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Design of the ITER PF Coils
B. Lim, F. Simon, Y. Ilyin, C. Y. Gung, J. Smith, Y. H. Hsu, C. Luongo, C. Jong, and N. Mitchell

Abstract—ITER magnets are all designed using superconducting
conductors with a high current carrying capability. The Poloidal
Field (PF) coils are operated in pulsed mode with maximum oper-
ating currents of 48 kA for PF 1 and 6, 55 kA for PF 2,3, and 4 and
52 kA for PF 5. The PF system consists of 6 ring coils, PF1 through
PF6, that serve to stabilize the position and control the shape of
the plasma in the tokamak. The six PF coils are attached to the
outside of the Toroidal Field (TF) coil cases through flexible plates
or sliding supports allowing radial displacements. The PF coil po-
sitions and sizes have been optimized for the plasma requirements
consistent with the constraints imposed by allowing access to the
vacuum vessel and by considering pumping ducts to the in-vessel
components.

The PF coils will all be wound with Niobium-Titanium (NbTi)
cable-in-conduit conductors (CICC), and range in diameter from

8 m to 24 m. The winding pack consists of stacked double pan-
cakes, with joints only on the outer radius for access/repair and
eddy current/AC loss reasons, while the helium inlets are located
at the inner radius.

Since the 2001 design option, the PF coil windings and their sub-
components have been redesigned to satisfy new operational re-
quirements. The final detailed design has been established in 2009
and validated by the design review held the same year.

In this paper, the up-to-date design of the PF coils and each
sub-component such as winding pack, electrical insulation, joints
and terminations, helium inlet, jumpers, and coils’ supports are
discussed together with their fabrication methods.

Index Terms—Fusion, ITER, PF coil, superconductor.

I. INTRODUCTION

T HE ITER Poloidal Field (PF) magnet system consists
of six PF coils. All coils use Niobium-Titanium (NbTi)

superconducting conductor. The PF coil provides the position
equilibrium of plasma current (i.e., the fields to confine the
plasma pressure) and the plasma vertical stability.

The six PF coils (PF1 to PF6) are attached to the Toroidal
Field (TF) coil cases through flexible plates or sliding supports
allowing radial displacements [1]. All coils are built by stacking
6 to 9 double-pancake (DP) windings wound with NbTi super-
conducting cable-in-conduit conductors (CICC) by two-in-hand
winding scheme. The outer diameters of the coils vary between
8 m and 24 m. Since the PF coil system provide magnetic fields
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for plasma shaping and position control with the Central Sole-
noid (CS) coil, it needs to be pulsed with fast variations of the
coil current, leading to induced voltages of up to 14 kV on the
coil terminals during operation [2].

To avoid major disassembly of the tokamak in order to ex-
tract a PF coil and repair a failed DP, all PF coils are designed
to allow a DP to be bypassed with a superconducting jumper
bus in the event of failure. The loss of Ampere-turns in the
repaired coil is recovered by increasing the operating current.
Since 2008, the PF coils design and PF conductor layouts were
changed to give a greater operational window for low-internal
inductance (li) plasmas during burn, to extend the operating
window for plasmas with currents above 15 MA, and to improve
the plasma vertical stability control. Compared to the previous
design, the amount of non-copper has been increased in the su-
perconducting strands, the number of turns was increased in PF6
and PF2 coils by adding extra DPs, and the PF6 coil was moved
up by 15 cm towards the plasma [3]. Coil components were also
redesigned prior to the final design review held in early 2009.

In this paper, the design parameters and the design concept
are described. Then each upgraded sub-components such as
conductor, winding pack, electrical insulation, joints and termi-
nations, helium inlet, jumpers, and coils’ supports are described
together with their fabrication and assembly methods.

