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Analysis of Heat Load, Current Margin and Current
Nonuniformity in ITER PF Coil Joints

G. Rolando, E. van Lanen, J. van Nugteren, W. Offringa, H. H. J. ten Kate, Y. Ilin, B. Lim, F. Simon, and A. Nijhuis

Abstract—The poloidal field (PF) magnet system of the Inter-
national Thermonuclear Experimental Reactor (ITER) consists of
six pulsed coils. Each coil comprises independent modules con-
nected to each other through “shaking hands” joints. In the paper
the results of the analysis of the electro-magnetic and thermal
performance of the joints during the ITER 15 MA plasma scenario
are presented. Of special concern is the radial magnetic field
component that is particularly high close to the upper and lower
edges of the coils. Moreover, the orientation of the joints in the PF
coils is such as to give scope to large current loops between the
two cables, which could potentially reduce the temperature and
current margins to critical levels. The study has been carried out
with the code JackPot-AC, which has been recently upgraded to
allow a strand-level detailed analysis of lap-type joints.

Index Terms—CICC, ITER, JackPot-AC, joint, PF coil.

I. INTRODUCTION

THE POLOIDAL Field (PF) magnet system of ITER is
composed of six coils that will provide the required

plasma shape and stability. Details of the conductors can be
found in [1]. Each coil is made of a stack of Double Pancakes
(DP) connected by shaking-hand type of joints located at the
outer edge of the coil, see Fig. 1. The joint design and void
fraction are detailed in [2], [3]. The location of the joints is such
as to maximize their temperature margin, since the magnetic
field decreases from the inner to the outer radius of the coils.
Moreover, in combination with a cooling circuit with inlets at
the inner radius and outlets at the outer radius of the coil, it
allows the protection of the high field region of the magnet from
the heat load of the joints.

Like most joints between superconducting cables, the DP
joints need to satisfy opposing requirements. On the one hand,
a low joint resistance is necessary to avoid excessive Joule
heat generation due to the transport current. On the other hand,
resistive barriers are required around the strands and petals to
limit eddy and inter-strand coupling currents in pulsed opera-
tion. The issue is particularly relevant for the DP joints, since
their orientation with respect to the changing radial magnetic
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Fig. 1. PF coil; the location of one DP joint is indicated.

field could generate large current loops between the two cables
[2], [3]. The combination of limited current sharing capability
among the strands and large currents could lead to saturation,
initiating flux jumps and eventually a quench.

II. ELECTRO-MAGNETIC AND THERMAL MODELING

The simulation of the electro-magnetic and thermal perfor-
mance of the PF joints is carried out with the code JackPot-
AC. Being able to calculate the trajectories of all strands in a
Cable-in-Conduit Conductor (CICC) JackPot-AC is presently
the only available model that allows the study of entire lap-
type joints at strand-level detail. A description of the model
can be found in [4]–[7], while the resistivity parameters used
in the analysis are detailed in [7]. First, the current distribution,
the power dissipation and magnetic field on the strands are
calculated. After that, the temperature and critical current are
derived, which are then used to estimate the stability margin of
the joint.

To contain the size of the model, the simulated cable length
outside the joint box is limited to 0.25 m. Uniform transport
current among the SC strands is imposed at the boundaries. Al-
though not shown here, the analysis of the boundary conditions
reveals little effect of the imposed uniformity on the current dis-
tribution inside the joint. Moreover, being the PF coil operated
in pulsed mode, the uniform distribution of the transport current
at the boundaries is expected to have a minor impact on the
overall joint performance. To further reduce the computational
demand of the model, the non-linear V-I relationship of the
SC strands is neglected. Instead, strands are assumed to be
always perfectly superconducting. This is as a very conservative
approach, since not limited by saturation, the strand currents
can reach extremely high values, resulting in a larger reduction
of the current margin. The possibility that the omitted saturation
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Fig. 2. (a) Cross-sections and central current lines of the ITER coil system
and plasma. (b) Turns and simulated joint locations of the PF2 coil.

Fig. 3. (a) Joint cross-section and (b) corresponding thermal network.

could give rise to very high power dissipation does not seem
plausible given the small number of strands with reduced
current margin, as results from the analysis in Section III.

A. Magnetic Field

A simple model is used to calculate the ITER magnetic
field, with the coil and plasma currents flowing through their
current center lines, as shown in Fig. 2(a). For the plasma
the current center line position is determined as the average
during the analyzed scenario. Simulations with a FEM of the
full-size ITER coil system demonstrated that the result of this
approximation is accurate enough. The error is always less
than 1%, except for the coil to which the simulated joint is
connected. In this case, the coil is simulated in more detail,
taking into account the positions of the single turns instead of
its current center line, see Fig. 2(b).

