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Reliability Considerations for the ITER Poloidal
Field Coils
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Abstract—Since it is practically impossible to remove the
Poloidal Field (PF) coils from the assembled ITER (International
Thermonuclear Experimental Reactor) tokamak without major
interruption in operation, the design of these coils shall provide
their high reliability under high voltage operation. The design of
the coil insulation relies on a separation of functions: mechan-
ical function of the load transmission, performed by glass-fiber
impregnated with epoxy resin on one side, and the independent
electrical barrier made of polyimide tapes on the other side.
Numerical simulation has shown that the maximum electrical field
in the coil is lower than 4 kV/mm, which is taken as the design
criterion for the PF insulator system. In case of a single insulation
failure in a coil, its functionality can be recovered by installing a
so-called jumper to by-pass the faulty double pancake. The design
of the jumpers and their installation procedure are described.

Index Terms—High voltage, insulation, ITER, maintenance,
poloidal field coils.

I. INTRODUCTION

T HE six Poloidal Field (PF) coils are part of the ITER
magnet system [1]. They are self-supporting against the

electromagnetic loads and attached to the Toroidal Field coil
(TF) cases in the vacuum inside the cryostat thermal shield. The
PF coils use NbTi superconductor cooled by supercritical he-
lium. With the Central Solenoid (CS) modules, the PF coils pro-
vide magnetic fields for plasma shaping and position control [2]
and thus need to be pulsed with fast variations of the coil current
( 10 kA/s at initial magnetization), leading to induced voltages
of up to 14 kV on the coil terminals during normal operation.

One of the ITER design requirements is that the coils shall
be able to withstand the test voltage between the terminals of
up to 29 kV. This implies that any voltages applied to the PF
coils, in the present or future powering configuration, should re-
main below 29 kV. Consequently, the design of the insulation,
coil terminal regions, joints and helium inlets has to take this
high voltage into account with sufficient margin, since a failure
would mean a major interruption of the tokamak operation. Reli-
able design avoids systemic failure in the coil while a high level
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of manufacturing quality controls will prevent random defects.
Despite this high-reliability design, provisions are made to re-
cover the capacity of the coils under the condition that there is
no more than one failure in each of the six coils. For this pur-
pose, the coil is made of a stack of independent modules called
Double Pancakes (DP). The recovery operation is based on the
possibility to by-pass a faulty DP by the jumper conductors.

At first, the level of voltages applied to the PF-coil terminals
as well as the voltages arising between turns due to the specific
winding method will be explained. Then the design of the in-
sulation is described. The third and forth chapters provide the
values of the electrical field appearing between the turns and in
the ground insulation. The last chapter describes the impact of
a metallic inclusion in the insulation.

II. INSULATION DESIGN

A. Voltages on the Coils

During a plasma scenario, high voltages arise in the coils first
at the plasma initiation phase, secondly for the control of the
plasma current, position and shape. The electrical scheme of the
PF1 and PF6 coils differs from the one for the PF2 to PF5 coils
[3]. The electrical requirement for the magnet system limits the
voltage between the coil terminals under normal operating con-
dition to 14 kV and, under fault conditions, to 28 kV [4]. This
limits therefore the maximum test voltage to 29 kV since the
test voltage criteria is the maximum of (2 maximum voltage
in normal operation 1 kV) or (maximum voltage under antic-
ipated fault conditions 1 kV).

For the PF coil insulation design, two voltages are considered:
14 kV, the maximum voltage during normal operating condi-
tions, and the ultimate (test) voltage of 29 kV.

B. 2-in-Hand Winding

Due to the long length of conductor required for the coils (up
to 1.7 km), the DP cannot be wound with a single unit length.
In a two-in-hand winding, two conductors of equal length are
wound in parallel from the first pancake to the second one and
the two conductors are connected with the joint (so-called PJ
joint) located on the outer diameter of the DP.

