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Simulations of Twin-Box Joints for ITER PF Coils
Y. Ilyin, G. Rolando, A. Nijhuis, F. Simon, B. S. Lim, N. Mitchell, and B. Turck

Abstract—An ITER Poloidal Field coil winding consists of
stacked double pancakes wound with NbTi cable-in-conduit con-
ductors. 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. All joints utilize the twin-box
“shaking hands” concept. It has previously been found with the
JackPot-AC numerical model that in these joints the sum of the
transport and induced currents in some of the superconducting
strands during coil operation may exceed the strands’ critical
current. It was decided to further explore the behavior of the joint
with a simplified set of current and magnetic field runs. A solution
for the reduction of the induced currents is proposed and verified
by modeling. The paper discusses the results of the simulations and
gives recommendations for the joint design.

Index Terms—Cable-in-conduit conductor, electromagnetic
analysis, ITER, poloidal field (PF) coils, thermal analysis, twin-box
joints.

I. INTRODUCTION

THE SIX Poloidal Field (PF) coils of the ITER magnet
system [1] contribute to maintaining the plasma’s shape

and stability. Each coil is composed of stacked circular double
pancakes (DP) [2] wound with a square shape cable-in-conduit
conductor [3]. With the two-in-hand winding pattern, each
DP has a joint connecting two cable lengths. The other joints
interconnect the DPs and connect the coil terminals with the
feeder lines [4]. The joints are located on the outer radius of the
coil to keep them away from the high magnetic field.

All 100 joints in the PF coils are of the twin-box design,
assembled in the “shaking hand” configuration [5]. Each half
joint represents a leak-tight bi-metallic box with one side made
of copper (copper sole). Inside the box, the strands on the cable
surface are free of Ni coating and tinned. The strands in contact
with the copper are soldered to the copper. The petals’ (6 last
stage subcables) steel wraps are preserved only in between the
petals. The cable is compacted to a 25% void fraction to ensure
low resistance of the joints (< 2 nΩ).

Since the PF coils operate in pulse mode, the varying
magnetic field induces current loops between the strands in a
cable and between the cables, and eddy currents in the sole.
The resistive losses from the transport and induced currents
increase the temperature of the helium. The combined effect
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of the increased currents and temperature reduces the stability
margin of the superconducting strands of the joint, which may
potentially lead to flux jumps or joint quench.

Currently no experimental facility is available for testing the
joints under combined transport current and field variation con-
ditions; therefore an analytical work has been initiated with the
goal to understand the electromagnetic and thermal behaviors
of the joints. A numerical JackPot-ACDC model was built at
the University of Twente, which allows the analysis of the lap-
type joints at strand-level detail under the effect of a varying
field and transport current of any shape [6]–[8]. The first results
of this model showed that during the first 15 s of the plasma
pulse, in about 1% of the superconducting strands inside the
PF joint the critical current is exceeded [9]. This happens to
the strands in contact with the sole at both joint ends, and thus
forming the biggest loops. The solution proposed to reduce the
induced currents was to shorten the copper sole by 1/6. Indeed,
by shortening the sole, the strand current did not exceed the
critical level for the selected strands trajectories. However, with
this solution one petal will remain in double contact with the
sole and it might happen that some strands within that petal will
still have the double contact if different strands’ trajectories are
assumed. Also, the energy stored in the induced current loops
remains high, and, if released, will instantly heat up the helium
available in a petal, leading to petal quench. Another drawback
of this solution is the non-equal contact area between each of
the six petals and the sole, leading to a non-uniform current
distribution among the strands.

In order to further investigate alternative solutions to reduce
the induced currents, we performed a set of simplified current
and field runs. The results are presented and discussed below.

II. MODEL PARAMETERS AND TEST RUNS

A. Model Geometry and Parameters

The JackPot-ACDC code has recently been improved by
taking into account a realistic voltage-current characteristic of
the superconducting strands. Thus the limiting effect of strand
saturation on the strand current is now taken into account.

