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Preface

In 2009 a major restructuring of ENEA has been undertaken.
ENEA is now the Italian National Agency for New
Technologies
Energy
and
Sustainable
Economic
Development. Fusion remains one of the most important
missions of the new Agency. The new Fusion Unit is in charge
to continue and even increase the efforts in the development
of fusion energy fostering the activity both in physics and
technology. Another ENEA Unit, the Experimental
Engineering Unit located in Brasimone, is deeply involved in
the fusion program. The scientific and the emerging
technology activity still belongs to the Euratom program,
whereas the technology and engineering activity were
carried out in the frame of F4E and ITER IO R&D grants and
procurements. In 2009 a number of contracts and grants
have been stipulated with F4E and ITER also in collaboration
other European fusion laboratories. The activities are related
to Test Blanket Module design, Safety, Fuel Cycle, Viewing
and metrology, Divertor, Diagnostics.
While the program has been continued with FTU and the others scientific and technology facilities, also
introducing innovative development like that related to the liquid lithium limiter, ENEA continued the
design of FAST, the new fusion experiment proposed in view of a robust and effective accompanying
program to ITER and in preparation for DEMO.
ENEA has also an important role for the Italian contribution to the Broader Approach being in charge
for the construction of part of the toroidal magnet and power supply of JT–60SA, as well as the
development of the IFMIF target and advanced materials.
The physics and technology research on inertial fusion has been continued in the frame of the keep in
touch activities within the Euratom program and with the coordination of the Italian effort in the HiPER
research infrastructure.
ENEA is also active in supporting industries in participating to the ITER through an information network
dedicated to the procurement calls.

(Euratom ENEA Association Head of Research Unit)

Aldo Pizzuto

Frascati, December 2009
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1. Magnetic Confinement
Following the very unfortunate 2008 year, the Frascati Tokamak Upgrade (FTU) time devoted to the experimental activity
in 2009 was reasonably high. Experimental activity benefitted of availability close to 75% of the total operation time. A
limited amount of interruptions due to hardware failures occurred as described in the paragraph 1.1.
Liquid lithium limiter (LLL) was routinely used in FTU experimental operations increasing the range of plasma
parameters accessible for high current plasmas with high density. Besides its validity as a plasma-facing component, the
LLL has demonstrated to be a powerful tool in controlling edge plasma conditions thus allowing plasma performances
improvement and profiles optimisation. New ohmic discharges, at IP=0.7–0.75 MA, BT=7 T, ne0≥5×1020m–3, were
obtained confirming the spontaneous transition to an enhanced confinement regime, 1.3–1.4 times ITER–97–L, when
the density peaking factor is above a threshold value of 1.7–1.8. A combination of clean plasma, low recycling–high edge
temperature obtained by LLL and pellets injection allowed shaping FTU L–mode plasma density profiles to match those
expected in ITER scenario 4: in these conditions lower hybrid (LH) waves penetrated the plasma core demonstrating for
the first time a safe path to LH operations in ITER. LH experiments on FTU have also continued aiming at fully assessing
the electron fishbone phenomenology by higher LH power input. The exploitation of electron cyclotron resonance
heating (ECRH) capability in controlling magnetohydrodynamic (MHD) and disruptions continued in FTU and in
collaboration with Axially Symmetric Divertor EXperiment Upgrade (ASDEX–U) team, density limit disruptions
were controlled both by central and at off axis power deposition (close to location of q=2 surface). The theoretical
framework of the general fishbone like dispersion relation (GFLDR) has been applied to construct a solid and systematic
interpretative basis for electron–fishbone and Alfvénic mode observations in FTU. The GFLDR framework has also been
used for implementing an extended version of the hybrid MHD gyrokinetic code HMGC. Applications of this eXtended
HMGC (XHMGC) code range from FTU electron–fishbone to collective excitations of meso–scale Alfvénic fluctuations
in Fusion Advanced Studies Torus (FAST) for which detailed transport analyses have been carried out.
In parallel with the experimental activity, the design of the new fast steerable ECRH launcher has been completed and
the mechanical construction initiated. The overall design has revealed very demanding due to mechanical constraints
imposed in the region of the port aperture limiting the steering possibility of the last fast mirror. An intense activity also
continued in the field of diagnostics. Preliminary simulations confirmed that a detailed information concerning impurities
and plasma transport regimes could be retrieved from the experimental observed soft–x–ray (SXR) tomography when
resolved in energy. A suitable detector for this purpose would be the gas electron multiplier (GEM) gas detector. This type
of detector, firstly realised in the year 2000 in Frascati is nowdays assembled in a new version, with larger active area
(10 cm × 10 cm) and with three amplification stages (triple GEM): its set up and characterization is now in progress. This
activity is characterized by a close collaboration with the INFN laboratory of Frascati and CEA laboratory of Cadarache.
The design of an electro–optical probe for detection of fast dust particles, started in 2008, has been deeply revised and
completed during 2009. The purpose of the diagnostics is to provide a direct proof of the presence in FTU plasma
discharges of hypervelocity dust particles, recording current spikes in the ion saturation current collected by an
electrostatic probe and the associated radiation due to ionization impact. Several other improvements regard the
refurbishment of Bolometry data acquisition system and complete revision of magnetic measurements. Finally, among
other activities a new dual channel spectral monitor has been built to estimate the particle fluxes from the lithium limiter.
As always ENEA contribution to Joint European Torus (JET) activity in 2009 is among the highest with 9.6 ppy, (18% of
the total). The participation was as usual mainly focused in JET EP2 enhancement and in the realization of Advanced
Scenarii experiments also in preparation for the ITER like wall (ILW) scenarios.
It is also worth noting that the load assembly of MULTI–PINCH (designed as a reduced setup to assess and clarify the
most critical points of the PROTO–SPHERA experiment) was delivered and installed in Frascati in December 2009.
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Figure 1.1 – Source of downtime in 2009. Power supplies is the first
cause of delay with 28,3% of the total
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Figure 1.2 – ITM users on the Gateway during 2009 divided by
country

Figure 1.3 – CPUs usage of the
Gateway batch nodes in the early
9 months of 2009
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1. Magnetic Confinement
1.1 FTU Facility

successful daily pulses was 23.80. Table 1.I reports
the summary data. Figure 1.1 reports the source of
downtime in 2009: power supplies (PS) is the first
cause of delay, with 28,3% of the total.

Summary of the machine operation
The experimental campaign started at mid-March
and went on, in spite of some problems, almost
continuously until the end of June. During this
period the problems concerned the rupture of the air
flow compressor of motor flywheel generator
(MFG1) and a short circuit on a cable of MFG1.

Control and data acquisition system. Regarding the
control and data acquisition system (CODAS) the
following activities were carried out:
•

The new PC–based virtualization of the old
VAX4000 is working and a more efficient
reliability is confirmed. Thus, the core of the data
acquisition system, based on the old computer
automated measurement and control (CAMAC)
technology, can efficiently operate in FTU.
• The prototype of a generic data acquisition system
(to replace CAMAC systems) and the
related database configuration have been finalized.
The way to integrate this new concept into several
diagnostics updating is presently under
investigation.
• A detailed design of a new architecture for
real–time systems based on multi–threated
application real–time executor (MARTe)
framework of Joint European Torus (JET) and
real–time networking (RTNet) protocol is being
carried out: this will allow this architecture to be
introduced on FTU and build standard systems
with real–time data exchange.

On the 26th of June the experimental campaign was
closed one week in advance because of the breaking
of a feedthrough of the liquid lithium limiter (LLL)
which caused, as a consequence, an air leak in the
vacuum vessel.
The second campaign started at the end of
September and was characterized by the rupture of
the compressor of MFG1 and an air leak when the
machine was cooled down to the operational
temperature. This leak was quite small and didn’t
affect the experimental campaign.

Fusion Programme

On the 11th of December the experimental
campaign for the year 2009 was closed.
On the whole of 2009, 1773 shots were successfully
completed, out of a total of 1988 performed in 74.5
experimental days. The average number of
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Table 1.I – Summary of FTU operations in 2009
Jan. Feb. March April

May June July Aug. Sept.

Oct.

Nov. Dec. Total

Total pulses (p)

0

0

193

339

411

396

0

0

27

110

162

11

1988

Successful pulses (sp)

0

0

167

302

365

359

0

0

27

93

138

10

1773

0.87

0.89

0.89

0.91

1.00

0.85

0.92

0.85

0.89
99.0

I(sp)=successful/total pulses
Potential experimental days 0.0

0.0

9.0

16.0

16.0

15.0

0.0

0.0

2.0

18.0

16.0

7.0

Real experimental days (d)

0.0

7.5

13.0

14.5

14.5

0.0

0.0

1.5

5.0

12.0

6.5

74.5

0.83

0.81

0.91

0.97

0.75

0.28

0.75

0.93

0.75

0.0

I(ed)=real/potential exp. days
Experimental minutes

0

0

3125

5405

6298 6196

0

0

461

1531 5691 2613 31320

Delay minutes

0

0

1480

2782

2634 2804

0

0

584

1476 1796 1386 14942

I(et)=real/total exp. time

0.65

0.66

0.71

0.44

0.51

A(sp/d)

22.27 23.23 25.17 24.76

18.00 18.60 26.83 21.23 23.80

A(p/d)

25.73 26.08 28.34 27.31

18.00 22.00 29.17 24.92 26.68

0.69

0.76

0.65

0.68

Delay per system (minutes)

Jan.

Feb.

March April

May

June July Aug.

Sept.

Oct.

Nov.

Dec.

Total

%

Machine

0

0

504

255

472

353

0

0

0

870

83

29

2566 17.5

Power supplies

0

0

347

614

490

762

0

0

164

405

602

749

4133 28.3

Radiofrequency

0

0

0

21

19

127

0

0

0

0

23

42

232

1.6

Control system

0

0

14

319

138

181

0

0

0

33

104

158

947

6.5

DAS

0

0

178

189

223

88

0

0

0

0

309

29

1016

6.9

Feedback

0

0

38

262

137

159

0

0

0

0

9

0

605

4.1

Network

0

0

0

47

0

0

0

0

0

0

0

0

47

0.3

Diagnostic systems

0

0

67

48

37

73

0

0

0

8

27

4

264

1.8

Analysis

0

0

206

652

443

657

0

0

0

12

387

316

2673 18.3

Others

0

0

126

63

675

404

0

0

420

148

252

59

2147 14.7

TOTAL

0

0

1480

2470

2634 2804

0

0

584

1131 1796 1386 14630 100

•

The F coil behaviour at low current value is not satisfactory, so that a new control algorithm has been
developed and will be implemented. A detailed comparison will be carried out before adopting the new one.
• In the horizontal control system a dynamic allocator has been implemented to achieve a suitable plasma
elongation in real-time experiments. The experimental tests revealed a successful plasma elongation control.
ITM task force Gateway
The Gateway operations have continued to provide the full–scale support to Integrated Tokamak Modelling–
Task Force (ITM–TF) users, thus allowing them to develop ITM software and data–access facilities. It has been
carried out by means of the Gateway trouble ticket system and direct support by email.
An amount of ≈177 ITM–TF users got a Gateway account in 2009 as depicted in figure 1.2.

The upgrade activity has been carried out involving the base software (operating system, parallel filesystem,
distributed filesystem) and scientific tools as well. The storage data area (SDA) used in 2009 is as follow: 3 TB
for users and software repositories stored under distributed filesystem, 6 TB for simulation data stored under
parallel filesystem. The facility for submitting jobs on ENEA High Performance Computer (HPC) CRESCO
has been delivered with the full documentation accessible on the Gateway website. A new redundant system
was installed in October 2009 which houses several ITM services for collaborative work, such as: Gforge and
Portal. Several European Goal Oriented Training in Theory (GOTiT) meetings were supported by using
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The development & testing activity of the ITM–TF users is reported as CPUs yearly usage of the Gateway
batch cluster in the early 9 months of 2009 and shown in figure 1.3.

Figure 1.5 – a) Spectral broadening of the operating
line frequency in standard regime. Plasma discharge
32164 (toroidal magnetic field: BT=5.2 T, plasma
current: IP=0.36 MA, line–averaged plasma density:
ne_aν≅1.1×1020 m-3). The signal is 10 dB above the
noise level at the frequency of 7997 MHz swiped at
the LH power switch-on time point (t=0.612 s)

a)

Power (dB)

3

Hard-X-ray emission (×10 counts/s)

12
Figure 1.4 – Plot of hard
X–ray from fast electron
Bremsstrahlung (FEB) emission
10
detected on the central
equatorial chord at different
8
plasma densities. The standard
(dashed lines) and high Te_outer
6
(dotted line) regimes are being
considered. Different operating
conditions are utilised in the
4
standard regime: toroidal
magnetic field BT=5.2 Τ and
2
plasma current IP=0.36 MA
Noise level
(red squares), BT=5.9 Τ,
0
IP=0.51 MA (black triangles),
0.5
1.0
1.5
2.0
2.5
BT=7.1 Τ, IP=0.51 MA (blue
Plasma density (1020 m-3)
triangles). The circles and
triangle in green refer to the
high
Te_outer
regime,
performed with BT=5.9 Τ and IP=0.59 MA. The coupled LH power is PLH≈0.35 MW
in all cases but PLH≈0.52 MW in the case indicated by the green triangle. Operating rf
parameters: operating LH frequency f=8 GHz, antenna spectrum peaked at
nPeak≈1.83±0.2, 90° wave-guide phasing (suitable for current drive). Antenna mouth
size: Lz(toroidal)=8 cm, Ly(poloidal)=14 cm
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1. Magnetic Confinement
hardware/software resources of the Gateway as well
as activities supporting the EUropean Fusion fOR
ITER Applications (EUFORIA) project. R&D
activity has been carried out on Inter-operability
between ITM gateway and has been aiming at the
optimal use of: codes, data exchange and user access
as well as joint tools and libraries to facilitate the
creation of community fusion codes.

1.2 FTU Experimental Results
Lower hybrid current drive at densities required for
thermonuclear reactors

Fusion Programme

The ability to drive plasma current non-inductively
in high-density plasmas is essential for producing
steady-state, thermally well insulated, stable and
large volume plasmas of thermonuclear relevance.
ITER (“the way” in Latin), as an example, will have
relatively high densities at the periphery of the
plasma column (ne_0.8≈0.8–1×1020 m–3 at
normalised minor radius r/a≈0.8, where r=a is the
plasma minor radius at the last closed magnetic
surface). The externally launched lower hybrid (LH)
wave, producing the lower hybrid current drive
(LHCD) effect [1.1] is potentially the most suitable
tool for driving current at large radii of fusion
relevant plasmas, consistent with the needs of ITER.
However, although an extensive search has been
performed throughout the last four decades with the
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aim of producing LHCD at high densities, the
plasma-wave interaction signatures resulted to be
much more decreasing than expected at reactor
relevant densities. This behaviour can be possibly
caused by parametric instability (PI) that, when
operating in LHCD experiments at relatively high
plasma edge densities, produces a spectral
broadening of the launched waves so strong to
prevent any penetration into the plasma core. By
numerical investigation of PI, it was also predicted
that non–linear wave-wave interactions are mitigated
when operating with relatively high electron
temperatures at the plasma periphery, thus allowing
for wave penetration into the core of high density
plasmas [1.2].
New experiments have been designed and
undertaken on FTU for assessing this issue.
Experimental results so far have demonstrated that,
when operating with high enough electron
temperature of the plasma edge, LH waves do
penetrate at ITER–relevant high densities. This
occurrence is confirmed by measures of suprathermal electron features, central electron
temperature rise, and change in current density
radial profile (fig. 1.4). Spectral broadening measured
by radiofrequency (rf) probes is markedly smaller
than in reference plasmas with no mitigated PI at the
edge, consistently with theoretical predictions
(fig. 1.5). These results are an important experimental
confirmation of theoretical predictions with a
practical impact on reactor relevant operations, since

8020
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they widely extend the interval of densities in which
the lower hybrid current drive concept was
successfully tested in previous experiments. Further
experiments have been planned on the existing
tokamaks in the world, in order to search for
improving plasma confinement by means of this new
paradigm for current drive in tokamaks.
Fishbone–like internal kink instability driven by
supra–thermal electrons on FTU generated by lower
hybrid radiofrequency power
The processes underlying the excitation of
fishbone–like internal kink instabilities driven by
supra–thermal electrons is analogous to that
connected with fast–ion induced fishbone.
Meanwhile, fast electron perpendicular transport due
to fishbone-like fluctuations is similar to that of
fusion alphas, since both species have small
characteristic orbit size as compared to the device
size; therefore, electron–fishbone is an important
issue for burning plasma research. FTU results have
provided the first evidence of strongly nonlinear
behaviours in connection with electron fishbone
excitations by LH only and show clear evidence of
fast electron redistributions [1.3]. FTU experimental
results suggest that the level of LH power input
controls the transition from nearly steady state non
linear oscillations (fixed point) to bursting electron
fishbone oscillations (limit cycle) and that, in the
bursting regime, the fishbone is an energetic particle
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FTU experiments in 2007 were aimed at studying
fishbone–like modes with slightly reversed q–profile
approaching the condition qmin≈1 and a marginally
over-critical population of fast electrons produced by
LH [1.4]. The results demonstrated the existence of
a threshold in LH power for the observed activity,
located between 0.3 and 0.5 MW, while fast electron
Bremsstrahlung (FEB) data show that the LH–driven
fast electron population is affected by electron
fishbones, when the q-profile meets the condition
qmin≈1.
FTU experiments in 2009 were aimed at fully
assessing the electron fishbone phenomenology by
higher LH power input and different LH power
waveforms, necessary for destabilizing modes at
qmin≥2. High effective supra-thermal electron tail
temperatures will be produced in next FTU
experimental campaigns via electron cyclotron
resonant heating (ECRH)–LH synergy, with the aim
of yielding high pressure gradients for effective
excitation of electron–fishbone in the high frequency
range. The occurrence of electron–fishbone in FTU
is connected with the timing of LH power injection
onset during the current ramp phase. It has already
been possible to couple the available LH power in the
range of 0.3–0.6 MW during the plasma current
ramp-up by adopting a change in the FTU switching
circuit and utilizing the new favourable operation
conditions provided by the lithizated vessel facility.
Next experiments will be aimed at increasing the LH
power (above 0.8 MW), in order to achieve an
effective ECRH–LH synergy.
Control on disruption FTU with ECRH
Further experiments on disruption avoidance by
using localized injection of ECRH have been
conducted using the loop voltage as a disruption
precursor signal for real–time triggering of the
power. In particular, a systematic power scan in
deposition location (rdep) has been performed
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Figure 1.6 – Power deposition
scan in density limit disruptions
in FTU. Ip=0.35 MA, Bt=5.3 T,
PECRH=0.8 MW. Points above
400 ms indicate that the
disruption takes place after the
gyrotron pulse stops. The
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be confirmed by beam tracing
calculations
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Figure 1.8 – The LLL central unit with tungsten as
material for the matt wires of CPS structure, after
plasma exposure
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1. Magnetic Confinement
(PECRH=0.8 MW, 140 GHz, BT=5.3 T) in a low
plasma current scenario (Ip=0.35 MA) chosen in
order to avoid the ECRH cut–off (fig. 1.6). The
results of the scan indicate that disruption avoidance
and complete discharge recovery is only obtained by
application of the power on q rational surfaces, thus
confirming earlier results obtained in FTU (mainly
Mo–injection disruptions) and ASDEX–U (density
limit disruptions) [1.5,1.6]. The absorbed PECRH on
the q=2 surface sufficient to produce avoidance is
PECRH=0.27±0.1 MW. At high density refraction
causes a bending of the beam and, therefore, when
gas puffing is not stopped and the density still
increases, rdep may deviate from the mode
localization rmode with a consequent mode growth
and disruption. Moreover, a disruption occurs
immediately after the end of ECRH pulse (max
ECRH pulse duration is 0.5 s), if the density is still
at/above the Greenwald limit. Despite these
limitations, disruption avoidance is clearly obtained
when a rational surface (fig. 1.6) is heated by ECRH,
while the disruption evolution is not modified when
the power is deposited inside or too far outside the
rational surfaces.
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Liquid lithium limiter experiment
On FTU, experiments are in progress with a LLL
with a capillary porous system (CPS) [1.7] to
investigate important physical and technological
issues related to the use of liquid metals as plasma
facing materials. Up to now, with LLL inserted,
plasma currents and magnetic fields in the range
Ip=0.5–0.75 MA, BT=4.8–7.2 T have been
investigated. It has been found that the Greenwald
limit has been passed with strongly lithized walls, in
presence of MARFE and for discharges with q>5. In
particular at Ip=0.7 MA and BT=7.2 T, the record
line average density for FTU of 4.0×1020 m–3 has
been achieved, by only gas puffing, thus exceeding
the Greenwald limit by about 30% (fig. 1.7).
furthermore, extremely peaked density profiles have
been obtained at very high density. Taking into
account the recent 2009 experimental results, the
lithium peaked density plasmas display an increased
average value of H97 (enhancement of the ITER97
L–mode scaling of energy confinement time) factor
of about 1.25 as compared to 0.92 of the old
database. The confinement time dependency on
lithium discharges density follows the general trend

60

a)

40

Figure 1.9 – Boundary conditions for steering mirror
allowed conditions a) and allowed launched angles b)
when the main geometrical and physical constraints
are considered
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The new ECRH launcher

First experiments with D2 pellets injection in ohmic
lithium plasmas (Ip=0.5 MA, BT=6 T) have shown
that the density relaxation time after pellet injection
was longer by about a factor 2 as compared to not
lithized discharges.
From the technological point of view, very good
indications were obtained from the use of LLL under
high heat fluxes up to 5 MW/m2 by shifting the
plasma directly on the LLL surface for about 300 ms.
In these experiments, a further progress in
technology has been made by changing stainless steel
with tungsten as material for the matt wires of CPS
structure. A better performance of this material has
been evidenced by the absence of any damage
(fig. 1.8) and loss of operating capability up to
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All the principal mechanical components have been
tested on a mock up of the launcher in order to verify
the required steering speed (1 cm in 10 ms on vertical
axis: 1.6°/10 ms in poloidal direction). The result of
the test is in figure 1.10, where the response by the
positioning system to a step of 0.5° and 1° in poloidal
directions is reported.
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of the old FTU data base characterized by a
transition from linear ohmic confinement (LOC) to
saturated ohmic confinement (SOC) regime but
displaying a higher saturation level of 70 ms instead
of the former 50 ms. At high density, the radial
density profiles of lithium plasmas appear to be
similar to those of pellet fuelled discharges, thus
indicating that both particle transport and sources
seem to be strongly modified by the presence of
lithium.

The design of the new fast steerable ECRH launcher
has been completed and the mechanical construction
initiated. The detailed analysis of the available
launching angles has been carried out in order
to define the achievable angular range of the new
system. In fact, mechanical constraints in the region
of the port aperture limit the steering possibility
of the last fast mirror. The steering mirror position
can be defined by the two rotation angles θ and φ,
which correspond to poloidal and toroidal
movements around rotation axes. For a
given position of the steering mirror, the two
launched beam angles α (poloidal) and β (toroidal)
have been calculated by using the (fixed) incident
wave vector kin. The resulting boundary space of the
allowed parameters for the output angles is shown in
figure 1.9. In particular, forbidden angles are given
by collision of the mirror with port side walls, and
spillover of the incoming beam from the edges of the
mirror.
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1. Magnetic Confinement
The tests performed have demonstrated the
possibility to obtain the dynamic performance
requested by the magnetohydrodynamic (MHD)
control experiment, which is the main purpose of the
new ECRH fast launcher. The new system has been
especially designed to test one of the MHD control
algorithms likely to be used on ITER.

Fusion Programme

A new soft–x–ray tomography with energy
discrimination capability
The spectrum emitted by the plasma in the
soft–x–ray (SXR) range below 30 keV (i.e., the
spectrum acquired in a tomographic plasma
diagnostic) has been simulated by solving the
ionization equilibrium (IE) equations [1.8], for a
chemical composition of low and medium Z
impurities contained in the plasma. Preliminary
simulations confirmed that a lot of information
concerning impurities and plasma transport regimes
are contained in the SXR emission. Unfortunately
most of the information cannot be retrieved from the
experimental observations, because the SXR
tomography systems used so far integrate in all the
SXR range. Moreover, accurate simulations have
shown that the SXR profiles, once the emissivity is
integrated in different and ad hoc selected energy
bands, are highly representative of one impurity at a
time, and that the pattern of each impurity is
spatially well localized (fig. 1.11) (integration in
different bands is performed in order to separate the
power emitted as leading line radiation from the one
emitted as a continuous spectrum). If we could
reconstruct the radial distribution of at least one or
two of these impurities, we could also assess the
transport properties of the discharge.
This project looks promising, so that the preliminary
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objective for the construction of an energy resolved
tomography is to identify a suitable detector. A
possible candidate is the gas electron multiplier
(GEM) gas detector. GEM is a 2–D camera for SXR
imaging, working in photon counting with only
statistical noise, high counting rate per pixels (order
of MHz/mm2) and high detection efficiency. In the
year 2000 a prototype of GEM detector has been
carried out in Frascati [1.9] and tested on FTU in
collaboration with National Institute of Nuclear
Physics (INFN) Pisa. Most of the features and
potentialities of GEM were assessed, and the
capability of the detector to measure spectra has
been also demonstrated [1.10] (fig. 1.12). Nowadays
this detector is being assembled in a new version,
with larger active areas (10 cm×10 cm), with three
amplification stages (triple GEM), and is expected to
be more stable and immune to back ground
radiation: neutrons, gammas, hard–X. Highly
integrated front end electronics will also allow for a
better
shielding
against
electromagnetic
disturbances. The set up and characterization work
of this detector is now in progress. The whole of this
activity is being performed in collaboration with the
INFN laboratory of Frascati (LNF) and
Commissariat à l'Energie Atomique (CEA)
Cadarache, under the auspices of European Fusion
Development Agreement (EFDA) (WP2010).
New diagnostics for dusty plasmas
The project of an electro–optical probe for detection
of fast dust particles, started in 2008, underwent
deep revision throughout 2009. The diagnostics
purpose has been to provide direct proof of the
presence in FTU plasma discharges of hypervelocity
dust particles, impinging on plasma facing
components (PFC) at a velocity larger than the sound

L. Gabellieri et al., Proceedings of the 36th EPS
Conference on Plasma Physics (Sophia 2009), ECA Vol.
33E (2009) P–4.201

[1.9]

D. Pacella et al., Nucl. Instrum. Meth. Phys. Res. A 508,
414–424 (2003)

design and acquisition of new systems and revision
and commissioning of the existing ones.
Bolometry. The total energy lost by the plasma is
measured by 2 arrays of bolometers along the
vertical and horizontal directions (16 channels each).
The detectors are sensitive to contribution from
escaping particles and radiation from a broad
spectral band (0.1<λ<200 nm). The sensitive element
of each detector is a 6 mm2×4 μm gold foil, whose
temperature varies according to the impinging power
and induces variations in the foil resistivity. The foil
resistance is measured in comparison to a second foil
(not exposed to the plasma radiation) in an electric
bridge. To avoid errors due to drifts in the foil’s
temperature the bridge is balanced shortly before
each new shot, the signal is amplified and acquired
on a CAMAC analog to digital converter. Due to
ageing of some components and obsolescence of the
electronics, the system is now being fully refurbished.

