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Abstract—The plasma confinement of the International Toka-
mak Experimental Rector (ITER) is provided by the magnetic
field generated by 18 toroidal field (TF) coils while 6 poloidal field
(PF) and 6 central solenoid coils have the function to drive, shape
and pre-heat the plasma. Fusion for Energy (F4E), the European
Domestic Agency for ITER, is responsible for the supply of 10 TF
coils and 5 PF coils to the ITER project. The ITER Organization
(IO) team is instead responsible for the design of such coils as
well for the coordination of the activities of the different Domestic
Agencies (DAs) producing the different components, and their
assembly into the Tokamak. The PF coils utilize NbTi Cable-in-
Conduit-Conductor and have different diameters between 8 and
24 meters and weights of up to 400 tons. Regarding the PF coils
produced by F4E, so far one has been completed by the Institute
of Plasma Physics Chinese Academy of Sciences (ASIPP) under a
collaboration agreement with F4E. The other 4 PF coils are being
produced at the ITER site in Saint Paul lez Durance, France, under
F4E supervision. The first of these (PF5) will be completed by July
2020 while the last coil (PF3) will be ready be the end of 2023. The
TF coils utilize Nb3Sn conductor and are manufactured with the
“Wind, React & Transfer” method. The first TF coil is close to
completion and will be delivered to the ITER site in early 2020.
Subsequent TF coils will follow at a rate of about one every 3–4
months. In this article we will report on the production status of
both PF and TF coils and, in particular, the different manufacturing
strategies employed. The main challenges faced so far and the
results obtained are also described.

Index Terms—Superconducting Magnets, Fusion Magnets,
Measurements and techniques, Nb3Sn Wire, NbTi Wire.
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I. INTRODUCTION

THE iter Tokamak fusion reactor includes 3 principal su-
perconducting magnet systems. They are as in Fig. 1, the

Central Solenoid, Poloidal Field (PF) and Toroidal Field (TF)
coil systems [1]. The TF system consists of 18 “D” shaped
Nb3Sn coils, of approximately 16.5 m × 9 m in size and 300 t in
weight. Their function is to confine the plasma and are operated
at a constant 68 kA and 11.8 T peak field. The PF coil system
is composed of 6 circular NbTi coils, with diameters ranging
from 8m to 24m and weights of up to 400 tons. The PF coils are
operated in pulsed mode at up to 55 kA and fields of 6.4 T. Their
function is to shape the plasma.

Responsibility for the supply of the TF coils is shared between
Europe and Japan. Japan will produce 8 coils plus 1 spare coil.

Fusion for Energy is responsible for the procurement of the
remaining 10 coils. The principal subassemblies of each coil
are a thick stainless steel Coil Case (CC), composed of 4 sub-
assemblies into which a Winding Pack (WP) is inserted (Fig. 2).
The WP is comprised of a stack of 7 Double Pancakes (DP).
In turn, the main components of each DP are a stainless steel
Radial Plate (RP) and unit length of Nb3Sn Cable in Conduit
Conductor (CICC) (Fig. 3). The conductor supplied to Europe
is produced by four different DAs (Russia, China, USA and
Europe) whilst the coil cases (CC) are produced exclusively by
Japan. So far the production of all the 70 RP and 70 DP has
been completed, 10 WPs have been manufactured, of which 4
have been shipped and successfully thermally cycled to Liquid
Nitrogen (LN2) temperature. The fabrication of the first two TF
coils is under way. A detailed description of the R&D work
and manufacturing strategies and activities can be found in [2]–
[15]. A description of the manufacture of the TF Model Coil,
undertaken to demonstrate the industrial feasibility of the ITER
TF Coils may be found in [16].

Regarding the PF coils, the Russia Domestic Agency (RFDA)
will produce one PF coil (PF1), while Fusion for Energy is
responsible for the production of the remaining five (PF2-PF6).
Of these PF6 has been manufactured by the Institute of Plasma
Physics Chinese Academy Of Sciences (ASIPP) under an in-
ternational collaboration agreement with F4E [17]–[20]. The
remaining four PF coils are being manufactured at the ITER site,
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Fig. 1. The ITER magnet system indicating the TF coils (yellow) and each of
the PF coils.

Fig. 2. An exploded view of the TF coil.

Fig. 3. An exploded view of the TF winding pack.

under direct supervision of F4E, as their large dimensions make
road transport extremely difficult. Each PF coil is composed of
several impregnated DP (ranging in number between 6 and 9 DPs
in the different coils) which are stacked, electrically connected
in series, and finally impregnated together. For the European
PF coils the conductor is produced by EU and Chinese DAs. It
is a CICC conductor composed of a round NbTi cable inserted
inside a stainless steel jacket with circular central hole and square
external profile. PF6 is being prepared for shipment to the ITER
site. For PF5, all eight DPs have been completed, stacked and
electrically connected. Application of the ground insulation is
under way.

In the following sections we will report on the different
strategies adopted for the production of PF and TF coils, the
main challenges faced and the main results obtained on the large
amount of activities carried out so far.

