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1. INTRODUCTION

For the demonstration tokamak reactor (DEMO) being 
prepared for a future fusion power plant, European design 
efforts for its main magnetic coils have taken a 
multipronged approach with several superconductor 
designs being considered and tested simultaneously [1]-[3]. 
Though designs using high temperature superconducting 
materials are being investigated as well, the baseline 
designs still emphasize low temperature Nb3Sn wires with 
high critical current density (Jc) in a cable-in-conduit 
conductor (CICC) [4]. Application of this technology has 
already been demonstrated in KSTAR and ITER [5]-[6].

Nb3Sn wires must be activated through heat treatment 
(HT) to form the A15 structure that make them useful as 
higher critical temperature and higher critical magnetic 
field superconducting material compared to more 
conventional NbTi wire. Most Nb3Sn coil designs 
perform the HT process after winding the CICCs into 
coils. The A15 structure Nb3Sn is very brittle and forming 
the CICC into coils afterwards will likely damage the 
superconducting cable strands inside. One of the main 
drawbacks of this wind & react (W&R) process of 
forming the coils before HT is that the Nb3Sn strands are 
kept in a strained state inside the CICC jacket that is 
usually made of stainless steel or other nonmagnetic 
metal. The superconducting properties of Nb3Sn strand 
are very sensitive to strain, and the differences in thermal 

contractions between materials cause excessive strain to 
persist with the contraction of stainless steel being larger 
than for Nb3Sn [7]-[8]. Consequently, the Jc of the CICC 
strands commonly falls short of that of a free standing 
strand. The use of other material for the jacket has not 
been generally adopted due to cost, ease of use and 
overall performance issues.

In order to overcome the aforementioned limitation 
with W&R CICCs, a group at the Swiss Plasma Center 
(SPC) has proposed performing the HT before encasing 
the Nb3Sn cable inside the CICC through a react & wind 
(R&W) process for the EU-DEMO TF coil [9]. A few 
CICC samples under the R&W approach have been 
designed, produced and tested for their performance at 
low temperature and high field. This paper investigates 
their designs and compares them and their performances 
to the results from W&R Nb3Sn CICCs.

2. THE EU-DEMO R&W TF CICC DESIGNS

2.1. Overall Approach
The basic concept of the R&W Nb3Sn CICC design by 

the SPC group for the EU-DEMO TF coil is to produce a 
flat cable that minimizes bending strain when handling 
and forming the CICC into a coil after HT. Design details 
are described in [2-3, 9-18]. The basic cable element is a 
Cu strand surrounded by Nb3Sn strands in a close packing 
configuration. There are 6 Nb3Sn strands in the inner 
layer around the central Cu strand and 12 Nb3Sn strands  
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Fig. 1. Cross section layouts of the R&W Nb3Sn CICC (a) 
basic sub-cable unit and (b) the cable, for the EU-DEMO 
TF coil proposed by the SPC group. Dark circles 
represent Cu strand and white circles represent Nb3Sn 
strand. The middle section of the cable in (b) has been 
omitted.

around that forming the outer layer. See Fig. 1(a). This 
bundle of 1+6+12 strands forms the basic sub-cable unit 
of the flat cable. The flatness of the cable is achieved with 
a Rutherford cable configuration using the basic sub-cable 
units. These two elements i.e., the 1+6+12 strand sub-
cable and its forming into a Rutherford cable structure, 
are the core characteristics of the R&W CICC design by 
the SPC group. A cross section view of the CICC cable is 
given in Fig. 1(b).

Two designs, RW1 and RW2, for the R&W CICC were 
proposed by the SPC group, with the latter RW2 design 
superseding the earlier RW1. Both adopt the core 
characteristic elements mentioned above, but they differ 
in size and detailed configuration. For example, the flat 
Rutherford cable is covered by a Cu or Cu alloy layer 
acting as segregated stabilizer. These differ between the 
two designs with the earlier RW1 design making use of 
large diameter Cu wires in a Rutherford cable 
configuration around the flat Nb3Sn cable core. The latter 
RW2 design replaces the Cu wires with two solid blocks 
that sandwich and encapsulate the flat Nb3Sn Rutherford 
cable core in between them, all along the length of the 
cable. For both designs, after HT, the cables are placed 
between two half jacket sections that run the length of the 
cable and which are subsequently welded together 
enclosing the cable.