[1.10] D. Pacella et al., Rev. Sci. Instrum. 77, 043702 (2006)
[1.11] C. Castaldo et al., Nucl. Fusion 47, L5 (2007)
[1.12] S. Ratynskaia et al., Nucl. Fusion 48, 015006 (2008)
[1.13] P.K. Shukla, B. Eliasson, Rev. Mod. Phys. 81, 25 (2009)
[1.14] G.E. Morfill, A.V. Ivlev, Rev. Mod. Phys. 81, 1353 (2009)

velocity in the target. Signatures of their presence,
namely current spikes in the ion saturation current
collected by an electrostatic probe, interpreted as an
effect of a local ionization, associated with impact
craters observed by scanning electron microscope
(SEM) on the probe tip, were observed in FTU
during the 2006 campaign [1.11,1.12].The rate of
such events suggests that fast particles are potentially
harmful for fusion reactors, as they might
significantly contribute to wall erosion. For this
reason, this subject of research received great
attention [1.13,1.14], and the development of a
dedicated diagnostics was supported both by
Research Programmes of National Interest (PRIN)
national and European (baseline and priority support
under EFDA task on plasma–wall interaction (PWI)
fundings. Electro–optical probes can reveal dust
impact ionization events by detecting the
simultaneous occurrence of spikes in the ion
saturation current signal vs time and light flashes in a
narrow wavelength range of an interference filter
centred on a line emission of the target material.
The main focus of the research activity for the
diagnostic design was to evaluate the photon rate
expected (based on a modelling of the expanding
cloud of the atoms/ions produced by the impact)
as compared to the plasma background emission in
the same wavelength range. Preliminary results
for tungsten probes with line emission at about
409 nm, indicate that a safer design should avoid the
direct plasma background emission by reducing
the optics field of view. A final design review
is expected to be completed by the end of
April 2010.
Diagnostics development
FTU diagnostics have been upgraded through the
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The new system is based on an analog front–end and
a field programmable gate array (FPGA) based
digital system.
The analog front end drives the bridges of the
bolometer, subtracts the offset and amplifies the
useful unbalanced signal. The data are digitalized
and sent to the digital elaboration system, which
performs the accurate measurement of the
unbalanced signal by using vector elaboration
techniques. The digital system synthesizes also the
four AC components to drive the bolometers bridges;
it also totally controls the analog amplification and
offset removal of the analog front–end. Acquired
data are communicated to an acquisition PC through
an ethernet connection, the system can be remotely
controlled in all its functions from the acquisition PC.
The design of the electronics is done in the
laboratory and will be ready for the first set of
16 channels at the end of 2010.
Magnetic probes and equilibrium reconstruction.
Several actions were taken in order to improve the
equilibrium reconstruction:
a. The equilibrium reconstruction code ODIN has
been modified: the old version was only able to
compute the equilibrium by using a predefined set
of magnetic sensors, which coincided with those
mounted on a particular physical sector of the
torus. Now, assuming the toroidal symmetry as a
good approximation, the new version can use an
arbitrary and freely configurable set of magnetic
sensors, independently on where they are
physically placed on the machine. Therefore it is
now possible to refine the equilibrium
reconstruction in those cases where, for example,
some hardware problems have occurred in one or
more sensors, by simply replacing them with the
corresponding symmetric sensors from another
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sector. Figure 1.13 shows an example of such
refinement: in this case a hardware fault on
saddles 13 and 14 from sector 4 prevented a
correct reconstruction of the magnetic axis (green
line); after replacing those saddles with the
equivalent ones from sector 10 the reconstruction
is now far better (blue line)
b. A tool for continuously monitoring the status of
magnetic diagnostics during experimental
campaigns has been developed and put in
operation. By using virtual shots with only a
vertical field at the beginning of each
experimental session, the operators can
immediately verify the correspondence between
the signals measured and the expected ones, thus
checking the correct calibration of magnetic
diagnostics.
Motional Stark effect. The knowledge of the
magnetic field profiles in a tokamak is absolutely
necessary for the theoretical modeling of plasma
equilibrium and stability. A good technique for
obtaining the pitch angle γp=tan–1(BP/BT), where BP
and BT are the poloidal and the toroidal field (TF)
respectively, is based on the polarimetric analysis of
the motional Stark components of the
doppler–shifted spectrum emitted from a neutral
beam injected in the plasma. The motional Stark
effect (MSE) measurement system installed on FTU
makes use of a neutral beam which can inject
hydrogen atoms perpendicularly to the toroidal
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magnetic field with energy up to 40 keV and
equivalent current of 1 A through an equatorial port.
The collecting optics is placed in the same port, as
shown in figure 1.14.
To the purpose of optimizing the angle between the
beam direction and the line of observation (both are
within the same poloidal plane), the line of flight of
the injected atoms is inclined by 8° with respect to
the horizontal plane (the maximum allowed due to
mechanical constraints). The beam–emitted
radiation is collected by two identical optical systems,
composed each by two multilayer dielectric mirrors
followed by a set of lenses used to transfer the image
outside the FTU vacuum vessel, where the
polarization analyzer is located. The upper system is
used to analyze the radiation coming from regions
close to the plasma center, the lower one to look at
more peripheric regions. In order to insulate the
dielectric mirrors and the transfer optics from the
vacuum region, they are placed inside a vacuum tight
container inserted into the FTU port.
The external optical system is composed by a mirror,
a couple of photoelastic modulators (PEM)
characterized by different resonant frequencies
(ω1=42 kHz, ω2=47 kHz), a polarizer and an
objective which forms the image of the neutral beam
on a plane (image plane) where a fiber optics bundle
collects the light and transfers it to the detection unit.
The bundle is composed by 20 fibers of 1.2 mm

Figure 1.16 – Fourier transform of the output signal
of the detector unit 9 for the shot 30506

Figure 1.17 – Typical
signals in a FTU
discharge
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Figure 1.18. Dust production
on FTU, recorded with: a)
standard rate a (50 fr/s)
video camera, b) a fast rate
video camera (2000 fr/s)
(preliminary setup)

The MSE measurement system was tested for the
first time on the FTU plasma during the
experimental campaign of 2007. It was shown that
the influx of hydrogen during the neutral beam
injector (NBI) operation does not disturb the basic
FTU vacuum and has no effect on the formation of
the discharge. Furthermore, the beam injection has
no effect on the plasma stability.
Preliminary measurements on FTU plasma clearly
show a variation of the doppler–shifted Hα signal
during the injection of the beam, which has a
duration of 20 ms. The evolution of the output
signals of the detector units 4–9 for the shot 30504 is
shown in figure 1.15. The polarized components of
these signals are characterized by a modulation at the
two PEM frequencies. This information is very
important since it is possibles to demonstrate that, for
the geometry adopted for the collecting optic system,
the measured pitch angle is given by
γm=0.5 tan–1(I2ω /I2ω ), where I2ω and I2ω are the
2
2
1
1
intensities of the detected signal at the frequencies
2ω2 and 2ω1 respectively. The two amplitudes I2ω
2
and I2ω can be determined by the using Fourier
1
analysis of the digitized PEM outputs. An example
of this approach is shown in figure 1.16, where the
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Fourier transform of the output signal of the detector
unit 9 (R=118.5 cm) is reported for the shot 30506,
showing two peaks at the frequencies 2ω1 and 2ω2.
Lithium monitor. In order to estimate the particle
fluxes from the lithium limiter, a new dual channel
spectral monitor has been built. The optical system
images exclusively the Li limiter area in order to
avoid any contributions from the vessel or
molybdenum limiter. The Li I line @ 670 nm and the
Hα line @ 656.3 nm are taken as representatives of
the Li and H flux. The spectral selection is
performed by two interference filters with
ΔλFWHM=±0.15 nm full width at half maximum
(FWHM)
The two channels have been calibrated absolutely
against a standard reference. Figure 1.17 shows a
typical signal from an FTU discharge with the Li
limiter inserted, illustrating significantly different
time behaviours.
Fast videocameras. The video imaging system of
FTU will be implemented through the addition of a
slow motion camera, which can acquire at frame
rates up to 3600 frames/sec at full resolution (faster
acquisition rates can be obtained by reducing the
number of pixels). The camera is suitable to study
fast transient phenomena, such as disruptions; it can
also follow in greater detail the behaviour of dust
particles. An example of dust production in FTU is
reported in figure 1.18.
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diameter each, arranged in 5 rows; each of them
corresponds to one detector unit. In this way, 5
channels for each optical system were established.
The values of the major radius R for the 10 available
channels are reported in Table 1.II.
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Figure 1.19 – Experimental
apparatus for dust diagnostic studies

1. Magnetic Confinement
Due to its dimensions, the camera cannot be
mounted inside the port (as it happens instead for the
already existing ones). This could be a limit to the
field of view of observation due to the relevant
distance from the plasma (the port measures 1.5 m in
length): to reduce this restriction, the camera will be
equipped with a coherent fiber bundle which will
bring the observation point close to the plasma.
On the same Port for fast video observation, it will be
possible to observe the limiter simultaneously with a
fast spectral polychromator, in order to study the
impurity emission during disruptions.

port #3 (EQ#3) of ITER, is now available. A study
also started with the aim of determining the optical
figures of the periscope at a wavelength λ=468.6 nm,
useful for the CXFIM application, where the CX
light from the heating beam #4 is detected over a
minor radius.
Diagnostics for dust mobilization measurement.
Previous data, relating to the diagnostic systems used
in the past to detect the dust inside the vacuum vessel
and its behaviour have been reviewed. In the design
of the test device, it has been chosen to use a laser
illuminator and a fast camera to give a picture of the
dust presence in a section of the test cell, to the
purpose of a stochastic analysis.

Diagnostics for ITER

Fusion Programme

The programme on developing diagnostics for ITER
has continued, in collaboration with Institute of
Plasma Physics (IFP) – National Research Council
(CNR) Milan, National Laboratory for Sustainable
Energy (Risø), Milan Polytechnic, Troitsk Institute of
Innovative
and
Thermonuclear
Research
(TRINITI), Forschungzeuntrum Julich (FZJ),
Princeton Plasma Physics Laboratory (PPPL), under
the advice of ITER Organization (IO), Fusion for
Energy (F4E) and International Tokamak Physical
Activity (ITPA) Topical Group (TG) on Diagnostics.
Main achievements in 2009 were related with the
charge exchange fast ion monitor (CXFIM), dust
detection and refractometry, to measure the line
integral of plasma density.
Charge exchange fast ion monitor. A collaboration
with the US agency for ITER diagnostics has started:
the optical project of the MSE periscope
implemented by US laboratories, on the equatorial
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The experimental apparatus is shown in figure 1.19:
it consists of a glass vertical cylinder, with a dust
dispenser for free falling particles, a standard frame
video camera and a green laser to optimize the
optical performance. Tests with talc particles have
been done and reasonable agreement with calculated
fall velocity has been found.
As next steps, the experimental apparatus for the
measurement of the main parameters in the dust
mobilization will be implemented with a fast camera
to allow for efficient particle tracing and
identification in conditions of fast flows (≈300 m/s).
The dust behaviour shall be traced also in
sub–atmospheric conditions. Statistical analysis of
dust images taken during controlled mobilization
tests is the final goal of this work.
The FTU new refractometer. A new time of flight
refractometer (TFR) has been designed and build by
the SPHERAtech company (Russia), with two
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Figure 1.20 – FTU topology resonances and cut-offs
close to the fundamental EC resonance (fce). Both
modes of the wave propagation, ordinary (O) and
extraordinaty (X), have the EC resonance. The
O–mode (red line) has only the plasma cut–off (fpe)
while the X–mode (blue line) has the left (fL) and the
right (fR) cut–off. The shadow area is the transmission
band for the X–mode, delimited by fce and fL
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1.3 Plasma Theory
The main focus of theoretical research activities has
been the investigation of complex behaviours that
are characteristic of burning plasmas, concentrating
on issues that go from fundamental dynamics to their
applications to experimental observations in present
day experiments, connecting them with the use of
advanced numerical simulations exploiting the most
modern massively parallel architectures for high
performance computing. All these theoretical
research efforts have significantly impacted on the
Fusion Advanced Studies Torus (FAST) conceptual
design; those activities that were specifically carried
out within the framework of this project have been
summarized in the specific FAST section.

In Figure 1.20, the FTU topology of electron
cyclotron (EC) harmonics and O–and–X modes
cut–offs is shown. FTU parameters were taken as
follows: R=0.935 m, a=0.3 m, BT=5 T, Ip=0.5 MA,
Te=1.5 keV, ne(0)=1×1020 m–3. The transmission
window between the left cut–off (fL) and the
cyclotron resonance (fce) for the X–mode can be used
for the refractometry (shadowed area in fig 1.20). In
FTU, for central density of the order of 1×1020 m–3,
the frequency band is 50–110 GHz. This frequency
band has the following advantages: the vacuum
vessel can be used as a retroreflector and the metallic
horns are the only elements facing the plasma. This
fact could be crucial for ITER application. The
measurements comparison at two different
frequencies can give an estimation of the α
parameter, as well as the average density. The new
instrument will be installed in FTU in July 2010.
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Several activities are being pursued in the framework
of international collaborations with University of
California at Irvine (UCI), and the Institute for
Fusion Theory and Simulation (IFTS) – Zhejiang
University (ZJU), Hangzhou (China), namely: a
coherent nonlinear description of the self–consistent
spatiotemporal evolution of drift–waves (DW) and
zonal–flows (ZF), the theoretical formulation
underlying the description of linear dispersive
properties of geodesic acoustic modes (GAM) and
their kinetic counterpart (KGAM), and the
behaviour of pressure gradient driven Alfvén
eigenmodes in the second ideal MHD stable domain.
Benchmarking
activities
of
the
hybrid
magnetohydrodynamic gyrokinetic code (HMGC)
are being carried on within the framework of the
ITPA TG on energetic particle physics, while the
development and testing of a completely new version
of HMGC, solving the fully compressible gyrokinetic
energetic ion dynamics in general geometry, has
progressed further. Furthermore, international
collaborations on high performance computing have
lead to the implementation of an eXtended version
of HMGC (XHMGC), based on a set of equations
for studying plasma dynamics, valid within the
frequency range from kinetic ballooning mode
(KBM) to toroidal Alfvén eigenmode (TAE).
Fundamental properties of LH wave interactions
with burning plasmas have been investigated with
Hamiltonian perturbation theory methods and with
a full wave equation approach, for investigating wave
propagation properties in regions with sharp density
gradients, such as those characterizing the H–mode
plasma edge.
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frequencies (51.5 GHz and 60.5 GHz) combined on
the same output waveguide. A system with a single
frequency has already been tested in T–11 M and
FTU Tokamaks [1.15], with encouraging results.
However, when the carrier frequency is closer to the
plasma cut-off frequency, as it is in FTU and ITER,
the measurement sensibly deviates from the simple
line integrated density value, and some corrections
ought to be made. The new system uses two different
frequency carriers and provides for a second
measurement that can be used to assess the density
peaking factor and restore the correct value of the
line integrated density, once regular density profiles
have been assumed (n(r)=n(0)[1–(r/a)2]α where n(0)
is the central plasma density, α the peaking factor of
density profile and a the plasma minor radius).
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Figure 1.21 – Collision between two different DW-ZF
solitons, where A1=0.002, kxρs=0.3 and A2=0.0003,
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Figure 1.22 – DW turbulence spreading in the presence
of growth or damping, dissipation and finite system size
effects

1. Magnetic Confinement
Nonlinear dynamics studies have focused on
pseudo–chaos and low-frequency percolation scaling
for turbulent diffusion in magnetized plasmas as well
as on characterization of complex dynamics and
fishbone instability for self–organized critical
systems.
Finally, with emphasis on broader applications and
implications of plasma physics, its role in the
morphology of accretion discs has been addressed in
collaboration with the University of Rome “La
Sapienza” and International Center for Relativistic
Astrophysics Network (ICRANet).

Fusion Programme

Radial spreading of drift–wave–zonal–flow
turbulence via soliton formation
The self–consistent spatiotemporal evolution of a
DW radial envelope and ZF amplitude has been
investigated in a slab model [1.16] (in collaboration
with the UCI and the IFTS–ZJU). The stationary
solution of the coupled partial differential equations
in a simple limit yields the formation of DW–ZF
soliton structures, which propagate radially with
speed depending on the envelope peak amplitude.
Additional interesting physics, e.g., the generation,
destruction, collision (fig. 1.21, where the radial
coordinate is in units of the ion Larmor radius at the
sound speed and time is in units of the inverse
diamagnetic frequency) and reflection of solitons, as
well as turbulence bursting can also be observed due
to the effects of linear growth or damping,
dissipation, equilibrium non-uniformities and soliton
dynamics.
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The propagation of solitons causes significant radial
spreading of DW turbulence, and therefore can
affect transport scaling with the system size by
broadening of the turbulent region (fig. 1.22). The
correspondency of the present analysis with the
description of DW–ZF interactions in toroidal
geometry has also been discussed.
Collisionless damping of short wavelength geodesic
acoustic modes
The collisionless damping of GAM excited in the
large safety factor (q) region of a tokamak plasma has
been investigated (in collaboration with the UCI and
the IFTS–ZJU) also taking into account the effects of
finite ion Larmor radius and guiding–center drift
orbit width as well as parallel electric field
contributions [1.17]. A corresponding analytical
expression for the damping rate including
higher–order harmonics of ion transit resonances
has been systematically derived and agrees well with
the numerical results in its validity regime, as it is
shown in figure 1.23. Due to the important effect of
finite thermal ion orbit size, this work provides the
essential elements for the description of linear
dispersive properties of kinetic GAM (KGAM)
[1.18].
Theory of pressure–gradient–induced Alfvén
eigenmodes
In the second MHD ballooning stable domain of a
high–beta tokamak plasma, the Schrödinger
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After a review of the physics of ideal MHD αTAEs,
the first part of the study examined the effect of FLR
terms in the absence of kinetic compression [1.20].
The effect of FLR on the Schrödinger potential,
eigenfunctions and eigenvalues has been described in
detail by using parameter scans.
These results provided the starting point for the
second part of the study, where the excitation of
Alfvénic instabilities was examined in the second
MHD stable domain in the presence of a thermal ion
temperature gradient (ITG) [1.21].
This was achieved through the use of linear
gyrokinetic particle–in–cell simulations of a local ﬂux
tube in shifted–circle tokamak geometry. The
instabilities in the second MHD stable domain were
identified as αTAEs driven by wave–particle
resonances. The effects of kinetic thermal ion
compression were examined in detail: both
non–resonant coupling to ion sound waves and
wave–particle resonances. It was shown that the
Alfvénic ITG [1.22] instability thresholds (e.g., the
critical temperature gradient) are determined by two
resonant absorption mechanisms: Landau damping
and continuum damping [1.21].
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The numerical results are interpreted on the basis of
a theoretical framework previously derived from a
variational formulation [1.23]. The present analysis
of properties and structures of Alfvénic ﬂuctuations
in the presence of steep pressure gradients applies for
both positive and negative magnetic shear and can
serve as an interpretative framework for
experimental
observations
in
(future)
high–performance fusion plasmas of reactor
relevance.
ITPA benchmarking activity using HMGC
The hybrid MHD–gyrokinetic particle in cell code
HMGC has been tested in the framework of the
benchmark activity proposed by the ITPA topical
group on energetic particle physics. In particular, the
shear Alfvén mode stability of a model equilibrium
characterized by aspect ratio A=R0/a=0.1, safety
factor profile q(s)≡1.1+0.8116 s2.39, with
s≡(1–ψ/ψ0)1/2, zero bulk plasma beta βbulk=0, and
normalized
bulk
ion
density
profile
ni(s)/ni0=[q0/q(s)]2, has been analyzed in the
presence of an energetic particle distribution
function given by F(Pφ,E)=(mH/2πTH)3/2 nH0
exp(k mHcPφ/eH|ψ0|) exp(-E/TH), with TH=TH0
and Pφ=–(eH/mHc) |ψ0| s2 + v R (here E is the
energy of the energetic particles, Pφ is the toroidal
canonical angular momentum, v is the parallel
velocity, ψ is the poloidal magnetic flux function).
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equation for ideal MHD shear Alfvén waves has
discrete solutions corresponding to standing waves
trapped
between
pressure–gradient–induced
potential wells. Our goal was to understand (in
collaboration with the UCI) how these so–called
α–induced TAE [1.19] are modiﬁed by the effects of
ﬁnite Larmor radii (FLR) and kinetic compression of
thermal ions in the limit of massless electrons.
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1. Magnetic Confinement
Figure 1.24 shows the frequency spectrum and the
mode structure for the electrostatic potential vs
s=r/a, during the linear growth phase of the
simulation, for k=2, nH0/ni0=0.002 and three values
of vH0/vA0= (TH0/mH)1/2/vA0 (vA0 is the Alfvén
velocity at s=0).
A transition from a regime dominated by weakly
growing gap modes to a regime dominated by a
fast–growing energetic particle mode (EPM) is
observed as vH0/vA0 increases.
A new hybrid MHD–gyrokinetic code

Fusion Programme

The development of the new hybrid MHD
gyrokinetic code for the simulation of nonlinear
interactions between Alfvén modes and energetic
ions has continued in 2009. The code is suitable for
studying general high–pressure (high β) axisymmetric
equilibria, with perturbed electromagnetic fields fully
retained. The general gyrokinetic ordering, k⊥ρH≈1
(with k⊥ and ρH the perpendicular wave vector of the
fluctuating fields and the energetic ion Larmor
radius, respectively), is also assumed. The energetic
ion dynamics is obtained by solving the gyro–centre
equations of motion expanded up to order O(ε2) and
O(εεB), where ε is the gyrokinetic ordering
parameter (ε≈ρH/Ln, with Ln the equilibrium
density scale length) and εB≈ρH/LB<ε the ratio
between the ion Larmor radius and the equilibrium
magnetic field scale length LB.
The code is built by interfacing an equilibrium
module (a modified version of the CHEASE code
[1.24]), a MHD module (an initial–value version of
the original eigenvalue MHD stability code MARS
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[1.25], adapted for the computation of the perturbed
scalar and vector potentials, besides the perturbed
magnetic and velocity fields) and a gyrokinetic
particle–in–cell module (yielding the energetic ion
pressure tensor substituted back to the MHD solver).
The different modules have been tested, both
separately and in the assembled versions [1.26]. In
particular, testing the energetic particle motion in a
JET–like equilibrium has motivated a refinement of
the pushing algorithm: for each particle, the time step
can be divided in a suited number of sub steps in
order to get sufficient accuracy in describing the
particle orbit. In figure 1.25, typical energetic
particle orbits in the equilibrium fields are shown in
the poloidal cross-section.
The self–consistent evolution of the coupled
MHD–Gyrokinetic system is under testing.
Development and implementation of the XHMGC
hybrid code
The theoretical framework [1.23] for the general
fishbone like dispersion relation (GFLDR) has been
adopted for extending the hybrid model used in
HMGC (in collaboration with UCI, the US Scientific
Discovery trough Advanced Computing (SciDAC) on
gyrokinetic simulation of energetic particle
turbulence and transport (GSEP) Project and
IFST–ZJU). Within this framework, a set of
equations for studying plasma dynamics has been
given, valid within the frequency range from KBM
and/or beta induced Alfvén eigenmode (BAE) to
TAE [1.27]. An extended hybrid MHD–gyrokinetic
simulation model has been derived analytically by
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Figure 1. 25 – Energetic particle orbits in a JET–like
equilibrium configuration

taking into account both thermal ion compressibility
and diamagnetic effects in addition to energetic
particle kinetic behaviours. For convenience of
implementing the new numerical scheme, the total
perturbed particle distribution function, δf, instead
of the non-adiabatic particle response, δK, as in the
original theoretical treatment, has been calculated
and solved numerically. Meanwhile, with cold
electron assumption and ignoring finite thermal ion
Larmor radius, ideal MHD parallel Ohm’s law can
be readily recovered. In general, the new version of
HMGC can have two species of kinetic particles. On
one hand, one can use XHMGC for investigating
thermal ion kinetic effects on Alfvénic modes driven
by energetic particles. In this case, energetic particle
dynamics contribute in the ideal MHD region; while
wave–particle resonances with core–plasma ions are
important only in a narrow layer (the inertial layer)
centered about the mode rational surface, where the
dynamics of energetic particles can be neglected
[1.28] due to their large perpendicular orbits
(compared to the layer width). On the other hand, it
may be interesting to use XHMGC as a tool to
simulate two coexisting energetic particle species,
generated e.g. by both ion cyclotron resonance
heating (ICRH) and NBI heating, in order to study
linear excitation of Alfvénic fluctuations and EPM
[1.29], as well as the interplay between the respective
nonlinear physics. These features of XHMGC are
very relevant for investigating kinetic effects of
meso–scale fluctuations in reactor relevant plasma
conditions as well as for analyzing the properties of
plasma scenarios in FAST.
An “internal” antenna “excitation” was
implemented in XHMGC, which is a tool to excite
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damped eigenmodes. It can give an accurate
measurement of the real frequency and characterize
the mode structure, which can provide a reliable
verification of simulations of energetic particle
excitation of TAE, reversed shear Alfvén eigenmode
(RSAE) and BAE.
Hamiltonian perturbation theory applied to lower
hybrid wave propagation in burning plasmas
The application of LH heating and current drive to
next generation tokamaks is mainly aimed at
studying the physics of burning plasmas and plays a
crucial role in the plasma profiles control and
internal transport barrier formation. In some cases,
owing to the particular density profiles near the
separatrix, the accessibility of the wave may limit the
propagation within an external plasma corona with a
poor radial penetration. The numerical integration
of the ray–tracing equations in this case is a
long–path integration, which can be relevant for
studying the evolution of the parallel wave number in
the plasma periphery and the possible corresponding
up–shift and wave absorption. It has been
demonstrated that the Hamiltonian ray–tracing
equation system, which describes the wave trapping
between the central reflection and the cut–off points,
is analogous to the harmonic oscillator dynamical
system. The non–linear character of the system and
its non–integrability, due to the presence of two or
more degrees of freedom, might lead to Hamiltonian
chaos. These aspects have been studied by producing
phase portrait plots, Poincare maps, and computing
numerically the Lyapounov exponents, thus
elucidating some interesting features of LH
propagation in the external plasma region. As an
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1. Magnetic Confinement
example, we show in figure 1.26 the phase portrait of
the 2 degrees of freedom dynamical system
characterizing the peripheral propagation of the LH
wave. As is readily recognized, the introduction of
the second degree of freedom, as a perturbation of
the one–dimensional integrable dynamical system,
produces a quasi-periodic motion without chaotic
behaviour.