II. THE EU TF COILS

The TF coil adventure started back in 2008, when the Procure-
ment Arrangement between F4E and ITER Organization (IO)
was signed. At that time the feasibility of the TF coil, with their
complex technology and demanding requirements, had still to be
proved on such large dimensions. It was clearly a big challenge
in terms of technical complexity and uncertainty, in terms of
volume of production, in terms of financial investment and in
terms of schedule requirements. Therefore, it was essential,
before starting any procurement action, to define the best strategy
to tackle all these challenges. The first step was to define the
procurement strategy: the objective was to define one which
could minimize costs, staying within our initial budget, and
maximize chances of success. Another important aspect was
the definition of the approach to be used for the series industrial
production, which could guarantee reliability in terms of quality,
reproducibility among the different coils and fast production
rate. In the following sections it is described the approach finally
utilized as well as the manufacturing processes finally utilized.

A. The Procurement Strategy

At that time the feasibility of the complex TF coils had not
been demonstrated yet on such a large scale. Only a simplified
¼ scaled version of a TF coil had been manufactured in the
past. This implied a high level of technological uncertainty,
with consequent high financial risks for potential suppliers. This
combined with the very broad range of skills and expertise
required to manufacture a full TF coils, created the risk that
very few suppliers would be interested in a tender for the whole
TF coils construction. The risk was to go for a call for tender
with very low level of competition, which could have translated
in prices very high and above our budget. This risk was tackled
from two different angles.

The first strategy was to split the production chain in smaller
packages, each requiring a homogenous set of skills and smaller
financial capability, this way maximizing the number of potential
suppliers interested to each individual tender compared to a
single TF coils contract. For this reason, the whole procure-
ment was split in 3 smaller contracts: one for production of
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the RPs (requiring mainly machining and welding skills), one
for production of the DPs and WPs (requiring mainly magnets
skills) and a last one for the completion of the TF coils (requiring
mainly welding and machining skills and a bit of magnet skills).

The second step was to try to reduce the level of technological
risks in each of the contracts, by introducing intermediate R&D
and qualifications contracts, aiming to demonstrate the feasibil-
ity of certain components and technologies before moving to the
tenders related to the series production. The idea behind was that
a call for tender involving an already demonstrated and qualified
technology, would bring lower tender prices compared to a ten-
der where technological uncertainty and risks perceived by the
bidders were very high, Unfortunately, this strategy was possible
only for certain components, as RPs, where it was relatively easy
to transfer the technology and the know-how developed during
the R&D contract to another company for the series production.
For others, for example the DPs and WPs production, this was
not possible due to extreme complexity of the technology and
the very large cost of the required tooling. Regarding the RPs,
2 contracts, each related to the construction of 1 RP prototype,
were launched and completed (by 2011) before launching the
call for tender for the series production of the 70 RPs. [3],
[7]. These contracts were successfully carried out by SIMIC
(Italy) and CNIM (France). In addition, an engineering study
contract regarding the final phases of the TF coil construction
was awarded to BNG (Germany) and completed in 2013 [4],
before launching the call for tender for the corresponding phase
of the series production.

The final outcome for the calls for tender for these 3 contracts
has been:

1) Manufacture of the 70 RPs [7], awarded to a consortium
composed by CNIM (France) and SIMIC (Italy) in 2012.

2) Manufacture of 10 WPs, awarded to a consortium com-
posed by ASG (Italy), Iberdrola (Spain)and Elytt (Spain)
in 2010.

3) Completion of 10 TF coils, awarded to SIMIC (Italy) with
support of BNG (Germany) in 2014.

The strategy has turned out to be successful as for all tenders
we had enough competition and contracts values were within
initial budget.

It is important to note that due to the large dimensions of the
RPs, the WPs and the final TF coils, making it very complicated
to transport them on ordinary road, they have to be transported
by ship. For this reason, both ASG and SIMIC have built brand
new factories close to the sea. ASG’s factory is in La Spezia
(Italy) whilst SIMIC’s factory is in Porto Marghera (Italy). For
the final delivery, after arrival of the ship in Fos sur Mar, the
TF coils will be transported for 104 km on a specially enlarged
road to the ITER site. In the TF coils production, among the
3 contracts, more than 26 industrial partners and 600 workers
from around Europe are involved.

B. The Industrial Production Strategy

The TF coils manufacture requires the production of 70 RPs
and DPs, winding and insulation wrapping of over 46 km total
conductor length, 92 km laser welding over the RPs and the

positioning of the 10 WPs inside their CCs. The latter requires
a precision of approximately 1 mm inside a 9 × 16 m long CC.
For these operations, reliability and reproducibility in terms of
quality are essential in order to produce 10 TF coils as close to
identical as possible in order to obtain a homogenous magnetic
field. This is vital for satisfactory operation of the tokamak. In
addition, because the ITER schedule requires production of 1
DP every 2-3 weeks, it is clear that the industrial production
approach must guarantee a rapid processing rate and eliminate
errors which might introduce delays during production, thereby
jeopardizing the schedule. For these reasons the approach has
been to require the supplier to maximize the use of automated
processes and tooling whilst minimizing manual intervention.
This has ensured the reproducibility of the production and
minimized the possibility of human error. A high initial cap-
ital investment for the automated tooling and equipment has
been required but has paid off in terms of quality, costs, and
schedule duration, with resultant benefits for both the project
and suppliers.