The geometry of the joint used in the simulation is shown
in Fig. 1. Although the cables inside the joints have an ellip-
tical shape after compaction, circular cables are modeled for
simplification. The model also includes a copper shim of 5 mm
between the soles to compensate for manufacturing and posi-
tioning misalignments of the joint halves. Perfect contact be-
tween the copper soles and the shim is assumed. The conductor
taken in this analysis is from the PF2 coil with 720 supercon-
ducting strands; the copper strands are not modeled. The sole
length is 450 mm, same as the petal twist pitch. Fig. 2 shows
the footprints of the petals in cable 1 on the inner face of the
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Fig. 1. Geometry used in the model. Central hole of the cable is 12 mm in
outer diameter.

Fig. 2. Footprints of the petals on the copper sole. Darkened areas show where
the petal masks are applied.

TABLE I
JOINT MODEL PARAMETERS

sole for a chosen angular orientation of the petals. It is seen that
each petal has the same contact area with the sole, but petals 1
and 2 have contacts at both ends.

To contain the size of the model, the simulated free cable
length outside the joint box, Lf , is limited to 0.3 m. Uniform
transport current among the superconducting strands is imposed
at the end of the free length. Also, there the helium enters the
joint at 5 K [10].

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, which has
a similar twin-box design with a smaller size conductor [11].
The measured void fraction of the cable bundle inside the joint
box was found to be low ∼20% [12]. To account for the 50%
petal coverage with the steel wraps (resulting in 25% of contact
area between the neighboring petals), the resistivity parameter
of 4Rc was taken for the strands from neighboring petals. The
strand-to-sole resistivity parameter was adjusted so as to have
a total joint resistance of 1 nΩ with the copper sole RRR100.
This choice is justified by the fact that many previously built
twin-box joints [13], [14] had similar resistance. In the simula-
tion, the same inter-strand resistivity was assumed both within
the joint and in the free length.

TABLE II
ELECTRICAL CHARACTERISTICS OF THE JOINT

The scaling parameters for the superconducting strands were
taken from [15]. The so called “two-pinning model” proposed
by the authors exhibits a good fit to the experimental data in the
magnetic field range of 0.1–3 T experienced by the PF joints.

B. Test Runs

The field and current runs applied to the modeled joint and
the free length are typical variations during the plasma pulse
seen at the PF joint locations [16]. The following runs were
applied independently in both the Z and R directions (Fig. 1):
B1—linear variation of the field from 0 to 0.5 T in 1 s, B2—
linear variation of the field from 0 to 1.2 T in 30 s (40 mT/s),
I—linear variation of the current from zero to 10 kA in 5 s
followed by a plateau of 5 s and a linear decrease to 0 in 1 s.

The influence of the copper sole RRR (either 100 or 6) and
the petal masks on the induced currents and generated power
was investigated. The petal mask is a steel foil of triangular
shape placed between the petal 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. 2. This aimed at reducing the induced currents in the petals
that have a double contact with the sole. Similarly the masks
were introduced in the opposite cable.

For each run, a set of results was obtained: total resistance of
the joint (Rj), petal-to-petal resistance (Rp−p), time constant
of current redistributions in the self-field (τi), time constant of
the global induced currents (τp), coupling loss time constant
factor (nτ), total current in the cable (Icab), currents in the
petals (Ip), loss power (P ) and temperature of the copper sole
(Tsole). The time constant τp was deduced from 2πfτp = 1 at
f corresponding to the peak of the loss (per cycle, per volume)
versus frequency curve, while nτ was deduced 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.

III. RESULTS

The results are summarized in Tables II and III. Table II
shows the electromagnetic characteristics of the joint, while
Table III shows the induced currents and temperatures for dif-
ferent designs. The total resistance of the joint deduced from the
I-run is affected by the reduction in copper RRR: Rj increases
by a factor of 4, while the presence of petal masks increases
Rj by only 30%. Fig. 3 compares the current distribution in the
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TABLE III
SUMMARY OF RESULTS

Fig. 3. Currents in the petals of cable 1 at the end of I-run plateau. The joint
is between −0.225 m and 0.225 m.