With this winding method the voltage between two turns in a
pancake, assuming a linear voltage distribution along the con-
ductor of the entire coil, is half the voltage at the DP termi-
nals, independently of the number of turns inside the pancake.
The turn-to-turn voltages (between neighboring conductors in
the horizontal direction) are highest in the PF2 coil (1.2 kV
under normal operating conditions and 2.4 kV under the ulti-
mate voltage) because it consists of only 6 DPs, whereas the
other coils contain at least 8 DPs and are similarly powered.
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Fig. 1. PF turn insulation: 5 layers of a glass-fiber/polyimide sandwich and an
additional glass-fiber wrap, all with 50% overlap.

Fig. 2. Scheme of the electrical insulation of the PF coils (dimensions after
compaction; conductor dimensions not to scale).

C. Description of the Insulation

The insulation fills the 6.4 mm (horizontal; 6.6 mm vertical)
distance between turns that is needed to keep the peak mag-
netic field on the conductor within the design value. The insula-
tion also includes insulating shims between turns and pancakes
to compensate manufacturing tolerances of the winding pack
and of the conductor. During the winding and impregnation of
the DPs, the insulation is compacted to reach a fiber content in
volume between 50 to 60%. The manufacturing process needs
to consider this compaction to reach correct final dimensions of
the winding pack [5].

The mechanical and electrical functions of the insulation are
performed by separate components: the electrical barrier is en-
sured by a polyimide tape while an interleaved glass-fiber tape,
impregnated with epoxy resin, is able to transmit all mechan-
ical loads [6]. The glass-fiber tape is wider in order to envelope
the polyimide tape and avoid possible delamination that could
occur on a continuous polyimide surface.

The conductor insulation (Fig. 1) is made of 5 interleaved
layers of polyimide (0.025 mm) and glass-fiber (0.25 mm) with
50% overlapping, plus one layer of glass-fiber on top with 50%
overlapping. Each layer is shifted by 20% from the previous to
maximize the number of polyimide layers in the insulation stack
(7 minimum).

In addition to the turn insulation, turn shims, made of
glass-fiber with a nominal thickness of 1 mm, are foreseen to
compensate for manufacturing deviations between turns in the
horizontal direction. For the same purpose, but also to provide
bonding layers and a continuous horizontal surface to limit the
vertical propagation of cracks in the resin, mats of glass-fiber
with a total thickness of 1.2 mm are added in the vertical
direction between pancakes, as shown in Fig. 2.

After their impregnation, the DPs are stacked with
3 mm-thick mats consisting of 3 layers between them and

Fig. 3. Cross section of the top DP of the PF2 coil, close to the upper terminal,
with the turns numbered in connection sequence. The voltages of selected turns
are to ground for the terminal-to-terminal coil voltages of 14 kV and 29 kV
(in brackets). The coil is symmetrically grounded. Sections 0 to 9 are the first
lengths on conductor, Sections 10 to 19 are the second interleaved conductor.

TABLE I
ELECTRICAL FIELDS IN THE COIL INSULATION

the 8 mm-thick ground insulation is wrapped around the entire
winding pack and penetrations (helium inlets and outlets, joint)
before the final impregnation of the coil. The ground insula-
tion consists of 9 layers of a glass-fiber/polyimide/glass-fiber
sandwich. The content of glass-fiber is higher than for the turn
insulation to ease the coil impregnation and provide stronger
mechanical properties (Table I).

III. ELECTRICAL FIELD CALCULATIONS

Fig. 3 shows a sketch of the cross section of the PF2 double
pancake 1 (DP1) close to the upper terminal. The numbers
without brackets are the voltages to ground of conductors 0, 9,
10 and 19 if the coil terminal voltage is 14 kV, and the values in
brackets the ones in case of 29 kV. This configuration exhibits
the highest turn-to-turn voltages in the PF2 coil and thus the
highest electrical field, , in the turn insulation. The contour
plot in Fig. 4 shows the magnitude of for the case of 14 kV
on the PF2 coil terminals. Because the conductors are 6.4 mm
apart from each other and their corner radius is 4 mm, a peak
electrical field appears at the corners of conductors 0 and 19
(darkest region in Fig. 4).