C. Key Requirements for the TF Coil Manufacture

For the construction and satisfactory performance of the TF
coils in the tokamak a number of key requirements have to be
met. These are:

1) Accuracy in the DP Conductor Trajectory Inside the Ra-
dial Plate: The need to have a precise conductor trajectory
accuracy places stringent demands upon the “Wind, React &
Transfer” technology utilized to manufacture the DPs. This
involves the fitting of the conductor, previously bent along a
D-shape spiral trajectory and then heat treated up to 650 °C,
inside the RP groove. Based on the manufacturing tolerances
of the components and on the nominal gap between RP groove
and conductor, it has been demonstrated that the insertion is
guaranteed if the accuracy for trajectory of the conductor is
better than 100 ppm and for the RP groove is better than 80
ppm. The factors determining the final accuracy on the conductor
trajectory are the precision of the bending operation and correct
prediction of the change in length experienced by the Nb3Sn
conductor during the heat treatment. Regarding this last point,
it is important to note that 6 different type of conductors have
been used during the production and that each type of conductor
has a different specific length-change. The second reason why
it is important to have a good accuracy and reproducibility,
among different DPs, in the conductor trajectory is related to
the requirement on magnetic field homogeneity: clearly the more
accurate is the conductor trajectory the more homogenous is the
produced magnetic field.

2) Accuracy in the Positioning of the Current Center Line:
The Current Center Line (CCL) is the geometrical barycenter
of the conductors inside a WP: it is a simplified representation
of the current distribution of the currents circulating in the 144
turns of the WP. The as-built CCL of a WP is calculated on
the basis of the measured geometrical position of the DPs ([8],
[13]). The accuracy of its position in a TF is essential to produce
a homogenous magnetic field. The main requirement for the
CCL position inside a TF coil is an accuracy of +/−1.25 mm on
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Fig. 4. A CNIM radial plates with part of its cover plate fitted.

the straight leg of the D-shaped coil. Such accuracy depends
on several factors: the conductor trajectory inside a DP, the
accuracy of the DPs position inside the WP and the accuracy of
the positioning of the WP inside its CC. Considering the large
dimensions of a TF coil and the complexity of the manufacturing
process, this requirement is very demanding.

3) External Dimensions of the WP: Each WP has to be
inserted inside its CC. Considering the geometrical tolerances
assigned to WP and CC, the gap between the 2 components
during the WP insertion can be as small as 5 mm in same areas.
Considering the large dimensions of CC and WP, it is clear that
even small deviations, which over such large dimensions are
possible, can jeopardize the insertion of WP.

4) Position of TF Coil Interfaces: In the Tokamak, the TF
coils are mechanically connected to a number of other large
components, such as the adjacent TF coils, PF coils, thermal
shield and others. The IO has defined tolerances for each of these
components which are built by different suppliers around the
world. Due to their large dimensions, it is not possible to modify
such components during assembly. It is therefore essential to
respect the required tolerances during the TF coils production.

D. The EU TF Coils Manufacturing Processes

In this section, the main manufacturing processes and tooling
adopted for the TF coils production are described.

1) The Radial Plate Manufacturing Process: Each RP is a
large D-shaped 316LN stainless steel plate, 110 mm thick, 13 m
long and 9 m wide, with a continuous groove machined on
both sides along a spiral trajectory to accommodate the DP
conductor. Part of the RP are the so called cover plates (CP),
which are welded to the RP to lock the conductor inside after
its transfer into the groove (Fig. 4). A detailed description of the
manufacturing process is reported in [7].

SIMIC and CNIM have used slightly different manufacturing
processes. Both companies started from 6 forged 316LN ITER
grade sectors, pre-machined with 5mm over-metal compared to
final dimensions. These sectors were then butt welded together
in order to obtain the D-shaped plate: for the welding CNIM has
used Local Vacuum Electron Beam technology whilst SIMIC

Fig. 5. Butt welding of RP sectors at SIMIC.

Fig. 6. Radial plate final machining at SIMIC.

has used Narrow Gap GTAW technology (Fig. 5). Finally, both
companies have carried out a final machining operation with a
large portal machine capable to handle the RP as a whole (Fig. 6).
The machining is carried out in a controlled temperature envi-
ronment of 20 +/−1 °C. In order to achieve good geometrical
accuracy and flatness, the machining has been carried out in
several steps, balancing the machining of the two sides of the RP.
Production has been carried out by 4 portal machines working
in parallel: 2 in each company. Once completed, each RP was
shipped to ASG in La Spezia, where the construction of the DPs
and WPs is carried out (second contract).

2) The Double Pancakes Manufacturing Process: A detailed
description of the manufacturing process is reported in [2], [6],
[10].

In the manufacture of a DP, the first step is to bend the
conductor according to the nominal trajectory of the RP groove
in which it will be inserted. The bending is carried out by
a numerically controlled “winding” machine using a bending
head synchronized with the movement of the winding table,
conductor un-spooling device and the vertical and horizontal
straightening units (Fig. 7). The bending operation is carried out
at 20 +/−1 °C, the same as for the RP machining, in order
to minimize potential geometrical mismatch due to the two
components being manufactured at different temperatures.
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Fig. 7. The TF DP winding line at ASG.

Fig. 8. A TF conductor insulating machine at ASG.

In order to compensate the conductor length-change during
heat treatment each conductor length is bent along a trajectory
shorter than nominal, and scaled according to the specific length-
change of that type of conductor. In order to experimentally
determine the specific conductor length-change, for each type a
conductor, 3 full size DP turns were bent, measured, heat treated
and re-measured.

Once the bending operation is completed, electrical termina-
tions, consisting in a bi-metallic copper-steel box with a steel
cover plate, are assembled and welded at the 2 ends of DP. Then
the helium inlet is installed in the middle of DP winding [5].

The obtained “spiral” is then heat treated at up to 650 °C
in a large oven operating in Argon atmosphere to complete the
Nb3Sn reaction. Three DPs are heat treated at time. Each heat
treated DP is transferred to its respective RP and the conductor
inserted into the RP groove.

