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Abstract—The design of a flat cable suitable for future fusion 
reactor has been carried out; the cable consists of twisted round 
strands which are composed of tapes stacked between copper 
profiles. According to calculations the strand twist pitch and the 
cable twist pitch should be at least 1.5 or 2 m long, in order to 
limit the strain and thus the reduction of the critical current. A 4 
m long strand (Ø 6.2 mm) was fabricated on a continuous 
stacking and soldering line, in order to demonstrate that the 
scaling up to industrial production is feasible. The strand can 
carry about 940 A in self field at 77 K. The critical current 
evolution under bending strain was measured but it turned out to 
be rather fragile in “hard” bending direction. Three types of 
joints between strands were also manufactured and tested at 
77 K.  
 

Index Terms—Fusion cable. Stacked cable. Coated conductor. 
Superconducting cable. HTS cable.   
 

I. INTRODUCTION 

HE European Fusion Development Agreement (EFDA) is 
currently working on the design of a DEMO fusion reactor 

to be built after ITER [1]. For the time being both Low 
Temperature Superconductor (LTS) and High Temperature 
Superconductors (HTS) are considered for the construction of 
the superconducting magnet system [2]. The HTS option is 
focused in particular on coated conductor tapes. 

The reason to develop a method for assembling cable from 
tapes is that the price of coated conductor tapes may be 
strongly reduced in the future; moreover it can not be 
excluded that in the next few decades new technical 
superconducting materials, which could be produced only as 
tapes, will be available. While the technology for building 
cables from round strands has been established since several 
decades, the technology for building cables composed of tapes 
is still in the early development stage. The following designs 
have been proposed and tested on short length (few meters): 
stacked tapes in copper [3], Roebel cable [4], and CORC cable 
[5]. An alternative way [6] is to split the winding pack in 
blocks (consisting of stacked tapes), which are jointed 
together. Moreover Nexans [7] has developed a technique to 
fabricate round hollow wires (about 2 mm diameter) using 
coated conductor tapes. All these cable designs have been 
proposed for various applications (i.e. transformers, SMES, 
dipoles,…), and they could also be used for the next 
generation of fusion magnets, if development work is carried 
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out to fulfill the specific requirements [1]: current capacity in 
the 100 kA class, large copper cross section, engineering 
current density of about 100 A/mm2 in background field up to 
18 T and a reliable and cheap manufacturing process at km 
length. 

In a previous paper [8] the feasibility of stacking tapes 
between round copper profiles was demonstrated. The 
objectives of the present work are to present some general 
considerations about cable design using round strands 
composed of stacked tapes, and to scale up the strand size not 
only in length (4 m long) but also in cross section. 

II. PRELIMINARY CABLE DESIGN 

A preliminary design of the Nb3Sn cable for the 
construction of the DEMO Toroidal field coils is already 
available [1]: the outer steel jacket has a cross section of about 
110 mm  40 mm, while the cable cross section is about 
60 mm  18 mm. The current is about 85 kA at a peak field of 
13.5 T. The required copper cross section is as large as 
800 mm2 because of the long time constant during discharge.  

As tentative starting point it was assumed to keep the same 
external size of the steel jacket also for the coated conductor 
cable.  A detailed optimization study has not yet been carried 
out; the present proposition is intended only as a first trial, 
aiming at restricting the range of possible values. 

The layout is based on a flat Rutherford cable composed of 
round strands; the round strands are composed of a stack of 
tapes surrounded by copper elements together forming a round 
conductor. In the first test 8 tapes each 3 mm wide were 
stacked in between two half round copper profiles, so that a 
quasi-round strand of 3 mm diameter was obtained [8]. In 
general any tape width can be used, from 2 mm up to 6 mm. 
The copper half, round profiles may have a diameter larger 
than the tape width, with a rectangular groove in which the 
tapes are stacked. Some possible combinations are reported in 
Fig. 1. The main parameters are the tape width, the 
copper/strand diameter, the number of tapes in one strand and 
the number of strands in the cable.  

