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Analysis of ITER PF Coil Joint Design Under
Reference Operating Scenario

Yury Ilyin, Gabriella Rolando, Bernard Turck, Arend Nijhuis, Fabrice Simon, Byung-Su Lim, and Neil Mitchell

Abstract—One of the critical components of the ITER poloidal
field (PF) coils is the electrical joint connecting two conductor
lengths. The lap “shaking hands” joints will operate under vari-
able field, causing parasitic-induced currents in superconducting
strands and temperature rise of the strands. Previously, some
design changes for decreasing the induced currents in the joints
were proposed and assessed with the JackPot-ACDC model. In
this paper, we use the same model to compare the behavior of two
designs under the reference operation cycle of the PF coils. It is
concluded that the joints with the proposed design changes will
have sufficient stability margin against thermal and electromag-
netic disturbances.

Index Terms—ITER magnets, lap joint, stability.

I. INTRODUCTION

A superconducting Poloidal Field (PF) coil winding [1] of
the ITER Tokamak consists of stacked double pancakes

wound with NbTi cable-in-conduit conductors. One of the
critical components of the coil is the electrical joint connecting
either two conductor lengths within a double pancake or two
double pancakes or coil terminals with the feeder lines. Failure
of any of these joints will lead at least to a full stop of the
machine for a period of at least 6 months. All 100 PF joints
utilize the twin-box “shaking hands” concept: in each joint box
a bare cable is compressed against a copper sole. The soles of
two boxes are soldered forming the joint. The joints will operate
under variable field causing undesirable induced currents (in
addition to transport current) in superconducting strands and
temperature increase of the strands. Previously [2] some design
changes for reducing the induced currents and heat generation
in the joints were proposed and assessed with the JackPot-
ACDC model developed at the University of Twente [3]. The
key idea is to reduce the time constant of the induced current by
introducing a resistive barrier between strands and sole for the
petals having double contact with the sole, and to utilize copper
with high residual resistance. The simulations were carried out
for a set of simplified current and field runs to derive the main
characteristics of the PF2 joint and demonstrate effectiveness
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Fig. 1. (Top) Geometry used in the model. The central hole of the cable is
12 mm in outer diameter. (Bottom) Footprints of the petals on the copper sole.
Darkened areas show where the petal masks are applied.

of the proposed solution. In this work we use the same model
to explore further the effect of the remedial method on joint
stability for the same PF2 joint but under the field and transport
current during the reference operation cycle. The PF2 joint is
selected for this article as expected to have the lowest temper-
ature margin among all PF coil joints, which follows from [4].
Two joint designs—the reference one and the modified one ac-
cording to proposal [2]–are compared in this work.

II. BOUNDARY CONDITIONS AND INPUT PARAMETERS

The JackPot-ACDC code takes into account the limiting
effect of strand saturation on the strand current by using the
realistic voltage-current characteristic of the strands. The scal-
ing parameters for the superconducting strands in the magnetic
field range of 0.1–3 T experienced by the PF joints were taken
from [5].

The geometry of the PF2 joint used in the simulation is
shown in Fig. 1. The circular cables are modeled for simplifica-
tion. The model also includes a copper shim of 5 mm between
the soles used to compensate for manufacturing and positioning
misalignments of the joint boxes. Ideal contact between the
copper soles and the shim is assumed. 720 superconducting
strands of the PF2 conductor [6] are taken in this analysis; the
396 copper strands are not modeled to simplify the computa-
tion. The sole length is 450 mm, same as the petal (last stage
subcables) twist pitch length. Fig. 1 shows the footprints of the
petals in cable 1 on the inner face of the sole for a chosen angu-
lar orientation of the petals. It is seen that each petal has the
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TABLE I
JOINT MODEL KEY PARAMETERS

same contact area with the sole, but petals 1 and 2 have contacts
at both ends.

To contain the size of the model and, at the same time, to
understand how far the induced current propagates beyond the
region, the simulated free cable length outside the joint box,Lf ,
is limited to 1 m. Uniform transport current among the super-
conducting strands is imposed at the end of the free length. The
helium enters in the box from each cable end at 5.8 K. This level
of temperature at the joint inlet is expected after several conse-
quent plasma pulses [7]. The two helium flows are not mixed.
Heat conduction across the copper soles is taken into account.