The conductor then is lifted from the groove, section by
section, and electrically insulated with glass-kapton tape. This is
done with a numerically controlled Insulating Machine utilizing
4 wrapping heads operating simultaneously (Fig. 8). 3 Insulating
Machines are operated in order to process in parallel the 3 DPs
heat treated together.

After conductor insulation, cover plates (CPs) are laser
welded over the RP grooves in order to lock the conductor into

Fig. 9. The TF DP laser welding machine at ASG.

position. Each laser welding machine is composed of 3 laser
welding heads operating simultaneously (Fig. 9). In order to
minimize the distortion over the 1.4 km weld length, the welding
machine has been designed to optimize the power delivered by
the 3 laser welding robots according to the welding gap measured
along the welding trajectory. Two welding machines have been
utilized in parallel during the production.

After CP welding, the obtained DP is ground insulated by
manually wrapping glass-kapton tape and finally impregnated
using a Vacuum-Pressure-Impregnation (VPI) process.

The production is carried out predominantly by automated and
numerically controlled equipment. The only manual operations
are the terminations and helium inlet installation, and the DP
ground insulation wrapping of the DP. The number of tooling
for each operation has been defined with the aim to optimize the
production flow and speed.

3) The Winding Pack Manufacture: More information about
this production phase can be found in [2], [6], [8], and [10].

A critical phase of this manufacturing step is the stacking of
the 7 DPs: precise positioning is required in order to achieve the
necessary CCL accuracy and satisfactory overall dimensions of
the WP. During stacking, the first DP is lowered onto a set of
pedestals.

Each subsequent DP to be stacked is suspended, using thin
steel straps, from a frame which can be moved in both orthogonal
axes parallel to the plane of the DP, as well as rotated around
the axis perpendicular to this plane, before lowering it onto the
preceding DP (Fig. 10).

To perform the alignment, reference points on the surface of
the DPs are characterized with respect to a best-fit model of a 3D
laser scan of the DP surface [8]. Each DP is then aligned with
respect to its straight leg, using a laser tracker, before positioning
it on top of the previous one. A flat, uniform, surface is required
here as this is the region where the greatest mechanical loads will
be transferred to the CC during machine operation. A second,
critical, aspect of the stacking operation concerns the installation
of layers of glass cloth between DPs. The main objectives of this
interleave material are to absorb flatness deviations between
adjacent DPs and facilitate resin flow, and therefore proper
bonding, between DPs during impregnation.
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Fig. 10. The TF DPs stacking at ASG during fabrication of the 1st WP.

Fig. 11. The TF WP ground insulation operating on the 1st WP.

Fig. 12. The 1st WP after semi-conducting paint coating at ASG.

During the stacking, the DPs are electrically connected by
soldering and clamping the electrical terminations of each DP
[12]. Subsequently, ground insulation of the main body of the
WP is undertaken using a fully automated machine (Fig. 11).

A total of 14 layers of 50% overlapped glass fibre/polyimide
tape, plus a further 2 layers of glass tape, are applied. Nominal
thickness is 6 mm. Insulation of the joints and surrounding area is
carried out manually. The WP impregnation is performed using
the same blend of cyanate ester and epoxy resin and the same
VPI process as for the DP. After impregnation of the WP it is
coated with a semi-conductive paint in order to create a high
impedance ground plane for the coil (Fig. 12).

Fig. 13. The WP insertion machine at SIMIC.

Fig. 14. 1st WP and CC ready for insertion at SIMIC.

Final test of the completed WPs includes dimensional in-
spection, magnetic measurements, electrical HV tests (in air
and in Paschen conditions) and helium circuit leak rate and
flow rate measurements. After successful completion of the final
acceptance test the WP is packed and shipped to SIMIC’s facility
in Porto Marghera, Italy.

4) The Final Manufacturing Phase: Detailed descriptions of
the activities related to this phase are reported in [4], [9], [10],
[13]–[15].

After its reception at SIMIC, the WP is thermally cycled to
LN2 temperature. This is carried out by circulating helium gas
in the conductor at controlled temperature, with the WP inside a
vacuum cryostat equipped with a LN2 thermal shield: the cooling
rate is 0.5 K/h and maximum allowed thermal gradient through
the WP is 50 K. The purpose of the thermal cycle is to apply to the
WP electrical insulation and hydraulic circuit thermal stresses
which are similar to the ones experienced during its operation
at low temperature. After the thermal cycle, the same electrical
insulation and leak tightness tests applied in final step of the WP
manufacture are carried out, in order to verify that no damage
was induced in the WP at low temperature.

The following step is the insertion of the WP inside the CC.
This operation is carried out in the horizontal position, by slowly
sliding the U-shaped external shells of the coil structure (so
called AU and BU) around the WP (Figs.13 and 14). The key
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Fig. 15. Insertion of the first TF coil completed at SIMIC.

Fig. 16. Closure welding of the 1st TF coil at SIMIC.

aspects of this operation are the final position of the WP inside
the CC, affecting the CCL position, and the accuracy of the
positioning of the CCs welding bevels, affecting the quality of
the closure weld and the welding deformations.