Fusion Programme

Propagation and absorption of lower hybrid waves
in H–mode plasma with very sharp pedestal density
gradient
The propagation of the LH waves in H–mode
plasmas, typical of JET H–mode or ITER, is studied
in the vicinity of the density pedestal, where a sharp
density gradient may occur. In this condition, the
propagation of the LH waves, which is usually
studied by solving the ray tracing equations (relying
on the WKB approximation of the Maxwell wave
equation’s), must instead be analyzed by a full wave
approach, owing to the breakdown of the WKB
approximation. The full wave equation is solved
analytically and numerically in 1D cylindrical
geometry. The analytical solution, based on the cold
electrostatic limit of the wave equation in a thin slab
around the density jump, is matched with the WKB
solution far from the jump, and can be used to
establish the rules of reflection–transmission of the
wave across the jump. The numerical solution is
based on the solution of the full cold electrostatic
wave equation without any approximation and is
compared with the analytical solution. Two different
regimes (and solutions) have been found, depending
on the wavelength ordering: the first regime applies
when λ>>(1/2 dn/dx)–1 (tunneling solution), while
the second one is characterized by λ≈(1/n dn/dx)–1.
Applications to ITER and JET H–mode have been
studied.
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Pseudochaos and low–frequency percolation scaling
for turbulent diffusion in magnetized plasmas
The issue of anomalous low-frequency scaling,
dubbed the “percolation” scaling, for fluctuation
induced transport in magnetized plasmas was raised
in [1.30]. In reference [1.31], the key physics
properties behind the percolation scaling of the
turbulent diffusion coefficient have been discussed in
the context of Hamiltonian approach, random walk
models, and fractional derivative equations. The
reported deviation [1.30] from the Bohm scaling is
associated with the peculiar role that topology of
phase space plays in dictating the basic transport
properties. In the typical situation of multi–scale
turbulence with a broad power–law wave–vector
spectrum the phase space available to the transport is
shown to correspond to a low–dimensional structure
with fractal geometry. Consistently with this, the
transport is attributed a pseudochaotic [1.32], rather
than a normally chaotic, character. A simplified yet
relevant toy model for analyzing and interpreting the
scaling laws for the transport has been obtained in
terms of the random walks on percolation systems
(i.e., the “unbiased ant in the fractal labyrinth”
model) [1.33]. The model predicts the scaling
relation D/ω =Q2/3, where D is the turbulent
diffusion coefficient, ω is the typical fluctuation
frequency, and Q (Q>>1) is the Kubo number. The
implication is that with the increasing confining
magnetic field B, the diffusion coefficient decays as
B–2/3. This behaviour was expected on the basis of
the analysis of references [1.34,35]. Further
investigations
[1.31]
have
focused
on
non–Markovian properties of the transport along the
lines of the approach of references [1.32,1.36,1.37].
The results obtained constitute a coherent dynamical
picture of low–frequency turbulent diffusion, in
which the scaling laws for the diffusion coefficient are
placed on essentially the same footing with the
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Morphology of accretion discs: the role of plasma
physics
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mixing properties of phase space trajectories.
Comparisons between theoretical analyses, presented
here, and numerical simulation results [1.30,1.35]
have been discussed.
A route to complex dynamics and fishbone
instability for self–organized critical systems
In recent FTU experiments with low-hybrid power
injection, the excitation of “fishbone”–like
internal–kink instabilities [1.38] has been observed
[1.39]. The fishbone signatures were found to
bifurcate from a steady state–like to a limit cycle–like
behaviour and to acquire a regular, bursting
character when the absorbed power has exceeded a
characteristic threshold value. In this study [1.40], we
report a simple lattice model with a bifurcation to the
limit cycle, which we expect to be a framework to
discuss and interpret the observed properties. In
particular, the model suggests a route to the generic
properties of driven, dissipative dynamical systems
with many coupled degrees of freedom (i.e.,
“complex” systems). When the driving is
infinitesimal, the model exhibits the hallmarks of
Bak, Tang, and Wiesenfeld's self–organized criticality
[1.41]. Overdriving of the system is shown to have a
destabilizing effect on the self–organized state. When
overdriving is strong, the instability takes the form of
periodic, auto–oscillatory motion reminiscent of the
bursting fishbone [1.39]. The instability excitation is
accompanied by a transition from weak,
sub–diffusive to strong, ballistic transport on the
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The role of plasma physics in the morphology of
accretion discs has been investigated in collaboration
with the University of Rome ‘La Sapienza’ and
ICRANet. The standard astrophysical model for the
accretion process [1.44] is based on the idea that the
angular momentum of the in–falling material is
transferred across the disk by means of shear
viscosity associated to the differential rotation of the
disk itself. In such a scheme, the radial equilibrium
states the Keplerian character of the disk angular
velocity, while the vertical configuration corresponds
to the exponential decay of the disk density over the
equatorial plane. The azimuthal equation fixes a
direct relation between the matter radial in–fall,
responsible for accretion, and the viscous stress
tensor. However, such a standard model, which is
essentially one–dimensional has to deal with two
main related difficulties: i) the microscopic estimation
of the viscosity coefficient is unable to explain the
very large values that would be required to account
for the accretion rates observed in actual systems; ii)
since the microscopic estimations for the resistivity
coefficient give also very low values and the axial
symmetry prevents the existence of an azimuthal
component of the electric field, a serious question
arises about the consistence of the electron force
balance along the azimuthal direction.
The standard model addresses qualitatively these two
shortcomings, by postulating the validity of the
viscoresistive MHD with magnetic Prandtl number
of order of unity, as a consequence of an onsetting
turbulent behaviour.
It was recently shown [1.45,1.46] that the role played
by the electromagnetic back–reaction has very deep
consequences on the plasma disk profile, when the
magnetic field of the compact object is sufficiently
high to deal with the non–linear regime in
correspondence of low β values. In fact, under such
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lattice. In the proposed toy model, this transition
occurs as a result of feedback of the particle loss
current on the lattice occupancy parameter and is
associated with a nonlinear change of the DC
conductivity of the lattice in response to external
forcing. This phenomenology is strictly related to the
resonant excitation of energetic particle modes
[1.29], and fishbones as a particular case [1.42],
which appear in a magnetically confined plasma in
the presence of an intense supra–thermal energetic
particle population [1.43]. Theoretical analyses,
presented here, are the basis for addressing the
various patterns of self–organized critical behaviour
in connection with the strength of the driving. One
by-product of this study is the emerging
interconnection between the concepts of
self–organized criticality, pseudochaos, and
fractional–derivative equations.
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1. Magnetic Confinement
conditions, a local model around a given radial
coordinate shows the appearance of a ring sequence,
reflecting a crystal–like structure of the magnetic flux
surfaces. This reformulation offers interesting
perspectives to interpret the accretion features of the
disk by virtue of typical plasma instabilities, observed
in laboratory plasmas, like the so–called ballooning
modes [1.47,1.48]. The idea is that the magnetic
field lines are crowded between two adjacent
separatrices and the flow across them can be thought
as being maintained intermittently by recurrent
resistive ballooning modes. It has been shown [1.49]
how the radial and vertical equilibrium equations
fixed in [1.45] admit an exact separable solution in
which two different components in the disk appear.
For high β–values, the crystal structure is recovered
and the disk acquires an oscillating feature (fig. 1.27).
But when the magnetic pressure increases its
relevance, a threshold ratio is reach over which the
oscillatory behaviour is replaced by a hyperbolic
profile. Differently from the study in [1.46], real
nodes of the mass density appear, even when the
induced field has small weight. In other words, there
exists a systematic correspondence between crystal
morphology of the magnetic flux surfaces and the
appearance of a ring structure in the radial plasma
distribution.
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Finally, the study addressed in [1.45,1.46] whose
re–analyzed in order to account for the presence of
non–zero radial and vertical matter flows, implying
the setting of the azimuthal and of the electron force
balance equilibria. In particular, in [1.50] the plasma
disk configuration was set up by considering a
turbulent diffusion coefficient and a non-zero Nernst
coefficient (thermal power of the plasma). It was
shown how, in such linear regime, it is possible to
reconcile the crystal profile of the magnetic flux
surfaces with the existence of a non–zero radial
velocity, which takes sinusoidal functional form. In
order to overcome this limiting feature, the role that
a non–zero resistivity can play in the equilibrium
setting is considered, while the effect of finite
poloidal currents, absent in the present formulation,
is now under investigation.

1.4 JET Collaboration
Three experimental campaigns (C26–C27a–C27b)
were carried out in 2009. As in 2008, the campaigns
included an integrated experimental programme
organised by two main TFs S1 and S2): the
experiments proposed by the other task forces
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Figure 1.31– Neutron (white curve) and gamma (red
curve) emission radial profiles for a JET discharge
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(Diagnostics, Heating, Magnetics, Exhaust,
Transport and DT) were integrated in the S1
(H–mode scenario) and S2 (internal transport
barriers (ITB) and hybrid scenarios) experimental
programme. ENEA’s involvement in the EFDA JET
2009 work programme concerned participation in
the JET second enhancement programme (EP2) and
the realisation of experiments for C26–C27a–C27b.
ENEA has provided the EFDA associated leader for
JET, two TF leaders (Fusion Technology and
Diagnostics), one deputy TF leader (ITB and hybrid
scenarios, till february 2009), one responsible officer
(RO) for Enhancements and one RO for Contracts in
the EFDA Close Support Unit (CSU).
The participation of the main European
Associations to 2009 JET campaigns is reported in
figure 1.28 (in the plot CCFE is Culham Science
Centre for Fusion Energy, the host association): it
appears that the ENEA participation (9.6 ppy, 18%
of the total) is relevant, being the total manpower of
European Associations 52.8 ppy.
The number of visitors at JET in 2009 campaigns
belonging to the Italian institutes (ENEA Frascati,
Consortium Reversed Field Pinch Experiment (RFX)
Padua, CNR Milan) is given in figure 1.29: a
distribution between the Italian institutes results in
ENEA–Frascati 68%, CNR Milan 23% and RFX
Padua 9%.
The distribution of ENEA manpower between the
TFs is given in figure 1.30: TF–D (Diagnostics) and
TF–S2 (Development of Advanced Scenarios)
include about 72% of the ENEA staff.
Participation to JET EP2 enhancement programme
Upgrade of electronics for neutron profile monitor
(KN3N). During the JET C27b campaign
(July–October 2009) the new digital electronic system
for the Neutron Profile Monitor, equipped with
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19 NE213 liquid scintillators, has been installed on
JET and commissioned in plasma discharges. The
system, composed by five field programmable gate
array (FPGA)–based boards, performs full
digitization (200 MSamples/s, 14 bit) of the NE213
detectors’ signals and n/γ digital pulse shape
discrimination (DPSD): pulse height spectra (PHS)
and count rates are produced for each input channel.
After preliminary installation tests (power supply and
cabling check, basic acquisition functionality and
characterisation of inputs) and energy calibration
(using the 22Na the gamma sources mounted on each
detector), almost all discharges in C27b campaign
have been acquired by the system. The
post–processing analysis has been performed using
the DPSD_ENEA v1.8 LabVIEW™ software. The
good behaviour of all channels in terms of n/γ
separation has been checked. The system has been
typically worked up to count rates of ∼250 kHz but
also transient situations up to ∼1.5 MHz have been
handled correctly. An example of neutron emission
radial profile is shown in figure 1.31. Count rates can
also be provided in real time by the system: the first
tests have been performed on four channels
(horizontal and vertical central ones) with good
match with the post–processing results.
Compact neutron spectrometer. The aim of the
compact neutron spectrometer (CNS) is to provide
measurements of neutron spectra in the range
1.5–20 MeV with high energy resolution and post
experiment data reprocessing features. During the
year 2009 the steps of assembling and testing of the
detector (based on a liquid organic scintillator
NE213 coupled to a photomultiplier) and the DPSD
for acquisition and data processing were completed.
The
first
step
was
performed
by
Physikalisch–Technische Bundesanstalt (PTB) in
Braunschweig while the second step was performed
by ENEA–Frascati. The assembled spectrometer has
been preliminarily tested during last JET C27b
experimental campaign [1.51], showing good
performances in terms of stability, n/γ
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Figure 1.32 – Total, γ and n PHS (counts vs uncalibrated energy QT) obtained
from a JET discharge (#78713) with high NBI power (about 22 MW): the peak at
QT ~650 a.u. shown on the right of the total PHS is due to the LED signal; the
count rate vs time shows the evolution of NBI power during the discharge
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discrimination capability, good sensitivity to γ
radiation and capability of measuring simultaneously
2.5 MeV and 14 MeV neutrons (fig. 1.32). Last steps
of the project will be the detector characterization
(by PTB) and the final installation at JET (by the end
of 2010).
Artificial single crystal diamond for neutron detection.
During the 2009 experimental campaigns four single
crystal diamond (SCD) chemical vapour deposition
(CVD) detectors were working at JET to detect the
neutron emission. The 2009 activity represented the
continuation of the EP–2 program successfully
conducted in 2008 [1.52,1.53]. The goal was to
detect both total and time dependent neutron
emission distinguishing between DD and 14 MeV
neutrons (the latter due to triton burn–up). It was
also demonstrated that the SCD could operate as a
spectrometer. An “ad hoc” matching sensitive charge
amplifier (MSCA) was developed for this purpose
[1.54]. The data analysis confirmed the stability,
reliability and capability of SCD diamond as
neutron detectors.
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Artificial diamond for VUV and soft X–rays
detection. The two artificial diamond films installed
on JET in 2008 operated throughout 2009
campaigns, being connected to the JET on–line data
acquisition system. These devices work as vacuum
ultraviolet (VUV) and soft X–ray radiation detectors
emitted from JET plasma. The data acquired at JET
have evidenced fast response time, good signal to
noise ratio, insensitivity to the background radiation
such as neutrons and gamma rays and a good
reliability during long lasting operation. The VUV
diamond detector shows good response for
measuring the edge localized modes (ELMs) activity
and the impurities influx during laser blow–off
experiments while the softX diamond appears
promising for MHD studies. An example of JET
pulse is reported below to show the comparison of
the signals of JET standard UV and x–ray monitors
with VUV and softX diamonds. Figures 1.33a,b
show the photocurrent signals of the diamond
detectors measured at JET during a rapidly varying
plasma emission shot. The pulse is about 30 s long
and in particular between 55 s and 65 s it consists of
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Figure 1.34 – a) Normalized
confinement factor and b)
pedestal energy content for
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Figure 1.36 – Measured confinement time τscal vs the
calculated scaling τ98Y

a continuous emission with many superimposed
short peaks (lasting about 0.5 ms) due to plasma
instability (ELMs activity). The detector is quite
capable of detecting such peaks with fast raise times.
Participation to the experimental campaigns
C26–C27a–C27b
The participation to the JET 2009 campaigns
focused both on execution/participation to
experiments and development of analysis tools for
diagnostics.
Fuelling of hybrid and steady state. Experiments of
gas injection and pellet ablation were done mainly in
hybrid scenarios with the following parameters:
q95=4 (edge safety factor), BT=2 T (toroidal
magnetic field), IP=1.5-1.8 MA (plasma current).
Main results obtained in gas injection experiments
were: i) the pedestal energy and ii) the H98Y
confinement factor decrease as the gas injection rate
is raised, iii) the ELM frequency increases (and
correspondingly the pedestal pressure decreases) as
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the gas injection rate is raised. The figure 1.34 shows
the normalized confinement factor (H98Y) and
pedestal energy content (MJ) as function of the gas
injection rate in hybrid discharges.
In pellet ablation experiments it was observed that
the confinement decreased as pellets were injected on
the low field side (LFS) and vertical high field side
(VHFS). The figure 1.35 shows a comparison of the
effect of pellet injection between three hybrid
discharges (#77858 (blue) used as reference discharge,
#77863 (green) with LFS injection, #77864 (red) with
VHFS) injection: it is observed a slight decrease of
the confinement factor, injecting pellets (see shots
#77863 and #77864), with respect to the reference
discharge (#77858). The pellets were injected at
10 Hz.
High triangularity hybrid confinement optimization.
Experiments on hybrid scenario were completed
at plasma parameters BT=1.7–2 T and
IP=1.4–1.7 MA, for upper triangularity range
δu∼0.2–0.5. An overview of the results is given in
figure 1.36 where the measured confinement time is
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An important feature of these hybrid experiments is
that the MHD activity with n=2 and/or n=3 toroidal
number degrades the confinement as it is shown in
figure 1.37 for a sample of shots.
Commissioning of the new enhanced radial field
amplifier (ERFA). The enhancement Plasma Control
Unit (PCU) of the full vertical system (VS) has been
proposed in order to exploit the JET capability to
provide ITER relevant plasma shapes at high plasma
current (IP>4 MA). Indeed, operation in the presence
of large ELMs and normal growth rate of vertical
instability (γ∼250 s–1) is significantly limited by the
present VS system. An additional problem to be
tackled is the oscillatory behaviour of the plasma
vertical position which is caused by the non linear
characteristics of the radial field amplifier (RFA).
The commissioning involved both dry–tests, without
plasma, to characterise the actual performance of
the new amplifier, and extensive commissioning on
plasma. Also, specific studies aiming at improving the
overall performance of the JET vertical stabilization
system (ERFA+V5) have been carried out, such as i)
the choice of the optimal number of radial field coils
turns, ii) the tuning of the VS controller, and iii) the
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choice of a new vertical observer. A total number of
16 dedicated sessions were allocated to the
ERFA/V5 commissioning in C27a campaign, with
some additional time used parasitically during
sessions in C27b. The tests aimed at covering most of
the scenarios and equilibria foreseen for operation in
the ITER like wall (ILW) phase. On successful
completion of the commissioning activities, the new
VS has been delivered to the Operator in a stable
version to be used after the ILW shut–down.
Transition from L–mode to H–mode in pure helium
and during the changeover from deuterium to helium
plasma. As part of a set of Joint Experiments
proposed by the ITPA Transport and Confinement
Topical Group, a series of dedicated He4
experiments have been carried out on JET in 2009
with pure He4 NBI auxiliary heating. The fHe (He4
purity) and ne dependence of the H–mode power
threshold PL–H has been investigated in He4 and D
references discharges with the same plasma
parameters (IP=1.7 MA, BT=1.8 T, q95≈3.6, δ≈0.25
(average triangularity)). The He4 purity dependence
of PL–H has been studied using He4 NBI during the
change over (from D to He4 plasma) with fHe varied
from
1–87%
and
densities
variations
2.3–2.8×1019m–3. Although all the shots lie above
the ITPA 2008 scaling, the results show a very weak
trend with He4 concentration (even weaker if the
radiation power is removed) and PL–H (He4) ≈ PL–H
(D). The ne dependence of PL–H shows a marked
difference in the He4 and D data (fig. 1.38). The He4
and D plasmas had similar PL–H at
ne=2.3–2.8×1019 m–3, but PL–H was significantly
higher for He4 plasmas than for D plasmas at lower
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ne=2.1×1019 m–3. At ne≈2×1019 m–3, it was found
that PL–H(He4)>PL–H(D) for ICRH heated plasmas.
The problem of improving the measurements and
scalings on the L–mode to H–mode power threshold
transition (PL–H) was motivated by measurements on
AUG [1.55], where similar trends were found for
L–H transition threshold power in deuterium and
helium, using various heating systems (NBI, ECRH).
In practice it was found on AUG that
PL–H(He4)~PL–H(D), and a minimum PL–H was
found at a plasma density of the order of 5×1019m–3.
q–profile markers from island rotation frequency.
Rotation frequency of magnetic structures with
different toroidal mode number n is identified on the
grounds of magnetic signal phases around the torus.
An example of such measurements is given in
figure 1.39, where the time behaviour of modes with
n=1–4 toroidal wave–numbers is shown.
The rotation frequency ω of magnetic islands can be
correlated to the island location assuming that the
island propagates with the main ion fluid through the
following equation:

 EB =

n PC
+ nC + k  V ,
6eNC 

i =

k  B Pi
2

en i B

=

n Pi .
en i 

In the previous formula Pi is the pressure of the main
ion species, Pc is the pressure of carbon impurity,
ΩC , the toroidal rotation frequency of the carbon
φ
impurity and NC the density of carbon. The
mode–location code previously employed at JET
considered the latter term only, but exclusion of the
other terms was not justified. The code was modified
by including the diamagnetic term as follows.
Assuming Te=TC (the electron temperature equal to
the impurity Carbon temperature) and neglecting
poloidal velocity and density gradients, the formula
used for the analysis is the following:

5 TC(eV )
 = n C 
6



,

(1.4.1)

 = K  Vi

Where K is the island wavenumber K=(0, m/r, n/R)
and Vi is the main ion fluid velocity. Using the force
balance equation, the previous formula can be
expressed using measured plasma parameters:
 = K • Vi =  EB + i ,

where
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where n is the island toroidal wave–number. The
position of the island can be extracted from this
formula looking to the radial coordinate where right
hand side matches the measured mode frequency: in
this position the value of the safety factor is q=m/n.
The figure 1.40 shows this procedure: the radius
R=3.43 m is related to the value of q=m/n=3/2.
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dashed horizontal line
shows the measured mode
frequency. The continuous
red line shows the right
hand side of equation
(1.4.1) and its matching
with the red dashed line
gives the mode location.
The blue line shows the
effect of neglecting the
diamagnetic term
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1. Magnetic Confinement
q–profile measurements in hybrid scenario.
Evaluation of equilibrium in JET is performed
between shots from the EFIT code, considering data
from magnetic measurements only. This gives a first
approximation of the flux surfaces position and in
particular of the spatial profile of the safety factor q.
The constraints from experimental data are
introduced successively in off line runs of the
EFIT–MSE code, which require some assumptions
on the choice of experimental data to be used. An
accurate review of the calibration and of the fitting
parameters led to the definition of methods of data
elaboration which match qmin from Alfvén cascades,
the sawteeth inversion radius in reference discharges,
and the pressure profiles obtained from experimental
density and temperatures. Following these criteria,
local values of q(r) are evaluated using the EFIT
reconstruction code constrained by MSE diagnostic.
A large number of discharges in the hybrid scenario
were examined, where MHD modes could be
identified and localized clearly. The localization of
tearing modes in JET is routinely obtained by
comparing the toroidal velocity of the mode with the
profiles of impurity toroidal velocity obtained from
Charge Exchange spectroscopy; recently a correction
to the mode radii, which takes into account the
plasma diamagnetic rotation has been included (see
formula 1.4.1). An example is illustrated in
Figure 1.41 where it appears that the corrected
MHD values match quite closely the points obtained
by EFIT constrained by MSE and total pressure
data.
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Analysis of Faraday rotation measurements in JET
polarimetry. The analysis of polarimetric
measurements was carried out in the context of a
collaboration
between
various
institutes:
ENEA–Frascati, ENEA–University Rome II Tor
Vergata, Consortium RFX Padoa, CCFE–JET
Facility–Culham (UK), CEA Cadarache, Institute of
Plasma Physics and Laser Microfusion (IPPLM)
Polish Association. The analysis of polarimetric
measurements is relevant for the measurement of
line integral of electron density and current profile
measurements. Cotton–Mouton phase shift
(ellipticity) measurements are used for determining
the line integral of electron density, and Faraday
rotation measurements are used in EFIT
as constraints for the determination of magnetic
equilibrium, and q–profile determination. The study
of polarimetric measurement has led to the use of
these measurements for real–time control. A rigorous
approach to the interaction between Faraday and
Cotton–Mouton has demonstrated that at high
density and current, Faraday rotation dependence
must be included in the Cotton–Mouton effect. In
the context of polarimetry, the propagation of the
polarization of a laser beam inside plasma can be
described by the Stokes equations [1.56], which give
the dependence of the Stokes vector s→=(s1, s2, s3) of
the laser beam, on the plasma parameters.
Approximate solutions to Stokes equations (often
called ‘linear solutions’) are
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s1  W3 = C3  n eBzdz = 1/ tan 2
s2  1 - (W12 + W32 )/2  1
s3  W1 = C1  B2t n edz = tan 

Where in this approximation [W1]2 and [W3]2 are
both <<1, ψ is the Faraday rotation, φ the
Cotton–Mouton phase shift, Bz the component of
the poloidal magnetic field along the line of sight, BT
the toroidal magnetic field, ne the electron density,
C1=1.8×10–22, C3=2×10–20, and the integral is
along the line of sight. The effect of Faraday rotation
on Cotton–Mouton can be observed in figure 1.42:
the ratio of the calculated Cotton–Mouton phase
shift (tan φcalc=s3/s2) and its linear evaluation W1,
i.e. tanφcalc/W1 (for the shot #67777, channel #4,
R=3.74 m), is plotted vs W3 to detect the departure
of Cotton–Mouton phase shift angle from linearity,
vs the level of Faraday rotation, which is measured by
W3. It turns out that the Cotton–Mouton phase shift
exceeds substantially the ‘linear’ evaluations already
for values W3>0.4.
Analysis of fast ions losses induced by fishbones.
Measurements on JET obtained with a 2–D
scintillation detector for lost ions reveal the existence
of highly energetic (MeV–range) fast ion losses
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induced by fishbones (fig. 1.43). The losses are
identified as losses of non-resonant type (fig. 1.44).
The dependence on the fishbone amplitude, the time
evolution of losses during a fishbone, and the energy
and pitch angle distribution of the losses are
compared with drift–kinetic code simulations using
HAGIS, SELFO and MISHKA. For the fishbone
amplitude range considered, the fraction of lost ions
is rather small (order 10–3). However, losses increase
rapidly with the amplitude and for sufficiently large
fishbones it may well become an issue for sustaining
plasma self–heating. The comparison of experiment
and simulation has shown good agreement (e.g.
energy distribution) but also some discrepancies (e.g.
pitch angle deviations). Further efforts are needed,
e.g., to include 3–D wall model (e.g. limiters) in
simulations.
ECE–Thomson scattering discrepancy in the pedestal
position. In many discharges, the magnetic islands
can be observed on the EC radiometer KK3 both on
high field side (HFS) and on LFS, when they are
located close to the plasma axis (m/n=3/2 or
m/n=2/1). The projection of their position on the
flux contour plots has shown that they do not laid on
the same flux surface. The same discrepancy has
been found in comparing the pedestal position on
electron cyclotron emission (ECE) and HRTS. A
systematic analysis has been performed on the
differences in the pedestal position between these two
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Figure 1.45 – The difference between the position of the pedestal
measured by ECE and high resolution Thomson scattering is
shown for various shots at different toroidal magnetic field (blue
diamonds). The average of the difference on each shot is shown as
well (red points) with the calculated error bar. The average
difference is related to an error on the totoidal magnetic field of the
order of 1–2%.
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diagnostics, at different magnetic field. Figure 1.45
shows the discrepancy in cm vs the magnetic field.

density and to the low value of the toroidal magnetic
field.

Such a discrepancy can be explained with an error
on the calibration of the magnetic field between
1 and 2%. Such an error is compatible with the
accuracy of the toroidal current measurements.

An intriguing possibility is to substitute the metal
centre post current with the plasma current of a
screw pinch (SP), driven by DC electrodes (fig. 1.46).
In this way, two problems are potentially solved: first
the already mentioned damage of the central
conductors disappears and second the helicity
injection from the SP to the toroidal plasma closed
surfaces should be able to sustain Ip inside the ST,
through cyclic reconnection oscillations of the
magnetic configuration.

Fusion Programme

1.5 PROTO–SPHERA
A spherical tokamak (ST) fusion power plant would
have the important advantage of allowing for large
toroidal plasma current Ip with a low value of the
toroidal magnetic field. However, it would
unfortunately concentrate most of its engineering
difficulties around the TF centre stack, where the
magnetic fields and therefore the electromechanical
stresses are the highest, and which, due to its
slimness, cannot be shielded from neutrons. In the
same way, the almost inexistent space allowable for a
central makes it mandatory to sustain also a magnetic
fusion configuration of this kind through current
drive, which would become particularly demanding
(even with respect to conventional tokamak power
plants), due to the large toroidal plasma current and
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The PROTO–SPHERA system is a simply
connected magnetoplasma configuration, composed
by a spherical torus (with external diameter 0.7 m,
with closed flux surfaces and toroidal plasma current
≤240 kA) and by a hydrogen plasma arc, taking the
form of a screw pinch fed by annular electrodes
(radius=0.40 m, height=0.04 m, with length
LPinch≈2 m and midplane diameter ≈0.08 m) with
open flux surfaces and plasma electrode current
equal to 60 kA.
In order to clarify the breakdown conditions and the
pinch stability before the formation of the Spherical

a)

b)

Figure 1.48 – a) Vacuum tests in Genova along and
b) wide–angle view inside the machine

Figure 1.47 – CAD model of MULTI–PINCH,
showing the dissassembling of cathode group
from below

Torus, the MULTI–PINCH test–bench has been designed as a
reduced setup of the PROTO–SPHERA experiment, devoted
to assess and clarify the most critical points of the
PROTO–SPHERA experiment from the SP point of view: to
explore the breakdown conditions and the pinch stability in the
starting phase of the PROTO–SPHERA discharge, in presence
of the poloidal field (PF) shaping coils alone and therefore in
absence of the spherical torus (fig. 1.47).

