data: power reactor; output data:
fuel temperature). The outcome of training is
reported in figure 12.5. 

The outcome obtained in the two
applications was satisfactory as the error in

Neural networks
application to control
rod drive mechanisms
and thermohydraulic
data validation
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steady state was less than that expected and the training method was quite effective. Testing will continue
with the data scanning rate increased to improve the answer during status transitions.

The results of the work were presented in November at the Australian Research Reactors International
Conference in Sydney.

12.11 Work in Progress

Decommissioning of RB3 Research Reactor. Authorisation by APAT for the decommissioning of the
RBR research reactor (Bologna) is still pending even though all the APAT requests have been fulfilled.
However preliminary activities have been carried out and a detailed proposal made for the organisational
structure with expert personnel for dismantling, characterisation and radioactive waste management.
Preliminary procedures consisted of a draft for the dismantling activities, safety provisions and for the
radiological characterisation of materials to be cleared according to the EC document Radiation Protection
122 “Practical use of the concepts of clearance and exemption – Part I. Guidance on General Clearance
Levels for Practices” (2000).

New Radiochemical Laboratory. A preliminary design and safety assessment has been started for the
construction of the new Radiochemical Laboratory at ENEA Saluggia. The objective is to submit the license
application within the first half of 2008.
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14.1 Advances in the IGNITOR Programme

The detailed design of all the components of the machine load assembly has been
completed. This is indeed a remarkable accomplishment in itself, as IGNITOR continues
to be the only experiment capable of reaching ignition conditions on the basis of the
present knowledge of plasma physics and available technology. The operation scenarios
considered are for maximum plasma performance at 13 T and 11 MA, and reduced
scenarios at 9 T, 7 MA (limiter configuration) and 9 T, 6 MA (double null configuration). In

the framework of the Ansaldo industrial contribution to the engineering design, the 3D nonlinear structural
analysis of the central post, central solenoid (CS) and poloidal field coil (PFC) systems, plasma chamber
and first-wall systems, and of the surrounding mechanical structures (C-clamps) has confirmed that they
can withstand both normal and off-normal operating loads, as well as plasma chamber baking operations,
with proper safety margins. Both 3D and 2D drawings (fig. 14.1) of each individual component were
produced with the use of the Dassault Systems CATIA-V software, including the electro-fluidic and fluidic
lines which supply electrical currents and helium cooling gas to the coils [14.1].

[14.1] A. Bianchi et al., Bull. Am. Phys. Soc. 52(16), 46
(2007) , paper BP8.65

[14.2] G. Toselli et al., Bull. Am. Phys. Soc. 52(16), 45
(2007), paper BP8.64

[14.3] A. Coletti et al.,  Bull. Am. Phys. Soc. 52(16), 45

Completion of
the IGNITOR
design 

Fig. 14.1 - IGNITOR load assembly



The 12 sectors of the plasma chamber will be
welded in sequence. The last welds, joining two
assembled 180° sectors, will have to be guided
and controlled by the remote handling system
from inside the plasma chamber. Deformations
and displacements due to the welding process
have to be limited, to comply with the design
geometry of the closed torus and with its function
as supporting structure of the first wall.
Experimental tests and corresponding
simulations were carried out [14.2] for two
welding processes (laser welding to join adjacent
sectors and tungsten inert gas-narrow gap
[TIG–NG] welding with filler material) on suitable
samples which reproduce fundamental aspects
of the material and geometrical characteristics of
the chamber sectors (fig. 14.2). The results
indicate that a sufficiently accurate numerical
methodology has been identified for simulation of
both types of welding. 

The design of the IGNITOR magnetic system offers a high degree of flexibility thanks to the large number
of poloidal field coils. Following the optimisation of the CS and PFC design, an updated plasma engineering
analysis was conducted to define the current distribution scheme in all 14 sets of coils for the main
operational scenarios, including extended limiter and double null scenarios [14.3]. Particular attention was
paid to the plasma start-up phase, and an optimal choice of the PFC currents made it possible to obtain
a relatively large area where the magnetic field is nearly null and flat, without reducing the maximum flux
swing (up to 36 Wb) available from the PFC system. The design of the vertical position and shape controller
is based on the CREATE_L linearised plasma response model. Coupling between the vertical position
control and plasma shape control was analysed to allow the plasma vertical position to be stabilised even
in the case where a shape disturbance is provoked by a change in the main plasma parameters [14.4].