II. DESIGN PARAMETERS

The main parameters such as current, peak field and oper-
ating temperature for each PF coil are given in Table I. The max-
imum current allowed in any PF coil is between 48 and 55 kA.
The coils are built to allow a DP to be bypassed in the event of
failure (e.g., an electrical short). The drop in mega ampere turn
(MAT) for 6 is recovered by increasing the operating
current and/or decreasing coil operation temperature by 0.3–0.4
K. The bypass operation is achieved by: i) open circuiting the
failed pancake by opening the inter-pancake joint, ii) connecting
via a jumper the DPs intra pancake terminals. One of the ITER
design requirements is that the coils should be able to withstand
the operating voltage between the terminals. 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 [2].

III. COMPONENT DESIGN

A. Conductor

PF coils are wound with CICC. Considering cost and rela-
tively low operating field ( 7 T) of PF coil, the PF conductor
uses Ni coated NbTi strands. Since operating conditions are dif-
ferent for each coil, three different types of PF CICCs (PF 1/6,
PF 5, and 4) are used to meet the requirement. All
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TABLE I
PF COIL PARAMETERS

strands have the identical diameter (0.73 mm) but Cu to non-Cu
ratio varies with conductor types, namely, 1.6 for PF1/6 strand
and 2.3 for 5. The cable is inserted in a round-in-square
jacket made of 316L stainless steel.

B. Double Pancake (DP)

Two in hand winding scheme is adopted for PF coil due to
i) manufacturing reasons (to cut in half the unit length of con-
ductor used in winding the coils), ii) repair capability (to make
open circuit in the event of short), iii) thermal-hydraulic(to re-
duce the pressure drop).

Two conductors are wound together to form a pancake layer
with winding from “outside-in” in one layer, and “inside-out” on
the other and the two conductors are connected with the inner
joint located on the outer diameter of the DP. During winding
process, each turn of conductor is insulated with five layers of
half overlapped interleaved polyimide film and dry glass and
there is a 50% wrap of glass on top of that. A turn shim (tape
of fiberglass) with a nominal thickness of 1 mm between con-
ductors is used to accommodate the tolerances. A 0.4 mm thick
DP bonding layer and a 0.8 mm thick pancake shim are used be-
tween the pancake layers to reinforce the bonding and accom-
modate the tolerances on the flatness. The gaps are filled with
glass tape or cloth to eliminate resin rich regions.

C. Winding Pack

After the DP winding, the DP is vacuum impregnated in a
mould and then each DP is stacked and ground wrapped to form
the winding pack of the coil. When the DPs are stacked, they
are separated by 4.2 mm layer of dry glass and then ground
wrapped with a thickness of 8 mm interleaved with 0.25 mm
thick glass, 0.05 mm thick polyimide film, and 0.25 mm thick
glass wrapped to a total of nine 50% overlapped layers. After
the ground insulation, the winding pack is vacuum impregnated
in a mould. Fig. 1 shows the insulation scheme.

Fig. 1. Insulation layer of winding pack.

Fig. 2. Twin-box type lap joint and two in hands winding configuration of
double pancake.

D. Joint and Terminal

There are four types of electrical connection for the PF con-
ductors: i) joint between the two conductors within a DP, called
a pancake joint (PJ), ii) joint between two double pancakes (DP
joint), iii) joint of the terminals, and iv) joint to the jumper in the
case of bypassing a faulted DP. In PF, the required joint total re-
sistance at the temperature range of 4.5–5 K, operating current
of 55 kA and external field of 2T is . As shown in Fig. 2,
a twin-box type lap joint was chosen for all joints in the PF coils
[4]. It is selected as PF joint for its proven performance and
ease of connection/disconnection. In this concept, the conductor
cable end is pressed into a bimetallic box machined from an ex-
plosively bonded (or equivalent) stainless steel/copper plate to
form a termination. The box is welded to the jacket of conductor
on one end with a stainless steel pipe for liquid helium cooling
exiting on the other end. The copper soles of the two termina-
tions are soldered together and form the electrical connection.
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Fig. 3. Supporting plate and spacer.

Fig. 4. Terminal box.