In order to achieve good positional accuracy, this operation
is carried out by a number of numerically controlled movable
supports, on which WP and CC are assembled, capable of
controlling the position of the different parts to within few tenths
of a millimeter. In addition, during the insertion, the positions
of the CC sub-assemblies and WP are monitored by measuring,
with a laser tracker, the position of a number of targets attached
to the components in strategic areas. The final two components
of the CC to be mounted (curved stainless steel plates named
AP and BP) are then assembled in order to lock the WP inside
the CC (Fig. 15). Inside the CC, the WP stands on a number
of G10 pads whose thickness and shape determine the vertical
position of the WP, and therefore of the CCL, inside the CC.
Each pad is 3D tailored machined based upon the local WP and
CC geometry and the required CCL position, defined through
the optimization process described in [13].

After completion of the insertion, the CC sub-assemblies are
welded together. Initially AU and BU are butt-welded utilizing
manual GTAW. Then, most of the poloidal welding of AU-AP
and BU-BP is carried out by two welding robots operating
simultaneously on opposite sides of the TF coil. This is to
maximize welding speed without increasing the local heat input
(Fig. 16). The welding thickness varies in the different areas of
the coil from 40mm to 120mm. After completion of the closure

Fig. 17. The 1st TF being prepared for the gap filling at SIMIC.

welding an extensive DI with laser tracker of the TF coil is
carried out.

The main challenges related to this operation are the com-
bination of a large welding thickness with the requirement
for low deformation and high welding quality. Regarding the
welding deformation, this was assessed via an extensive R&D
programme involving the welding and dimensional inspection
of full size CC mock ups. The results of these activities were
used to refine a Finite Element Analysis (FEA) model used
to predict the welding deformation of the full TF coil [11].
Following this the design of the case sector weld bevel geometry
was altered to include additional material to compensate for this
shrinkage. Also, due to the requirement to shield the WP from
any temperature of >150 °C, further modifications were made
to the bevel geometry to provide the necessary protection. In
fact, during qualification, maxima of <80 °C were measured,
comfortably surpassing this requirement.

The subsequent manufacturing step is the so-called “Gap
Filling”, which consists of VPI impregnation of the internal
void between CC and WP with an epoxy resin “filled” with
dolomite (calcium magnesium carbonate, 41% by volume) and
an anti-settling agent (Calcinated clay, 1% by volume). During
this operation the TF coil is tilted at an angle of 5° (Fig. 17). This
operation has been previously qualified with a number of mock
ups simulating the geometry of the space between WP and CC.
The gap filling of the first TF coil is now underway.

The final manufacturing step is the machining of the TF coil.
The machined surfaces correspond to the mechanical interfaces
with the neighboring parts of the tokamak. These surfaces have
been manufactured with an additional 10mm material thickness
on the interface surfaces, in order to compensate for any defor-
mation experienced by the coil during the closure welding. The
main objectives of the final machining are to minimize:

1) Deviation from nominal position of CCL with respect to
the plasma

2) Difference in position of the different TF coil CCLs
3) Deviation from nominal position of the different TF coils

interfaces.
In order to manage the various constraints a priority level

has been assigned to each of these aspects, with point 1) and
2) typically having the highest priority. Even so, a case by case
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Fig. 18. Production sequence for EU, TF, RPs, and DPs.

analysis is required. It is important to note that this optimization
must be coordinated by the ITER Organization as they are in
charge of the Tokamak integration and assembly.

Once the machining strategy has been defined and agreed
among the parties a numerically controlled five axes portal
machine dedicated to this operation can be programmed and
the final machining started. The machining is carried out with
the TF coil in a horizontal position and requires an intermediate
flipping of the coil in order to access each side of the TF coil.
As a final step a complete DI by laser tracker is performed.

III. TF COILS MANUFACTURING STATUS AND MAIN RESULTS

In this section we report the status of the production and the
main results obtained so far.

A. Manufacture of the Double Pancakes

The production of all the 70 DPs has been successfully com-
pleted. In Fig. 18 the completion dates for all 70 RPs and DPs
are reported. On average 1 RP was produced every 14 calendar
days, and 1 DP every 17 calendar days: a very satisfactory result.
This has been achieved thanks to the optimization of the number
of tools for each operation (duplicating them when needed), the
use of automated processes, the organization of the activities in
the different workshops and the use of 2 suppliers for the RPs.

1) The W, R & T Process: Fig. 19 reports the measured
deviations from the nominal trajectory for all RPs and DPs
conductors (after heat treatment): the results have been excellent
and all the conductor lengths have been successfully inserted
in their RP groove without problems. For the RP grooves, the
average deviation from the nominal length has been 12 ppm
with σ = 16 ppm and a maximum average deviation of 70 ppm.
For the DPs, the average deviation for the conductor trajectory
length has been 9ppm with σ = 21 ppm and maximum average
deviation of 48 ppm. These are all well within our initial accuracy
targets. From the figures is evident the “learning curve” bringing
improvement along the production of the RPs. For the DPs this
is less evident as the deviation is dominated by the scattering
in conductor length-change during the heat treatment among

Fig. 19. EU, TF, RPs, and DPs deviations from nominal trajectory.

TABLE I
DOUBLE PANCAKE DIMENSIONAL RESULTS

different lengths of the same conductor type, creating an error
compared with our initial compensation.

2) Geometrical Accuracy on the DPs: Important parameters
for the TF coil production are the planarity and the accuracy on
the D-shape profile of the DPs, as they determine the WP final
dimensions and the CCL position accuracy.

The average results obtained on the 70 DPs are reported in
Table I: parameters are within the required tolerances.

