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2. IGNITOR 

WWhile finalising the design of IGNITOR, considerable progress has been made in understanding the plasma
physics regimes expected to be experimented on the machine. Even before reaching its main goals,
IGNITOR will produce intermediate results and provide assessments for some of the most critical
extrapolation involved in designing burning plasma experiments. Although significant tritium burning is a
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necessary step for any new, advanced fusion facility, it is important to note that even with hydrogen, helium
and deuterium IGNITOR will provide results, which alone would justify the machine’s construction. Another
significant feature of IGNITOR - and probably the most important - is the high level of internal power density
that will be available.
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The main reference ignition scenario and other closely related scenarios have been extensively analysed
[2.1]. However, in 2004 it was decided to look again into the details of the diverse experiments and studies
that can be carried out in each of the three experimental phases. The aim of this ongoing investigation is
to identify the accessible regions of the plasma parameters and their requirements, taking into account the
structural features of IGNITOR and the characteristics of the power supply systems [2.2]. 

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

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

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

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

The IGNITOR design is characterised by the absence of a separate divertor volume. The PC is covered by
a first wall of molybdenum tiles acting as an extended limiter closely following the plasma shape. The
available 2D simulation codes are unable to deal with this configuration because of the singularity at the
tangency point between the last closed flux surface and the first wall, so more flexible numerical schemes
are being explored [2.5]. In the meantime, simple calculations have shown that a large fraction of the power
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Fig. 2.1 - Faraday shield of the IGNITOR ICRH antenna



available during a high-performance discharge in
IGNITOR can be radiated. The remaining fraction is
assumed to be deposited on the first wall by
convective/conductive mechanisms, and the resulting
thermal loads on the tiles have been re-estimated.

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

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

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

The Inconel 625 sectors of the PC are welded together by automatic remote equipment. Preparation of
the edges (26 mm thick) of the sectors envisages a butt
welding root pass (~4 mm) (Nd-YAG laser) to make up the
360° torus and then tungsten inert-gas narrow-gap welding
with filler material to complete the welding thickness. Hence,
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experimental activities will be launched to optimise a remotely controlled welding procedure. Using this
procedure, it has to be demonstrated that structural deformations can be controlled within the very tight
limits imposed.  Coordinated work is also in progress to numerically evaluate the deformations due to
shrinkage and residual stresses. The numerical simulations, based on the Abaqus/S code, refer to a simple
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plate model (100×160 in mm; 26 mm thick) of
Inconel 625 welded by a 2- or 4-kW Nd-YAG
laser. Figure 2.5 shows the temperature
distribution of the thermal calculation and the
distribution of the residual stresses after cooling
the sample to room temperature.

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

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

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

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

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

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

The highest stress values in the TFCs occur at the
end of the plasma current flat-top (fig. 2.9) (t=7.65 s,
maximum em loads) and are below the yield stress of
the copper material at that temperature. The
maximum Von Mises smeared stress on the outer
coil of the magnetic press is 216 MPa at t=3.65 s
( Y0.2%=320 MPa at 77 K) and the maximum shear
stress on the insulation is about 8 MPa. The
maximum Tresca stress intensity on the outer coil

bracing ring steel material is 434 MPa (AISI 316 LN steel sheet 25% cold worked, Y0.2%=800 MPa at
77 K), with the maximum shear stress on the insulation about 4 MPa. The maximum preload on the passive
bracing ring is 316 MN, which gives a maximum Tresca stress intensity on the stainless steel of 405 MPa
( Y0.2%=800 MPa at 77 K). The stresses in the structural components (i.e., C-clamps, central post) are
within the ASME allowable limits at the operating temperature. Stresses on the copper material of the coils
at plasma start-up have also been calculated. The maximum stresses on the copper occur during the
plasma flat-top because of the high compressive stresses between the TFC magnets and the central
solenoid coils. Stress analyses including the out-of-plane forces in the worst VDE conditions are in
progress.

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

Studies demonstrated that plasma-position control can be efficiently performed by providing up-down
antisymmetric currents in the PF6 and PF12 coils with ENEA’s power amplifier scheme, which is able to
fully decouple the control amplifiers with respect to the current scenario amplifiers [2.10]. The studies also
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Fig. 2.8 - Toroidal-coil cooling channel: linear sample ready

for electron beam welding
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R = 359.148 Fig. 2.9 - Maximum Von Mises equivalent

stress on copper material (MPa) at t=7.65 s



confirmed that, taking into account an initial
perturbation of 5 mm and a control dead time of
2 ms, the plasma position can be controlled within
the range ±6 mm, with a power of about 12 MW
from each amplifier.

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

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

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

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

2. IGNITOR Programme

49

[2.8] A. Bianchi et al., Calcolo strutturale delle bobine

poloidali periferiche-scenario 11 MA/13 T, Ansaldo Report-

IGN–POL–N–5100.000 (2004)

[2.9] A. Bianchi et al., Calcolo strutturale della load

assembly della macchina-forze in piano-scenario 11 MA/13 T,

Ansaldo Report - IGN–IGN–N–5100.000 (2004)

[2.10] A. Coletti, P. Costa and M. Santinelli, L’alimentazione

elettrica del controllo della instabilità del plasma di IGNITOR,

ENEA Internal Report ING/E/IGN/003/R (1994)

[2.11] A. Coletti et al., IGNITOR electrical power supply,

presented at the 46th Annual Meeting of the Division of Plasma

Physics (Savannah 2004)

[2.12] A. Coletti, et al., Optimal temporal evolution of the

magnet currents of the IGNITOR machine, presented at the

APS DPP Meeting 2003 (Albuquerque 2003)

References

Active power (MW)

0 2 4 6 8 10

s

Total power (MVA)

Reactive power (MVAr)

120

100

80

60

40

20

0

Fig. 2.10 - IGNITOR electrical power at 400-kV side