The joints are subject to radial force inwards and axial force
towards to coil mid plane. Fig. 3 shows the cross-sectional view
of a supported PF joint. A supporting plate located on the outer
surface of the coil is mechanically held with fiber glass tape
wrapping around the ground insulated winding pack before the
vacuum pressurized impregnation (VPI). The radial load on the
joint is supported by an insulated radial spacer mounted on the
supporting plate. The axial load in the joint is supported by
two washer plates installed on the top and bottom of the in-
sulated joint. The washer plate is an angle plate with the ver-
tical flange wedged between the radial spacer and the supporting
plate, which prevents the horizontal flange from rotation.

The ends of the conductors of the top and bottom pancake
are coil terminations which will be joined to the terminations
of the superconducting bus bars of the feeders. The joint box
of the coil termination has the outlet of the coolant flow that is
welded to the outlet coolant tubing. The joint box of the feeder
has a coolant inlet tubing to cool the busbars separately from the
coil. Electrical breaks for both coolant inlet and outlet pipes are
located inside and protected by the terminal box. Instrumenta-
tion such as voltage taps, probe wires and diagnostic cable are
also gathered in this area. The two PF terminals are bolted to a
stainless steel plate. To transfer the vertical and inward loads to
the external structure, the stainless steel plate is bolted to a pair
of insulated clamps fastened on the top and bottom surfaces of
the winding pack. As shown in Fig. 4, the joints are located at
the outer surface of an insulation plate and are separated from
coolant tubing and instrumentation [4]. A stainless steel sepa-
ration plate is placed between the two terminal joints and their
respective connections. The terminal joint is clamped against
both the insulation and separation plates. The insulation plate is
bolted to the two stiff half shells of the terminal box.

Fig. 5. Conductor tail and lock.

After all pipes are connected and joints are made, the stiff
outer shells are installed to protect the contents and transfer
the loads in the lower terminal region to the terminal support
clamps. Finally the stiff outer shells constituting the terminal
box are attached to the feeder containment duct.

E. Conductor End Tail

The tensile hoop stress to be transferred to the winding pack
in the PF conductor is on the order of 200 MPa. The main func-
tion of the tail is to transfer the tensile or compression force
from the end of the outermost conductor to the adjacent turns
by shear force through an appropriate thickness of insulation.

The conductor tail consists of a pre-shaped and insulated
hollow square jacket welded to the start of the outward radial
joggle near the joint or termination. The tail is electrically insu-
lated from the surrounding conductors as the peak turn-to-turn
voltage can be as high as 1.75 kV in PF2 coil. Bonding of the
tail to the neighboring turn is accomplished during VPI of the
DP [4].

A conductor lock is used as a backup support to prevent loss
of support against the hoop stress in the conductor end due to the
slippage between the tail jacket and its insulation. Fig. 5 shows
tail and lock design.

F. Helium Inlet and Outlet

Each double pancake is supplied with supercritical helium
(nominal 4.3 K and 0.6 MPa at helium inlet). To allow re-
moving the heat deposited by AC losses in the high field re-
gion and to insure a higher temperature margin for the winding
during pulse operation, the helium inlet is located at the inner di-
ameter of the coil and the inlet flow splits into two directions for
each conductor of the DP. One of the coolant exits is located at
the inter-pancake joint (DP joint) and the other at the intra-pan-
cake joint (PJ joint). For even distribution of the coolant in all
sub-cables, a 520 mm long and a 10 mm wide slot is machined
through the wall thickness of the PF square jacket. Fig. 6 shows
the cross-sectional view of helium inlet. The rectangular cover
made of stainless steel sheath is welded on the outer face of the
jacket and the G10 spacer, G10 inlet filler, turn insulation and
ground insulation are applied for the insulation purpose.

G. Jumper

In case of failure of one of the double pancakes, the joints
of the failed DP are disassembled and the failed DP is discon-
nected. Then a jumper, made of CICC, is installed to by-pass the
failed DP and the disassembled joints are reconnected using the
jumper. It enables the coil to continue to operate but with less
turns. The fault can be mainly due to the electrical short between
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Fig. 6. Cross section view of an insulated coolant inlet cover.

the two conductors. When implementing a jumper, the cooling
circuit also has to be reconfigured.