Table I summarizes the electrical and thermal parameters
used in the computation. The required inter-strand resistivity
parameter, Rc, was obtained by fitting the AC loss measure-
ments to an ITER Correction Coil joint prototype. To account
for the 50% petal coverage with the steel wraps (resulting in
25% of contact area between the neighboring petals), the resis-
tivity parameter of 4Rc is taken for the strands from neighbor-
ing petals. The strand-to-sole resistivity parameter is adjusted
so as to have a total joint resistance of 1 nΩ with the copper sole
RRR = 100 (reference design). This choice is justified by the
fact that many previously built twin-box joints had similar
resistance, see for example [8], [9]. In the simulation, the same
inter-strand resistivity is assumed both within the joint and in
the free lengths.

The influence of the copper sole RRR = 6 and the petal
masks (modified design) on the induced currents and generated
power has been investigated. The petal mask is an insulating
material of triangular shape placed between the petal strands
and the sole to increase the contact resistance. One mask was
placed at each end of the sole where petals 1 and 2 are in contact
with the sole as shown in Fig. 1. This aimed at reducing the in-
duced currents in the petals that have a double contact with the
sole. Similarly the masks were introduced in the opposite cable.

In addition to petal-sole masks, resistive barriers have been
introduced between petals to reduce the induced currents fur-
ther. They influence the contact resistances and heat transfers
between petals as reflected in Table I.

To obtain the global characteristic of the joints such as total
resistance and characteristic time constants, the following runs
were applied independently in both Z and R directions: sinu-
soidal variation of magnetic field up to 1 Hz with an amplitude
of 0.4 T, and linear variation of the current from zero to 50 kA
in 20 s followed by a plateau of 20 s.

Fig. 2. (Top) Current, (Middle) magnetic field, and (Bottom) magnetic field
derivative during the first 20 s of the plasma scenario in PF2 joint.

TABLE II
ELECTRICAL CHARACTERISTICS OF THE JOINT

For calculation of the induced currents in the strands, tem-
perature of the strands and power generation in the joint, the
field and current variations applied to the model are calculated
from the currents in the PF and CS coils during plasma pulse
[6]. They are shown in Fig. 2 for the first (most severe in terms
of field variations) 20 s of the plasma pulse and for the joints
located at the top, middle and bottom of the PF2 coil. Although
the simulation extends up to 200 s of the pulse, the field varia-
tion after 20 s remains within 0.05 T/s. The top joints have the
highest field derivatives and for this reason will be studied here.

III. RESULTS

Table II summarizes the global electrical characteristics of
the joint with different designs. The following were obtained
from the loss-frequency curve and transport current runs: total
resistance of the joint (Rj), petal-to-petal resistivity (Rp−p),
time constant of current redistributions in the self-field (τi),
time constant of the global induced currents under radial di-
rection of the applied field (τp−r), and coupling loss time
constant factor (nτ). The time constant τp−R was deduced from
2τfτp−R = 1 at f corresponding to the first peak of the loss
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Fig. 3. Currents in petals of cable 1 at 1 s of the plasma scenario. (Top) Original
design. (Bottom) Modified design. The joint is between −0.25 and 0.25 m.

Fig. 4. Currents in petals of cable 1 at 100 s of the plasma scenario. (Top) Ori-
ginal design. (Bottom) Modified design. The joint is between −0.25 and 0.25 m.

(per cycle, per volume) vs. frequency curve, while nτ was de-
duced from the initial slope of the same curve. The volume for
nτ evaluation is L ·Da ·Dc where L is the length of the joint,
Da, the distance between the cable axes and Dc, the diameter
of the cable.

The change in total resistance of the joint is mainly affected
by the reduction in copper RRR: Rj increases by a factor of
4. The strong effect of the RRR is also seen in the reduction
by an order of magnitude of nτz , the time constant for the eddy
currents in the sole. τp,R is reduced from 19 s to 0.64 s thanks to
the presence of petal masks. Both reductions of time constants
will result in lower temperatures of the sole and smaller induced
currents under fast field variations, and thus will have a positive
effect on the joint stability. In the following section we compare
the results of the two designs under full operating scenario.