A new operating scenario with BT≅13 T, Ip≅ 9 MA, and a double null configuration with
X-points just outside the first wall was investigated by means of simulations with the
JETTO transport code. The possibility of accessing H-mode regimes was verified. The
H-mode threshold power was estimated on the basis of the most recent
multi–machine scaling and was found to be consistent with the available ion cyclotron
resonance heating (ICRH) auxiliary power combined with Ohmic and alpha-particle
heating. Ignition conditions and plasma performances quite similar to those expected
for the standard 11-MA scenarios with an extended first-wall configuration can be
reached. Other simulations show that, even without accessing the H-regime and with

pessimistic assumptions about the energy confinement time, plasma parameters of relevance to the
physics of burning plasmas can be attained [14.5].

As a complement to the transport analyses, the physics of the ICRH was analysed for maximum
performance scenarios, reduced parameter scenarios and the double null configurations at 13 T and 9 MA,
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[14.4] F. Villone et al., Bull. Am. Phys. Soc. 52(16), 45
(2007), paper BP8.62

[14.5] G. Cenacchi, A. Airoldi, B. Coppi,  Bull. Am. Phys.
Soc. 52(16), 46 (2007), paper BP8.66
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Fig. 14.2 - Experimental test for both laser and TIG–NG

welding techniques
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using a full wave code in toroidal geometry. In all cases modest amounts of ICRH power (<8 MW) are
sufficient to control the temperature, to accelerate the achievement of ignition in the extended first-wall
configuration with Ip≅11 MA and to help the transition to the H-regime in the X-point configuration. In
particular, these calculations show that a small fraction of 3He (1-2%) improves the wave absorption on
ions near the centre of the plasma column, while a substantial fraction of the coupled power  is damped
on the electrons over a broad radial interval, owing to the n|| spectrum radiated by the antenna [14.6].

To manufacture the prototype coils of the electromagnetic diagnostics for the IGNITOR experiment,
innovative methods were adopted to improve the ceramic insulator resilience to neutron and gamma
radiation, in collaboration with the University of Lecce and SALENTEC in Italy [14.7]. Initial attempts at
using MgO coating have been made, and issues related to the powdery composition of the material are
being addressed. Alternative methods are under study to provide plasma-position information at the
highest parameters that the IGNITOR experiment can achieve, where the electromagnetic diagnostics may
fail. A new diagnostic is proposed [14.8], based on diffraction of the soft-x-ray radiation emitted at the
plasma edge and detection by means of gas electron multiplier (GEM) detectors. Their high counting rate
(>1 MHz) and high signal-to-noise ratio is suitable for real-time control of the vertical position. 

The joint ENEA Frascati and Oak Ridge National Laboratory (ORNL) programme for the development of a
four-barrel, two-stage pellet injector has advanced considerably [14.9]. The pellets will have to reach
velocities of up to 4 km/s in order to penetrate close to the centre of the plasma column when injected
from the low-field side at the temperatures expected at ignition. The ENEA two-stage pneumatic propelling
system was shipped to ORNL. The system makes use of special pulse shaping valves, while fast valves in
the independent gas removal lines prevent the propulsion gas from reaching the plasma chamber. 

The latest tests carried out in Italy on the
propulsion system (fig. 14.3) proved that
with proper timing of the closing valves no
traces of the propulsion gas reach the
target. At ORNL, the LabView application
software was successfully used to control
the simultaneous formation of deuterium
pellets, from 2.1 to 4.6 mm in diameter,
which were launched at low speed. ORNL
developed, specifically for this application,
the light gate and microwave cavity mass
detector diagnostics that provide in-flight
measurements of the pellet mass and
speed, together with its image. As soon
as the two parts of the injector are
assembled, extensive tests for
characterisation of the injector will be
carried out jointly. 