B. Manufacture of the Winding Pack

So far 6 WPs have been completed, of which 4 WP have been
shipped and successfully cold tested at SIMIC. A 7th WP has
just been impregnated. All remaining WPs have been stacked
and gound insulated, waiting for impregnation.

The main results obtained so far are presented below:
1) Results on Geometrical Accuracy of WPs: Fig. 20 reports

the average height of the different WPs after the different manu-
facturing operations. All the WPs’ average heights are below
maximum allowed (824.6 mm) and within a 3.2 mm range.
This greatly simplifies the insertion of the WPs in the CCs. The
as-built length and width of the 6 WPs are within +/−1 mm of
the design value.

Another important aspect for the CCL is the accuracy of the
in-plane positioning of the DP straight legs (the portion of
the DPs which contributes most to the magnetic field applied
to the plasma). As explained before, this has been controlled
during the stacking operation by using reference points attached
to DPs. The optimal position has been defined based on the
as-built dimensional data for each DP. The average error of the
final in-plane position of such reference points for the 10 WPs
has been below 0.3mm with a standard deviation below 0.1mm:
the positioning system has worked very well.
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Fig. 20. EU, TF, and WP heights during manufacturing steps.

Fig. 21. Deviation from nominal CCL WP straight leg position on 1st EU and
TF.

2) Results on Final Acceptance Checks: Final accepptance
tests have been successfully completed for the first 6 WPs.
In particular, an electrical isolation (conductor to ground) of
>19 kVDC under atmospheric pressure and >8 kVDC under
Paschen conditions has been successfully demonstrated. The
leak rate of the helium circuit has been well below the acceptance
value of 5 × 10−8 Pa·m3/s.

C. Final Stage of the TF Coil Manufacture

The WP insertion operation has been completed for the first
2 TF coils. Closure welding has been completed for the 1st TF
coil and is in progress for the 2nd TF coil. The gap-filling for the
first TF coils is underway. Final machining of the first TF coil is
expected to be completed by the beginning of 2020 and delivery
to The ITER site by April 2020. The main results obtained so
far are reported below:

1) Positioning of the CCL Inside the Coil Case: Fig. 21
shows the average deviation from the target position of the
WP straight leg for the first TF coil, measured via 3 targets
glued to the WP and monitored, thanks to 3 corresponding holes
machined in the CC, with a laser tracker. From the figure it can
be seen that, during the insertion, the accuracy is very good:
around 0.4 mm. During the different phases of the welding, due
to the welding shrinkage of the CC, there is a relative sliding
between WP and CC. Due to the friction between them this is

Fig. 22. Deformations on 1st EU and TF coil after closure welding.

partially translated into a WP deformation. However, as can be
seen from Fig. 21, this deformation has only a small impact upon
CCL position. Furthermore, it should be noted that, due to the
additional material at the weld interfaces, this shrinkage has not
adversely affect either the nominal in-plane dimensions of the
CC or clearance between WP and CC.

After completion of the closure welding the WP straight leg is
about 1.2 mm away from its ideal position. This will be corrected
by optimizing the machining of the TF coil: after optimization
the average deviation is expected to be within 0.3 mm, well
below the required tolerance of 1.25 mm.

2) Deformation of the TF Coil During the Closure Welding:
During the different phases of the closure welding, the defor-
mation of the TF coil is monitored by laser tracker to measure
the position of a number of targets attached to key areas of the
CC. Fig. 22 shows the measured deformation experienced by
the 1st TF coil after the closure welding [15]. The principal
deformation mechanism is that the tips of the “C” section of
AU and BU are pulled together during the closure welding
process (i.e., perpendicular to the plane of the “D”). In almost all
instances this has been compensated via the additional material
provided. This includes the out-of-plane displacement of the
WP CCL. However, in just two areas, deformation has been a
few millimeters higher than the 10 mm allowance. These are the
IOIS which are the “wings” of the TF coil where adjacent coils
are connected. This will be compensated by using shims which
are already part of the assembly strategy.

All the remaining interfaces will be within tolerance after final
machining. Through a successful program of qualifications and
industrialization, combined with tooling and process optimiza-
tion, what started in 2008 as a design of the TF coils, is quickly
coming to the point of final hardware delivery.

IV. THE EU PF COILS

The 6 ITER PF coils are assembled around the TF coils
system, as shown in Fig. 1. The main dimensions of the coils
are shown in Table II.

The PA for the procurement of the PF coils between F4E and
IO was signed in 2009.
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TABLE II
WP FINAL DIMENSIONS (mm)

A. Procurement Strategy for the PF Coils

The main constraint for the procurement strategy was related
to very large dimensions of some of them (PF3-PF4). Even if
transported by ship, they would not fit on the road between Fos
sur Mer port and the ITER site (ITER Itinerary). A special facil-
ity therefore had to be built on the ITER site to manufacture such
coils. A second constraint was related to the Tokamak assembly
sequence, requiring PF5 and PF6 to be delivered, and therefore
manufactured, almost simultaneously. This would have required
duplication of the manufacturing tooling. However, not enough
space was available in the PF building. Therefore, the first
decision was to outsource the manufacture of PF6 which, as
the smallest of the coils, could be transported along the ITER
itinerary with only a minor widening of the original route. After
a negotiation with several potential suppliers, the construction
of PF6 was awarded in 2013 to the Chinese Academy of Science
(CAS) Institute ASIPP, located in Hefei, through an international
agreement endorsed by the ITER Chinese Domestic Agency.
Nevertheless, the final acceptance (cold) test of this coil will be
carried out at the ITER site facility. Regarding the procurement
strategy for the remaining 4 coils, it was decided, after an attempt
to find a single supplier to take responsibility for all the work,
to split the procurement in several contracts:

1) Engineering Integrator and Manufacturer for final phase,
awarded to ASG (Italy).