Taking into account that similar types of impregnated insu-
lation have been tested to withstand 20 kV/mm after me-
chanical cycles at 77 K [7] and that the design criteria require a
minimum safety factor of 5 [8], the design electric field for ITER
coils shall be 4 kV/mm. Therefore, a large design margin (ratio
between the effective field and the 4 kV/mm design field) of 9.4
exists under normal operating conditions. The margin is still 4.4
if the ultimate voltage of 29 kV appears at the coil terminals. As-
suming that 20 kV/mm represents the ultimate breakdown field
of the insulation, then the overall margin (ratio between the ef-
fective field and the 20 kV/mm ultimate breakdown field) is 47.
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Fig. 4. Magnitude of the electric field in case of a voltage between terminals
of 14 kV in a regular cross section (Fig. 3).

Fig. 5. Magnitude of the electric field at a terminal in case of a voltage between
terminals of 14 kV.

It should be noted that a layer of turn insulation is able to with-
stand a transient voltage of 29 kV between two turns.

IV. ELECTRIC FIELD AT THE WINDING PACK TERMINATIONS

At the terminations of each PF pancake, an additional layer
of 8 mm ground insulation is applied to the turn insulation of the
conductors. Fig. 5 shows a contour plot of for a conductor at
7 kV to ground (1/2 the coil terminal voltage) at a coil termi-
nation. The peak field in the corners of the conductors reaches
1.24 kV/mm. If the insulation to ground fails on one terminal,
the voltage to ground at the other terminal would reach the full
terminal-to-terminal voltage and the peak field in the corner will
increase to 2.48 kV/mm.

In case the 29 kV ultimate voltage is applied, the peak field
reaches 2.56 kV/mm and remains below the 4 kV/mm design
electrical field. If a ground fault occurs at the same time at one
terminal, the electric field (5.13 kV/mm) will exceed the ITER
design value at the other terminal. This is, however, a very ex-
treme case, which is very unlikely to happen during the lifetime
of the coils. Even if it happens, the electrical field is still about
4 times smaller than the 20 kV/mm ultimate breakdown field.

V. METALLIC INCLUSIONS IN THE INSULATION

If metallic particles erroneously enter the insulation during
manufacturing, the electric field may be substantially enhanced
at sharp tips exposing the surrounding insulation to strongly in-
creased electrical fields (field concentrator). A model illustrates
the effect: assuming that a pin-like structure penetrates the turn

Fig. 6. Estimation of the field enhancement at the tip of a pin-like structure
enclosed in the insulation of a conductor.

insulation of one conductor, it is possible to estimate the field en-
hancement at the tip of the structure relative to the undisturbed
field with (1) [9], [10].

(1)

Here is the length of the pin-like structure and is the radius
of the spherical pin end.

Fig. 6 and (1) show that the enhancement is very strong, par-
ticularly for sharp tips, leading to unacceptably high electric
fields. It is therefore essential that the inclusion of metallic par-
ticles is prevented during coil manufacturing.

The two-in-hand winding layout of the PF coils potentially
allows a realistic test to detect inclusions at a time when they
still can be removed. After the winding of the double pancake
with its wrapped conductor insulation, but before the impreg-
nation with epoxy resin, a test with a high voltage of 5.8 kV
(2 times ultimate turn-to-turn voltage 1 kV) applied between
the two not-yet-joined pancake conductors should reveal more
than 90% of the dangerous inclusions. This is a conservative
estimation based on the relevant interface area. As shown on
Fig. 3, one conductor (for example 9) is facing the second one
on its 3 faces (10, 18, and 19) but itself (0 and 1) at the cor-
ners where inclusions are in a low electrical field and might not
be detected. If the high-voltage insulation test fails, the conduc-
tors can still be separated to remove the particle and repair the
insulation.

A successful test implies that the DP could withstand the op-
erating voltage even if the impregnation contains cracks or bub-
bles. It also means that the insulation is likely to work with the
remaining 10% of undetectable inclusion once impregnated.