Figure 1.49 – MULTI–PINCH in its final
position at ENEA Frascati Centre

The load assembly has been built inside the START vacuum vessel (kindly gifted by the Euratom–UKAEA
British Association) in the years 2007–2009 by ASG Superconductors in Genova (Italy). Figure 1.48a shows
the final phases of MULTI–PINCH construction in ASG Superconductors in Autumn 2009, when the
machine was successfully tested against vacuum leaks. Figure1.48b shows a wide–angle view of the central part
of the machine.

MULTI–PINCH will explore the first phase of the PROTO–SPHERA discharge (IElectrode≤10 kA), in
presence of the shaping subset of the poloidal field coils alone and therefore in absence of the spherical torus.
The MULTI–PINCH cathode is the final PROTO–SPHERA cathode, only partially filled with Tungsten
filament modules (54 vs. 378); each filament will deliver its maximum plasma current (150 A). The screw pinch
amplifier will be limited to the first unit (IElectrode≤10 kA) and also the cathode heating power supply will be a
1/6 of the final one (10 kA and 25 V AC). It should start plasma operation in the end of 2011, beginning
of 2012.
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The load assembly has been delivered to Frascati in December 2009 and installed in place somewhat
later (fig. 1.49).

2. Fusion Advanced
Studies Torus

It is presently widely accepted that a successful exploitation of ITER (“The way” in latin) and a reliable as well as
early design of demonstration/prototype reactor (DEMO) will need a strong accompanying program. Along this
roadmap, a key role is expected to be played by the so–called “Satellite Experiments”: Japan Tokamak 60 Super
Advanced (JT–60SA) and possibly Fusion Advanced Studies Torus (FAST). The two proposals have been designed to
be complementary even though they should keep the capability of accessing overlapping regions in the operation space
in order to compare scientific achievements and experimental results. In particular, FAST aims at studying integrated
plasma scenarios to the broadest possible extent:
a) Plasma wall problems that ITER will face, with an outlook on possible scenarios of relevance to DEMO;
consequently a large power load is foreseen (P/R∼22 MW/m), with the divertor and a first wall in full tungsten, both
actively cooled; in addition, the very high operational density (<ne> up to ∼ 6×1020 m–3) will allow experiments with
high density and radiative plasma edge (up to ∼90%) to be performed.
b) ITER and DEMO will necessarily tackle severe operational problems, such as the presence of large edge localized
modes (ELMs) and the need of mitigating them, as well as the consequent necessity of completely integrated plasma
control tools; FAST will have very large ELMs (up to a few MJ) and a complete set of systems to control the plasma
operations in an integrated environment.
c) Burning plasma stability and mutual feedbacks between thermal plasma and energetic particle populations are
among the most interesting and unexplored aspects in view of ITER and, more importantly, DEMO. FAST will be
equipped with ion cyclotron resonance heating (ICRH) and (in a second phase) negative neutral beam injection
(NNBI) systems, which will be able to address many crucial issues related with the dynamics of fusion alpha particles
in the appropriate dimensionless parameter space (the ion Larmor radius in units of the torus minor radius ρ∗Hot, the
ratio of energetic particles to magnetic pressure βHot, the ratio of the energetic particle slowing down time τsd to the
energy confinement time τE).
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Figure 2.2 – Predictive JETTO (using the
GLF23 transport model) simulations: electron
(Te) and ion temperature (Ti) profiles during the
high β phase

2. Fusion Advanced Studies Torus
2.1 Physics
The possibility of well reproducing the main plasma
bulk and plasma edge ITER (“The way” in latin)
features in the same scenario is elucidated by the
“weak similarity scaling” [2.1] that, by revisiting the
argument by Kadomtsev [2.2, 2.3], preserves β and
τsd/τE, while ρ∗ is rescaled in a moderate and
controlled way, which reflects itself on the choice of
the plasma temperature in connection with the
machine size. The latest progresses in the Fusion
Advanced Studies Torus (FAST) scenarios
development and the related studies are presented
here. In particular three different scenarios and
hypotheses are illustrated and discussed.
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•

The FAST load assembling has been conceived to
accommodate 10 MW of negative neutral beam
injection (NNBI) (0.7÷1 MeV) on top of the 30
MW of ion cyclotron resonance heating (ICRH)
foreseen in the reference scenario [2.4]. This
allows producing fast particle populations with
different anisotropy and profile localization.
Transport simulations performed with JETTO
and CRONOS confirm zero dimensional
estimates and demonstrate the possible
achievement of an equivalent DT fusion gain
eq
QDT ∼1.5. The profiles of the collisional power
density transfer from NNBI energetic ions to both
electrons and ions vs. the normalized flux function
are shown in figure 2.1.
• One of the critical points of the FAST proposal is
the extensive use of ICRH power with first wall
and divertor in full tungsten; the Axially
Symmetric Divertor EXperiment Upgrade
(ASDEX–U) [2.5] latest experiments show
evidence of plasma pollution as a consequence of
the sputtering caused by the parallel electric field
produced at the ICRH Antenna. Given that
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15 MW of ICRH are sufficient for locally
achieving ITER relevant values of βHot in the
FAST H–mode reference scenario [2.1], while
30 MW of total additional power are needed to
achieve the necessary bulk plasma performances, a
variant of the reference scenario [2.1] has been
studied with JETTO and CRONOS, where
15 MW of ICRH have been replaced with 15
MW of ECRH at 170 GHz. Electron cyclotron
resonance heating (ECRH) power is coupled with
the plasma region between r/a=0.15–0.25 by
using a mirror and wave launching from the
plasma top; however, the large power density
coupled with the electrons has the consequence of
partially decoupling electrons from ions regardless
of the high plasma density (>2×1020 m–3), as well
as of producing a central Te>Ti (Te(0) ∼15 KeV,
Ti(0) ∼ 11 KeV, as shown in figure 2.2.
Recent experimental results [2.6] show the necessity
of suitable magnetic shear and robust plasma
rotation in order to operate with a reliable internal
transport barrier (ITB). In FAST as well as in ITER
there is so far a small or null external momentum
injection, and this raises doubts about the possibility
of achieving ITB scenarios. However, the Alcator
C–MOD [2.7] experience shows the possibility of
achieving ITB operations at high plasma density
even without any external momentum injection.
Numerical simulation results, obtained with
CRONOS and JETTO, have shown the possibility
of achieving the same pressure profiles in FAST as
obtained in Alcator C–MOD, with a relevant
intrinsic plasma rotation. The presence of a large
bootstrap fraction (up to 60-70%) and the use of 4
MW of lower hybrid current drive (LHCD) (driving
up to 30–40%) allows achieving full non–inductive
current drive with plasma current Ip=2 MA and
toroidal magnetic field BT=3 T.

Figure 2.3 – The FAST
computational grid (or
mesh) used by EDGE2D
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The study of plasma wall interactions, in conditions
approaching as much as possible those of ITER and
demonstration/prototype reactor (DEMO), which is
one of the main targets of the FAST research
program, have motivated the analysis in a great detail
of the edge behaviour [2.8] by using the EDGE2D
and B2 (plus EIRENE) codes, in order to study the
main features of the FAST scrape–off layer (SOL).
In figure 2.3 the FAST computational grid, used by
EDGE2D, is shown. The mesh has been produced
based on a FIXFREE reconstruction of the magnetic
equilibrium by using the grid generator code
GRID2D.

2.2 Design Description
The latest progresses in FAST heating systems, first
wall (FW) and divertor design development are
presented in this section. The FAST load assembling
has been conceived to accommodate 10 MW of
NNBI (0.7–1 MeV). FAST NNBI system is
characterized by energy 0.7 MeV≤ E ≤1 MeV for
hydrogen or deuterium atoms, with beam power of
10 MW at 45° injection angle.
As mentioned in the previous paragraph, the use of
ICRH together with a tungsten wall may cause
strong plasma pollution [2.5]. In order to tackle this
problem, the code TOPICA will be used to design an
antenna in which power–coupling issues and parallel
electric field are reduced (fig. 2.4). In order to test this
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concept, an actual test bed experiment has been
proposed on ASDEX Upgrade thus allowing for a
direct comparison with the present antennae in order
to demonstrate the possibility of mitigating the
impurity pollution due to the ICRH induced
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Moreover, the study of the far SOL has started by
using the ASPOEL code. These investigations
confirm the very large wall load (up to 18 MWm–2)
and the possibility for FAST to work at very high
density with a radiative edge.

Figure 2.4 – FAST ICRH antenna designed by using the
TOPICA code in order to deal with the power–coupling issues
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sputtering on high Z plasma–facing compontents
(PFCs).
The FW and the divertor are actively cooled by
pressurized water with velocity respectively 5 and
10 m/s. The FW consists of a bundle of tubes
armoured with 4 mm plasma–sprayed tungsten. The
heat load impinging on the FW is, on average,
1 MW/m2, with a peak of about 3 MW/m2. The
adopted solution is well suited to resist these loads,
having been tested up to 7 MW/m2. The FW is also
adequate to work as a limiter during the plasma start
up. Its temperature will be kept around 80°C in order
to avoid impurity adsorption. The design has to be
remote handling (RH) compatible. The thermal
loads on the divertor plates, as well as the core
plasma purity for the proposed scenarios, are
governed by the complex relationships binding the
core and the plasma edge. In the high density
regimes, with the line–averaged electron density
ne≥2×1020 m–3, the SOL density is so high to be able
to reduce the sputtered impurity flux from tungsten
(W), and keep the radiation losses due to intrinsic
impurities small. As a consequence, almost all of the
heating power is delivered to the divertor and the
average power load on the plates might exceed
18 MW/m2, so that mitigation with impurity seeding
has to be considered [2.8]. The high power flux in
the divertor permits the use, for target plates, of only
monoblock W tiles (fig. 2.5), constructed according to
a recently developed technique. Extensive tests [2.9]
on these tiles have shown that they can withstand,
without any damage, a continuous heat load up to
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18 MW/m2, provided they are actively cooled.
According to the results of the thermal fatigue tests
performed on relevant components realised for
ITER, it can be assumed that this value can be safely
sustained by adopting a water velocity of 10 m/s and
a swirl tube turbulence promoter in the higher heat
flux zone. It is worth mentioning that the monoblock
tested has been constructed by hot radial pressing, a
process developed in ENEA. The critical heat flux,
measured with 100°C inlet water at 3 MPa pressure,
was 35 MW/m2. The maximum temperature
expected in W is about 800°C. Each divertor
cassette is fed by water via pipes routed inside the 18
divertor oblique lower ports with a global crosssection ∼0.04 m2. The FW cooling system requires a
total cross section ∼0.05 m2.
Due to neutron activation, the repair, inspection and
maintenance of FAST in–vessel components has to
be performed remotely. Due to the erosion of the
plasma–facing components, the replacement of the
divertor and its refurbishment in the hot cell are
foreseen to be scheduled more frequently than those
for the FW during the FAST lifetime. Thus, the use
of RH techniques for the maintenance of the invessel components will be required. The scheme of
the divertor maintenance operation is as in ITER
with the frame acting as a carousel around the
machine. The divertor maintenance is based on the
development of an ad hoc cassette tractor, capable to
grasp and move the divertor cassette. The
maintenance will be done from the oblique lower
port. As far as the FW assembly and maintenance
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are concerned, an articulated boom plus a front end
manipulator working through a horizontal port has
been considered.

2.3 Neutronics Analyses
A detailed 3–D neutronic and activation analyses
have been performed on the present design of FAST
[2.10]. The neutron emissivity source has been
calculated by using Measurement Simulation
Software Tool (MSST) and used as input for Monte
Carlo simulations performed through the MCNP5
code. The energy spectrum of the source is that
produced by a DD (2.45 MeV neutrons) plasma with
an ion temperature of 10 keV. The geometrical
configuration of FAST has been modeled for MCNP
calculations on the basis of the latest design
specifications. The three–dimensional model is
shown in figure 2.6.
In order to be able to make a conservative estimation,
the results refer to the maximum expected neutron
rate, i.e. 3.4×1017 n/s, corresponding to the H–mode
extreme scenario.
The neutron wall loading on the FW varies between
1.14×10–3 to 2.7×10–3 MW/m2 and the average
value is 2.5×10–3 MW/m2. The calculated nuclear
heating densities at the equatorial midplane are
shown in figure 2.7. The maximum nuclear heating
on the plasma facing component is ∼180 mW/cm3
on the outboard zone mainly due gamma energy
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deposition on tungsten (98%). On the first layer of
the inboard toroidal field (TF) coil it is ∼32 mW/cm3
and 13 mW/cm3 in its front insulator, where the
gamma contribution is 32%. The overall power is
440 kW, with 15% deposited on the FW, ∼32% on the
TF coil, ∼7% on divertor, less than 10% on the
vacuum vessel (VV) and the reminder on the other
components.
Doses to insulators, dpa and He–production have
been evaluated too. The analysis shows that radiation
damage on the main components is not foreseen.
Simulations of the shielding performances of the
Frascati Tokamak Upgrade (FTU) bunker adapted
for FAST have shown that existing wall could be
acceptable for the new tokamak’s building.
Neutron and gamma fluxes and spectra have been
calculated on the main components and in some
locations inside the ports.
The neutron spectra (175–energy groups) have been
used to perform activation analysis by means of the
FISPACT code for safety assessment. A neutron
production of about 1.31×1022 n in ten years has
been assumed. Contact dose rate versus time after
irradiation for the main FAST components in the
most irradiated positions is shown in figure 2.8. The
highest short–term activation is obtained in plasma
facing components and divertor due to tungsten. At
longer cooling times higher induced radioactivity is
observed in VV mainly because of nickel, cobalt and
tantalum activation. The expected radioactivity level
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Figure 2.7 – Nuclear heating density for 3.4×1017 n/s: neutron (n),
gamma (g) and total

may require the preparation of an ad–hoc temporary repository to store some of the dismounted–activated
components. Anyway, long term–activation does not seem to be troublesome: within 50 years from the
shutdown, the contact dose of all components is below the hands–on–limit (10 μSv/h) and the level of activity
should not cause waste management problems.
The calculation of the shutdown dose rate has been performed by using the direct one–step (D1S) method in
various ex–vessel positions, at different cooling times. Preliminary analysis shows that after 1 week the dose
level outside the cryostat is below 10 μSv/h and below 100 μSv/h inside the equatorial port. In such
conditions, the radiation workers may have access to the torus hall for the normal working procedures on the
device and the diagnostic system without any special planning or permission (supervised area).
The nuclear responses have been calculated for DD neutrons only. In pure deuterium plasma 1.01 MeV tritons
are produced by the reaction D(d,p)T with a nearly equal probability as 2.45 MeV neutrons. A fraction of the
generated tritons react to produce 14.1 MeV neutrons through DT reactions (triton burnup). MCNP and
FISPACT calculations have been performed to evaluate the effect of 14 MeV neutrons on the nuclear
responses of FAST. By assuming a triton burnup fraction of 1% (i.e. DT neutrons rate: 3.4×1015 n/s), a ∼2%
increase on the global nuclear heating and a 6% increase on the doses to insulator are obtained. Regarding
the neutron induced radioactivity, the effect on some components might be higher since the neutron energy
increases and further radionuclides may be generated. The impact on the safety related issues depends on the
material and varies with the decay time.
More accurate analyses for shutdown dose rate assessment will be performed, as well as for the triton burnup
contribution.
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Shielding could be further optimized, if necessary, to protect diagnostic systems and electronics and to reduce
activation.
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3. Technology Programme
The Euratom–ENEA Association strongly contributed to the European Fusion Development Agreement (EFDA) and the
ITER activities, coordinated by ITER Organization (IO) and Fusion for Energy (F4E), as well as to design and R&D
activities under the Broader Approach Agreement between the EU and Japan. In order to better contribute to the
program, a number of Consortium Agreements among Associations have been established.
Collaboration with industry was further strengthened, in view of the participation in construction of ITER, mainly in
the field of magnet and divertor components. The latter successfully withstood severe thermal cyclic tests in the frame
of the actions aimed to the qualification of ITER suppliers. Alternative full tungsten option for the ITER divertor has
been investigated by testing mock ups realized in Frascati Laboratories by hot radial pressing (HRP) technique.
Tick tungsten coating samples on steel substrate relevant to ITER and demonstration/prototype reactor (DEMO) first
wall were successful realised in collaboration with industry (Centro Svilippo Materiali – Castel Romano).
Furthermore, the European Breeding Blanket Test Facility (EBBTF), in operation at ENEA Brasimone Center, represents
an important facility for the characterization of the test blanket module to be developed in the coming years in
collaboration with other Associations. In 2009, experiments to benchmark commercial codes have been carried out using
relevant breeding blanket mock ups. Other important experimental activities made in Brasimone concern the ITER
divertor cassette hydraulic tests.
The design of the radial neutron camera has been further optimized and brought in the wider frame of the Port Plug
activities in collaboration with many others Associations. The performance achievable with the in–vessel viewing system
(IVVS), developed in ENEA and selected as reference ITER system, have been further assessed by experimental trials.
The development and characterisation of the composite material for the ITER pre–compression ring was completed with
very satisfactory results. This material was eventually adopted for the construction.
Very extensive neutronic analyses of ITER and test blanket module (TBM) have been carried out together with the
development of new sensors for X–rays gamma and neutron detectors.
In the safety area, a preliminary report related to the European TBM and the analysis of the safety important class (SIC)
for ITER has been made.
Many activities were continued in the area of superconductive cable and magnet developing joints and cable for Japan
Tokamak 60 Super Advanced (JT–60SA). ENEA contributed to qualify Italian industry for the ITER cable production.
The characterization of superconductive strand and cable properties were carried out and a new fitting curve for NiTi
has been proposed.
High temperature YBCO superconductors fabrication route are being developed to improve the performance and the

production rate.
Design activities for the JT–60SA magnet and power supply system as well as the design and experimental activities
related to International Fusion Materials Irradiation Facility (IFMIF) target have been continued.
The activities and results documented in the following illustrate ENEA’s effort in supporting fusion development.
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Figure 3.1 – Tungsten monoblock samples after the high heat flux testing

Figure 3.2 – Axial cutting of the tungsten monoblock
sample after high heat flux testing

3. Technology Programme
3.1 Divertor, First Wall, Vacuum
Vessel and Shield
Qualification of an alternative tungsten grade to
manufacture divertor monoblocks
In this area, the activities aimed at investigating the
usability of an alternative W grade supplied by the
Efremov Institute in St. Petersburg, Russian
Federation, have been concluded (EFDA Contract
05–1249). Six monoblock samples, of which five W
tiles were bonded to the ITER–grade copper tube,
have been successfully manufactured at the ENEA
laboratories by hot radial pressing (HRP) technique.
After non destructive testing the samples were
delivered to the Efremov Institute for the thermal
fatigue high heat flux test.
The test consisted in a cyclic (1.000 cycles per
mock–up) high heat flux loading that reached the
maximum absorbed power of 20 MW/m2. The
testing results highlighted that the ITER
requirements are satisfied (15 MW/m2 absorbed
power) but the reliability decreased at higher power
with an absorbed power of 20 MW/m2. Only one
sample successfully survived up to 1.000 cycles at
20 MW/m2. Most of them had a water leakage after
700 cycles at that power.
The micrographic examinations performed on the
samples after the testing indicated that the leakages
are due to a combined effect of the fatigue
thermo–mechanical stresses induced in the tube by
the thermal loads, the isotropic mechanical
properties of W when an oriented micro–structure is
requested, and the not sufficient thickness of the
copper complaint layer.
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The samples presented a curved shape that was not
present before the thermal fatigue testing, and the W
exposed surface had melted zones (fig. 3.1).
The micrographs also showed a damage to the
copper interlayer, which presents a not uniform

44

thickness along the tube in the heat flux loading face.
Voids were also present. These evidences can be
explained by melting of the copper interlayer during
the thermal loading (fig. 3.2).
Activities under EFDA plasma wall interaction
In the frame of European Fusion Development
Agreement (EFDA) plasma wall interaction (PWI)
Task Force (TF), ENEA has the leadership of the
Special Expert Working Group (SEWG) on high–Z
materials and liquid metals devoted to the
development of the PWI basis in support of
integrated high–Z scenarios for ITER as well as to
the demonstration of liquid plasma–facing
components (PFCs).
Activities carried out by ENEA in the frame of this
SEWG are as follows:
a. Study of the effect of Ne injection on the
production of high–Z impurities in Frascati
Tokamak Upgrade (FTU) (EFDA Task WP09
–PWI–05–01/ENEA). Molybdenum production
from the toroidal and poloidal limiters was
monitored in the visible and ultraviolet (UV)
wavelength range, with pre and post injection of
Ne (lasting up to 20 ms) in ohmic discharges with
BT=6 T, Ip=500–700 kA, ne=0.7–1.6×1020 m–3.
The erosion of, as well as the ion flux impinging
on, a W sample introduced in the bottom of the
vacuum chamber by means of the FTU sample
introduction system (SIS) was monitored by visible
spectroscopy. No evident increase of molybdenum
and tungsten release as an effect of Ne injection
was observed.
b. Deposition of thick tungsten coating (up to 5 mm)
on stainless steel substrates by high pressure
plasma spray (HPPS) technique (EFDA Task
WP09–PWI–05–04/ENEA/BS and PS). After
preliminary tests on small AISI 316 samples,
showing coating delamination due to thermal
stresses in thin support, thicker (about 10 mm) and

Figure 3.4 – IR detector
mounted on a FTU
equatorial port

Figure 3.3 – Tungsten coated stainless steel
sample

In the frame of the SEWG on transient loads a single
spot infrared detector (HgZnCdTe), with detectivity
optimized at 2–4 m, has been installed on one of the
FTU equatorial ports (fig. 3.4). The detector will
look, through a ZnSe lens, at the central lower part
of one out of the 12 toroidal limiter sectors (made of
TZM). Calibration against a blackbody source up to
1.000 °C has been made in laboratory; an “in situ”
calibration at 100 °C (as measured by thermocouples
embedded in the limiter) has been made during the
baking procedure of the FTU vacuum vessel (VV).
The first measurements are scheduled for the
beginning of the spring 2010 experimental
campaign.
First mirrors and diagnostics
In the frame of the activities of the SEWG on
Mirrors of the International Tokamak Physical
Activity (ITPA) Topical Group (TG) on Diagnostics,
a process optimization in manufacturing Rh–coated
Mo mirrors (coating thickness >5 μm) by
electroplating has been investigated. Two mirrors
were characterised and will be exposed in the FTU
scrape–off layer by means of the SIS.
A collaboration with Institute of Plasma Physics (IFP)
– National Research Council (CNR) Milan, and with
the Milan Polytechnic has also been established for
the comparison of different Rh–deposition methods:
electroplating, plasma enhanced chemical vapour
deposition (PECVD), pulsed laser deposition (PLD).
Dielectric coated metallic mirrors (Al + Al2O3, SS +
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Figure 3.5 – Elemental analysis for the W–C/Ti
sample

Al2O3, Ag + ZrO2), provided by Kharkov Institute
of Physics and Technology (Ukraine) and Ioffe
Physical Technical Institute (Russia) have been
exposed to the ITER–relevant high x–ray source
(photon energy range =1–3 keV) of DAΦNE–Light
Laboratory in the Frascati Laboratories (LNF) of the
National Institute of Nuclear Physics (INFN). From
preliminary data analysis rather small changes of
mirror reflectivity were observed. Real x–ray dose is
under estimation.
In the frame of Task WP08–TGS–01a-04: Material
deposition and composition of walls, the feasibility of
the laser–induced breakdown spectroscopy (LIBS)
technique has been investigated for measuring
material deposition and composition of the plasma
facing components. ENEA is in charge of the task
coordination. Kick–off meeting was held in Frascati
on March 20, 2009. Common first actions have been
decided to better clarify the capability of LIBS
quantitative measurements under tokamak
constraints and identify the most suitable LIBS
parameters. Main ENEA activities in 2009 were:
preliminary testing on FTU samples, study of space
and time evolution of laser induced plasma under
low pressure and of excitation techniques, design of
a new analysis camera. Successively, measurements
were carried out on layered calibration samples W
(12–15 μm)/Mo (2–3 μm) /Ti and W–C (12 μm)/Ti.
In figure 3.5 elemental analysis across the crater,
carved on the sample by probing laser is shown for
the W–C/Ti sample.
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larger stainless steel tiles were used (fig. 3.3).
Intermediate layer consisted of stainless steel
powder with increasing content of tungsten
powder. First coated tiles show good adhesion of
tungsten layer on the substrate. Characterization
in terms of scanning electron microscopy (SEM),
energy dispersive x–ray (EDX), laser flash and
indentation tests are underway.
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3.2 Breeder Blanket and Fuel Cycle
European Breeding Blanket Test Facility design and
construction

Fusion Programme

European Breeding Blanket Test Facility (EBBTF)
(fig. 3.6) is the reference European facility for the
qualification of test blanket modules (TBMs). It is
constituted by the Integrated European Lead
Lithium LOop (IELLLO) and HElio for fusion
(HEFUS) 3 loop. In 2009, the lithium lead to fill the
loop and complete the commissioning was received
in ENEA Brasimone. The acceptance procedure
took a long time due to large differences in the
lithium content, and the procedure was concluded in
November. The loop will be filled in 2010. The new
HEFUS 3 circulator will be delivered in ENEA
Brasimone in the first weeks of 2010 and the
installation completed in the first semester of 2010.

was found that there was a rupture of the joint
between the impeller and the pump shaft. The pump
is now under maintenance and the loop is expected
to start in March 2010.
Analyses for the HELICA and HEXCALIBER
benchmark experiments
During 2009 the benchmark exercise on HEFUS 3
LIthium CAssette (HELICA) and HEFUS 3
EXperimental CAssette of LIthium BERyllium
pebble beds (HEXCALIBER) was implemented and
completed. The research activity was launched by
EFDA and deeply involved ENEA for the validation
of commercial codes to be used in the modelling and
the simulation of the thermo–mechanical behaviour
of the ceramic breeder and neutron multiplier
pebble beds of the helium–cooled pebble bed
(HCPB) TBM.