B. Thermal Model

The thermal model allows the calculation of the tempera-
ture of the helium, cable and copper sole along the axis of
the joint [8], [9]. For a higher level of detail, an individual
temperature is calculated for each petal; whereas the copper
sole is divided into two halves. Fig. 3 shows a scheme of the
thermal model in the cross-sectional direction. It is assumed
that in the cross-section, the temperature of each sole halve,
cable bundle and helium in each petal is homogeneous for the
particular element. Heat exchange between individual petals is
only possible through the helium. The temperature in the central
helium channel is excluded from the model, because inside the

Fig. 4. Total power dissipation in three PF2 joints during the entire 15 MA
scenario. The secondary y-axis shows the coil current evolution.

joint, its central spiral is replaced with a pipe through which
heat exchange is minimal. Heat exchange between each petal
and the sole halves is proportional to the contact area, which
varies along the cable axes due to their twist.

The general assumption that the helium mass flow in the
bundle region of the conductor is 1/3 of the total mass flow
(9.7 g/s) is also adopted in this model [8]. As such, the mass
flow in each petal is 1/(3 ∗Np) of the total mass flow, where
Np is the number of petals. In addition to the coupling loss, the
hysteresis loss is included in the power dissipation inside each
petal

dPhyst

dz
=

2Ic
3π

[
1 +

I2t
I2c

]
·
∣∣∣∣dBdt

∣∣∣∣ deff (1)

with It strand current, Ic critical current, B applied magnetic
field and deff effective filament thickness [10]. The critical
current for the NbTi strands is scaled according to [11].

III. DP JOINT PERFORMANCE IN A

15 MA PLASMA SCENARIO

The performance of the PF joints in an ITER 15 MA plasma
scenario is demonstrated with the PF2 coil [12]. The reason
for taking the PF2 coil joints is that they experience the worst
combination of dB/dt and dI/dt components. The analysis pre-
sented here focuses on DP joints only, and does not deal with
the performance of feeder joints.

A. PF Coil Joint Results With Default Design

Fig. 4 shows the total power dissipation during the scenario
for three joints located at the top, middle and bottom of the coil.
A clear peak occurs right after the start, where the dI/dt and
dB/dt components are particularly large to initiate the plasma.
In this phase, all joints dissipate approximately the same power.
However, during the ramp-up and ramp-down phases, the top
and bottom joints dissipate considerably more power, whereas
during the burn phase, their dissipation is almost the same.
Considering that all joints carry the same transport current,
the higher power dissipation in the top and bottom joints can
only be caused by the larger radial component of the changing
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Fig. 5. Strand currents in the center of the upper cable in (a) PF2 top (b) PF2
middle, and (c) PF2 bottom joint. Each line is the current in of a single strand.

Fig. 6. Power dissipation during the first 100 s of the 15 MA plasma scenario
in (a) the PF2 top joint, (b) the PF2 middle joint, and (c) the PF2 bottom
joint. The repartition of the total loss among the different joint components
is represented by the stacked areas.

background field. The difference in their coupling currents is
clearly illustrated in Fig. 5.

The coupling currents between the two cables cause an
increase in the power dissipation not only in the contact layer
between cable and sole, but also inside the sole itself. This can
be seen in Fig. 6 showing the power dissipation in the compo-
nents of the joint. Although not shown here, the dissipation is
particularly enhanced at the sole ends.

The temperature profiles of the three joints are illustrated
in Fig. 7. For the middle joint, the temperature only peaks
shortly in the discharge phase, but remains low during the
rest of the scenario. For the top and bottom joints, there are
striking differences in the petal temperatures, with Petals 5 and
6 showing much higher values than the others. The reason for
this difference is that these petals are in contact with both ends
of the copper sole, where coupling currents are forced to close
and thus the power dissipation is the highest.

Using the temperatures and magnetic field determined from
the current distribution and power dissipation inside the cable,
the critical current of all strand elements is calculated to predict
the margin of the conductors. This is done by subtracting the
strand currents calculated with JackPot-AC from the critical
current. If the result is a value higher than zero, it means that the

Fig. 7. Temperature evolution at the downstream end of Cable 1 in (a) the top
joint, (b) the middle joint, and (c) the bottom joint of the PF2 coil.

Fig. 8. Current margin of the PF2 joints during the 15 MA plasma scenario.

strand current did not exceed the critical current. For results be-
low zero, the current is actually higher than the critical current,
which means that the strand is in a saturated state. As it can
be seen in Fig. 8, showing the maximum overcurrent, during
the initial phase of the plasma discharge, some strands in the
PF2 top joint exceed the critical current by more than 200 A.

Although the result seems rather dramatic for the PF2 top
joint, its effect on the stability of the joint is uncertain. There are
not more than 10 strands, over 720 strands (∼1.5%), exceeding
the critical current, while a large majority has a margin larger
than 150 A. If the trajectories of the strands are analyzed, it is
found that the strands that do exceed the critical current appear
to be connected at both ends of the joints. For other connections,
the margin increases rapidly. Since there are so many strands
with enough margin to make redistribution from the saturated
strands possible, it is difficult to predict whether the saturation
of strands would lead to flux jumps or eventually to a quench.
Drawing a conclusion about the stability of this joint requires
more research.