14.2 Excess of Power Production in Deuterated Metals

The two-year project (Excess of Power Production in
Deuterated Metals) supported by the Ministry for
Economic Development was completed in 2007. The
main task of the project was a 500% excess of power

[14.6] A. Cardinali et al., Bull. Am. Phys. Soc. 52(16), 46
(2007), paper BP8.67

[14.7] F. Alladio et al.,  Bull. Am. Phys. Soc. 52(16), 45
(2007), paper BP8.63

[14.8] F. Bombarda,  E. Paulicelli, G. Pizzicaroli, MIT (LNS)
Report HEP 07/13, Cambridge, MA (December
2007).

Fig. 14.3 - The ENEA Frascati sub-system during testing at Criotec

Impianti at Chivasso (Turin, Italy)



production in one experiment.
This objective was achieved
during the first working year
[14.10]. In one experiment an
extraordinary power gain close
to 7000% was achieved, even if
it lasted just for a few minutes.

Six hours and twenty minutes
from the beginning of
electrolysis, with a deuterium
concentration around 0.9 in
atomic fraction, a sharp
increase in the electrolyte
temperature was observed in
the experiment L–30. The
increase was 7°C, despite
cooling of the flow calorimeter,
and the effect survived for 600 s
(fig. 14.4). The input power was
120 mW at a dc current of 40
mA. A power output of 800 mW
during the 600–s transient was
measured.  Both the increase in
temperature of the electrolyte
and the transient response of
the calorimeter were consistent
with an excess power
production of 7000 mW. A
detailed calculation performed
with transient finite element
modelling confirmed the
estimated excess of power
calculated with the time
constant of the instrument.
Figure 14.5 shows the evolution
of the excess power.

The excess short life is ascribed
to the strong temperature
increase, which produced de-
loading of the deuterium from
the palladium cathode. The observed deuterium concentration decrease was from 0.9 to below 0.7
(atomic fraction). The power density achieved was not less than 500 W/cc. A signal having a similar
amplitude  was observed  by Energetics Technology with a cathode prepared in Frascati. The Energetics
experiment gave an energy gain of the order of 6 MJ (the cathode was 0.36 gr Pd).

This type of result indicates that, although a signal
with such an amplitude is unusual, it should be clear
that this phenomenon may give a signal with large
power  gains.
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Presented at the 22nd Symposium on Fusion
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[14.10] 2006 Progress Report, ENEA - Nuclear Fusion and
Fission, and Related Technologies Department
(2006)
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At present the effect can be observed, and with reasonable reproducibility, but the life time, the amplitude
of the signal and the start-up of the effect are not under control. These aspects will be the target of the
research, based on an enhanced level of comprehension,  in the future.

14.3 Superconducting Generator

One of ENEA’s main missions is to stimulate the use of renewable energy sources and to support initiatives
to increase energy efficiency. The Superconducting Section is designing a prototype of a completely
superconducting electric generator which, unlike those in actual use, would have a large efficiency also at
power levels lower than the nominal.

Superconducting materials are very promising for the realisation of rotating electric machines, which are
more compact, with less weight and encumbrance, and more efficient in a larger operating range than the
traditional machines. They also promise better transitory and dynamic behaviour, hence contributing to an
improvement in the  quality and reliability of electric systems.

The ENEA project will stimulate collaboration between corporations, research institutes, and industry in
order to study and develop a new configuration of an axial flux synchronous electric machine: three-phase,
brushless and entirely superconductive. MgB2 windings, mounted on one or more stator disks, and one
or more permanent magnets rotors fabricated with MgB2 massive rings would be considered. The
cryogenic system would consist of a cryocooler, as MgB2 is a high-temperature (30-40 K) superconducting
material and can be used in a large temperature range with a simple refrigerating system.

14.4 Cryogenic Test of CERN HTS Current Leads for the FAIR System
at GSI

The ENEA cryogenic test campaign on the high-temperature superconducting (HTS) current leads
produced by the BINP laboratory, Russian Federation (6 kA) and by CECOM, Italy (13 kA) to operate in the
Large Hadron Collider (LHC) at CERN ended at the beginning of 2007.

ENEA’s dedicated measurement facility, which provides high-precision signal acquisition in LHC-relevant
operating conditions, has been chosen by the team at Gesellschaft fuer Schwerionenforschung (GSI)
Darmstadt to host the explorative cryogenic test of the LHC leads in order to investigate their performance
under the cryogenic boundary conditions given in the Facility for Antiproton Ion Research (FAIR) at GSI.
This activity started at the end of 2007.