2) Manufacturer for the Double Pancakes, awarded to CNIM
(France).

3) Winding tooling, awarded to Sea Alp consortium (Italy).
4) Impregnation tooling and other tooling, awarded to the

consortium Alstom-Elytt-Seiv.
5) Cold test facility, awarded to Cryotec Impainti (Italy).
6) Management of the building and facilities, awarded to

Dalkia-Veolia (France).
Regarding the contract with ASG, the final phase of the

manufacture includes all the manufacturing activities going from
the DPs stacking to the final acceptance test after the cold test.
It is important to mention that, initially, CNIM was in charge
of all the manufacturing phases but this has recently changed.
Prior to making this change, CNIM carried out the stacking of
PF5.

B. The PF Manufacturing Process

These coils are fabricated using a CICC composed of more
than 1000 NbTi/Cu strands inserted and compacted inside a
stainless steel jacket. The length of conductor for the DPs of
the different PF coils ranges between 450 m and 650 m. The

Fig. 23. PF Winding line in the ITER site PF building.

Fig. 24. PF5 winding pack on the stacking station.

conductors are wound in double pancake configuration, but since
the total length exceeds the maximum length for jacketing of the
cables, two conductor lengths are nested into each other through
two winding lines located at 180 degrees from each other to
form a Double Pancake (DP). The winding machine used in
the PF coils workshop at the ITER site is shown in Fig. 23.
At the internal joggles of the two in-hand conductors He inlets
are located and at the four conductor ends bi-metallic boxes are
prepared to form the electrical joints. The turns are wrapped with
5 layers of fiberglass-kapton-glass insulation during winding.

After completion of the termination boxes and the internal
joint, the insulation of each DP is impregnated with epoxy resin
under vacuum. Several DPs (between 6 and 9 depending on
the PF coil) are then stacked together and their joint completed
(Fig. 24), followed by application of the ground insulation com-
posed of 8 GKG layers and finally impregnated under vacuum.

Then the so-called Winding Pack (WP) is completed with its
clamping systems, cooling pipes and instrumentation to become
the final coil. Similarly to the TF WP, checks regarding electrical
insulation (HV test in air and Paschen conditions) and leak
tightness are carried out after the VPI. Then a final thermal
cycle down to LN2 temperature is carried out on each of the
five coils. The cool down is carried out, as for the TF WPs, by
flowing controlled temperature helium through the coil. For this
operation, due to the different sizes of the PF coils, different
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Fig. 25. Cryostat procured to cool down PF5.

cryostats had to be built. Fig. 25 shows the cryostat which will
be used for the PF5 cool down. After the thermal cycle, the HV
voltage and leak tightness checks are repeated as final acceptance
of the magnet. Because of the heavy weight of PF6, a special
450t gantry crane able to lift the finished coils out has been added
to the PF coil manufacturing building.

V. STATUS OF THE PF2-PF5 COIL FABRICATION

All the initial contracts with the six suppliers mentioned above
were signed between 2013 and 2016. The qualification activities
for the component fabrication began in March 2016 and had
been completed by the end of 2017. In the qualification phase
a Dummy DP made of CICC composed of copper strands was
fabricated following the procedures foreseen for production and
was successfully completed in March 2018. This provided the
green light for the start of PF5 coil fabrication at the PF coils
workshop. The fabrication of the first DP of PF5 was completed
in July 2018 and the manufacturing of the eighth and last DP in
May 2019. All the DPs were stacked to form the WP, the inter-DP
joints welded and both intra- and inter-DP joints insulated by
July 2019. The PF5 WP is now at the stage of the ground insu-
lation wrapping. Once the ground insulation is completed (by
end of September 2019) the WP will be impregnated before the
end of 2019. Following this, the joint supports, clamps, terminal
plate, cooling piping and instrumentation will be installed on
the coil by April 2020. Then the PF5 coil will be cold tested by
the middle of July 2020 and packed for delivery to the ITER
Tokamak assembly hall at end of July 2020.

The activities for the PF2 coil fabrication began in early 2019.
So far, three DPs of the six DPs needed for the coil have been
wound. The impregnation of the first DP of PF2 will be started
in the coming days. The delivery of PF2 to ITER is expected in
the first quarter of 2021.

The PF4 and PF3 coils are expected to be completed and
delivered in November 2022 and November 2023 respectively.

VI. STATUS OF THE PF2-PF5 COIL FABRICATION

The manufacture of PF6 is in an advanced state. Winding,
termination, impregnation and stacking [20] of the nine super-
conducting DPs has been completed in December 2018, just over

Fig. 26. Typical PF6 DP after vacuum pressure impregnation.

Fig. 27. PF6 after impregnation.

fifteen months from the clearance of the DP manufacture. In
Fig. 26 a completed DP is shown. Before starting impregnation
of the coil, 2 WP mock-ups (equivalent to a 40-degree sector
of the coil) were manufactured and impregnated. Wrapping of
the ground insulation, assembly of the joint supports and VPI
mold, followed by a final impregnation of the coil and disas-
sembly of the mold were successfully completed in about six
months. Fig. 27 shows the WP after removal of the vacuum
pressure impregnation mold. These activities required careful
and time-consuming checks of the geometry of the stacking
and the final coil assembly, which are within the prescribed
tolerances of 1 mm flatness and ±3 mm on the inner and outer
profiles, followed by mold leak checks and fine-tuning of the
VPI heating systems.