In general, with narrow tapes (for example 2 mm wide) one 
needs to stack over 40 tapes, the stack will have a square cross 
section, the amount of copper will be relatively low needing 
segregated copper to fulfill the requirements, and the cable 
aspect ratio will be rather high (wide and thin cable). If wider 
tapes are used (i.e. 6 mm) the stack will contain few tapes, the 
copper cross section will be large enough to fulfill the 
requirements and the cable will be rather narrow and thick.  

It should be stressed that the main problem in designing a 
cable resides in the brittle nature of the superconducting layer. 

T 



2OrBB-06 2

Coils built with Nb3Sn follow either the cabling/wind/react 
route, or, in case of particular large coil, even the 
cabling/react/wind route.  

In case of coated conductor, the react/cabling/wind route 
must be followed, which lead to strain accumulation on the 
ceramic layer, originating from bending that takes place 
during strand manufacturing (twisting), cabling (bending at 
cable edge) and coil winding (bending).  

Regarding the twisting, the torsional shear stress has been 
used to quantify the amount of twist  (see section IV); a limit 
has been set at about 1%,  corresponding to twist pitches 
between 900 mm and 1200 mm for strands with a stack 
thickness between 1.5 and 2 mm.  

The peak bending strain during coil winding is estimated to 
be lower than 0.10%, because the cable is not fully bonded, 
the tightest bending radius in the Toroidal Field Coil is 3.5 m 
and the strand thickness will be lower than 8 mm. 

For the estimation of the strain arising from cabling the 
following approximation is used. The tightest curvature for the 
tapes is at the cable edge, at the transition from one layer to 
the other. The geometry of the transition has been modeled as 
shown in Fig. 2. If N is the total number of strands in the 
cable, D the strand diameter and L is the cable twist pitch, then 
the pitch angle is  L

NDarcsin .    

At the transition, the length available, C, for the strand to be 
bent from one layer to the other is two times the projection of 
the strand diameter along the cable direction. Actually, the 
distance is slightly longer, because the strand is bent also 
downwards, as shown in Fig. 2; thus the bending distance 
becomes 
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The corresponding bending radius is 
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which can be rewritten as  
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Once the bending radius is know one can easily calculate 
the peak bending strain on the coated conductor tape; the peak 
bending strain on the strand (copper profile) is about 1.5 times 
larger.  

In Fig. 3 the peak bending strain on the superconducting 
layer is plotted as a function of the cable twist pitch, L, for the 
strands of Fig. 1.  In all cases the peak bending strain increases 
very rapidly when the cable twist pitch becomes shorter than 1 
m. The irreversible strain limit for coated conductor is about 
0.6%. Therefore a safe limit for the peak bending strain during 
the cabling phase should be at least 0.3%. It is clear that cable 
twist pitches shorter than 1.5 meter are out of question for this 
tape of cables. One can imagine setting the ratio between the 
strand and cable twist pitch, so that the tapes will be always in 
the easy bending direction, which allows a shorter bending 
radius. Nevertheless, even in this eventuality, the cable twist 
pitch could not be shorter than 1 meter.  

To summarize, the strand twist pitch should be longer than 
one meter, while the cable twist pitch should be at least 1.5 or 
2 m long. These long twist pitches are not common in classical 
LTS cables, but in this case are mandatory because of the 
brittleness of the ceramic layer, which is present since the 
beginning of the manufacturing process. The main reason here 
for twisting (both at strand and cable level) is to ensure the 

 
Fig. 2.  Schematic representation of the flat cable. Only two strands are 
shown for clarity. 
 

 
Fig. 3.  Peak bending strain versus cable twist pitch for the cables of Fig. 1. 
 

 
Fig. 1.  Layout of possible strand and cable design options. 
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transposition of the tapes, which is required during charging of 
large coils. The limitation of losses is not here a priority, 
because the main source of dissipation should be, by far, the 
hysteretic losses, which are not influenced by the twist pitch. 
In addition the coupling losses, which are proportional to the 
twist pitch, can be strongly reduced by increasing the 
transverse resistance among strands. 