The test setup is the same as that used for the test of the LHC leads, except for a change in the cooling
conditions. Unlike in LHC, there is no helium gas at 20 K available in the cryogenic system of FAIR. The
cooling of the resistive part of the lead is thus obtained by a gas flow at 50 K, resulting in a slightly higher
temperature of the top part of the HTS. The mass flow of cooling gas is controlled to maintain the
temperature at the warm end of the HTS at  about 60 K. The leads have to  tested at different current
ratings, corresponding to different cooling
flow rates.

[14.11] S. Tosti et al., Membrane reactors for producing hydrogen via
ethanol steam reforming, ENEA Internal Report FUS TN BB-R023
(2007)

[14.12] S. Tosti et al., Low temperature ethanol steam reforming in a Pd-Ag
membrane reactor - Part 1: Ru–based catalyst, to appear in J.
Membrane Sci.

[14.13] S. Tosti et al., Low-temperature ethanol steam reforming in a Pd–



During the tests the voltage drop over the resistive and HTS parts and the temperatures at the warm end
of the resistive heat exchanger and at the warm end of the HTS have to be monitored and recorded.
Furthermore, the mass flow and pressure drop of the gaseous helium have to be measured.

Two couples of leads have been measured, one of 13 kA and the second of 6 kA. The 13-kA leads  have
been tested in dc operation at different current ratings, starting with the lowest, 4630 A, then going up to
6600 A, 7830 A, 9000 A and finally to the maximum of 13000 A. Each current plateau will be kept for a
duration of 1 h. The 6-kA leads will be tested in dc operation at the same currents, except 13000 A.

14.5 Pd-Ag Permeator Tube 

Project (FIRB RBAU01K4HJ) funded by the Italian Ministry of Education, University and
Research. Ethanol steam reforming was carried out in a membrane reactor consisting of a catalyst bed
(Ru, Pt and Ni based) packed into a
thin-wall Pd-Ag permeator tube
produced via cold-rolling and
diffusion welding of metal foils . The
experimental tests were performed
(fig. 14.6) in the temperature range
400–450°C with the aim of studying
the performance of the membrane
reactor in terms of hydrogen yields
[14.11-14.13]. A multi-tube
membrane reactor consisting of
19 Pd-Ag thin-wall tubes was
tested: up to 3 L/min of pure
hydrogen was produced via ethanol
steam reforming and the water gas
shift reaction. A further model and
experimental work on the
permeation properties of membrane
reactors produced by ENEA and of
the Pd–Ag dense membranes were
also carried out [14.14–14.16].

14.6 Participation in the AGILE Project and Development of X-ray
Detectors

The Astrorivelatore Gamma ad Immagini Leggero (AGILE) [14.17], the Italian satellite for gamma and x-ray
astronomy, was launched from the base of Sriharikota in India on the 23 April 2007. After a period of

commissioning, the satellite started its
scientific operation regularly. SuperAGILE

189

14. Miscellaneous

2007 Progress Report

Ag membrane reactor - Part 2. Pt-based and Ni-based catalysts
and general comparison, to appear in J. Membrane Sci. 

[14.14] F. Gallucci et al., Int. J. Hydrogen Energy 32, 1837 (2007)

[14.15] F. Gallucci et al., Int. J. Hydrogen Energy 32, 4052 (2007)

[14.16] F. Gallucci et al., Int. J. Hydrogen Energy 32, 1201 (2007)

[14.17] M. Tavani et al., The AGILE mission and its scientific instrument,
Proc. of the SPIE, Vol. 6266, pp. 626603 (2006)

Fig. 14.6 - Apparatus for testing membranes and membrane reactors
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[14.18], the x-ray stage of the payload, whose project and construction involved the Technology Section
of ENEA’s Fusion Department, is working successfully and sending images of the sky in the 15–50 KeV
range. As an example, figure 14.7 reports one of the first SuperAGILE observations of the galactic centre
(autonomously chosen by NASA as “picture of the week” in November 2007).
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Fig. 14.7 - One of the two mono-dimensional views of the galactic centre obtained by SuperAGILE

(http://heasarc.gsfc.nasa.gov/docs/objects/heapow/archive/normal_galaxies/galcen_agile.html)