A. Induced Currents in the Joint

Figs. 3 and 4 show the induced currents in the petals of cable
1 for the reference and modified designs, and at 1 s and 100 s of
the plasma pulse. Clearly the presence of masks and lower RRR
helps to reduce the current after the fast field variation during
the first second of plasma initiation. The sum of the induced
currents in the two overloaded petals 1 and 2 decreases by a fac-
tor of 4: from 3.9 kA to 1 kA as taken in the cable center. During
the slow field variation (100 s plot) with long duration, the

Fig. 5. Power dissipation during the plasma scenario in the PF2 joint with
reference design.

Fig. 6. Power dissipation during the plasma scenario in the PF2 joint with
modified design.

induced currents in the two petals decrease from 7.5 kA in the
reference design to zero in the modified design. While the sum
of the induced currents even in the original design is already
below the value of 15.3 kA [2] for which the first criteria of joint
stability is satisfied, it still does not guarantee sufficient temper-
ature margin of the strands. In addition, the usefulness of masks
in the PF1 and PF6 (under simulation now) is expected to be
more important as the field derivatives are larger in these joints.

B. Power Dissipation in the Joint

Figs. 5 and 6 compare the power generation in the joint for
the reference and modified designs. A sharp peak of 100 W
in the power-time curve during the first 2 s can be reduced by
almost half by employing copper with RRR = 6. Indeed it can
be seen that the contribution of heat generation in the copper
to the total heat generation in the joint is significantly reduced,
however it remains dominant, though small, in the later phase
of the scenario due to increased transport current losses.

C. Temperature of Copper Sole and Strands

Fig. 7 illustrates the temperature of the copper soles at 1 s of
the plasma pulse for both designs. Reducing the copper RRR
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Fig. 7. Temperature of the copper sole midline along joint length at 1 s of the
plasma pulse. The steep gradient at the ends is due to the boundary conditions
at sole ends. They are assumed thermally insulated (the soles are strictly cut,
see Fig. 1).

Fig. 8. Temperature of the strands in the petals of cable 1 of the (Top) joint
reference and (Bottom) modified designs at 1 s of the plasma pulse. The joint
is between −0.25 and 0.25 m.

from 100 to 6 helps to decrease its temperature from 9 K to
7.4 K after 1 s of fast field variation.

In the model, the total heat input to a petal is shared between
all strands of that petal equally; hence the temperature of the
strands in one petal is the same. Fig. 8 shows how the strand
temperature in each petal differs between the reference and
modified design at 1 s of the plasma pulse. The peak temper-
ature decreases from 6.15 K to 6.05 K. Taking into account the
temperature level in Fig. 8 would result in positive temperature
margin of the strands. However the conservative approach
would be to assume that the strands in contact with the sole will
be heated as much as the sole itself as discussed further.

D. Temperature Margin of Superconducting Strands

On Figs. 9 and 10, the minimum temperature margin found
among all the strands is shown for two designs during 200 s
of the plasma pulse. In some strands of the reference design
the current reaches its critical value at 1 s and there is hardly
any margin at 100 s. In the modified design, on the contrary, all
strands have at least 0.5 K margin at 1 s and more than 1.8 K for
the rest of the scenario.

Fig. 11 compares histograms of the minimum temperature
margin for two designs. The number of strands reaching normal

Fig. 9. Minimum temperature margin among all the strands in the joint of the
reference design during plasma scenario.

Fig. 10. Minimum temperature margin among all the strands in the joint of the
modified design during plasma scenario.

Fig. 11. Histogram of minimum temperature margin of the strands in the
joint at 1 s of the plasma scenario. (Left) Reference design. (Right) Modified
design.

state in the reference design is 100, which is almost the number
of superconducting strands in one petal. This could likely lead
to a quench of the whole joint. On the contrary, in the modified
design all strands are expected to remain superconducting.
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IV. CONCLUSION

We studied two designs of the PF2 joint under a scenario
for coil operation during 15 MA plasma pulse. The proposed
design changes of the twin-box joint, to make it suitable for
pulsed operation, improve the stability of the joint by decreas-
ing the induced currents and heat generation, and thus providing
sufficient temperature margin for safe operation of the joint.

DISCLAIMER

The views and opinions expressed herein do not necessarily
reflect those of the ITER Organization.
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