TRIEX loop for studying technologies of tritium
extraction from Pb–17Li

Hydraulic tests of integrated divertor system

In 2009 several attempts to operate the TRItium
EXtraction (TRIEX) loop (fig. 3.7) in the nominal
conditions were performed. Finally it was decided to
remove the pump in order to check its conditions. It

The contract (Contract EFDA/05–1702–1595)
comprised the assembly of the ITER divertor
cassette prototype to allow testing of the
thermo–hydraulic behaviour both in steady state and
transient conditions.
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In 2009 all the assembling activities were completed.
The assembled prototype is shown in figure 3.8. The
thermo–hydraulic characterization has been carried
out up to a pressure of 20 bar and a temperature of
about 100 °C for the steady state conditions and up
to 20 bar and at room temperature for the draining
and drying tests. Measurements of the pressure
drops, velocity distribution and investigation of
cavitation occurrence have been performed, see
figure 3.9. The numerical assessment of the 3D
RELAP 5 model for the prediction of the
thermo–hydraulic behaviour, under the above
reported conditions, has been carried out and the
results obtained were in good agreement with the
experimental ones.
Preparing the ITER fuel cycle
Under the EURATOM Research Training Network
"Preparing the ITER Fuel Cycle" (Contract No.
042862 (FU 06)), ENEA was assigned with a trainee
to be prepared in the area of the fuel cycle of ITER.
Particularly, the ENEA trainee has participated in the
experimental testing of a permeator catalyst
(PERMCAT)–kind reactor at the Karlsruhe Institute
of Technology (KIT) laboratories of Karlsruhe. The
Pd–based membrane reactor has been built in
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Figure 3.9 – Cavitation detection (IVT at
80°C and 17.3 l/s)

Frascati by adopting an innovative mechanical
design: the tests demonstrated the effectiveness of the
device in hydrogen isotopes separation [3.1]. Other
training activities concerned the modelling of the
water gas shift reaction applied to the detritiation
processes via chemical decomposition [3.2]. Finally,
the trainee has been involved in an analysis of the
interaction of tritium with fusion materials: in
particular, the assessment of tritium diffusion
through Cu panels of the neutral beam injection
(NBI) has been reported [3.1] and the study of the
tritium confinement strategy in ITER hot cells [3.3].
Tritium technologies for the fusion fuel cycle
Under the EFDA Goal Oriented Training
Programme “Tritium Technologies for the Fusion
Fuel Cycle” – TRI–TOFFY, ENEA was assigned
with a trainee to be prepared in the area of the
technologies for the fusion fuel cycle. Main research
activities consisted of Pd–Ag membranes synthesis
and characterization: a Pd–Ag permeator tube was
tested in order to assess electrical resistivity, strain
and permeability under thermal and hydrogenation
cycling typical of process applications (hydrogen
pressure up to 400 kPa and temperature range
50 400 °C).
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Figure 3.7 – TRIEX loop

Figure 3.11 – ITER pre–compression ring installation
into the testing machine

Figure 3.10 – Temperature monitoring during hybrid
welding of the ITER TF coil structure

3. Technology Programme
The experiments showed that electrical resistivity
increases with both the temperature and the
hydrogen pressure, but a minimum resistivity is
present at 100 °C. The strain of the hydrogenated
material increases with the hydrogen pressure and
decreases with the temperature: in particular, the
relationship between strain and hydrogen uploading
has been investigated and a power law for isotherms
in the temperature range 50–400 °C has been found
out. Values of hydrogen permeability of 1–2×10–7
mol m–1 s–1 Pa–0.5 have been measured in the
temperature range 200–400 °C: the results showed a
modest influence of the hydrogen pressure while the
dependence from the temperature follows the
Arrhenius' law in agreement with literature [3.4].

3.3 Magnet and Power Supply

Fusion Programme

Toroidal field coil structure closure welding
development and laser welding qualification
ENEA completed an R&D activity related to the
development and qualification of laser welding of
ITER toroidal field (TF) coil structure closure (EFDA
Contract 07–1702/1589). The activity was
performed with the specialized collaboration of
Centro Sviluppo Materiali of Castel Romano and
IPG Photonics in Germany. The activity started in
2008 and was divided into different phases. The first
phase was dedicated to the investigation of different
root laser welding processes on several samples with
different thickness and gaps. Then a second
qualification phase was performed on two particular
root welding processes such as ytterbium fibre laser
and hybrid (laser and gas metal arc) welding
techniques. A final phase was dedicated to the
optimization and qualification of a full joint with a
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thickness of 75 mm under the UNI EN 15614-1
standard, with a root laser weld and a filling
completed with a gas metal arc welding. This sample
is representative of almost all the welds foreseen for
the ITER TF structure closure.
In 2009 further welding activities were performed in
order to investigate and test different back plate
protections by considering thin steel and ceramic
thicknesses and monitoring the temperature
distribution in particular (fig. 3.10).
ITER pre–compression rings characterization, final
design and qualification
The activities related to the ITER TF magnet
pre–compression rings continued in ENEA with the
ultimate tensile strength (UTS) tests on four different
ring scaled mock–ups with a diameter of 1 m
manufactured by industry (EFDA Contract
07–1702/1588 – ITER Contract 09–4300000015).
Three rings were manufactured with the vacuum
pressure impregnation (VPI) technique developed
and optimized in ENEA while the other two were
manufactured with the filament wet winding (WW)
industrial conventional process.
Each mock–up was manufactured with a specific
design aimed at evaluating the effect of the specific
details on the overall mechanical performance of the
ring mock–up. UTS test were carried out by
following as close as possible the standard ASTM D
3039/D 3039M – 00: “Standard test method for
tensile properties of polymer matrix composite
materials”, and using the ITER pre–compression
hydraulic testing machine in ENEA Frascati. The
mock–ups were dimensionally checked and x–rays
surveyed before testing. Then, they were expanded in
the testing machine in radial displacement steps of
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Figure 3.12 – MCNP model of the poloidal
section of the equatorial port plug with the
radial neutron camera

0.1 mm every 6 seconds, with a head speed of
1 mm/min up to failure (fig. 3.11). The stress was
finally measured by reading the pressure sensors in
the actuators.

have been performed. This issue is important for
diagnostics design in order to have reasonably
large neutron flux and, at the same time, to satisfy
shielding requirements.

UTS tests showed an average strength of 1584 MPa
(mean hoop stress in the cross section) and constant
tensile modulus of elasticity up to failure for the VPI
rings. A first UTS test on a WW ring mock–up
showed a positive result of 1437 MPa. A second WW
ring will be UTS tested. A VPI ring mock–up will be
the stress relaxation tested during 2010.

The studies have been performed with the ITER
reference tools for neutronic analyses: MCNP code
(version 4c3) and FENDL–2.0 nuclear data library.
The neutronic model of the port plug has been
updated by taking into account the CATIA files
provided by ITER Organization (IO) of the port
plug and the latest design of the radial neutron
camera (RNC).

3.4 Neutronics
ITER diagnostic port integration: neutronic studies
In support of ITER diagnostic design neutronic
analyses of the Equatorial Port #1 have been
performed [3.6]. The following neutronic issues have
been covered:
•

Nuclear heating in the port plug has been
calculated for different material compositions by
trying to cover the possible and viable
compositions of steel and water.
• Dose rate after shutdown (12 days) has been
calculated in the rear region of the port plug for
the different compositions and configurations.
This issue is important for the consequences in
remote handling and maintenance of the
diagnostic system.
• Parametric studies of cylindrical ducts with dogleg
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The results obtained provide the basis for proper
thermo-mechanical studies and for the design of
diagnostic systems with adequate size, offset and
dogleg or additional shielding in order to reduce the
dose rate to the specified limits.
The nuclear heating analysis in the port plug and the
evaluation of the dose rate after shutdown have been
carried out at different port plug compositions. The
following configurations have been considered:
•
•

•

•

•

Port plug thickness 220 cm, composition 50% SS
50% water
Port plug thickness 220 cm (fig 3.12), three layers
composition: 70% SS, 60% SS, 30% SS,
remaining water, blanket 16% water 84% steel.
Port plug thickness 220 cm, three layers
composition: 70% SS, 60% SS, 30% SS,
remaining water, blanket 30% water 70% steel.
Port plug thickness 220 cm, three layers
composition: 30% SS, 40% SS, 70% SS,
remaining water, blanket 30% water 70% steel.
Port plug thickness 220 cm, with the RNC slot
closed.
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In parallel, the characterization of the ring
composite material has been completed with creep,
shear and compression tests [3.5].

1×101

Figure 3.14 – Dose
rate after shutdown
for different port plug
configurations,
evaluated close to the
RNC gaps
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•

Port plug thickness reduced to 208 cm, which is
the real actual dimension.

The results show that the effect of the plug
composition on both nuclear heating (fig 3.13) and
dose rate level (fig 3.14) is negligible as compared to
the effect of gaps in the port plug structure.

Fusion Programme

Parametric analyses of penetrations in the port plug
have been performed in order to minimize the dose
rate level in the rear regions. We assumed a
cylindrical duct with a dogleg, and neutron streaming
has been evaluated by varying three parameters:
radius of the cylinder dogleg, length (offset), and its
radial position inside the port plug (fig 3.15).
The obtained dose rate values point out that port
plug shielding can be sufficient if the duct diameter
does not reach dimensions comparable to the offset.
Above this size the dose rate after shutdown increases
rapidly to high values (fig 3.16). The optimal position
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of the dogleg is related to the offset length: for a high
offset it is better to put the dogleg at the beginning of
the port plug, while for a low offset it is better to put
it at the end.
Analysis of radiation conditions around the divertor
remote handling, diagnostic and cryopump ports
In the frame of contract ITER/CT/07/028
completed in July 2009, the nuclear loads on the
lower ports of ITER have been calculated, in
particular on the cryopump (CP) and the remote
handling (RH) ports.
In 2008 the work started with the CP and then, in
2009, it was completed with the RH port. In any
case, in 2009 the preliminary 2008 results on the CP
were repeated and updated. A 40° general model of
ITER was received by IO and developed to include
the details of the CP and the RH (with the diagnostic

9

Figure 3.18 – Detail of the divertor region
through one of the ports, showing the
penetrations in the divertor cassettes

rack). Full details of the implemented model and the
subcomponents are shown in a more detailed report
[3.7]. A sample picture of the model is in figure 3.17,
a detail is in figure 3.18. The variance reduction
technique was necessary to treat the deep
penetration problem faced in calculating the nuclear
related quantities. Different parameters were used to
test stability of the results. A parallel version of
MCNP5 was used on the Frascati GRID computing
facilities. Typically, 20–30 processors were used in
each calculation with a couple of days total
computing time per single calculation. Parallel
processors allow for considerably saving the
computing time as compared to serial versions by at
least a factor of ten. Nuclear heating, helium
production, dpa, dose rates after shutdown have been
calculated in the cryopump and the RH system in
their different parts. Maps of the nuclear heating, He
production and dose rate have also been produced.
The total nuclear heating on the two CP is close to
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[3.7]

L. Petrizzi et al., Analysis of radiation conditions around
the divertor Rh, diagnostic and cryopump port, Contract
ITER/CT/07/028, ENEA Internal Report FUS–TN–SB–07,
July (2009)

40 W. The heating on low temperature critical
components is a few milliwatts and a few tens of
milliwatts in the 80°K and in the 4.5°K baffle,
respectively. The integral dose on the valve axis
where the bearings are located is about 7.0×104 Gy.
Even if the cryopump mass is huge (30 tons of steel)
most of the heating is released in the outer box.
Taking into account that the size of the volume
occupied is about 80 m3 the material is much
dispersed. Therefore, the attenuation of radiation
inside the component is limited. Only when large
plates are present the radiation can have a consistent
attenuation, e.g. at the end of the CP where the
actuator is located. Values of the dose rate 12 days
after shutdown (assuming 6.000 hours ITER at full
regime) show that values are as large as 103 μSv/h at
the mouth of the upper cryopump. Lower values are
in rear positions and they are close to the assumed
limit, about 102 μSv/h. The lower cryopump does
not pose any problem for this issue. The dose rate at
the end of the attenuator, at the bioshield level is
<10 μSv/h. The radiation on the CP system has
been put in relation with gaps and holes in the
divertor system region, which can be recognized as
primarily responsible for the nuclear load. According
to this study, the gap between the cassettes (10 mm
wide in the present configuration) is only marginally
responsible for the nuclear streaming in the ports.
The major source of streaming is the pumping slot in
the cassette (fig. 3.18). The second responsible source
is the gap between the cassette and the outer blanket.
The nuclear heating on the rails of the RH port and
on the diagnostic subsystem has been calculated too.
It is one order of magnitude larger as compared to
the CP. For example, the total nuclear heating (in all
subsystems of the RH) is exceeding 800 W. This is
due to the fact that the subcomponents are much
closer to the port entrance and so to the radiation
source. The dose rate after shutdown has been
calculated, and its values have been found to be
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Figure 3.17 – Perspective view of the 40°
MCNP model with the two cryopumps.
Viewpoint from the outside the bioshield.
Picture made by SABRINA software
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Figure 3.19 – Map of
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12 days after ITER
shut–down (6.000
hours operation)
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Figure 3.22 – Nuclear power density radial profiles in
Eurofer components
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within the limit in the cryostat zone (fig. 3.19). The
overall work has been presented as an oral
contribution at the International Symposium on
Fusion Technology, held in Dalian, China, October
2009 [3.8].

Fusion Programme

Neutronic analyses for HCLL TBM preliminary
design phase
Neutronic calculations on helium cooled lithium lead
(HCLL) TBM have been performed using MCNP5
code with FENDL2.1 nuclear data library [3.9].
Alite, the last version of the 40° MCNP ITER
model, has been provided by ITER. ENEA
developed the TBM–HCLL assembly geometrical
model inserted inside the equatorial port (fig. 3.20).
The model of the module and frame has been
developed on the basis of CATIA files provided by
Commissariat à l’Energie Atomique (CEA). The
adjacent TBM–HCPB has been described as a
homogeneous mixture of beryllium–Li4SiO4 and
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Eurofer. Figure 3.21 shows a three–dimensional plot
of the TBM. Some components can be identified.
Neutron and photon transport simulations have been
carried out to calculate the nuclear responses
required and agreed upon with CEA for this
preliminary design phase. Results have been
normalised to 500 MW fusion power. The average
neutron wall loading is 0.71 MW/m2 on the first wall
(FW), corresponding to 3.17×1013 14–MeV neutron
current. The poloidal variation along the TBM is
within ±5%. The total nuclear power is ∼400 kW: 1%
only is deposited on the shield while the reminder is
on the TBM. More than 60% is deposited on the
breeder material and ∼30% on the FW, side walls and
cap. Radial power density distributions in each
component have been calculated to be used as an
input for thermo–mechanical analysis. Radial
profiles in Eurofer components averaged on toroidal
width and poloidal height are shown in figure 3.22.
Nuclear power density on Eurofer components varies
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between 4.6 W/cm3 in the FW to 5.7×10–2 W/cm3
in the last back plate (BP5). In LiPb the nuclear
power density is higher and varies between
5.5 W/cm3 behind the FW to ∼0.2 W/cm3 in the
zones closest to the breeder unit.
Concerning tritium production, the radial profiles
are shown in figure 3.23. The total tritium
production is ∼45 mg/FPD [3.9], more than 97% is
produced in the breeder zones. Tritium production
density per source neutron varies in the range
1.1×10–8–6.7×10–10 t/n/cm3 .
Differences between the breeder units are found in
rear zone only (within ±20%).
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The collaboration between INFN–LNF and
ENEA–Frascati on the development of gas electron
multiplier (GEM)–based neutron detectors continued
with the construction and test of a new neutron flux
monitor prototype for simultaneous 2.5 MeV (DD)
and 14 MeV (DT) measurement [3.10]. The
detector, characterized by high neutron count rate
capability and low gamma sensitivity, has been
designed and optimized by using MCNPX [3.11]: it
consists (fig. 3.24) of a multilayer single unit divided
in two sub–units, UDT and UDD, respectively
measuring 14 MeV neutrons only (UDT) and
2.5+14 MeV neutrons (UDD). In a mixed DD/DT
field the detector can provide separately the two
energy components by combining information from
the two sub–units. The first layer is a proton recoil
neutron converter made of polyethylene (2 mm
(UDT) and 0.7 mm (UDD)). The second layer (Al,
200 mm thick), only present in the UDT sub–unit,
provides a suitable energy cut–off for the protons
produced by 2.5 MeV neutrons [3.11]. The third
layer (a triple GEM structure based on a
Ar/CO2/CF4–45/15/40 gas mixture) yields a
detectable electron signal through ionization of
protons in the gas. The readout system consists of
128 pads of 12.3×6 mm2 in an 8×16 matrix. The
detector has been successfully tested under DD and
DT neutron irradiation (fig. 3.25) at the Frascati
Neutron Generator (FNG).
Neutron–based diagnostics
The ITER RNC (fig. 3.12) is a multi–channel
neutron diagnostic with 45 collimated lines of sight
(LOS) spanning a full poloidal plasma section [3.12].
The main function of the RNC is to provide the
measurement of the plasma neutron emissivity. The
potential of using the RNC also as an ion
temperature (Ti) profile monitor of thermal plasma,
has been simulated by using synthetic measurements
for the standard H–mode ITER DT scenario (EFDA
Contract WP08–DIAG–01–06). The method relies
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on the full exploitation of the spectrometric
capabilities of the liquid scintillator detectors
(NE213) that are used in most of present–day
neutron cameras and are being considered for the
RNC as well. A novel technique that combines
energy unfolding and spatial inversion of
line–integrated RNC spectral measurement, and
that yields a measurement of the local neutron
emission spectrum on a poloidal plasma section, has
been developed [3.13]. The local Ti profile is
extracted from the full width half maximum of the
14 MeV peaks in such spatially resolved spectrum
(fig. 3.26). The results of the simulations suggest that
RNC, equipped with liquid scintillators, can work as
a multi–channel neutron spectrometer and provide
the Ti profile within the ITER accuracy (10%) and
time resolution (100 ms) requirements [3.13].

objective is very interesting for ENEA where MCNP
is being used in an extended way. But the tool has
been developed for a limited number of people, so it
is not a user friendly code. Tests have been made on
simple geometries and they worked well, though it
has shown limitations in complex geometries and
torii. The voids descriptions, which are treated in a
different way by CATIA (it does not consider them at
all) and MCNP (which considers them) are still a
problem. In collaboration with KIT we intend to
further develop the tool and bring it to a good
standard in order to be distributed to a wider group
of people. The objective of the Tasks is to convert the
MCNP model of one JET octant. Some problems
are still pending since JET CATIA drawings are not
fully available or available in versions not consistent
with the one supported by McCAD (CATIA V5).

Development and acquisition of McCAD, a tool for
interfacing CATIA to MCNP geometries

3.5 Materials

Financed by the Joint European Torus (JET) Fusion
Technology task force (TF), the McCAD tool for
interfacing CATIA to MCNP geometries has been
installed in collaboration with KIT Karlsruhe
neutronic group. The tool has been created with the
intention to lighten the efforts needed to prepare
MCNP models for complex geometries. The
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Determination of thermal conductivity of SiCf/SiC
composites with 2D e 3D textile architecture
Silicon carbide ceramic matrix composites have been
studied in order to be used in structural applications
because of their excellent oxidation resistance, high
mechanical strength at elevated temperature, high

Rotating engine 500 rpm
TZM tube diam. ~ 20 mm
Relief valve/repture
disc engine

Cooling water
inlet
Inert gas inlet

700

High density SiC
crucible diam.
120 × height 250 mm

Sliding engine
elevation 150 mm

Thermocouple
To the vacuum pumping
(initial sweeping)

Moly-D
Mo
Disilicite
Heating
Element
10 kW

Heating shield
made of polycristalline
alumina

Inert gas outlet

Cooling water
outlet

The decrease in thermal
conductivities in a specific textile
architecture with the increase in
the temperature is due to the
increase in phonon–scattering,
while the decrease in the thermal
conductivities with the increase
in the porosity is controlled by
phonon transport that relies on
the propagation of thermal
vibrations through the crystal
lattice across a temperature
gradient. This phonon transport
is reduced in presence of point
defects (e.g., vacancies) and
extended
defects
(e.g.,
dislocations).

Cooling (water) chamber
Heating shieldmade
Thermocouple
of polycristalline
alumina
562

Basement made of SiC

Erosion/Corrosion of SiC

In the frame of the DEMO
R&D in the Broader Approach
Activities, a new updated
mechanical design of the
Figure 3.28 – Scheme of the high temperature oven for testing the SiC compatibility
experimental apparatus for the
with PbLi
assessment
of
the
erosion/corrosion
of
SiC
materials into PbLi has been
carried out, see figure 3.28. The
manufacturing of the main components (stainless
steel chamber and support frame) has been
completed. The pores are large defects and thus have
a strong effect on thermal conductivity because of a
corrosion resistance, high thermal conductivity and
decreased mean free path for phonon transport as a
high thermal shock resistance.
result of an increase in phonon scattering at pores.

The measurement of the thermal conductivity of
chemical vapour infiltration (CVI) SiCf/SiC has
extended up to 1.000°C in the transverse direction.
In figure 3.27 the thermal conductivity of the 2D
and 3D textile architectures is shown as a function of
the temperature. The thermal conductivities
decrease from 28.5 to 17.2 W/(m K) for the 3D
textile architecture and from 12.6 to 9.8 W/(m K) for
the 2D textile architecture with increasing
temperature. This indicates that the textile
architecture type affects the thermal conductivity.
The thermal conductivity of the 3D textile
architecture is around the double the 2D one across
the whole temperature range.
The increase in the thermal conductivity of the
textile architecture 3D in comparison to the 2D one
is due to the presence in the configuration 3D of
fibres along the transversal direction and also of a
smaller porosity (∼4%).
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3.6 Remote Handling and
Metrology
ITER in vessel viewing system
ENEA developed and tested a prototype of a laser in
vessel viewing and ranging system (IVVS) under
EFDA underline technology program for ITER. It
uses the amplitude modulated laser radar concept
and it is based on an intrinsically radiation resistant
concept and architecture to withstand the severe
ITER conditions. It already approaches the target
specification requested for ITER although it not
presently withstand with all the ITER environmental
conditions.
In late 2008 a grant was awarded to ENEA by Fusion
For Energy (F4E) for the conceptual design of the
final ITER in–vessel inspection prototype and the
assessment of the present IVVS prototype, finalizing
the multi–year research for ITER in this field.
The activity started in April 2009 to evaluate the
potential application of the ENEA IVVS prototype
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Important factors governing the use of SiCf/SiC at
high operating temperatures or in severely
fluctuating thermal environments include thermo
physical properties such as thermal diffusivity,
specific heat and thermal conductivity.

Return signal (V rms) on
Lambertian target

Fig. 3.29 – 3D STL image
produced with IVVS data
on a first wall panel
mock–up. The size of the
smaller tiles is 50×50 mm.
546048 vertices and
1092096 faces displayed.
20 μs/vertices acquisition
time

F_tx=4.2 m F_rx=4.2 m d=600 μm
F_tx=2 m F_rx=1.5 m d=600 μm
F_tx=3.5 m Frx=3 m d=600 μm
F_tx=2 m F_rx=1 m d=600 μm
3.5 m Frx=3 m d=1000 μm
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Fig. 3.30 – Comparison between the two–step and
three–step focus IVVS version

3. Technology Programme
•

1. The execution of laboratory tests with the ENEA
IVVS mock–up in order to verify that the
performance of the mock–up are matching (or at
which level are approaching) those required for the
final application in ITER
2. The
assessment
of
the
expected
viewing/metrology capability of the IVVS in the
ITER conditions,
3. The conceptual designs of an IVVS probe
prototype and related test bed, in preparation of
the future procurement and testing activities. It
takes into account all the very severe
environmental conditions of ITER during the
inspection:

The laboratory test has been divided in two different
phases, during the 2009 the first phase was
performed. The main purposes of the first test
campaign were to up–grade the performances of the
present ENEA IVVS mock–up in order to approach
the target specifications requested for ITER, as
reported in the following.

Pressure in Ultra High Vacuum conditions.
Operating temperature ≤120°C; baking
temperature 240°C.
• Environmental radiation dose rate up to
5 KGy/hour (gamma rays).
• Total dose: up to 10 MGy (gamma rays) and
total neutron up to 5×1013 n/cm2.
• Magnetic field of up to 8 Tesla, 0.3 T in storage.
•
•

The target specifications for the IVVS system for
ITER are:
•

Fusion Programme

Inspection time: ≤ 8 h for an overnight inspection
of the whole VV.
• Self–illumination (no need of external light
source).

for ITER in–vessel inspection and to produce the
conceptual design of an IVVS system compliant with
all the ITER requirements and of the related test
bed. The work has been divided in three main tasks.

Metrology accuracy: 0.5 mm at 5 m distance on
ITER relevant materials and surfaces.
• Viewing spatial resolution: ≤1 mm at target
distances of 0.5 m–4 m and ≤3 mm at target
distances up to 10 m.
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a. Verification of the IVVS performances with a
radar electronics modulation increased from 193
to 485 MHz to update the IVVS characteristics.
The test gave the expected ≈2.5 factor increase in
the accuracy of the range measurement allowing
the acquisition of accurate 3D images in shorter
acquisition times (fig. 3.29).
b. Evaluation of the depth of field of the present
IVVS system at distances outside the operative
filed of present IVVS system, which demonstrated
the necessity of a three step of focus to cover the
full range of 0.5–10.5 m requested.
c. Evaluation of possible increases of depth of field
of the present IVVS system with the installation
of a 1 mm Silica/Silica Rad Hard Bundle and a
matched photo detector. It made possible to cover
the full distance with only two–step of focus
(fig. 3.30.)
d. Increase the knowledge on the behaviour of ITER
relevant material depending from the inclination
angle.
Experimental results provided a complete parametric
characterization of the IVVS quality both for
viewing resolution and for metrology accuracy.

ANSYS 12.1
HFLU
0
0.3111
0.6222
0.9333
1.244
1.556
1.867
2.178
2.489
2.8
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Fig. 3.31 – Resolution map
obtained on ITER divertor
geometry
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A parametric procedure able to predict the IVVS
behaviour was synthesized from the experimental
knowledge base and theoretical relations.

mobilization in the frame of the F4E Grant 01/2008
“Combined hydrogen and dust explosion and
mitigation experiments and model development”.

The implementation of this procedure by a software
platform is in progress. This software has been based
on a 3D FEM code: Ansys® code has been chosen,
because it is already widespread in ITER
organization. The meshing software ICEM allows to
read the geometry of the ITER CAD, essentially
STL files. The third code embedded in this software
platform is modeFrontier® that can manage the
ICEM files and pass the STL mesh to ANSYS,
checking the validity of ICEM output in terms of
robustness of FE model, minimizing the number of
control subroutines as well as the CPU time

The tasks for which final results have already been
achieved are described in the following.

3.7 Safety and Environment,
Power Plant Conceptual Studies
and Socio Economics
Several fusion safety issues have been analyzed
during 2009. Some of them are still going on and
their final results will be achieved in 2010 as it is the
case, for example, for the studies about dust
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The conceptual design of the two European Test
Blanket Systems (TBSs) based on the HCLL and the
HCPB TBMs were analyzed in detail and a first draft
of Preliminary Safety Reports (PrSRs) were issued
[3.14, 3.15]. The purpose of these reports is to
demonstrate to the ITER project, and to the ITER
regulator, that the proposed TBMs can be operated
with no undue risks, to the machine, the workers and
the public. These reports follow the general structure
of the ITER PrSR.
The reports were organized in order to present an
evaluation of the hazards associated with the
operation of the TBSs and demonstrate that such
hazards are adequately controlled or mitigated. The
first step was to analyse the available and most
updated documentation of the project and identify
the hazards and the potential consequences
associated with the two TBSs. The measures
designed to mitigate the potential consequences were
analyzed to identify whether they are sufficiently
strong or further designing needs.
The second step was to identify those items that are
required for the safety report but are missing from
the current documentation, e.g.: safety analysis that is
deemed necessary for the final RPrS, but currently
not available [3.16, 3.17].
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The user chooses the position and orientation of
each head in the ITER vessel, and the software
platform gives maps of IVVS “quality” (fig. 3.31); the
user can further give a range of values for these
parameters, and the software platform chooses the
best values to optimize the position and trajectory of
each scanning head in order to obtain the best
resolution and/or accuracy in a predefined area of
the vessel. This function is performed by
modeFrontier®.