[14.18] M. Feroci et al., Nucl. Instrum. Meth.:



Beside the scientific exploitation of SuperAGILE, work has started on checking the feasibility of detectors
based on improvements made to the ordinary silicon microstrips. Two projects are in progress in
collaboration with the Polytechnic of Milan and with the INFN Trieste to test new devices based on
controlled drift detectors. The devices could in principle permit bi-dimensional positioning of the pulse
using only a 1D chain of electronic readout and could be used to build a real detector, with sufficienly large
area and spectral sensitivity to meet practical needs in fields such as x–ray astronomy and x–ray
diagnostics.
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ac alternating current
ACP activated corrosion product
ADS accelerator-driven system 
AE Alfvén eigenmode
AECL Atomic Energy of Canada Limited
AFM atomic force microscopy
AGILE Astrorivelatore Gamma ad Immagini Leggero
AI artificial intelligence 
ALARA as-low-as-reasonably achievable
ALISIA Assessment of Liquid Salts for Innovative Applications
ANS American Nuclear Society 
APAT Agency for Environmental  Protection and Technical Services (Italy)
APD avalanche photodiode
AS angular scanning 
AT advanced tokamak
AT advanced torus
ASDEX Axisymmetric Divertor Experiment  - Garching - Germany
ASDEX-U Axisymmetric Divertor Experiment Upgrade - Garching - Germany

BAE beta-induced Alfvén eigenmode
BAE-CAP beta-induced Alfvén eigenmode - continuum accumulation point
BDBA Beyond Design Basis Accident
BG breeding gain
BNCT boron neutron capture therapy
BOL beginning of life 
BR breeding ratio
BTNM beta normalised

CAM controlled amount of matter
CAPE Coordinated Action for Pan-European Transport and Environment 
C/E calculation/experiment
CEA Commissariat à l’Energie Atomique - France
CERN Organisation Europeénne pour la Recherche Nucléaire- Geneva
CFC carbon fibre composite
CFD computational fluid dynamic
CFL-RAL Central Laser Facility - Rutherford Appleton Laboratory - UK
CHF critical heat flux
CICC cable-in-conduit conductor
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CITEC Italian Committee for Plants with Complex Technologies
CNR Consiglio Nazionale delle Ricerche (National Research Council) - Italy
CPS capillary porous system
CRDM control rod drive mechanism
CRPP Centre de Recherches en Physique des Plasmas - Villigen - Switzerland
CS central solenoid
CSU Close Support Unit
CSZ calcia-stabilised zirconia
CTS collective Thomson scattering
CVCS chemical volume control system
CVD chemical vapour deposition

DBA design basis accident
DBMS Database Management System
DCR design change request
DEMO demonstration/prototype reactor
DCLL dual coolant lithium-lead
D&D draining & drying
DL dome liner
dpa displacements per atom 
DPSD digital pulse shape discrimination
DIII-D Doublet III - D-shape. Tokamak at General Atomics - San Diego - USA
DV divertor
DW drift wave

EAF European Activation File
EAS European Advanced Superconductor
EASY European Activation System
EBBTF European Breeding Blanket Test Facility
EC electron cyclotron
ECH&CD electron cyclotron heating & current drive system
ECE electron cyclotron emission
ECR electron cyclotron resonance
ECRH electron cyclotron resonance heating
ECT/TCT low-resolution emission and transmission tomography
ECWGB electron cyclotron wave Gaussian beam 
EDA Engineering Design Activities
EDIPO EFDA Dipole
EFDA European Fusion Development Agreement
EFIT equilibrium fitting code
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EFIT European Facility for Industrial Transmutation 
EHRS emergency heat removal system
EISOFAR SSA European Sodium-Cooled Fast Reactor Roadmap Specific Support Action
ELM edge localised mode
ELSY European Lead-Cooled System 
ENFASI ENEA Facility Superconducting Insert
EP Enhanced Programme (JET)
EPM energetic particle mode
ESFR European Sodium-Cooled Fast Reactor
ETD European Transmutator Demonstrator  
ETG electron temperature gradient
EUROPART European Research Programme for Partitioning
EUROTRANS European Transmutation 
EVEDA Engineering Validation and Engineering Design Activities
EXAFS extended x-ray absorption fine structure