Presently, the final assembly of the coil is being completed,
including supports, piping, instrumentation and protection cov-
ers (Fig. 28). It will be followed by Helium circuit leak and
high voltage tests. The latter will include a test under Paschen
conditions before shipment. This will conclude Phase V.

Transportation of PF6 will involve first a voyage along the
Yangtze river to Shanghai, where it will be loaded onto another
vessel bound for Fos-sur-Mer. Contracts for the freight from
Hefei to Fos-sur-Mer and local transportation from Fos-sur-Mer
to the ITER site have been awarded to the Chinese company
COSCO and DAHER, respectively.
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Fig. 28. Final assembly of PF6 coil (in progress).

The coil is expected to arrive at the F4E PF facility at the
ITER site in December 2019. The last phase of the acceptance
tests, consisting of a cool down cycle down to LN2 temperature
followed by final Helium circuit leak and high voltage tests under
Paschen conditions, will then be performed.

VII. LESSONS LEARNED

More than 10 years of activities involving both TF and PF
coils, among the most complex and largest superconducting
coils ever manufactured, involving multiple contracts and many
suppliers from different countries working together, have clearly
been a unique and incredibly enlightening experience. A large
number of strategic decisions had to be taken when starting the
different procurements and, fortunately, most of them turned to
be correct but a few others had to be modified in due course. Due
to the high level of the initial technological uncertainly, although
the overall outcome has been successful, clearly not everything
has progressed as expected and alternative actions have had to
be devised and implemented. And, as usual, most of the learning
comes from the understanding and resolution of the unexpected
issues rather than from the successes. In this section we collect
the main lessons learned so far.

A. Importance of “Thinking Before Acting”

On such large procurements, involving high level of un-
certainty and large financial investment, risks are high: they
have to be identified at an early phase, tackled and properly
managed in order to succeed. For example, for the TF coils, the
early evaluation of the main market and industrial risks, before
starting any procurement action, has allowed the definition of a
procurement strategy which tackled such risks, both on F4E and
our suppliers side, bringing down costs with a minimum number
of contracts. On the other hand, on PF coils, some of the risks
associated to the selected procurement strategy were not fully
appreciated, as explained in the next paragraph.

B. Vertical vs Horizontal Split of the Procurement

On TF coils, the procurement has been split “vertically” along
the production chain: SIMIC/CNIM produced 70 RPs, then
delivered to ASG. ASG is producing 10 WPs, then delivered

to SIMIC. SIMIC will deliver the final coil to ITER. In this
procurement configuration each supplier is fully responsible for
a phase of the production or a component along the production
chain.

On PF2-PF5 coils a “horizontal” split of the production chain
was chosen: for example, CNIM has to manufacture the DPs
under instructions by ASG and utilizing tooling manufactured
by 2 other suppliers in a building managed by yet another
supplier. The main difference between the two strategies is in
the type and number of interfaces to manage. For the TF coils
there are only 2 interfaces and they are mainly associated to
the final delivery of each contract. From the technical point of
view this has been managed by linking the F4E acceptance of
a deliverable, for example of a RP, to the receiving supplier
acceptance of that deliverable (handover). This means that F4E
is never in a situation where it must accept sole responsibility
for a component during the transition from one supplier to
another.

On the PF2-PF5 coils procurement configuration there are 5
interfaces involving the 6 suppliers. This clearly complicates
the management of the procurement. For example, if a problem
in a critical TF tooling occurs in La Spezia after expiration of
the warranty, it will be ASG who will have to take care of it
through its tooling sub-supplier and to bear the costs due to
the production stoppage. In The ITER site, for PF, if a similar
problem occurs, it will be F4E responsibility to take care of
both aspects and, in this case, the stoppage of the activities will
involve many suppliers. Based on these considerations the TF
coils approach is clearly more efficient and with a reduced level
of risks. However, it is important to note that, due the necessity
to build PF2-PF5 in the ITER site building, it would have been
quite difficult to use the same TF approach.

C. Procurement Sharing Among Domestic Agencies

In general, splitting the procurement of sub-components
among DAs within ITER project, adds additional interfaces.
For TF coils, 3 additional DAs provide conductors while JADA
provides the CCs to F4E. This type of interface is very difficult
to manage because relates to procurements contracts which are
not under F4E control. In particular, the interface related to CCs
has been quite difficult to manage: a delay or technical issues at
CC suppliers have inevitably a strong impact on our suppliers,
our contracts and our delivery dates.

VIII. CONCLUSION

The delivery of the first EU ITER coils is approaching. It has
taken about 11 years, from the signature of the first PA with IO,
to get to this important point. The first EU TF coils is in the final
construction phase and should be completed by the beginning
of 2020. After the completion of the acceptance checks and
packing, the first EU TF coil will be shipped and arrive at the
ITER site towards the end of April 2020. A second TF coil is
being manufactured in parallel and will be shipped 3 months
later. The series production will continue with a production
rate of about 1 TF coil every 3-4 months. The first EU PF,
PF6 being manufactured in China, is also in its final phase. It
should be completed and shipped by early 2020. After arrival
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it will undergo a thermal cycle at LN2 temperature and after
final checks, delivered to the Tokamak Assembly Hall for final
assembly. PF5 will follow soon afterwards and it should be
delivered by the end of July 2020.
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