H. Clamp, Support, and Protection Cover

The main functions of supports including clamps are: i) to
hold PF coils in position on TF coil structure, ii) to accommo-
date radial and vertical displacement of the PF coils with respect
to the TF coils and iii) to accommodate the operational TFC out
of plane deformations.

To protect the ground insulation of the winding pack, each
support includes a pair of bottom and top clamps that are
mounted onto the winding pack with pre-tensioned tie-rods.
Oversized bolt holes, spherical washers and shims (to be cus-
tomized during assembly) are used to position the PF coils
accurately. Most structural components are made of 316LN
stainless steel, except for some higher-strength bolting compo-
nents. The supports for PF 1 and 6 have 9 clamps, the others
have 18.

For the PF1 and PF6 coils, where space is limited and vertical
Lorentz forces are high in both directions, sliding supports are
provided. The sliding supports are made of low friction material
to allow radial displacement of the coil.

In the case of PF2 and 5 supports for which vertical Lorentz
force is mainly in the direction of the midplane, the bottom or
the top clamp has flexible vertical plates that are bolted to every
TF coil structure and that can flex to let the PF coil expand and
contract radially with respect to the TF coil.

The PF3 and PF4 coils are linked to each other by a strut
connecting the support posts of each coil. The supports have
flexible vertical plates to let the PFC expansion and contraction
radially. The vertical strut links the PF3 clamp above to the PF4
clamp below. The strut has a radial dowel that rests in a matching
socket in each TF coil to support the strut which sustains PF 3
and 4, while accommodating the local movements of the TF coil.

The winding pack with ground insulation, high potential
cooling pipes from all joints and terminations of the coil are
covered by a thin metallic grounded protection cover between
(but not underneath) the coil mounting clamps. This is made of
segments of 304L steel.

IV. ASSESSMENT OF THE DESIGN

The PF coils are designed to be able to withstand the loads
during their lifetime operation which occur at the 15 MA ITER

baseline scenarios. It is also confirmed that the coil can op-
erate with 17 MA plasmas for a restricted number of pulses.
The loads and mechanical behavior of the PF coils have been
analysed with 3-D Finite Element models (FE-model). To facil-
itate analyses, a so called “worst-case” coil is chosen in terms of
mechanical load. This selection is based on the Lorentz forces
during operation, the TF ripple which is transmitted from the
poloidal field coils to the supports as a result of the ripple field
(with radial and vertical components) arising from the toroidal
field coils, and the TF-Coil displacements and rotations.

Concerning the PF winding packs, the conductor steel jacket
and the insulation, the (extreme) loads acting on the PF coils
have been determined and PF5 has been identified as the worst
case coil.

The stresses in the PF coil winding pack/conductor have been
determined and they satisfy the static and fatigue allowable cri-
teria. Based on the data for 316L jacket material, the fatigue
assessment performed for the PF jacket has shown that the PF
jacket can sustain 30.000 cycles with the loads at EOB-17 MA
with a considerable margin.

The stress situation in the PF conductor insulation system
shows that the maximum shear stress is below 21 MPa. This
value is within allowable static value (42.5 MPa) and fatigue
value (25 MPa). The stresses in the inter-pancake (15 MPa)
and ground insulation (9 MPa) are also acceptable compared to
static value (42.5 MPa) and fatigue value (25 MPa).

For the tail analysis, two options have been considered, i.e.,
the so-called fully bonded case (tail design) and the not bonded
case (lock design). Results obtained for the fully bonded option
(tail design) and lock situation have shown that the stress level
in the tail region is about 150 MPa, which satisfies the criteria.
Both options can be considered as transition between pancakes
for the PF coils but based on mechanical behavior, tail with lock
design has been choosen.

For the inlet, the design driver is the stress concentration at
the end of the slot in the jacket. For the stress level to meet the
fatigue criterion, the thickness of the slot is needed to be bigger
than 5 mm.

V. CONCLUSION

ITER PF coil design has been upgraded along with their fab-
rication and assembly methods. The results of the analyses show
that the modified design satisfies ITER design criteria.

For further risk reduction, each critical component will be
qualified through tests scheduled during procurement arrange-
ment execution.
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