FAIR Facility for Antiprotron Ion Research
FAs fuel assemblies
FAST Fusion Advanced Studies Torus 
FC fission chamber
FC field-cooled
FDB fuel dissolution basket 
FFT fast Fourier transform
FIGEX Fast Ion Generation Experiment
FMEA failure mode and effect analysis
FNG Frascati neutron generator - ENEA
FP fission product 
FP6 6th European Framework Programme 
FTU Frascati Tokamak Upgrade - ENEA
FW first wall
FWHM full width at half maximum
FZK Forschungszeuntrum - Karlsruhe - Germany

GAM geodesic acoustic mode
GEM gas electron multiplier
GIF Generation-IV International Forum  
GM Geiger-Müller
GNEP Global Nuclear Energy Partnership 
GSI Gesellschaft fuer Schwerionenforschung - Darmstadt, Germany
GSSR Generic-Site Specific Safety Report
GTCC greater-than-class-C 
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HCLL helium-cooled lithium-lead
HCPB helium-cooled pebble bed 
HEG high-energy group
HEU highly enriched uranium
HiPER High-Power Laser Energy Research Roadmap
HLM heavy liquid metal 
HM heavy metal
HMGC hybrid magnetohydrodynamic gyrokinetic code
HP high power 
HPC high-perfornance computing
HPHT high-pressure high-temperature
HRP hot radial pressing
HRTS high-resolution Thomson scattering
HS heat source 
HTS high-temperature superconductor
HVAC heating ventilation air conditioning
HVPS high-voltage power supplies

IAEA International Atomic Energy Agency - Vienna - Austria
ICE Integral Circulation Experiment 
IC H&CD ion cyclotron heating & current drive system
ICRH ion cyclotron resonance heating
IDRA Italian drill system 
IFE inertial fusion energy
IFMIF International Fusion Materials Irradiation Facility
ILL Institute Laue Langevin - Grenoble - France
IM inert matrix
IMF inert matrix fuel 
IMT inert matrix-thoria 
INERI International Nuclear Energy Initiative 
INFN National Institute of Nuclear Physics
INPRO Innovative Nuclear Reactors and Fuel Cycle
IPP Institut für Plasma Physik - Garching
IPPE Institute of Physics and Power Engineering - Obninsk - Russian Federation
IRIS International Reactor Innovative and Secure
IRSN Institut de Radioprotection ed de Sûreté Nucléaire  
ISFSI intermediate spent-fuel storage installation 
ISOCS in-situ object counting system 
ITB internal transport barrier
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ITER International Thermonuclear Experimental Reactor
ITG ion turbulent gradient
ITM Integrated Tokamak Modelling
IVT inner vertical target
IVVS in-vessel viewing and ranging system

JAEA Japan Atomic Energy Agency - Japan
JET Joint European Torus - Abingdon - U.K.
JRA Joint Research Activities 
JT-60U JAERI Tokamak 60 Upgrade, Naka, Japan
JT-60SA JAERI Tokamak 60 Super Advanced

KGAM kinetic geodesic acoustic mode

LANL Los Alamos National Laboratory
LCA life cycle assessment 
LCCA life cycle cost analysis
LEG low-energy group
LFR lead fast reactor 
LH lower hybrid
LHC Large Hadran Collider (CERN)
LHCD lower hybrid current drive
LLL liquid lithium limiter 
L-Li liquid lithium
LMFR liquid metal fast reactor
LNL Legnaro National Laboratory
LOCA loss-of-coolant accident 
LTS low-temperature superconducting

MA minor actinide
MARFE multifaceted asymmetric radiation from the edge
MAST Mega Ampère Spherical Tokamak

M

J
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MHD magnetohydrodynamic
MiAE magnetic-isalnd-induced Alfvén eigenmode
MIT MEGAPIE integral test 
MOD-TFA metal organic deposition trifluoroacetate
MQE minimum quench energy
MSA Modified Source Approximation 
MSE motional Stark effect
MSE Ministry for Economic Development (Italy)
MSM modified source multiplication 
MSST Measurement Simulation Software Tool
MTHM metric tons of heavy metal 