Preliminary Safety Reports for the European test
blanket systems

3. Technology Programme
The main chapters of the RPrSs included:
•
•
•
•
•
•

•
•
•

European test blanket program
Test blanket system description
Safety design principles and measures
Hazards and safety measures adopted for each
hazard
General safety objectives
Safety assessment – public/environment, with
identification and description of the design basis
accidents (DBA) and the beyond design basis
accidents (BDBA)
Safety Assessment – Workers
ORE during normal operation and accidents
Waste Management & Disposal.

The accidental conditions, or postulated initiating
events, which might give rise to a radioactivity
release, were determined on the basis of an FMEA
evaluation. A set of reference accidents is then
developed, by grouping individual accident initiators
that have similar consequences. The selected
reference accidents are those with the highest
expected consequences – i.e., those that establish the
system safety design requirements.
Two lists of 13 and 16 reference accidents,
respectively for the HCPB and the HCLL, have been
identified and analyzed in detail for the possible
accidental releases of radioactivity that may occur in
any of the following areas: VV, Port Inter–space, Port
Cell, Helium Cooling System Room, Tritium
Building, Hot Cell.

Fusion Programme

The preliminary safety analysis performed to date
indicates that the additional risk of operating the
ITER machine with the TBS is not significant,
because of the low radioactive inventory of TBSs,
due to the small size of the TBM (where tritium and
activated products are generated) and to the safety
measures introduced into the design with the
purpose of reducing the circulating radioactive
inventory and the spread of radioactivity. Coolant
purification system, and purge gas system separated
from the cooling gas system, as in the HCPB,
constitute two such measures.
The radiological risk associated with the initial TBM
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is minimal, as it is tested in hydrogen–plasma
conditions, in the absence of neutrons. Subsequent
modules will be progressively subjected to increasing
neutron fluxes and the total neutron fluence will also
gradually increase. The largest neutron flux and total
fluence will not be achieved until the ITER machine
has achieved mature operation, at the end of the first
ten-year period of operation. Accordingly, the
conditions that have formed the basis of the current
safety assessment will not be encountered for almost
ten years from the start of ITER operation.
This gradual ramp–up provides for the opportunity
to verify the analytical tools used in the design and
analysis of the TBM and for fine–tuning the design,
based on operational feedback. Future safety
assessments will thus carry progressively smaller
levels of uncertainty. Moreover, once the current
uncertainties about plasma–stability in ITER will be
eliminated (i.e., large tokamaks are inherently stable
plasma machines), some of the conservatism in the
current assessments can be reduced, or, in some
cases, completely eliminated. The postulated event,
and others like it, such as a large plasma–disruption,
capable of cutting right through the FW of the
TBM, and some shield blanket modules, may simply
become a hypothetical event not worthy of future
consideration even as a beyond design basis accident.
As already noted, given the low radioactive inventory,
the overall risk associated with the operation of the
TBS is low. The balance between public risk and
worker risk may be skewed significantly in favour of
the public. Future safety assessments will take this
into account, so that worker risk may be brought into
closer balance with public risk.
Identification of safety important class for ITER
components
Due to its unique features, ITER may not be
designed to comply with specific deterministic
principles given by regulatory guidance documents,
as it can be done for the nuclear power plants (NPP);
all the components that may result critical for the
safety must be identified and analyzed.
The safety approach actually adopted in ITER was
studied in detail and compared to the guidelines
followed in NPP’s.

•

criterion A: their failure can directly initiate an
incident or accident, leading to significant risks of
exposure or contamination;
• criterion B: their operation is required to limit the
consequences of an incident or accident that
would lead to significant risks of exposure or
contamination;
• criterion C: their operation is required to ensure
the functioning of SIC components.
A graduation of safety important components is
adopted for ITER:

A list of SIC components is reported in a set of
spreadsheets. This is extended up to the level of
detail attainable at the present status of the design.
Components are listed according to the ITER plant
breakdown structure.
Each spreadsheet reports a sheet dedicated to a short
description of the characteristics of the system, and
its operating function, including:
•
•
•
•
•

•

SIC–1 are those components required to bring to
and maintain ITER in a safe state,
• SIC–2 those components used to prevent, detect
or mitigate incidents or accidents, but not required
for ITER to reach a safe state.
Furthermore, components and systems that are not
SIC (SIC–1 or SIC–2) were identified as being safety
relevant (SR), if they have some relevance to nuclear
safety. Such components/systems were not credited
in the safety analyses.
By this study, the design of the ITER system was
investigated with the purpose of highlighting the
overall SIC components and resuming the design,
construction and operational requirements that must
be assigned to them.

•

The safety functions assigned to each single
component are resumed in a “SIC” sheet. These
include:
•
•
•
•

The related implications in design, construction,
commissioning, and operation are described as well
as the codes and standards applied for design and
construction.

•

Some general applicable codes and standards for the
design, construction and testing are reported. The list
is not exhaustive. A complete covering of all ITER
systems is hard to attain due to the complexity of the
project, and the conventional codes and standards
generally applied to NPP’s do not include the systems
and components present in ITER. Thus, specific
requirements for some systems/components may
need to be developed on a case–by–case basis.

•
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design and other reference documents,
location (building/room),
codes and standards for design, fabrication and
testing of he whole system,
rationale for the safety classification of the system
and reference documentation,
reference accidents related to the system and
studied by deterministic assessments,
Reliability, Availability and Maintainability
Inspectability (RAMI) requirements.

•

•

the safety function associated to the component,
the operating mode of the system, referred to the
above safety function,
the safety classification of the component and the
classification criterion,
the capability to perform the assigned safety
function, in terms of reliability: provisions to
protect against single failures, redundancy,
physical separation, diversity, independence,
the required auxiliaries during emergency (power
supply, fluids)
the requirements to monitor the equipment status
(parameter, indication in local or in remote),
the requirements of periodic testing, and routine
maintenance,
I&C classification standard and category,

•

seismic and environmental qualification of the
equipment,
• quality assurance (QA) class.
A sheet dedicated to operating limit conditions
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In ITER, components are assigned a particular
safety important class (SIC) that is based on the
consequences of their failure. The top–level criteria
for the identification are as follows:
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Figure 3.32 – VV PHTS deposit mass by PACTOLE v1.0 vs. deposit + outer oxide mass as per PACTITER v3.3
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Figure 3.33 – Average surface activity for regions under flux of the VV PHTS loop. Comparison
PACTOLE v1.0 vs. PACTITER v3.3
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(OLCs) is finally introduced for SIC components.
This sheet includes the data listed hereafter.

Validation of the PACTITER computer code and
related fusion specific experiments in CORELE loop

•

The objective of the task EFDA Contract
07–1702/1548 Task TW6-TSS-SEA5.6 is the
verification and validation of the PACTITER code
v3.3 to be used for predicting activated corrosion
products (ACPs) in ITER primary heat transfer
system (PHTS). The independent verification testing
of PACTITER v3.3 has been carried out through
the comparison with previous results provided by the
code PACTOLE v1.0 for the ACP assessment for the
VV PHTS loop with and without the chemical and
volume control system (CVCS) by using the old input
deck (geometry model and operative scenarios)
adapted to the new code PACTITER v3.3. The
main results of the comparison are summarised in
the figures 3.32, 3.33, 3.34. The first shows a good
agreement in the prediction of the deposit mass
especially in the case without CVCS [3.18].
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the Operating Mode of the system, referred to the
above safety function,
• the considered process variable (temperature,
pressure, flow etc.) that is taken into account.
• the operating limits and conditions of the
considered process variable, such as:
limities de conduite (LC) or operational
conditions. (Range of normal operation),
limites de fonctionnement (LF) or limiting
conditions for operation (LCOs),
limites de sûreté (LS) or limiting control settings
(LCSs),
limites de dimensionnement (LD) or Safety limits
(SL's).
For each process variable and for each limit the
values, the surveillance requirements that support the
operating personnel in ensuring compliance with the
OLC, the combinations of automatic functions and
actions by personnel, and the design and other
reference documents have to be reported.
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On the other hand, the deposit and the coolant
activities are not in good agreement due to different
models introduced in PACTITER v3.3. The larger
values of the coolant activity given by PACTITER
v3.3 are due to the models adopted in the code for
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[3.18] L. Di Pace, Independent verification testing of the
PACTITER v3.3 code for ITER PHTS ACP assessment.
Draft Final Report, ENEA Internal Report in preparation

predicting the ACP activity distribution amongst the
different media involved (oxide, deposit, ion and
particle in the coolant, filter and resin). This model
underestimates the transfer of activity in particles as
the contamination transfer is mainly controlled by
the coolant chemistry. Generally, the ion and particle
activities should be of the same order of magnitude.
PACTOLE v3.3, from which PACTITER v3.3 is
derived, is validated for the transfer of the corrosion
products in ionic form. The focus is given to the
careful assessment of the surface and volume
activities of the two major radionuclides from the
dose rate point of view, Co58 and Co60. This model
is confirmed by the good agreement with French
PWRs dose rate measurements.

3.8 Cryogenics
Liquid helium service
The temperature of liquid helium at normal boiling
point is 4.2 K (about –296°C). It is therefore used as
a typical refrigerant for cooling experimental
equipments at very low temperatures. Helium,
however, is rather expensive, so that recovering the
helium evaporated during experiments may be
beneficial, provided that the overall helium
consumption is large enough. The gas recovered and
compressed in a suitable storage system can indeed
be liquefied again, subject to prior purification, thus
allowing recycling of the same amount of helium
many times.
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A number of activities pursued by the Fusion
Technical Unit at the Frascati Research Centre of
ENEA require, every year, considerable amounts of
liquid helium. The experiments with the FTU need
liquid helium to cool down the magnets of the
auxiliary heating facility electron cyclotron resonance
heating (ECRH), or to freeze solid deuterium pellets
to be injected at high speeds into the fusion plasma,
as well as to keep plasma diagnostics at low
temperature. The Superconductivity Laboratory also
uses sizeable amounts of liquid helium for
experiments with large superconducting magnets, as
well as to test critical components at low
temperatures.
A helium recovery facility and a helium liquefier are
therefore operating in the centre, which allow for
recycling helium many times. The helium liquefier is
a Linde TCF20, featuring a cold box equipped with
an internal auto–purifier and two turbine expanders
for gas pre–cooling, a screw driven DS220 recycling
compressor equipped with an oil removal system, a
line drier, a pressure control panel, two
self–pressurizing dewars (1.000 litres each) for liquid
helium storage, two transfer and decant lines, a 7 m3
pure helium buffer tank and an analytical panel
equipped with a purity monitor and a moisture
meter. An Allen Bradley Programmable Logic
Controller automatically controls the plant, which
was supplied by Linde Cryogenics Ltd. (UK) on April
1999. The nominal liquid helium production rates,
both with or without liquid nitrogen precooling, are
of 60 and 30 l/h.
During 2009, nearly 19.500 litres of liquid helium
have been delivered to the users, which is comparable
to data from the previous year (about 22.000 litres).
About 20% of the liquid evaporates (to the recovery
system) while it is decanted from the storage vessel to
transport dewars (in order to deliver the product to
the users). Moreover, the self–pressurizing storage
dewar features an evaporation rate of about
25 litre/day, due to the unavoidable heat losses; of
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Figure 3.34 – Coolant activity for the VV PHTS loop. Comparison of PACTOLE v1.0 vs. PACTITER v3.3

Figure 3.35 – Distributed
liquid helium in 2009

Figure 3.36 – Helium losses
(equivalent to litres of liquid)
in 2009
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Figure 3.37 – The new console at the liquefier building

Figure 3.38 – The data acquisition system
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course, the helium vaporized from the liquid storage
is recovered too. As a consequence, the overall liquid
helium inventory managed in 2009 turns out to be
roughly 32.500 litres. Nearly 21.500 litres
(corresponding to more than 390 hours of operation)
have been produced by the Linde liquefier, while the
remaining 11.000 litres have been purchased to
compensate for the losses of the system. The
resulting average recovery efficiency is estimated to
be about 65.5%, comparable to that recorded in
2008 (when about 66.6% was recovered). Such a low
recovery efficiency is partially due to some
demanding superconductivity experiments which
may occasionally require considerable amounts of
refrigerant to be evaporated in a very short time, thus
making both the capacity of the gas bag (5 m3) and
the throughput of the recovery compressors (80
m3/hr), inadequate. Moreover, during the last three
months of 2009, the recovery system was operating
with only one of its two compressors, due to
maintenance being performed in turn on both
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machines, as necessary after 15.000 hours of
operation. This resulted in a reduced recovery
throughput of only 40 m3/h and therefore in losses
greater than usual.
Data from independent gas counters in the
(separated) recovery lines of each user allowed,
throughout 2009, disentangling the different
recovery efficiencies by FTU and Superconductivity
Laboratory. As a matter of fact, by comparing the
amounts of liquid helium delivered (Fig. 3.35) and of
gas recovered it is possible to evaluate the percentage
of total helium lost by each user (Fig. 3.36).
A new console has been built and installed (fig. 3.37),
which connects the helium liquefier, the recovery
plant and the auxiliary systems, thus allowing the
operator to control and monitor all gas pressures and
flows from a single position inside the liquefier
building. This console is also equipped with a small
programmable logic controller (PLC) which allows
all relevant data to be monitored and recorded on a
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dedicated personal computer, and provides alarms to signal any anomaly in the performance of the different
sub–systems. A LabView based software supervises the data acquisition and provides real time plots for quick
diagnosis of anomalies at a glance (fig. 3.38). Two alarm levels are provided for each relevant parameter. At
the lower level, a local announcement is generated by means of optical and acoustic signs, thus alerting the
operator who can make the necessary adjustments and recover normal operating conditions. At the higher
level, a general alarm condition is generated, which is also detected by the central operation’s room, in case of
events which might take place during the night or the week–ends.

4. Superconductivity
In 2009 the activities of the Superconductivity laboratory focussed on manufacturing and testing of conductor samples for
ITER (“The way” in latin ) and related projects still in progress, as well as on R&D on conventional low–temperature
superconducting (LTS) materials and coated conductors (high–temperature superconductors, HTS).
From the point of view of the cable–in–conduit conductors (CICC) production, ENEA was involved in the fabrication of
full-size samples for the ITER reactor; in the development of an alternative layout for toroidal field (TF) conductors; in
manufacturing and testing of full size Japan Tokamak 60 Super Advanced (JT–60SA) TF conductor; and in manufacturing
of conductors finalized to the construction of two new hybrid magnets, to be located respectively at National High
Magnetic Fields Laboratory (NHMFL) and the Helmholtz Zentrum Berlin (HZB).
Research & Development on LTS were devoted to transport and structural studies on NbTi and Nb3Sn strands. Detailed
experiments on inter–filamentary transport properties were carried out in order to get new insights on transverse resistance
effect on electrical performances; studies on NbTi multi–filamentary strands, where a two–pinning component model for
a new fitting/scaling formula had been previously developed by ENEA to describe NbTi transport currents in a very wide
operating range, improved the fitting formula applicability adopted in the design of superconducting magnets.
The activities concerning HTS focussed on growth and transport characterization of YBCO film with artificial pinning
center (APC), and on characterization of the YBCO films growth process with metal–organic deposition (MOD)
techniques using low fluorine precursors. These activities have been developed, as usual, in collaboration with National
and International institutions.
Besides, the study of a new class of superconducting materials based on iron oxypnictide compounds (e.g.: BaFeAs) was
started by performing the magnetic characterization of samples synthesized at the NHFML, Florida.
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Figure 4.2 – Cross section of the TF full–size
sample manufactured by Tratos Cavi under
ENEA supervision

Figure 4.1 – Dyes have been used at Tratos Cavi for
the control of cable dimensions. Particular of the
first triplet formation

4. Superconductivity
4.1 Cable–in–Conduit Conductor
Manufacturing and Testing

ITER toroidal field conductors

Supply of conductor samples for cryogenic tests
ENEA has been asked by CRIOTEC Impianti S.r.l.
to perform monitoring and quality assurance on all
the activities related to the production of two 80 m
long dummy conductor lengths. This contract was
launched by Fusion for Energy (F4E) with the aim of
testing cable–in–conduit conductor (CICC)
thermo–hydraulic
properties
at
cryogenic
temperatures. The chosen conductor layout for these
tests was very similar to the low field (LF) and high
field (HF) conductors of the European Fusion
Development Agreement (EFDA) Dipole (EDIPO)
project, described in the previous progress report.
All the cabling has been sub–contracted to the Tratos
Cavi Company, whereas the jacket welding, cable
insertion and compaction have been performed by
CRIOTEC Impianti. All the activities have been
performed under the supervision of ENEA.

Fusion Programme

In particular, each cabling stage has been carefully
monitored due to the limited availability of raw
material (copper strand). In order to avoid any
breakage problem and keep control of cable
geometry, a new planetary machine (“ribbon cabling
machine”) that allows for a good control of speed
and of pulling forces was used, together with a series
of dyes aimed at controlling strand diameter (fig. 4.1).
The two final cables showed a very good circular
shape and all the dimensional parameters,
systematically measured along the whole process,
were well within specifications.
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In the framework of the toroidal field performance
samples (TFPS) task activities, aimed at validating the
ITER TF conductor design and qualifying the
European strand producers, ENEA has been
assigned to supply an additional sample besides the 5
already produced by Luvata Fornaci di Barga. Thus
the Italian cabling company Tratos Cavi S.p.A. has
been assigned to perform cabling, jacketing and
compaction of the conductor unit length. This
sample has been manufactured by using Nb3Sn
strands produced by the EAS Bruker Company, and
labeled as “EAS Ta”, because of the inner diffusion
tantalum bar.
Tratos Cavi S.p.A., a leader industry in Europe in the
field of optical fibre cables and electrical cables, was
selected by ENEA as the main partner in the
procurement of conductors for ITER, after the shut
down of Luvata Fornaci di Barga.
Since this one was the first ITER cable produced by
Tratos, before cable fabrication ENEA personnel had
detailed surveys and discussions with their
technicians and engineers in order to define and
outline the main characteristics of superconducting
cabling. The high quality expertise shown by Tratos
personnel during the whole cable process, along with
the wide cable machine availability in–house,
allowed for a high quality manufacturing and
guaranteed a new fully qualified cable European
supplier.
Due to the particularly tight time schedule of this
task, Tratos was allowed to use out–of –specification
chromium plated copper strand, produced by PORI
and supplied by F4E, with a final nominal diameter

The tube used for jacketing was the very same used
for the TFPS samples and had a length of 5.7 m. The
jacket length after compaction was of 5.905 m, with
an elongation of 0.49 m (9%). One sample of 3.7 m
was shipped to Centre de Recherches en Physique
des Plasmas (CRPP) Villigen, for testing within the
EU–TF5 measurement campaign. The final
conductor cross section, after compaction, is shown
in figure 4.2.
A portion of the sample has been destructively
checked by ENEA in order to ensure the
specification fulfillment. The conductor has been
successfully tested during September/October 2009
in the SULTAN facility, with a final Tcs value of 6 K,
above the ITER minimum requirement of 5.7 K.
ITER poloidal field conductor samples
As required by each Conductor Procurement
Arrangement, each conductor layout must be
qualified before launching the production phase.
This is why ENEA, in collaboration with
Commissariat à l’Energie Atomique (CEA), has been
assigned to design and manufacture 2 full size ITER
poloidal field (PF) conductor samples, one
representative of PF1/PF6 (SSPF1) conductor and
the other of PF2 type (SSPF2). Both these SULTAN
samples had to be manufactured avoiding the bottom
joint and with soldered upper termination, according
the ITER Organization (IO) technical specification.
This typology of SULTAN sample, indicated as
hairpin, has been optimized by ENEA in order to be
adopted for the large ITER full size conductors. To
this purpose, a new “device” was designed,
developed and manufactured by ENEA, based on a
stainless steel bulk box, machined to obtain a
properly shaped hollow that could host the cable “U”
turn. This box is closed by a faceplate for its
connection to the 2 leg ends (properly machined) and
a top cover. All the pieces are intended to be welded
at the end of the assembly process.

The samples production thus started from the SSPF2
cable that has been inserted and compacted by
CRIOTEC Impianti (Chivasso, Turin) under ENEA
supervision and Quality Assurance (QA) activity.
Before insertion, it was necessary to check the
nominal parameters to verify the compliance with
the specifications. Due to the round–in–square
cross–section of the PF tubes, a particular attention
was spent in defining the starting dimension and the
compaction parameters, in order to get the desired
final dimensions and shape according to technical
specifications.
The SSPF2 sample has been delivered to ENEA for
the final assembly of the bottom hairpin box and the
upper terminations.
These activities started at the end of 2009 and will go
on for the first months of 2010.
ITER toroidal field EU–AltTF sample with
rectangular geometry
For relatively small size Nb3Sn CICCs, operating at
high electromagnetic pressure, as those for the
EDIPO project, it has been already experimentally
shown that a design based on a rectangular layout
with relatively high aspect ratio leads to the best
performances, especially in terms of degradation
with electromagnetic loads. To extend this analysis to
larger size Nb3Sn CICCs, ENEA developed,
manufactured and tested in the SULTAN facility an
European Alternative TF (EU–AltTF) cable, inserted
into a thick stainless steel tube and then compacted
to a high aspect ratio rectangular shape.

The two cable lengths have to be supplied by ITER
IO (PF1/PF6 type manufactured in Russia and PF2
type in China). ENEA main dues are the cable
jacketing and compaction for both samples and the
design and manufacture of the bottom hairpin
boxes, whereas the upper terminations procurement
and assembly, and the instrumentation supply and
installation are in charge to CEA.

A spare length of superconducting cable produced
by Luvata Fornaci di Barga in the framework of the
ITER TFPS activities (see before), using the Nb3Sn
internal tin strand named Alstom B, was available and
has thus been used, so that about 7.5 m of an
ITER–relevant rectangular conductor were
obtained. For the SULTAN sample, ENEA has
developed a hairpin type configuration, thus
avoiding any resistive joints between the two legs. To
this aim, a portion of the 7.5 m length has been left
unjacketed, in order to be bent, and hosted in the
box. The box components and the conductor were
prepared by ENEA and then shipped disassembled
to CRPP, in order to facilitate the installation of the
electrical and hydraulic upper terminations. These
terminations have been manufactured with a
crimping technique, without any soldering between
cable and copper sleeve.

In autumn 2009, the SSPF2 cable, manufactured in
China, was received. Unfortunately, the cable from
Russia turned out to be late in the time schedule and
is expected to be delivered to ENEA for jacketing at
the very beginning of 2010.

Due to the combination of bending and torsion, the
exact control of the cable shape in the hairpin zone
was critical, so that, in order to block the cable within
the “U” hollow in the box and prevent it from
possible movements during operation, the CRPP
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of 0.79–0.80 mm instead of the 0.82 mm specified
for ITER TF conductors.

Current sharing temperature (K)

a)

b)

Left leg

10.78 T, 68 kA

7.6

Figure 4.3 – a) Detailed view of the
conductor in the transition region
between rectangular to circular cross
section. b) Hairpin box after sample
installation and space filling with stainless
steel balls
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Figure 4.5 – SULTAN sample configuration
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Figure 4.4 – The current sharing temperature as function
of electromagnetic loading cycles, for the EU–AltTF
conductor (circles and squares for the right and left leg
respectively), compared to the results found previously on
the EUTF4–OST and TFPRO–OST2 samples

4. Superconductivity
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solution of void filling by small stainless steel spheres
(2 mm diameter) has been adopted. Figure 4.3 shows
a view of the box.
The conductor has been tested in terms of direct
current (dc) and alternating current (ac) properties,
following the baseline of a standard SULTAN test
program for ITER TF conductors. The current
sharing measurements carried out at the nominal
ITER TF test conditions (68 kA sample current;
10.78 T background field) have shown that
outstanding performances (Tcs∼7.5 K) as to the
ITER acceptance criteria can be achieved when the
electromagnetic load acts over the conductor broad
face. In the opposite direction, when the pressure
acting at the strand level is higher, slightly lower
performances are obtained (Tcs∼6.9 K), but still well
above the ITER reference Tcs value. But the most
important result is that, for both conductor
orientations, a negligible performance degradation
with electromagnetic loading cycles, as well as with a
thermal cycle, is achieved (fig. 4.4).
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In addition, well acceptable values for the ac
coupling time constant have been determined
(nτ=22 ms for the left leg, and nτ = 55 ms for the
right leg). Finally, based on measured data, the
pressure drop expected for this conductor at 5 K,
6 bar, 2.5 g/s is about 2 mbar per meter of
conductor.
JT–60SA toroidal field conductor test
One of the main milestones of the JT–60SA project
has been the successful test of the performances of
the reference TF conductor, manufactured by
ENEA, that led to the final definition of its design.
The sample has been tested in the SULTAN facility
at the CRPP. It has been assembled in such a way
that the SULTAN background field faces either the
broad (left leg) or the small (right leg) conductor side
on the two legs (fig. 4.5). The test campaign included
dc tests, ac losses tests, as well as stability tests.

Different pressure (bar)

100×10-3
80

Figure 4.6 – Differential pressure drop measured
along a 2 m vertical conductor length, as function
of the mass flow rate, at a pressure of 10 bar and
a temperature of 4.4 K
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corresponding to the magnetic peak field in the TF
coil during operation (5.65 T), is at a sample current
of 25.7 kA and a field of 5.1 T. In this condition, the
conductor shows a Tcs∼6.13 K. In addition, the
operating point at 25.7 kA and 4.8 T, corresponding
to the peak field conductor in the lateral pancake of
the winding pack, has been systematically monitored
in all analyses, due to its possible criticality in terms
of temperature margin.
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Figure 4.7 – Tcs vs. Isample, at different BSULTAN. Full and open
symbols refer to results of the left and right leg, respectively.
Triangle symbols represent the result of critical current tests.
Lines are fits from strand data at Bpeak, according to a
2–components fitting formula, with parameters optimized
according to measured strand properties

Test results: pressure drop test. The pressure drop
along an exact 2 m conductor length has also been
measured by two capillary tubes, welded on two
small holes that have been drilled on the conductor
jacket, connected to a room temperature differential
pressure transducer.
An especially dedicated experimental run has been
carried
out,
for
the
thermo–hydraulic
characterization of the sample, in terms of pressure
drop as function of mass flow rate, measured at
4.4 K and 10.0 bar inlet pressure (fig. 4.6). From this
measurement, the extrapolated pressure drop in the
113 m hydraulic length of the TF coil in the
reference thermo–hydraulic conditions has been
estimated to be about 0.8 bar.
Dc test results: current sharing temperature.
Figure 4.7 summarizes the result of current sharing
temperature tests, extracted from experimental
measurements by electrical method, at different
SULTAN fields. For comparison, the reference point
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As figure 4.7 shows, the conductor Tcs are in very
good agreement with the predictions from strand
data at peak magnetic field, and the same
consideration holds for data taken after cycling.
There is a small, yet systematic difference between
the two legs, which reflects the different conductor
orientation as to the magnetic field: a different weight
of the mean as compared to the peak magnetic field
has to be considered, due to the different magnetic
field distribution over the conductor cross–section.
Anyhow, both legs show a behaviour which is
characteristic of a uniform current distribution and
of a good current redistribution within the conductor
cross–section.
Sudden quench phenomena, defined as the points
where Eq becomes smaller than 0.1 mV/cm, have
been observed only for currents much higher than
the nominal one: about 60 kA for the left leg, and
about 50 kA for the right leg.
The difference between the two legs reflects the
larger effective field shown by the right leg, which in
turn corresponds to a larger value of the peak electric
field, as computed at Tcs. During a current ramp at
4.5 K and 5.1 T SULTAN field, the conductor
reached 66 kA before quenching.
Ac test results: ac losses. Ac losses have been
measured by a calorimetric approach, applying
sinusoidal pulses to the SULTAN pulsed copper coils,
corresponding to a field amplitude ΔB=0.2 T, and a
SULTAN background field of 2 T. Runs have been
carried out both before and after about 200 cycles at
7.5 T/18.5 kA, and both with and without transport
current.