B. PF Coil Joint Results With Modified Design

Based on the observation that the strands exceeding their
critical current feature a double contact with the joint, the
dimensions of the copper sole are altered to analyze the result-
ing reduction of the large inter-cable coupling currents. Two
alternatives are considered; one in which the sole length is
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Fig. 9. Power dissipation during the 15 MA plasma scenario in a PF2 top joint
with (a) default sole, (b) short sole, and (c) narrow sole.

Fig. 10. Margin in the PF2 top joint with different sole dimensions in the first
80 seconds of the 15 MA plasma scenario.

reduced by 1/6 (denoted as “short” sole), and another in which
also the width is reduced to the diameter of the cable (denoted
as “narrow” sole). The first adjustment leads to much smaller
coupling currents, whereas the second leads to a lower power
dissipation from eddy currents.

Fig. 9 shows that the power dissipation during the 15 MA
plasma scenario is in general considerably reduced with a
shorter sole. The largest reduction in the dissipation takes place
in the cable-to-sole contact layers, which indicates a reduction
of the inter-cable coupling currents. However, the initial power
peak within 1 s from the start of the discharge is not affected
by the modified design. A reduction of the initial power can
be obtained with the “narrow” joint design, allowing for the
reduction of the dissipation in the sole due to its reduced width.
Fig. 10 shows that making the sole shorter (as well as narrower)
prevents the currents in the strands to become higher than the
critical current.

The main drawback of using a shorter copper sole to limit
the inter-cable coupling currents is that the contact area with
the sole is reduced for some petals. The resulting current non-
uniformity could then lead to an early quench of the conductor
as observed during the Poloidal Field Insert Sample tests at
the SULTAN facility [13], [14]. The effect of a shorter sole
length on the current distribution among the strands is verified
in the case of the PF6 bottom joint. The choice is related to the

Fig. 11. DC strand current spread in Cable1 of PF6 bottom joint with default
and shorter copper sole length. Cable 1 enters the joint at x = −0.25 m (end
of the joint not shown). No relevant increase of the currents in the cable section
next to the joint is observed when the length of the sole is shortened. The drop
of the petal currents inside the joint is related to their contact with the Cu sole
as resulting from the twist of the conductor

higher peak current (∼33 kA) carried during the 15 MA plasma
scenario by coil PF6 compared to the 10 kA of coil PF2. In
order to check the worst possible conditions, the DC simulation
is performed assuming each coil to carry its peak current of the
15 MA scenario. Fig. 11 shows the spread in the currents of the
petals around the start of the joint for Cable1.

The horizontal axis represents the axial position along the
cable/joint axes. Cable1 enters the joint at −0.25 m. Since
the interest is focused on the current distribution in the cable
immediately outside the joint, the second end of the joint is
not considered. The abrupt change of some currents at x >
−0.25 m is due to their transfer to the other cable through the
joint, whose axial location depends on the petal-sole contact as
results from the twist of the conductor. No significant increase
of the current non-uniformity is observed for a reduction of
the sole length of 16%. At this purpose it should be noticed
that the applied reduction has been chosen arbitrarily with the
unique intent of exploring the effect on the joint performance
of a shorter sole length. After the length reduction, the modeled
joint is approximately 415 mm long, which is only slightly less
than the final stage twist pitch. Therefore, the present reduction
still ensures sufficient sole-petals contact area. On the contrary,
the current length of the “short” sole might be not enough to
avoid double contacts for any initial orientation of the petals.
To conclude, further analysis is necessary to assess the effect
on the joint performance of the sole length and of the initial
angle of the petals.

IV. CONCLUSION

The electro-magnetic and thermal performance of the PF
coil joint during the ITER 15 MA plasma scenario has been
analyzed with the code JackPot-AC. The analysis shows that
in the joints at the extremities of the coil, like the PF2 top
joint, some strands exceed their critical current at the start of the
plasma discharge. On the contrary, the majority of the strands
has a current margin of 100 A or higher. Due to the large
current carrying capacity in the remaining strands, it is hard to
predict whether the saturated strands may cause flux jumps or
eventually a quench.
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The strands exceeding their current margin are found to be
connected at both ends of the copper sole, therefore form-
ing low resistive current loops. Reducing the sole length by
16% seems effective, in the presently tested configuration, in
limiting the inter-cable coupling current, without increasing
significantly the current non-uniformity even in joints carry-
ing large currents. However, the effect of the sole dimension
and petal orientation on the joint performance requires further
analysis before being eventually considered for implementation
in ITER. Other alternative solutions to reduce the coupling
currents in the PF joints are also being considered.
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