NACE Natural Circulation Experiment 
NBI neutral beam injection
NEG non-evaporate getter
NHFML National High-Field Magnet Laboratory - Talahassee - U.S.A.
NN neural networks
NNSA National Nuclear Security Administration 
NRG non-evaporable getter
NPL neutron power loads
NPP IRIS nuclear power plant
N-VDS normal vent detritiation system
NZPV normal zone propagation velocity

OECD/NEA Organisation for Economic Cooperation and Development/Nuclear Energy Agency 
ORE occupational radiation exposure
ORNL Oak Ridge National Laboratory -  Tennessee - U.S.A.
OST Oxford Instruments Superconducting Technologies
OVT outer vertical target
OXIDEN Oxidizing Environment Impact on Source Term 

PAM passive active multijunction
p-CVD polycristalline chemical vapour deposition
PE polyethylene
PFIS poloidal field insert sample
PFC plasma-facing component
PFC poloidal field coil
PFCI poloidal field coil insert
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PFW primary first wall
PGA peak ground acceleration
PHYMA-ASTEC Physical Model Assessment - Accident Source Term Evaluation Code 
PHTS primary heat transfer system
PIE postulated initiating event
PNS Pulsed-Neutron Source
POLITO Turin Polytechnic
PPCS Power Plant Conceptual Studies
PR&PP Proliferation Resistance & Physical Protection 
PRHH Preliminary Remote Handling Handbook
PSR Preliminary Safety Report
PTB Physikalisch-Technische Bundesanstalt -Braunschweig
PTSA pressure temperature swing adsorption
PWR pressurised water reactor 

QMS quadrupole mass spectrometer
QSPA Quasi Stationary Plasma Accelerator Facility (TRINITY Russian Federation)

RAB Reactor Application Benchmarking
RACE Reactor-Accelerator Coupling Experiments
RAPHAEL Reactor for Process heat, Hydrogen and Electricity Generation
rf radiofrequency
RFX Reversed Field Pinch Experiment - Padua - Italy (Association Euratom-ENEA)
RH remote handling
RNC radial neutron camera
RO responsible officer
RSAE reversed shear Alfvén eigenmode
RTAI real-time application interface

SANS small-angle neutron scattering 
SARNET Severe Accident Research Network 
S/As subassemblies
SAW shear Alfvén wave
SBWR simplified boiling water reactor 
SCD single crystal diamond
SEM scanning electron microscopy
SFR sodium fast reactor 
SGS segmented gamma scanner
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SGTR steam-generator tube rupture  
SH shielded handling
SIS sample introduction system
SOGIN Società Gestione Impianti Nucleari SpA 
SOL scrape-off layer
SPOCK Space Power Core Ka
SRWGA SEA radioactive-waste gamma analyser
SSC solid steel cathode 
SSEPN steady-state electrical power network
SSQLFP steady-state quasi-linear Fokker-Planck
S-VDS stand-by vent detritiation system

T Thoria
TA Transnational Access 
TALDICE Talos Dome Ice Core
TBM test blanket module
TCWS tokamak cooling water system
TEPC tissue-equivalent proportional counters
TES tritium extraction system
TEXTOR Torus Experiment for Technology Oriented Research. Tokamak at Jülich

Germany (Association Euratom –FZJ)
TF task force
TFC toroidal field coil
TH thermohydraulic 
TIG-NG tungsten inert gas-narrow gap
TLD thermoluminescent detector
TLD thermoluminescent dosimeters
Tore-Supra large tokamak at Cadarache - France (Association Euratom-CEA)
TP twist pitch
TRU transuranic
TS Thomson scattering
TS tensile strain
TSA temperature swing adsorption

UCI University of California at Irvine - Usa
UHP ultra-high purity
ULOF unprotected loss-of-flow
UKAEA United Kingdom Atomic Energy Agency
UNI Italian Standards Institute
URR unresolved resonance
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VDE vertical displacement event
VELLA Virtual European Lead Laboratory 
VHTR very high temperature reactor
VNC vertical neutron camera
VPS vacuum pumping system
VSM vibrating sample magnetometer
VV vacuum vessel
VVPSS vacuum-vessel pressure suppression system

WDS water detritiation system
W&R wind & react system
WINES Web Interactive Neutron Experimental Structure 
WP winding package
WKB Wenzel, Kramer, Brillouin code

ZFC zero field cooling
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