2009 Progress Report

Current sharing temp. (K)

7.0

8
73 ms
63 ms
60 ms
48 ms
32 ms
27 ms
24 ms
20 ms

120

4

2

0
0.0

80
No quench
Bdc= 5.09 T

40

Iop= 25.7 kA
Bdc= 4.56 T
Iop= 50 kA

0
0.2

0.4

0.6

Bdc= 5.32 T

Quench

Iop= 15 kA

Tcs-Top (K)

Total loss (J)

6

Right, 0 kA before
Right, 25.7 kA before
Right, 0 kA before
Right, 25.7 kA before
Left, 0 kA before
Left, 25,7 kA before
Left, 0 kA before
Left, 25,7 kA before

0.8

1.0

0.2

0.6

1.0

1.4

Tcs-Top (K)

Frequency (Hz)

Figure 4.9 – Stability test results, expressed in terms of
external field integral, as a function of the temperature
margin, at different BSULTAN/Isample values

Figure 4.8 – Ac losses measured calorimetrically, for
both legs, before and after cycling, as well as with and
without sample transport current. The lines represent
the linear fits used to determine the coupling time
constants

4. Superconductivity
Figure 4.8 summarizes the results, in terms of total
energy, referred to the whole cable volume. The
corresponding coupling time constant extracted from
the linear interpolation of data in the frequency
range up to 1.0 Hz, and assuming a single time
constant model, is reported in the plot legend. As one
can see, the right leg shows about 2.5 times higher
losses than the left leg, due to the different ac field
orientation as to the broad conductor face. Coupling
losses decrease of about 30% after 200
electromagnetic loading cycles and the coupling time
constant after cycling and with transport current is:
20 ms (left) ÷ 48 ms (right).
Ac test results: stability. The conductor has been
characterized in terms of stability by using
half–sinusoidal pulses of period T=128 ms
discharged through the SULTAN copper pulsed
coils. Also in this case, three different BSULTAN/
Isample combinations have been considered, which
correspond to the same value of peak magnetic field
Bpeak=5.65 T. No quench points are reported in
Figure 4.9, expressed in terms of external magnetic
field integral. The results are corresponding to the
right leg only, since it quenches before the left one,
owing to its higher ac losses. In the TF coil, a plasma
disruption event causes an exponential decay of a
0.2 T transverse field, with a time constant of 50 ms.
The transient integral can thus be computed to be
0.4 T2/s.

Fusion Programme

ITER strand benchmarking
In the past ENEA had been already involved in the
ITER strand benchmarking, and in this framework it
performed the characterisation tests of a Nb3Sn
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reference strand, as provided for by ITER IO. A
second test campaign has been carried in 2009,
aimed at measuring in the different laboratories the
transport critical current and n–value at liquid
helium of a strand already mounted on ITER barrel,
heat treated, and soldered at the termination copper
caps, by ITER IO. The aim of this additional test
campaign was to eliminate any effect of the sample
preparation and heat treatment procedure of each
single participant from the inter–laboratory
comparison.
The complete results of the benchmarking test
campaigns have been presented by ITER IO at the
Magnet Technology Conference (MT21) in October
2009.
Preliminary design of 30 kA current leads for ENEA
CICC upgrade test
ENEA has initiated a design activity aimed at
upgrading its facility dedicated to the
characterization of superconducting CICC, the
so–called “12 T CICC” facility. In particular, in
order to allow the test of higher current conductor
samples to be performed (as for example the TF
conductor of the fusion reactor JT–60SA, foreseen to
be tested in this upgraded facility) a 30 kA pair of
current leads needs to be designed and
manufactured. The type of lead considered by the
ENEA team is a hybrid one (Cu/HTS), with
BiSCCO as HTS material; however, the presence of
a large stray field in the area where the BiSCCO
tapes will be placed has imposed a review of
performance and an ad hoc scaling of the device. In
addition, one of the major issues to be faced in this

4.2 Characterization of
Superconducting Materials
Study on Nb3Sn strands
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Figure 4.10 – Resistivity ρ measured as a function of the
temperature. The effective transverse resistivity ρet is measured
on full–size strand OSTI between different bundles, whereas the
resistivity in the filamentary zone ρf is measured on sample with
no outer Cu

design is the limited space available inside the
cryostat in which the magnets of the facility are
housed.
The performed numerical campaign aimed at
identifying the optimal 30 kA current lead design,
has confirmed the possibility to reach the transport
current target while respecting the imposed
constraints on space, mass flow rate of cooling
helium, and stray magnetic field.
NHMFL hybrid magnet
CRIOTEC Impianti S.r.l. assigned ENEA the task to
perform monitoring and QA for the whole
production of conductors needed to wind the outsert
coils of the series–connected hybrid magnets for the
NHMFL and the HZB.
The activities held in Chivasso at CRIOTEC
Impianti in the second half of year 2009 have been
devoted to cable insertion, compaction and spooling
of the dummy conductors supplied by the NHMFL;
previously, another compaction pre–qualification
procedure was carried out, for the verification of the
“dog bone” effect on some empty tube samples.
All these activities on preparation of dummy
conductors and related studies on jacket shape
belong to the jacketing procedure qualification
requested by NHMFL.
Results look satisfactory, and the manufacturing of
conductors will start within the first half of 2010,
when the Nb3Sn cables and stainless steel (SS) tubes,
needed for the actual conductor production, will be
supplied to CRIOTEC.
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Direct measurement of inter–filament resistance in
Nb3Sn strands. Transverse resistivity among
filaments has a crucial role in the definition of the
current transfer length and, consequently, in the
simulation of the transport properties of
superconducting wires. Nevertheless, the transverse
resistance matrix used in the simulation codes of
superconducting strands is generally determined as a
fitting parameter obtained from the experimental
I–V curves. The first direct measurement of the
inter–filament resistance vs. temperature in Nb3Sn
multi–filamentary wires by using a 4–probes method
has been realized.
Internal–tin Nb3Sn samples, with a length of a few
millimetres, a diameter of 0.81 mm have been
prepared. Single filaments have been bonded to the
chip carrier with a 50 μm thick aluminium wire.
Each filament has been connected to a pair of gold
pads, in order to guarantee a four-contact
measurement. The V–I characteristics acquired
between pairs of filament bundles have been fitted in
the linear region in order to extract the effective
transverse resistance. Measurements between
different voltage tap pairs have been carried out in
the temperature range 4.2 K–300 K, as shown in
Figure 4.10, also including the effect of a
background magnetic field. The agreement between
experimental data and theoretical predictions, valid
below the critical temperature, is good. On the other
hand, the transverse resistivity of the filamentary
wire region, measured after etching the outer copper
layer surrounding the diffusion barrier, has shown a
value larger than expected, so that further theoretical
developments are now required to explain this
aspect. Finally, the measured values of the transverse
resistivity have been successfully used for validating a
in-house developed electro-magnetic simulation
code, capable of describing the transport properties
of a Nb3Sn strand simultaneously subject to bending
and axial strain components.
European Synchrotron Radiation Facility (ESRF)
measurements. The degradation of the transport
properties of Nb3Sn multi–filamentary strands due
to uni–axial and transverse loads has been widely
studied for several wire designs and production
techniques. In order to investigate the origin of
performance degradation for different strand
designs, and to clarify what is the actual strain state
acting on the Nb3Sn filaments when subject to
various stress components, high resolution x–rays
diffraction experiments have been carried out at the
ESRF. To this aim, a mechanical system for applying
axial tensile and transverse compressive loads under
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Figure 4.11 – Critical current vs. intrinsic strain for both bare
(solid symbols) and SS reinforced samples (open symbols), at
T=4.2 K and four different values of the background field

Figure 4.12 – Non–Cu Jc of representative bare, jacketed and
etched sample, as function of applied external field at T=4.2 K.
Data (markers) have been fitted to eq. (4.3)

4. Superconductivity
reproducible conditions has been developed by the Applied Superconductivity Group of the University of
Geneva, and has been adapted to a glass cryostat, thus allowing a characterization at cryogenic temperatures.
The lattice parameters along different directions of all crystalline constituents in the wire can be determined
as a function of macroscopic axial tensile or transverse compressive loads. In particular, lattice parameters
measured on bare Nb3Sn wires at 4.2 K can be compared with those on pre–compressed strands in a stainless
steel tube. Preliminary results are encouraging for correlating the internal strain as a function of the applied
one. In addition, the same procedure has been applied to wires with untwisted filaments, in order to clarify the
possible effect of filament twisting on the mechanical behaviour of the system under investigation.
Numerical simulation of Nb3Sn strands performances with bending strain and comparison with experimental
measurements. In the frame of ENEA studies on Nb3Sn strands and in order to analyze the effect of bending
on their performances, a finite differences numerical method has been implemented at ENEA, which
discretizes a single strand in several elements representing bundles of twisted filaments. The code has been
validated, and a satisfactory agreement has been obtained with experimental measurements carried out on an
ITER–Oxford Superconducting Technology (OST) type strand, thus highlighting the critical impact of
geometric modelling and the potential of the model as a predictive tool.
The aim of the model is to help clarify some aspects of the current redistribution process within the strand
cross-section, in view of developing more appropriate theoretical models. Simulation results confirmed the
experimental evidence that pre–compressed strands under bending undergo strong performance degradation
and, as the model doesn’t consider radial strain, showed that axial strain components are sufficient to explain
strands behaviour, which is related to the widening of critical current distribution in the cross section.
Periodic bending was introduced in the model system as an improvement, in order to simulate more
representative conditions for strands in cables in operating conditions. As filaments in strands are twisted,
bending strain varies not only from a filament bundle to another, but also in the axial x direction; we have
defined the strain ε on the generic strand longitudinal segment dx:
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where εtop and Lw are respectively the peak and the
pitch length of the periodic bending. In agreement
both with experimental measurements and
numerical simulations, our results confirm the
prediction that the reduced critical current as a
function of the maximum bending strain is
independent on the pitch of the periodic load. This
suggests that we are able to evaluate general
properties of Nb3Sn strands only on the basis of
their bending strain characteristic.
Simulation results were compared with available
experimental critical current data on OST Dipole
strand, with both twisted and untwisted filaments.
The model is reliable in predicting performance
enhancement of pre–compressed untwisted bent
strands, caused by the relaxation of the initial
pre–compression due to bending, which acts on the
superconducting filaments on one side of the wire
cross section and locally enhances critical current
density.
Numerical values from the inter-filament resistivity
measurements carried out at ENEA have been
introduced in the model as computational
parameters, being the transverse resistance the main
physical factor governing the analyzed mechanisms
in multi–filamentary superconductors. Satisfactory
agreement among measurements and computational
results has been found.
Critical current vs. axial strain of stainless steel
jacketed Nb3Sn wires. A characterization of a Nb3Sn
superconducting wire developed by OST for ITER
has been carried out by ENEA in collaboration with
the University of Geneva, where tests have been
performed. In particular, the aim was to study the
three-dimensional strain sensitivity of the critical
current, Ic. The Ic depends on both axial and
transverse compressive forces, and the strain
sensitivity of Ic increases by increasing magnetic
field. Although these transverse forces in a magnet
are smaller in comparison to the axial ones, they

73

must be taken into consideration at the ultimate limit
of high field magnets. Whenever the cabling of
Nb3Sn wires is required, e.g. for a cable in conduit or
for a multipole magnet, the full 3D stress/strain state
must be investigated. In order to study this problem,
the critical current of several Nb3Sn strands was
measured as a function of applied strain and field (up
to 19 T), at T = 4.2 K, by using a mechanical system
for applying axial tensile and transverse compressive
loads under the reproducible conditions, developed
by the Applied Superconductivity Group of the
University of Geneva. In order to apply a radial
strain, some of the strands have been jacketed into
SS. Due to its large thermal expansion coefficient
and its high yield strength at elevated temperatures,
SS jacketing represent indeed a very effective way for
exerting a high compressive load at 4.2 K in both
axial and radial direction. The normalized critical
currents obtained on both bare and jacketed Nb3Sn
wires at 4.2 K are depicted in figure 4.11.
It has been observed that the external reinforced wire
keeps unchanged the critical current value, unlike
internal stainless steel reinforced wires, and shows a
strong enhancement of the applied strain’s
irreversibility limit (more than 0.5% in comparison
with the bare wire); εm is shifted of 0.31%, a proof
that the thermally induced pre-compression of
Nb3Sn is higher in the presence of the stainless steel
jacket. These characteristics allowed for an
investigation to be performed of the critical current
behaviour not only in the high compressive strain
region, but also in the high tensile strain region.
Magnetic and transport properties of internal-tin
Nb3Sn wires with stainless steel jacket. The research
activities devoted to a better and wider knowledge of
Nb3Sn superconducting materials properties
continued along this year. Magnetization and
transport measurements have been carried out on
two different internal tin type Nb3Sn strands
produced by OST (OST–I and OST–DIPOLE) in
different strain conditions. This was achieved by both
inserting and compacting the wires into thin stainless
steel tubes before the heat treatment (compression
state) or chemically etching with the aim to remove
the Cu and bronze matrix components, thus
completely relaxing the filament strain state. Critical
current densities, Jc(T, B), have been measured at
4.2 K in the magnetic field range between 10 and
14 T, with transition threshold criterion fixed at
0.1 μV/cm. The low–field behaviour of the critical
current density has been obtained by magnetization
measurements.
Figure 4.12 summarizes the measured J–(B) at
T=4.2 K for all sample types: bare, jacketed (J12 and
J10), and etched. Taking the bare sample as
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where εbend is the applied bending strain, εpeak its
peak value, rbundle the bundle distance from the
centre of the strand, rf the radius of the filament
bundle, θbundle the angle identifying the bundle
position in the first segment of the sample, tw the
strand twist pitch. The pre–strain value ε0 is equal to
the intrinsic thermal pre–strain. In case of periodic
bending εpeak is not a constant and becomes:
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Figure 4.13 – Non–Cu critical current densities of sample
8984X–J10, at different temperatures and up to 12 T (open
symbols). Lines represent fits using eq. (4.4)

Figure 4.14 – Critical current densities as a function of applied
field for several NbTi strands, at T=4.2 K. Symbols represent
transport Jctransp, whereas lines represent the Jcmagn extracted
from the magnetization loops, such as the one reported in the
inset

4. Superconductivity
reference, it can be clearly seen that the presence of the jacket reduces the critical current values over the whole
field region. Also, by comparing J12 and J10 samples, it seems that the extra–compaction does not have any
strong effect over Jc: in fact, slightly higher values of Jc have been recorded for J10–type samples, i.e. samples
that have been extra–compacted inside stainless steel tubes; however, such differences lie within the
experimental error. On the contrary, the sample without the Cu matrix seems to show a slightly higher Jc.
Regarding this sample, it should be pointed out that transport measurement have not been carried out, so that
Jcmagn has been calculated by considering the nominal filament diameter, measured on the scanning electron
microscopy (SEM) image (dSEM).
For the bare samples, the effective diameter is equal to the nominal one, whereas for the jacketed samples a
slightly higher deff is found. For both J12 and J10 sample types, the ratio deff/dSEM is approximately equal to
1.3. This is expected, since the compaction reduces the inter–filament distance, thus enhancing the coupling
between filaments.
A unique reduced pinning force for all the samples is found, thus stressing the matter of fact that the jacket
and the extra–compaction have no effect over the pinning properties.
The measured critical current densities are plotted against magnetic field in figure 4.13, at different
temperatures, for an extra–compacted sample (8984X–J10). All other samples show similar temperature
behaviour, and they have not been plotted in the figure for sake of simplicity.
Several models have been developed over the years to describe the strain dependence of Nb3Sn. Recently, an
improved three–dimensional model for the strain dependence of the superconducting properties of Nb3Sn has
been proposed, in which the Jc assumes the following expression:

Fusion Programme

C
Jc (B, T) = 0 s()(1 t1.52 )(1 t 2 )b0.5 (1 b)2
B
B
T
b=
;
t=
2
Bc20s()(1 t )
Tc0s()1/3

(4.3)

where C0 is a scaling constant, t is the reduced temperature, and b is the reduced magnetic field. The strain
function, which takes into account for the three–dimensional effects, is defined as:
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Figure 4.15 – Reduced pinning curves as a function of reduced
field for sample Alst564. Markers represent transport data, thin
lines magnetization data. Solid thick line is the 2–components
model fit, dashed lines are the high and low field components

(4.4)

where Ca,1 and Ca,2 are strain fitting constant, ε0,a is
the residual strain component. For the bare samples,
we found a thermal intrinsic pre-compression strain
value of ε=εm=–0.194%, consistent with previously
published values. For the jacketed samples, higher
values for ε have been found. Interestingly, the
extra–compacted samples show lower strain values,
ε=–0.544 %, than J12 samples, ε=–0.608%. This
behaviour reflects the slightly higher critical current
density of J10 when compared to J12.
The model is found to be applicable for the data used
in this study. However, fits to experimental data
should generally be restricted to the low–field and
low–temperature regions. In facts, at higher field
and/or temperature, fit substantially deviates from
experimental data. The mismatch close to the
transition could be attributed to inelastic behaviours
such as cracking, which are not taken into account in
the elastic model.

Study on NbTi strands
Pinning properties of commercial Nb-Ti wires described by a 2–components model. In 2009, the R&D activity
went on the NbTi multi–filamentary strands: in particular, an extensive magnetic and transport
characterization of different NbTi commercial strands was carried out with different layouts (Cu:nonCu ratio,
strand and filament diameters, inter–strand resistive barrier), produced by Alstom (France), Luvata (Italy), and
Bochvar (Russia).
Critical current densities, Jc(T, B), have been measured by using the variable temperature insert (VTI) facility
developed at ENEA, which comprise a 47 mm–bore superconducting magnet (background magnetic field up
to 12.5 T) and a helium gas–flow cryostat, which allows data to be collected with an overall error bar of
±10 mK. Some of the studied samples have also been measured at CERN, at 4.2 K and 1.9 K, by using the
method and procedure described in literature. The low–field behaviour of the critical current density has been
obtained by inductive measurements, by using an Oxford instruments vibrating sample magnetometer (VSM)
equipped with a 12 T magnet and a 4 K–300 K variable temperature insert.
Critical current densities have been obtained through the Bean model formula. The critical current densities
of figure 4.14 can be fitted to a 2–components model:

 1
C
b (1 b)1
b2 (1 b)2
+ (1 )
Jc (B, T) = 0 (1 t n )  

B
g(1 ,1
g( 2 ,2

    
g(,) = 

 +   + 

(4.5)

From the critical current densities extracted from transport measurements and magnetization cycles it was
possible to calculate the normalized bulk pinning forces (fig. 4.15).
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where: b=B/Bc2(T) is the reduced magnetic field at a given temperature; t=T/Tc0 is the reduced temperature;
C0, αi, βi (i=1, 2) are the fitting parameters; n and γ are kept constant (n=1.7, γ=1.8).

Table 4.I – Two–component model’s fitting parameters
Bc20 (T)

Tc0(K)

C0(AT/mm2)

α1

β1

α2

β2

δ

Alst564

15.91

8.95

27686

3.20

2.43

0.65

2.00

0.49

IBA01

14.49

8.69

37904

2.73

2.06

0.54

1.90

0.43

ICB01

14.74

8.86

34445

2.48

1.93

0.55

1.88

0.46

ITER–PF

15.05

9.27

26818

2.95

2.27

0.58

1.95

0.45

JT–60SA

15.19

8.91

30000

3.20

2.43

0.65

2.00

0.45

LUV–NMR

15.72

8.66

30020

2.57

1.99

0.58

1.74

0.44

Sample name

Table. 4.II - Summary of the properties of NbTi strands used for JT–60 SA samples

SEM cross–section

Strand type

NbTi

NbTi

Supplier

Luvata (Italy)

Alstom (France)

Billet n.

1189 N

1/564/A/3–11574 m

Nominal strand diam. (μm)

0.81

0.81

Nominal nonSC/SC

1.86

1.55

Resistive barrier

Ni coating

Internal CuNi

Nominal filament diam. (μm)

20

20

Effective filament diam. (μm)

1.6±1

23±1

4. Superconductivity
The whole parameter set is reported in Table 4.I. For
all strands, the 2–components model is able to
describe the experimental data with good accuracy in
the whole B range, and in the temperature range
4.2 K–6.5 K. As an example, in figure 4.15 the very
good agreement between experimental data and fit is
shown for sample Alst564. The temperature
dependence of Jc(B) can be factorized with the same
n and γ for all strands: this is an indication that the
temperature behaviour does not depend on the
strand parameters, such as λ, deff, diameter and
layout. The work is on–going, in order to
experimentally verify the presence of the 2 pinning
components, and also in order to clarify their nature.

Fusion Programme

JT–60SA TF strand qualification
ENEA participated in the qualification campaign of
the NbTi strand to be used in the JT–60SA TF
conductor, extensively testing two candidate strands,
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whose main features are summarized in table 4.II.
Transport critical currents of the Alstom strand have
been measured at CEA and ENEA labs, and
magnetization measurements have been carried out
at ENEA. The Luvata strand has been extensively
characterized at ENEA. Figures 4.16 show the
measured critical current density for the Luvata a)
and the Alstom b) strands. Symbols represent
transport data, while lines are data extracted from
magnetization measurements. As figure 16b shows, a
perfect agreement is found between measurements
carried out at the CEA and ENEA labs.
In addition, as far as the Luvata strand is concerned,
the hysteretic losses have been measured using a
VSM. If considering the cycle at 4.2 K, the losses
corresponding to a 2±0.2 T cycle are equal to
12 mJ/cm3 (when the shielded volume is considered),
or 12.87 mJ/cm3 (when the nominal volume is
considered).

Table 4.III – Main parameters for YBCO–BZO 7% sample in comparison with YBCO:
deposition temperature, Td, critical temperature, TC. Self–field critical current density,
JC0, critical current density measured at 3T over JC0 and irreversibility field, HIRR, have
been measured at 77 K
Jc0(MA/mm2) JC(3 T)/Jc0

Td (°C)

TC(K)

BZO (7%)

810

87.8

2.13

0.07

6.7

BZO (7%)

830

88.3

–

–

–

BZO (7%)

850

88.3

1.31

0.16

7.8

BZO (7%)

870

89.7

1.58

0.11

9.3

BZO (7%)

885

86.7

–

–

–

YBCO

850

90.5

4.03

0.02

6.7

a)

HIRR(T)

Non–cu critical current density (A/mm2)

b)
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4.2 K

100

5.0 K
C0
3.69×1005
Tc0
8.907 K
Bc20
15.19 T
Alfa
1.67
Beta
1.88
Gamma 2.249
n
1.7

10

5.6 K
6.0 K
6.2 K

6.5 K6.4 K

Figure 4.17 – a) Cross sectional view
TEM analyses. Evidence of columnar
structures resulting from BZO addition in
YBCO films. b) Planar view TEM
analyses in BZO–added YBCO films.
The typical defect size is a diameter of
about 5 nm
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Figure 4.16 – Measured
critical current densities for
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The introduction of artificial pinning sites in YBCO films using BZO nanoparticle addition results in a
progressive improvement in JC retention in applied magnetic field with increasing BZO concentration, and in
irreversibility field values, HIRR, mainly due to the introduction of columnar defects. The decrease in TC
firstly observed for YBCO–BZO films can be overcome by an increase in the deposition temperature (Td) up
to 870°C, since a further increase in Td results in a deterioration of the film properties. The main transport
parameters for YBCO–BZO (7 mol.%), are summarized in table 4.III, while cross sectional and planar view
TEM analyses evidences of columnar structures in BZO–added YBCO films are shown in figures 4.17. The
self field critical current for samples grown at different Td does not show any trend, even though its
values are lower than the YBCO typical values, and does not recover even for higher values of Td. In the
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YBCO films Jc in–field enhancement through artificial pinning sites introduction

a)

10–1
10–1
0
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2

3

Figure 4.18 – Critical
current density JC vs
applied magnetic field
for YBCO–BZO (7%)
at 77 K for different Td.
In the inset, the low field
region is shown
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Figure 4.19 – Pinning force density vs. applied
magnetic field, for YBCO–BZO (7%) at different
Td. T/TC is the reduced temperature

4. Superconductivity
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normalized JC(B) plot obtained for different Td,
shown in figure 4.18, BZO addition produces an
enhancement of the in–field performances even for
the samples deposited at 810°C, becoming more
relevant at higher Td and confirming the
effectiveness of BZO introduction as pinning centres
source. The change in Td principally acts on the
nature of the pinning mechanism since the
appearance of a plateau in the region of
intermediate fields (up to 3 T), only above 850°C,
can be linked to the setting up of a c–axis correlated
defect lattice. Despite the JC0 and HIRR values,
higher Td samples have different extensions of the
intermediate fields plateau, making the
performances of the 850°C film more suitable in the
2–4 T field range, than for the sample with Td=
870°C. These results must be considered taking into
account that the samples have different TC values.
To evaluate the pinning efficiency independently
from the different TC values of the samples, the
pinning force density, Fp=JCB, vs magnetic field
curves have been measured at the reduced
temperature T/TC corresponding to 77 K for
YBCO. In figure 4.19, the dependence shown by the
Td= 810°C sample is similar to pure YBCO, apart
from a shift of the pinning force density towards
higher values. On raising Td, a high field shoulder in
the Fp(B) curves becomes more evident, and suggests
the occurrence of different pinning mechanisms in
agreement with the assumption of the existence of a
correlate defect lattice in these samples. The Fp(B)
values obtained for the Td=870°C sample are lower
than those obtained in the lower Td samples in most
of the inspected magnetic field range, suggesting that
the higher JC values (at 77 K) are due to the higher
TC value.
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The best pinning efficiency is hence obtained for the
850°C sample and shows a maximum pinning force
density of 15 GN/m3 at 2.5 T. Hence, though at
higher deposition temperatures, the TC decrease
typical of BZO added YBCO films can be recovered
by giving rise to higher JC values at 77 K, a
simultaneous reduction for the pinning efficiency of
the columnar defects induced by BZO particles is
observed.
Metal propionate YBCO MOD coated conductors
The metal–organic deposition (MOD) process holds
great potential as an economic method for YBCO
coated conductors fabrication. The triflouroacetate
(TFA) approaches – though ensuring high critical
current density – does not guarantee high quality
YBCO films ticker than 1 μm and requires long
thermal treatment time for pyrolysis process, as long
as 20 hs. As previously reported, a low fluorine
modified MOD–TFA method was studied in order to
ensure the pyrolysis time reduction of about a factor
4, and YBCO film growth, both on single crystal and
buffered metallic substrates, with thickness around
450–600 nm and JC as high as 1 MA/cm2 at 77 K
and self field. In this method, only the Ba precursor
is introduced in the coating solution as a TFA, while
other precursors are (Cu and Y)–acetate treated with
an excess of propionic acid. The thermal gravimetric
(TG) and the differential thermal analysis (DTA) plot
of the YBCO precursor powder is reported in
figure 4.20. The evolution of the YBCO powder, in
the DTA curve (red curve), ended at around 480°C,
while in the TG, between 400 and 480°C, a slight
weight gain is observed that can be associated with
the oxidation of Cu1+ to Cu2+. XPS analysis made
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Figure 4.21. XPS analyses for the sample heated
at 400°C (black line) and for the sample heated at
480 °C (red line)

Figure 4.20 – DTA and TG curves for
YBCO dried powder
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Figure 4.23. EBSD (111) pole figure a) and misorientation map b) of NiCu-W substrate recrystallized at 1050 °C