I-run between the petals for the reference RRR100 case with
the case with the masks. Petals 1 and 2 have double contacts
with the copper sole and therefore the current profile in these
petals has an intermediate plateau. The masks force the currents
in petals 1 and 2 to follow the same profile as in the other
petals. The striking effect of increasing the loop resistance for
the induced currents by means of the masks is also seen in the
change in characteristic time constants (radial field case). τp,R
is reduced from 19 s to 2.6 s for RRR100. A further decrease
to 1.7 s is possible with RRR6. 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 (vertical field
case). This is important to note for the discussion on the sole
temperature.

A. B1 Ramp in the Radial Direction

An example of B1,R run is shown in Fig. 4. With RRR100
the ramp time of 1 s is much shorter that the time constant
of 19 s, and for this reason the purely resistive regime of
the current redistribution is not reached. The loop currents in
petals 1 and 2 are established as inversely proportional to the

Fig. 4. Induced currents in the petals of cable 1 at the end of B1,R run.

Fig. 5. Induced currents in the petals of cable 1 at the end of B2,R run.

loop inductance, with some return current in the free length (in
which the same low inter-petal resistance has been taken). With
the masks in place, the current profile is quite different—the
plateau disappears, the current from the masked petal is forced
to redistribute among the neighboring petals inside the joint as
well as in the free length.

With the masks, τp,R is reduced substantially (2.65 s) but
still remains bigger than the ramp time. Although the resistive
regime is not established, the maximum induced current per
petal decreases from 16.5 kA in the reference case to 11.6 kA
with the masks. For the discussion on joint stability it is
important to look at the energy stored in the induced current
loops, which is rather linked to an average current in the petals
than to their peak values. As a first approximation, a good
indication is the sum of the induced currents in petals 1 and
2 taken at the joint center. This sum changes from 30 kA in the
reference case to 19 kA with the masks (37% reduction!).

There is a marginal influence of the sole RRR on the induced
currents. With RRR6 and the masks in place, the reduction in
the induced currents is within 3% (Table III).

The maximum total power increases by 40% with RRR6 and
the masks compared to the reference case, but the temperature
of the copper sole remains unchanged. This is because power
generation increases mainly inside the cable and in the strand-
copper contacts.

B. B2 Ramp in the Radial Direction

For the slow field variation, the effect of the masks and
sole RRR is even more pronounced, see Fig. 5. With the
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Fig. 6. Generated power in the joint during B1,Z run.

masks, the ramp time is much bigger than τp,R and therefore
the resistive regime is established with the induced currents
inversely proportional to the loop resistance. The maximum
induced current per petal decreases from 17 kA in the reference
case to 5 kA with the petal masks in place. Correspondingly,
the sum of the currents in two petals decreases from 31 kA to
6.5 kA. Changing RRR from 100 to 6 further decreases the
induced currents to 3.5 kA. The maximum released power is
reduced from 32 W in the reference case to 5 W with RRR6
and the masks.

C. B1 Ramp in the Vertical Direction

For the fast field variation in the direction perpendicular to
the wide side of the sole, the maximum released power in the
sole due to eddy currents is 160 W, see Fig. 6. This leads to an
instantaneous increase in the copper temperature to above 10 K
after 1 s. Changing the sole RRR to 6 helps reducing the
maximum power by a factor of 5 and maintains the temperature
of the copper sole below 7 K. It should be noted for compar-
ison, that in the B2,Z ramp the sole temperature does not ex-
ceed 5.1 K.