VI. BYPASSING DAMAGED COIL SECTIONS

This section focuses on the double pancake repair although
the reparability of the pipes and sensors has also been consid-
ered by routing and placing them on the accessible side of the
coils.

Once detected, the faulty DP is disconnected and bypassed
by so-called jumpers (CICC cable with two terminations at the
ends) to isolate it electrically from the remaining coil circuit.
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Fig. 7. PF3 fixed jumper with the 2 options of short connections at one of its
ends (support of the short connection on the jumper support is not shown). The
2 short connections of another fixed jumper is visible on the right side.

The helium flow is maintained inside the faulty DP except if
the failure is (or caused) a helium leak. In case of a short cir-
cuit between turns, the current loop created by the short can be
opened by disconnecting the PJ joint, thanks to the two-in-hand
winding.

The main steps of a repair are: access to the joints, discon-
nection of joints, installation of jumpers and then connection of
the jumper and DP joints. Space has been reserved in front of
the joints for access. The location of the access space has been
defined considering the path from the outside of the bioshield
[11].

Concerning the joints, their design takes into account the need
of repair. For instance, the support that carries the 220 kN ver-
tical Lorentz forces is dismountable and, when removed, opens
the space around the joint for soldering tools or to rebuild the
insulation. The joints have their own ground insulation so that
the main ground insulation of the coils will remain untouched
during the repair. This eliminates the risk to create a new failure
while repairing the first one.

The main difficulty of the repair is the installation of the
jumpers since the space around the coil is limited by the thermal
shield in the radial direction, by the supports of the coil in the
toroidal direction, (installed every 40 for PF1 and PF6 and
every 20 for PF2 to PF5), and by the joints located between the
supports. Finally, helium pipes are running around the coil and
make additional obstacles. Three different systems of jumpers
have been defined depending on these constraints. The jumpers
to the terminals that by-pass the top and bottom DPs are not de-
tailed hereafter.

For PF3 and PF4 coils, the access to the joints is restricted
to 4 locations around the coil with the consequence that the
length between the 2 joints of the by-passed DP is around 18 m.
Jumpers are too long and heavy ( 300 kg) to be brought from
outside or even moved around the coils. To save space, 4 fixed
jumpers are installed on the coil (each fixed jumper allows to
by-pass two DPs) and short connection cable lengths will be
brought to the coil to joint both ends of the fixed jumper to the
coil. Fig. 7 shows two possibilities of short connection at one
end of a jumper.

To carry the Lorentz forces, the jumpers are supported every
700 mm by one of three types of support: clamped on the
winding pack, fixed on the tie-rods of the coil support clamps,
or bolted on the support system of the PJ joints.

For PF2 and PF5, the distance between two joints is shorter
but still too long for bringing the jumpers from the outside of the
tokamak. On the other hand, there is not enough space around
the joints to come with a connection length. Therefore, the de-
sign of the jumpers allows their toroidal and vertical movement
from a storage position (on a coil) and direct connection with
the by-passed joints.

These jumpers are supported only on the tie-rods of the PF
coil clamps and the jumper supports are dismountable to release
the jumper during the repair and to fix it afterwards to withstand
the Lorentz forces during operation.

For PF6/PF1, the jumpers are short ( 2 m) and light enough
to be brought to the coil from the outside of the bioshield when
needed, which avoids storing 8 jumpers on the coil when only
one might be needed. The PF6 coil is a special case. It is lo-
cated at the bottom of the tokamak with all the joints facing the
TF supports. To get access to these joints it is foreseen to lower
the coil. Space is reserved and tools are defined for this opera-
tion. On contrary, PF1 does not need to be moved since there is
enough space around the joints for access.

VII. CONCLUSIONS

The PF coils insulation is designed with a large safety margin
in order to ensure high reliability under high voltages arising
both in normal operation and in case of fault.

The by-pass system is now finalized considering the ac-
cessibility and the repair procedure. Since the repair will be
made manually, the further effort is to optimize the tools and
procedures to ensure that the radiation dose received by the
workers fulfills the ALARA principle (As Low As Reasonably
Achievable).
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