Figure 4.22. YBCO film critical temperature, TC, as
function of the dwell time, td (black circle), and
conversion temperature, TM (red square)

on both samples pyrolysed at 400°C and 480°C
confirms these features. Looking at the Cu(2p)
spectrum (fig. 4.21), it can be seen that a clear satellite
at around 942 eV is present in the sample pyrolysed
at 480°C. This satellite peak is the clear evidence of
the presence of Cu2+ oxidation state in the sample.
These analyses show that the endothermic reactions
are completed at around 480°C, so this temperature
can be fixed for the pyrolysis process. In order to
investigate the growth mechanism of the YBCO
film, the influence of the conversion process
parameters were investigated by varying the
conversion temperature, TM, and the dwell time, td.
Figure 4.22 shows the critical current temperature
TC obtained in the regions explored. A conversion
temperature of 795°C and a dwell time of 1 h are
selected. The x–ray diffraction analyses show that
higher conversion temperature and longer dwell time
cause the degradation of the YBCO film with the
decrease in YBCO (00) reflection intensity and the
increase in spurious phase peak intensity, like
BaCuO2, Y2Ba4O7, CuO2 and Y2O3.
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Ni-Cu-W alloy as textured substrates for YBCO
coated conductors
In the framework of the development of metallic
substrates suitable for the realization of
YBCO–based coated conductors, structural
properties of Ni–Cu–W alloy have been studied. Due
to the virtual immiscibility of Cu and W, it is not
trivial to obtain a homogeneous alloy. Using the
balanced Ni 50 at% Cu as a parent alloy, W can be
successfully dissolved up to 1.7 at%. At this
concentration the recrystallization texture is almost
the {124}<211>, known as R texture. At 0.7 at% a
coexistence of R and cube texture is observed, more
or less in the same proportions. Only by reducing the
W content to 0.5 at% the recrystallization texture is
definitely cube, above 99%, as shown by the electron
back scatter diffraction (EBSD) analyses reported in
figure 4.23. X–ray analyses reveal a sharp cubic
texture with orientation distribution in line with
values assessed on Ni–W substrate. The atomic force
microscope (AFM) observation reveals a smooth
surface with an intra–grain rms roughness around
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Figure 4.24 – ω–scans in transverse direction of (200) peaks of Pd a) and MgO b) films deposited on
cube–textured Ni–Cu–W substrate
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Figure 4.26. Magnetic hysteresis loops collected
at different temperatures.
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4. Superconductivity
5 nm. Low–angle grain boundaries are as deep as
40 nm. From the M(H) magnetization loops a Curie
temperature as high as 22 K can be extrapolated.
Beyond this temperature a residual magnetization
can be observed, indicating that a Ni segregation
occurs. Pd/MgO buffer layer structure was deposited
by e–beam on these substrates. The MgO film
presents a (00l)[100] orientation with a sharp
in–plane orientation distribution that reproduces the
Pd ones, as measured by x–ray ω–scans diffraction
reported in figure 4.24. AFM measurements reveal a
fine–grained microstructure consisting of spherical
grains with a diameter around 30 nm. Currently,
preliminary studies are being devoted to the
development of a cap layer suitable for YBCO
growth, like Sr–doped LaMnO3 (LSMO) or
BaZrO3, La2Zr2O7, both by PLD and
metal–organic deposition.
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Magnetic characterization of Ba(Fe0.9Co0.1)2As2
The recent discovery of superconductivity in iron
oxypnictide compounds with critical temperature
(TC) exceeding 55 K has attracted strong interest and
has started a new line in superconductivity research.
In this framework, the magnetic characterization of
a polycrystalline Ba(Fe0.9Co0.1)2As2 sample was
carried out by means of a VSM. The sample, with
dimensions 0.1×0.3×0.5 mm3, was synthesized at the
NHFML labs. The magnetization curves as a
function of temperature are shown in figure 4.25.
The zero field cooling magnetization shows a rather
broad transition to the normal state with Tc∼24 K,
this value is higher than the one in the single crystal
with same nominal doping. The strong reduction in
the field cooling signal is indicative of the
high–efficiency pinning. The ac susceptibility (χ) at
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H=103 Oe between 30–200 K (inset of figure 4.25) shows a different temperature dependence and a larger
value in comparison with the single crystal sample, likely due to magnetic impurities. The magnetization
curves as a function of the magnetic field show a hysteretic behaviour (fig. 4.26). As compared to single crystals
samples, a lower JC value of about 104 A/cm2 at T=4.2 K is obtained. On the other hand, the Hirr are higher,
greater than 12 T at 15 K and up to 10 T at 20 K. This behaviour is probably due to intergrain weak links
and different critical temperatures.

5. Inertial Fusion
With regard to the activities included in the Euratom Programme, the first experiment was performed in
collaboration with National Institute of Nuclear Physics (INFN)–Frascati National Laboratory (LNF) for the
measurement of the astrophysical S factor for the cross sections of low energy fusion reactions. CR39 detectors
were used as detectors in experiments with the ABC installation. It was shown that the regimes of interest for
the study can be actually achievable on ABC, the measurements not being affected by secondary reactions on
the CR9 detectors.
As regard to the Fast Ion Generation Experiment (FIGEX), the production of energetic (multi–GeV) heavy
ion beams by acceleration of ultra–thin foils through the application of radiation pressure to a self–generated,
imperfect plasma mirror (photon absorption probability η finite, e.g. 10÷15%,) was studied. To evaluate the
foil dynamics, a relativistic model was developed for a constant and relativistic invariant value of the
phenomenological parameter η. The achievable efficiency of kinetic energy transfer to the matter has been
evaluated as a function of the parameters involved (η, the aimed average foil velocity in unit of the light speed
β, etc.) as shown in figure 5.1.

η

The radiation pressure induces the most important hydrodynamic effects and makes possible the efficient
generation (30÷45%) of all–forward ejected high–energy ions (20÷150 MeV/nucleon) with the highest energy
part of the spectrum well collimated. The process can survive to both the expansion process induced by the
finite light absorption and to the bubble penetration due to the Rayleigh–Taylor instability for a time adequate
to get the sought energies. Moreover, it has been shown that a spot radius of about f×θforw can be obtained on
a target set at the
distance f from the
source by using as an
1
ion source a spherical
cup with radius of
ηhydr
0.1 η /η
curvature f. This size is
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Figure 5.1. The hydrodynamic efficiency ηhydr and the efficiencies ratio ηhydr/η both as
entropy.
a function of the aimed β, and η.
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6. Communications and
Relations with Industry

6.1 ITER & Industry
Following the increasing number procurement procedures launched by Fusion for Energy (F4E) in 2009, the
activities of the Italian Industrial Liaison Officer (ILO) for ITER have decisively stepped up in strengthening
the involvement of Italian industry in the construction of ITER (“the way” in Latin). Beside the information
service announcing all call for tenders published by F4E, several initiatives were taken with the purpose to raise
awareness and transmit information to potential contractors, and help them in understanding the technical
content and the requirements of the above mentioned calls:
• in collaboration with Associazione Italiana Vuoto (AIV), a ITER Workshop was organized in the frame of
XIX Congresso Nazionale AIV, held in Senigallia on 21 May 2009.
• the ILO supported the organization and participated in the Conferenza Italiana sulla Fusione
Termonucleare per l’Industria, in the frame of the HTE-HI.TECH.EXPO 2009, Milano, Fiera Milano –
Rho, 25 - 27 November 2009. Several representatives of ITER Organization and of F4E participated with
contributions on technical and administrative aspects of industrial procurements for ITER.
• a seminar on Fusion Research and Industry was held during the Seminario INFN su Fusione e Fissione
Nucleare in Turin on 14-15 Dicembre 2009

a)

b)

ENEA stand (a) and Fusion Conference (b) at the HTE-HI.TECH.EXPO 2009, Milano
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Moreover, a series of meetings on specific subjects was started. In particular, a meeting was organized
at ENEA Frascati Centre on 5 May to illustrate the procurament packages on ITER Control, Data Access and
Communication (CODAC) system. More than twenty participants from fifteen companies attended the
meeting.
A close collaboration was also established with the F4E Business Intelligence Group, aiming at introducing
Italian companies in F4E, and with the ILOs of other European Countries in order to create opportunities
for the formation of consortia at European level. The ILO promoted also the participation of Italian
companies in the F4E First Meeting on Buildings for ITER (4 March) and in the information day on
Additional Heating Power Supplies for ITER (27 May).

Fusion Programme

All the initiatives described above have received a considerable interest and have been attended by a growing
number of participants. At the end of 2009, fourteen industrial contracts have been awarded to Italian
companies for a total value of about fourteen millions €, and several industries are qualified and competing
for the supply of the most important components (vacuum vessel, toroidal field coil winding packs, toroidal
and poloidal field coil conductors, divertor targets, power supplies).
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7. Quality Assurance

In 2009 ENEA decided to implement a Quality Management System in accordance with the ISO 9001:2008
requirements. The first step undertaken has been the identification of the requirements for a Quality
Management System aimed at the fulfilment of the tasks (both for the Italian system and for the European
research system) required to the ENEA Fusion Research Group. These tasks have been synthesized in a
Quality Policy and a Quality Objectives document, determined in 2009 and formally issued in January 2010.
Moreover, once identified the main processes in the Fusion Research Group in ENEA, the documentation
required to control them has been produced in draft and discussed among the working task forces and the
personnel involved in the operational activities. This documentation presently comprises a Quality Manual,
five Quality Management Procedures and ten Support Operation Procedures, all in draft, and to be issued in
the next months. The issue of all documentation is foreseen to be completed during the first half of 2010, and
by the end of 2010 the qualification of the Quality Management System in terms of ISO 9001:2008 for the
main ENEA Fusion activities is also foreseen.
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measurements and technologies for laboratory plasmas, fusion research, astrophysics, nuclear particle physics,
accelerators, lasers, medical equipments – Frascati, Rome (Italy)

Fusion Programme

Seminars
9/02/2009

F. ZONCA – ENEA, Frascati (Italy)
Integrated burning plasma physics in FAST: scientific basis and plasma scenario

24/2/ 2009

N. HOLTKAMP – ITER, Barcelona (Spain)
Overview and Challenges of the ITER Project

9/4/2009

D. PACELLA – ENEA, Frascati (Italy)
The role of new EFDA in promoting R&D, with particular attention to the diagnostic developments

19/5/2009

F.P. ORSITTO – ENEA, Frascati (Italy)
Introduzione e risultati principali del JET nel 2008

19/5/2009

P. BURATTI – ENEA, Frascati (Italy)
Esperimenti sullo scenario ibrido ed MHD correlata

19/5/2009

M. BARUZZO – RFX, Padova (Italy)
Esperimenti sullo scenario ibrido ed MHD correlata

19/5/2009

F. CRISANTI – ENEA, Frascati (Italy)
Esperimenti sullo scenario ibrido ed MHD correlata

19/5/2009

E. GIOVANNOZZI – ENEA, Frascati (Italy)
Esperimenti di fuelling con immissione di gas e pellets

19/5/2009

R. CESARIO – ENEA, Frascati (Italy)
Esperimenti ad alto beta con barriere interne

19/5/2009

P. MANTICA – CNR, Milano (Italy)
Studi di trasporto di calore ionico e di momento toroidale

19/5/2009

M. TARDOCCHI – CNR, Milano (Italy)
Spettroscopia di neutroni e gamma al JET

19/5/2009

C. SOZZI – CNR, Milano (Italy)
Misure con ECE obliqua su JET

19/5/2009

S. NOWAK – CNR, Milano (Italy)
Esperimenti e modellizzazione della risposta degli NTM

19/5/2009

M. VALISA – RFX, Padova (Italy)
ICRH pump out of metal impurities

19/5/2009

R. PASQUALOTTO — RFX, Padova (Italy)
Error field correction coil (EFCC) and ELM control/HRTS
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19/5/2009

L. AMICUCCI —Università La Sapienza, Roma (Italy)
Allargamento spettrale nell'esperimento di lower hybrid current drive ad alte densità di plasma su FTU

21/9/2009

S. SAVIN – IKI, Moscow (Russia)
Roy mission: implicaiton for magnetospheric and fusion boundary

2/10/2009

A. LIPSON – Russian Academy of Sciences, Moscow (Russia)
Experimental Results on Stimulation of Low Energy Nuclear Reactions in Deuterated Condensed Matter Environment

12/10/2009

D.N. RUZIC – University Illinois (USA)
Divertor and erosion and vapour shielding experiment

19/10/2009

T.C. LUCE – General Atomics, San Diego, (USA)
Realizing steady state tokamak operation for fusion energy

16/11/2009

F.P. ORSITTO — ENEA, Frascati (Italy)
Stato attuale e prospettive della ricerca sulle diagnostiche delle particelle veloci nei tokamaks

18/11/2009

M. GASPAROTTO – ITER, Barcelona (Spain)
Lo stato del progetto ITER

24/11/2009

L. DI PACE, C. NARDI – ENEA, Frascati (Italy)
L’applicazione della norma ISO 9001:2008 al sistema di gestione per la qualità del Gruppo di Ricerca Fusione

30/11/2009

D. TESTA – EPFL, Lausanne (CH)
Baseline system design, optimization and prototyping for the iter high-frequency magnetic diagnostics set

14/12/2009

A. MILOVANOV – ENEA, Frascati (Italy)
Aspects of complex behaviour in geo-space and fusion plasma systems
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8.3 Patents

9. Miscellaneous (*)

9.1 A designed Material for
Studying Excess of Power
Production from Deuterated
Palladium
The experimental work carried out in 2009
highlighted that high deuterium loading of the
palladium cathode is a necessary but not sufficient
condition to produce an excess of heat; for this
reason the focus was moved on other features of the
samples which are correlated with the occurrence of
the effect. Two palladium lots from the same
producer underwent the same metallurgical
treatment and this led to a different calorimetric
behavior. In addition, a different grain size
distribution, a different crystal orientation and a
different surface morphology, after chemical etching,
were observed in comparing samples obtained from
the two lots.

(*)

A chemical analysis revealed a different spectrum of
contaminants in the two lots. It is well known from
physics metallurgy that contaminants may have
several effects on the metal characteristics:
Contaminants may act on: grain size, crystal
orientation, grain boundary. Samples belonging to
the first and the second lot showed a different
crystallographic orientation: the first lot was mainly
oriented <100> while the second lot presented both
<100> and <110> orientations. Excess of power was
observed with samples with a dominant <100>
orientation.
The difference in the in the contaminants spectrum
also produced a different effect in the chemical
etching because of the different surface reactivity.
This can be explained as a micro–corrosion process.
The consequence was a different surface
morphology between samples belonging to the two
lots. The Power spectral density was selected as a
merit figure in order to identify the status of the
surface.

Not in Association framework
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Figure 9.2 – PSDF of L25 sample

Figure 9.1 – Microscopy of L25 sample
surface
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Figure 9.3 – PSDF of a material designed to
produce the power excess

Figure 9.4 – Power excess produced by designed material

9. Miscellaneous
Figure 9.1 shows the surface microscopy of sample
L25, with a significant excess of power during
electrochemical loading with deuterium. Figure 9.2
shows the power spectral density function for sample
L25. Statistics reveal that the larger the amplitude of
the PSDF peaks, the larger the production of excess
power. This is indicative of a direct role played by the
surface in the occurrence of the effect. This
correlation was found in several measurements.
In addition, light radiation with a wave length
ranging from 1 μm up to 2.5 μm, produced by a
spectrophotometer, was also used to implement angle
resolved scattering measurements in order to
characterize rough and flat sample surfaces.
The experimental evidence led us to produce a
material with characteristics close to the ones
described.

Fusion Programme

A Pd lot with a spectrum of contaminants similar to
lot 1 underwent treatments leading to a dominant
<100> orientation and appropriate metallurgy.
The chemical etching treatment on the surface
produced a morphology quite similar to the ones of
L25. The power spectral density function (PSDF) for
such a sample, shown in figure 9.3, reproduces the
shape of sample L25 even though with peaks of

lower amplitude. A small excess was expected from
this sample. The experimental behavior was in
agreement with the expectations. Figure 9.4 shows
the production of excess power up to 12% of the
input.
This is giving an additional evidence that a proper
surface morphology, as well as the crystallography is
an additional condition for having the excess of
power. The rebuilding of a material designed to
have excess of power production was replicated
successfully by using the approach described above
even if the amplitude of the signal was reduced in
comparison with the signal obtained with samples
obtained by the first lot.
This result is not extraordinary in terms of power
gain, but has a non-negligible value since it
represents the first reproduced excess of power based
on a “designed” materials and is opening the way for
having a controlled reproducibility.

9.2 Pd–Based Membrane Reactors
The study of Pd–based membrane reactors
concerned the modelling and testing of tubular
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A new method for producing pure metals with high
mechanical strength has been developed [9.7].

The scientific mission of AGILE (Astrorivelatore
Gamma ad Immagini LEggero) [9.8], the Italian
satellite for Gamma and X–ray Astronomy, built with
the contribute of ENEA, has produced some
remarkable scientific results [9.9–9.11], to name just
a few of the works published in 2009. AGILE has
also issued its first catalogue of Gamma–ray sources
[9.12].
AGILE success and the good performance of the
SuperAgile X–ray monitor, (the instrument designed
built in collaboration with ENEA Nuclear Fusion
Technology Laboratory), has revived the interest of

the scientific community for a similar upgraded
X–ray detector [9.13], based on Silicon Drift
Detectors. A prototype (fig. 9.5), working in the 2–20
keV range, reached in 2009 a resolution of 300 eV
(fig. 9.6), in a project funded by Agenzia Spaziale
Italiana (ASI), National Institute of Nuclear Physics
(INFN) and National Institute of Astrophysics
(INAF), in collaboration with ENEA, the
Polytechnics of Milan and Pavia and the University
of Bologna. The ENEA Nuclear Fusion Technology
laboratory has contributed to design the detector and
is interested to explore its potential application to
fusion plasma diagnostics.
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9.3 AGILE and its Follow–Out

Organization Chart
The activities of the ENEA Research Group are performed in the Nuclear Fusion Unit.
The number of professionals and non-professionals working on Fusion in 2009 are the following:
Professional:
Non professional:

Physics activity 113
Physics activity 90

–
–

Technology Activity 13 =
Technology Activity 3 =

Total 126
Total 93

UNITA’ TECNICA FUSIONE
Aldo Pizzuto

Servizio Diffusione Tecnologie
Paola Batistoni

Coordinamento Attività
Progetto FAST
Flavio Crisanti

Servizio Supporto Tecnico
Gestinale
Nicola Manganiello

Coordinamento Pianificazione
Logistica e Sicurezza
Giovanni Coccoluto

Laboratorio Fisica della Fusione a
Confinamento Magnetico
Angelo Tuccillo

Laboratorio Fusione Inerziale
Carmela Strangio

Laboratorio Gestione Grandi Impianti Sperimentali
Giuseppe Mazzitelli

Laboratorio Ingegneria Elettrica ed Elettronica
Giuseppe Mazzitelli a.i.

Laboratorio Tecnologie Nucleari della Fusione
Aldo Pizzuto a.i.

Laboratorio Superconduttività
Antonio della Corte

December, 2009
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Abbreviations and Acronyms

A

CPS

capillary porous system

CRPP

Centre de Recherches en Physique des
Plasmas – Villigen (Switzerland)

CSU

Close Support Unit
chemical volume control system

ac

alternating current

ACP

activation corrosion product

AFM

atomic force microscope

CVCS

AGILE

Astrorivelatore Gamma ad Immagini
LEggero

CVD

chemical vapour deposition

CVI

chemical vapour infiltration

AIV

Associazione Italiana Vuoto

CXFIM

Charge exchange fast ion monitor

Alcator C–Mod

Tokamak at Massachusetts Institute of
Technology – Boston (USA)

APC

artificial pinning center

Asdex–U

Axially Symmetric Divertor EXperiment
Upgrade – Garching (Germany)
Agenzia Spaziale Italiana (Italy)

ASI

B

D
DBA

design basis accidents

dc

direct current

DEMO

demonstration/prototype reactor

DPSD

digital pulse shape discrimination

DTA

differential thermal analysis

BAE

beta–induced Alfvén eigenmode

DW

drift–wave

BDBA

beyond design basis accidents

D1S

direct one–step

BP

back plate

C

E
EBBTF

European Breeding Blanket Test Facility

CAMAC

computer automated measurement and
control

EBSD

electron back scatter diffraction

EC

electron cyclotron

CCFE

Culham Science Centre for Fusion Energy
(UK)

ECE

electron cyclotron emission
electron cyclotron resonance heating

Commissariat à l’Energie Atomique –
Cadarache (France)

ECRH
EDIPO

EFDA Dipole
Energy Dispersive x–ray

CEA
CICC

cable–in–conduit conductor

EDX

CNR

Consiglio Nazionale delle Ricerche (Italy)
(National Research Council)

EFDA

European Fusion Development Agreement

ELM

edge localized mode

compact neutron spectrometer

EP

Enhanced Programme (JET)

CODAC

Control, Data Access and Communication

EPM

energetic particle mode

CODAS

control and data acquisition system

ERFA

enhanced radial field amplifier

CP

cryopump

ESRF

European Synchrotron Radiation Facility

CNS
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Abbreviations and Acronyms
EU–AltTF

European Alternative TF

IFE

inertial fusion energy

EUFORIA

EUropean Fusion fOR Iter Applications

IFMIF

International Fusion Materials Irradiation
Facility

IFP

Institute of Plasma Physics – CNR Milan
(Italy)

IFTS

Institute for Fusion Theory and Simulation,
Zhejiang University – Hangzhou (China)

ILO

Industrial Liaison Officer

ILW

ITER like wall

INAF

National Institute of Astrophysics (Italy)

INFN

National Institute of Nuclear Physics (Italy)

IO

ITER Organization

IPPLM

Institute of Plasma Physics and Laser
Microfusion – Warsaw (Poland)

F
FAST

Fusion Advanced Studies Torus

FEB

fast electron Bremsstrahlung

FEC

Fusion Energy Conference

F4E

Fusion For Energy

FIGEX

Fast Ion Generation Experiment

FLR

ﬁnite Larmor radii

FNG

Frascati neutron generator – ENEA (Italy)

FPGA

Field Programmable Gate Array

FTU

Frascati Tokamak Upgrade – ENEA (Italy)

ITB

internal transport barrier

FW

first wall

ion turbulent gradient

FWHM

ITG

full width at half maximum

ITM

Integrated tokamak modelling

FZJ

Forschungszentrum – Julich (Germany)

ITPA

International Tokamak Physical Activity

IVVS

in–vessel viewing system

G
GAM

geodesic acoustic mode

J

GEM

gas electron multiplier

JET

Joint European Torus – Abingdon (UK)

GFLDR

generalized fishbone–like dispersion
relation

JT–60SA

Japan Tokamak 60 Super Advanced

GOTiT
GSEP

Goal Oriented Training in Theory
gyrokinetic simulation of energetic particle
turbulence and transport

K

H

kinetic ballooning mode

KGAM

kinetic geodesic acoustic mode

KIT

Karlsruhe Institute of Technology –
Karlsruhe (Germany)

HCLL

helium–cooled lithium-lead

HCPB

helium–cooled pebble bed

HEFUS

Helio for fusion

L

HELICA

HEFUS lithium cassette

LC

limities de conduite

HEXCALIBER

HEFUS experimental cassette of lithium
beryllium

LCOs

limiting conditions for operation

LCSs

limiting control settings

LD

limites de dimensionnement

LF

limites de fonctionnement

LF

low–field

LFS

low field side

LH

lower hybrid
lower hybrid current drive

HF

high–field

HFS

high field side

HMGC

hybrid magnetohydrodynamic gyrokinetic
code

HPC
HPPS

High Performance Computer
high pressure plasma spray

HRP

hot radial pressing

LHCD

HRTS

high resolution Thomson scattering

LIBS

laser–induced breakdown spectroscopy

HTS

high–temperature superconductor

LLL

liquid lithium limiter

HZB

Helmholtz Zentrum – Berlin (Germany)

LNF

INFN - Frascati National Laboratory (Italy)

LOC

linear ohmic confinement

LOS

line of sight

LS

limites de sûreté
low–temperature superconducting

I

Fusion Programme

KBM

ICRANet

International Center for Relativistic
Astrophysics Network (Italy)

LTS

ICRH

ion cyclotron resonance heating

IE

ionization equilibrium

M

IELLLO

Integrated European Lead Lithium Loop

MARTe
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multi–threated application real–time
executor

motor flywheel generator

MHD

magnetohydrodynamic

MOD

metal–organic deposition

MSCA

matching sensitive charge amplifier

MSE

motional Stark effect

MSST

Measurement Simulation Software Tool

N

RFX

Consortium Reversed Field Pinch
Experiment – Padua (Italy)

RH

remote handling

RISø

National Laboratory for Sustainable Energy
(Denmark)

RNC

radial neutron camera

RO

responsible officer

RSAE

reversed shear Alfvén eigenmode

RTNet

real–time networking

NBI

neutral beam injection

MFG

motor flywheel generator

S

NHFML

National High–Field Magnet Laboratory –
Talahassee (USA)

SCD

single crystal diamond

Sci-DAC

Scientific Discovery through Advanced
Computing

SDA

storage data area

SEM

scanning electron microscopy

SEWG

Special Expert Working Group

SIC

safety important class

SIS

sample introduction system

SLs

safety limits

SOC

saturated ohmic confinement

SOL

scrape–off layer

NNBI

negative neutral beam injection

NPP

nuclear power plant

O
OLC

operating limit conditions

OST

Oxford Superconducting Technology

P
PCU

Plasma Control Unit

SP

screw pinch

PECVD

plasma enhanced chemical vapour
deposition

SR

safety relevant

PEM

SS

stainless steel

photoelastic modulators

PERMCAT

ST

spherical torus

permeator catalyst

PF

SXR

soft–x–ray

poloidal field

PFC

plasma–facing component

PHS

pulse height spectra

PHTS

primary heat transfer system

TAE

toroidal Alfvén eigenmode

PI

parametric instability

TBM

test blanket module

PLC

programmable logic controller

TBSs

Test Blanket Systems

pulsed laser deposition

TC

critical temperature

PPPL

Princeton Plasma Physics Laboratory – New
Jersey (USA)

TF

task force

TF

toroidal field

PrSRs

Preliminary Safety Reports

trifluoroacetate

PRIN

TFA

Research Programmes of National Interest

toroidal field performance samples

PS

TFPS

power supply

time of flight refractometer

PSDF

TFR

power spectral density function

Topical Group

PTB

TG

Physikalisch–Technische Bundesanstalt –
Braunschweig (Germany)

TG

thermal gravimetric

TRIEX

TRItium EXtraction

TRINITI

Troitsk Institute of Innovative and
Thermonuclear Research (Russia)

PLD

PWI

plasma–wall interaction

T

Q
QA

Quality Assurance

R
RAMI

Reliability, availability and maintainability
inspectability

rf

radiofrequency

RFA

radial field amplifier

U
UCI

University of California – Irvine (Usa)

UTS

ultimate tensile strength

UV

ultraviolet

V
VHFS
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vertical high field side
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MFG

VPI

vacuum pressure impregnation

VS

vertical system

VSM

vibrating sample magnetometer

VTI

variable temperature insert

VUV

vacuum ultraviolet

VV

vacuum vessel

W

Fusion Programme

WW

X
XHMGC

eXtended hybrid magnetohydrodynamic
gyrokinetic code

Z
ZF

zonal flow

ZJU

Zhejiang University – Hangzhou (China)

wet winding
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