IV. DISCUSSION

The stability of the joint was analyzed by comparing the
magnetic energy stored in a loop of induced current to the avail-
able enthalpy in the helium and in preventing risk of heating
up to current-sharing temperature. A practical design margin of
2 K was taken in the following calculations. The helium vol-
ume in one petal is 12.6 · 10−6 m3. The corresponding energy
available in helium is 1.5 · 106 J/m3. For two petals in parallel,
petal 1 and 2 which have double contacts with the copper, the
total available energy is 38 J. This energy was compared with
the magnetic energy of the induced currents. If the magnetic
energy stored in the current loop is smaller than the enthalpy of
the helium, the strands in the joint will not heat up by more
than 2 K if the loop energy is released instantaneously. The
maximum induced current corresponding to 38 J of energy can
be estimated from 0.5 · Leq · I2loop = 38 [J], where Leq is the
equivalent self-inductance of the loops of the two petals in
parallel (3.2 · 10−7 H). The total current in two petals is then
15.3 kA.

We demonstrated that the presence of masks with low copper
RRR are efficient to increase the loop resistance and thus to
reduce the induced currents in petals 1 and 2 to well below
15.3 kA margin for the slow B2 ramp. During the plasma pulse,
some of the PF coil joints will experience this type of field

ramp, which lasts for several tens of seconds. It is important
that the repetitive flux jumps cannot occur in the joints.

For the fast B1 ramp the masks help as well, but the sum of
the induced currents in the two petals (19 kA) is still above
15.3 kA. The mask efficiency is reduced by the low inter-
petal resistance. This is clearly seen in the B2,R run: while the
total joint resistance with RRR6 increases by a factor of 3.8
compared to the reference case of 1 nΩ, the petal currents are
by 2.5 only. As the masks block the current passage through
the copper sole, the current loop finds its way through the
neighboring petals inside the joint and also in the free length of
the conductor. We expect that increasing the resistivity between
petals 1 and 2 inside the joint will cut off the induced currents to
the acceptable level (in particular through a void fraction closer
to 25%). Also, the inter-strand and inter-petal resistances in the
free length outside the joint are expected to be the same as in
the jacketed section of the conductor. By extrapolation from
measurements on a similar conductor [20], the expected inter-
petal resistance shall be about 1000 nΩm, compared to 52 nΩm
taken in the analysis. This further reduces the loop currents. As
shown in Table III, doubling Rc further decreases the induced
currents, but not sufficiently yet for the B1,R run.

We studied the sensitivity of the results on the free length. For
comparison, we put Lf = 1 m in the model with RRR6 and the
masks. The results show that for 1 s, the diffusion length of the
induced currents is 0.5 m and therefore the results for B1,R are
not affected compared to the results with a 0.3 m free length
(Table III, col. 7). For the 30 s B2,R run, the diffusion length
is much longer than 0.3 m and therefore the induced currents
with a 1 m free length increase slightly. This is because of the
lower transverse resistance in 1 m compared to 0.3 m. With the
realistic inter-petal resistance in the free length (as discussed
above), the induced currents are expected to be lower.

With RRR100 and a fast field variation transverse to the
sole’s wide side, its temperature rises above 10 K. It cannot
be excluded that the strands in intimate contact with the sole
could reach their current-sharing temperature as the wetted
perimeter is insufficient to remove the heat on that time scale.
This situation is unacceptable. One of the solutions to reduce
the sole temperature is to use copper with RRR6. This will
bring the DC resistance of the joint outside the specification, but
the temperature rise caused by the maximum transport current
remains acceptable (∼0.25 K). The compromise will allow the
twin box joint to work safely in pulsed regime.

V. CONCLUDING REMARKS

We used the example of simplified current and field runs to
demonstrate the efficiency of the proposed method for reducing
the current loops caused inside the twin-box joint by varying
magnetic fields. With a simple modification, (local masks on
the ends of the copper sole), we showed that the loop currents
can be kept to the allowable values given by the enthalpy of
the helium, while maintaining a sufficient contact area between
the sub-cables and the copper sole. In order to reduce the
sole temperature due to eddy currents, we propose to use
copper with RRR6 at the expense of DC resistance, which is
acceptable for PF coils working in pulsed regime.
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