III. STRAND TRIAL FABRICATION 

Among the possible strands of Fig. 1, the 15  4 mm was 
chosen because it seemed to be a good compromise 
considering the number of elements to be assembled, the 
current capacity and the flexibility. Standard copper plated 
coated conductors from Superpower (SCS4050, 4 mm wide) 
were used. The tapes were first coated by immersion in a bath 
of molten solder (eutectic PbSn alloy) using a reel to reel 
apparatus. For the first sample 15 tapes each 4 m long were 
cut, stacked and soldered together by pulling the stack through 
a PbSn bath and a teflon rectangular die, where the solder 
alloy solidifies. The soldered stack is then assembled between 
two copper profiles which were previously coated with PbSn. 
The assembled strand is also soldered by pulling it in a solder 
bath at few cm/s. A photograph of the strand cross section is 
reported in Fig. 4. 

Two more alternative fabrication routes have been used for 
shorter samples: in one, eight or nine tapes can be placed in 
one grooved copper profile and soldered, then two of such 
profiles (with soldered tapes in the groove) could be 
assembled and soldered to form one round strand. In the other 
route 16 tapes were stacked between the two copper profiles, 
then everything is soldered together in one pass. 

IV. ELECTROMECHANICAL CHARACTERIZATION 

The sum of the critical current, Ic, of the 15 tapes 
composing the strand is about 1300 A at 1 μV/cm, as reported 
by the manufacturer. The value measured on a strand sample 
1.2 m long was 940 A, the reduction presumably coming from 
the self field effect. At 15 T, 5 K, Ic should be about 300 A. A 
twist pitch down to 540 mm was applied to the sample using 
two late chucks, 50 mm apart: one chuck is kept fixed while 
the other is rotated of 30°; the process is carried out over the 
whole length for few times.  

In case of single tape the tensile strain at the tape edge is 
usually used to describe the mechanical deformation due to the 
twist process. In the case of a thick soldered stack the torsion 
shear stress (which is defined as the stack thickness times the 
twist angle per unit length) is more suited [9]. In Fig. 5 the 

reduced critical current density versus torsion shear strain is 
reported for the strand discussed in this paper (15 tapes 4 mm 
wide) and for the strand in [8]; a soldered stack of 12 tapes 
(without copper profiles) was also measured. For comparison 
data for a single tape (from [10]) have been reported. In 
contrast with the strand of [8], in the new strand the 
degradation was slightly steeper and irreversible, suggesting a 
damage of the ceramic layer. The maximum torsion shear 
strain could be set at about 1%, to take into account also 
further strain accumulation. The critical current was not 
degraded in a sample prepared by soldering the strand after 
twisting the staked tapes. 

Despite the rather large reduction after twisting, critical 
current versus bending was measured using circular wooden 
formers with different radius. The critical current reduction 
was 5% already at bending radius of 0.35 m (corresponding to 
a peak strain of 0.54%). This should be compared with a 
reduction of 2% at 0.6% peak strain which was measured on 
the 3 mm strand reported in [8]. Cracks appeared in the 
soldering between the copper profiles already at bending strain 
of 0.35% (corresponding to 0.7% strain on the strand outer 
radius). At first the damage was attributed to a poor strand 
soldering. Therefore, few short samples were prepared 
following alternative manufacturing routes (for example 
stacking the tapes in between the profiles and soldering in one 
single pass) and taking care that the solder fill up completely 
the profiles. These samples were prepared with tape whose 
critical current was much lower than the specifications, thus 
the critical current of the strands was not measured. Twist 
pitch as short as 20 cm was applied without mechanical 
damage. When bending strain was applied to samples with 
long twist pitch (i.e. 800 mm) or to straight samples, it was 
observed that the soldering between the copper profiles cracks 
at relatively large bending radius (>0.8 m) but only when the 
bending is applied in the plane of the tapes (the so-called hard 
bending). The cracks were enlarged and the copper profiles 
composing the damaged strands were pulled apart, and it was 
found that the tapes located at the strand mid-plane were 
delaminated, revealing the ceramic and buffer layers. Indeed 
in this layout (see Fig. 4) the strand is particular weak against 
shearing forces along the strand mid-plane: the soldering 
between the copper profiles is not strong enough to withstand 

         
Fig. 4.  Left: schematic drawing of the round strand. Right: photograph of the 
polished cross section of the strand.  

 
Fig. 5.  Reduced critical current versus torsion shear strain for the strand of 
Fig. 4 (15x4 mm), for the strand in [8] (8  3 mm) and for a stack of 12 
tapes. Single Superpower tape (data from [10]) is also reported. 
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the load, and the stacked tapes are also very easily 
delaminated. This situation was not present in the prototype 
strands [8] probably because the diameter was smaller (3 mm 
instead of 6.2 mm), resulting in lower peak strain (for the 
same bending radius) in the soldered region of the strand. 

V. JOINT PREPARATION 

Three types of joint have been considered and they were 
prepared one after the other using the same two pieces of 
strand (non-twisted). 

First, joint with indium wires: on both strands one of the 
copper profiles was de-soldered and removed over 150 mm, in 
order to expose the stack of tapes. The stacks were put in 
contact, with two In wires (Ø 1 mm) running parallel in 
between the stacks. Steel housings and screws were used to 
apply a pressure of about 25 MPa over a surface of 
4 mm  135 mm. Second, soldered joint: after demounting the 
joint with In wires and cleaning the surface of the tapes, the 
two strands were put again in contact and soldered together 
(stack against stack) with PbSn solder. Third, staggered 
soldered joint: after de-soldering the soldered joint, the tapes 
in the two strands were cut progressively shorter and shorter, 
so that each tape can be directly in contact with the 
corresponding tape in the other strand (superconducting side 
against superconducting side). The stagger length for each 
tapes was about 5 mm, resulting a in a total joint length of 
about 80 mm. 

The voltage-current relations for the three types of joint are 
plotted in Fig. 6. Voltage taps were located at 5 cm from each 
side of the joint. For the joint prepared with In wires the 
resistance was the highest, and a non-linear voltage-current 
characteristic was observed: it can be speculated that as the 
current increases the tapes will take up progressively the 
current until the Ic of each tape is exceeded, resulting in a 
non-linear V-I characteristic. In the soldered joint the 
resistance is lower than in the joint with In wires, and the V-I 
relation is still non-linear. In the staggered soldered joint the 
resistance was the lowest, about 35 nΩ, with a linear relation 
because the current of each tape is transferred directly from 
one tape to the next one. The 35 nΩ resistance corresponds to 
a specific resistance (resistance multiplied by the surface area 
of the joint) of about 9·10-12 Ωm2, which lies in the upper part 
of the range of values reported in the literature (for example 
[11]).  

VI. SUMMARY 

A preliminary design of a flat cable for fusion magnets 
(based on the requirements for DEMO) has been carried out. 
The cable is composed of round strands consisting of a stack 
of superconducting tapes enclosed between two copper 
profiles. Despite the variety of possible layouts, the strands 
twist pitch should be at least 1 m, and the cable twist pitch 
should be longer than 1.5 or better 2 m, because of the brittle 
nature of the ceramic layer and the accumulation of strain 
arising from twisting, cable manufacturing and coil winding. 
The main motivation for twisting at strand and cable level is to 
obtain a full transposition of the tapes, while the reduction of 
AC losses is a minor requirement. 

A trial strand was fabricated using 15 tapes (4 mm wide) in 
copper profiles (Ø 6.2 mm). The fabrication did not present 
particular problems, but the results of the electromagnetic 
characterization were worse than expected: after bending, 
cracks appeared in the soldering. The basic layout of the round 
strand should be revised to improve the mechanical properties. 

Three types of joints were prepared and the lowest 
resistance was about 35 nΩ. The corresponding specific 
resistance is within the range of values reported in the 
literature for joints between single tapes. 
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Fig. 6. Voltage current relations for three types of joints.  