2.2. The Fabricated Samples
Full size samples of the EU-DEMO R&W Nb3Sn CICCs 

were fabricated using both former RW1 and updated RW2 
designs followed by performance testing. However, the 
fabricated samples were not completed in full compliance 
with the intended designs in either case. Deviations were 
present that were not the result of uncontrolled random 
artifacts. This included the absence of a thin stainless steel 
strip in the middle of the Rutherford cable structure in RW1 
and the change of material to brass for the segregated solid 
block stabilizer in RW2 [12]-[18].

An important parameter target value that was not 
attained for either design was the void fraction. Though low 
compared to W&R CICC samples, the achieved values 
were much higher by several percentage points than what 
were expected from their designs, the original target void 
fraction for RW1 being 15% while that for RW2 being 20%. 

TA B L E  I
C HARACTERISTICS OF THE E U -D E M O  R & W  N b3Sn C IC C  S AMPLES.
Parameter RW1 RW2
Nb3Sn Strands

type internal tin
diameter (mm) 1.5 1.2
Cu:non-Cu 1 1
critical current (A) a 790 b 628 c

twist pitch (mm) 25 20
supplier WST

Sub-Cable Unit
inner layer twist pitch (mm) 90 105
inner layer twist direction d RH RH
outer layer twist pitch (mm) 185 105
outer layer twist direction d RH RH
layout 1Cu + 6SC + 12SC

Cable
No. of sub-cable units 17 13
No. of Nb3Sn Strands 306 234
twist pitch (mm) 595 390
twist direction d LH RH
central steel strip (mm) none 25×0.2
dimensions (mm) 62.0×12.3 35.2×11.0

Segregated Stabilizer
Cu strand diameter (mm) 2.91
No. of Cu strand 48
twist pitch (mm) 550
twist direction d RH
block material brass
block cross section (mm2) 650

CICC
dimensions (mm) 100×34 61.5×32.1
jacket inner corner radius (mm) 3 8
void fraction (%) 27 23

a At 4.2 K and 12 T.
b As determined from the Nb3Sn strand parameterization
c As determined from Jc 
d RH: right-handed, LH: left-handed

In the case of RW1, the diameter of the segregated Cu 
strand stabilizer was intended to be 3.0 mm which is 
larger than those of the actual strands used [13]-[14]. This 
would have contributed to its larger void fraction. It is 
also noted that between RW1 and RW2, the smaller void 
fraction was attained by RW2 which used smaller 
diameter Nb3Sn strand, though the use of shaped block 
material for segregated stabilizer instead of strand would 
have contributed to its smaller void fraction as well. The 
detailed characteristics of the tested RW1 and RW2 CICC 
samples as fabricated are provided in Table I.

Changes in the EU-DEMO TF coil requirements and 
consequent operating conditions brought about in part the 
design modification from RW1 to RW2. In particular, the 
operating current of the CICC reduced from 82.4 kA to 
63.3 kA as the peak magnetic field reduced from 13.5 T to 
12.23 T. Further, it is not clear whether CICC design 
parameters like the strand diameter would be retained in 
the future. There would be advantages with using the 
more common 1 mm or smaller diameter strand. In any 
case, it is noted that despite having a lower critical current 
(Ic), the Nb3Sn strand in the RW2 CICC sample is more 
advanced with a higher Jc of 1110 A/mm2 than that of the 
RW1 sample at 895 A/mm2 [10-11, 17]. The resulting 
average strand operating current to critical current ratio 
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(Iop/Ic) is as large as 0.29 for RW1 and is 0.43 for RW2. 
There being fewer Nb3Sn strands in RW2 compared to 
RW1, further advances in the superconducting strand may 
prompt continued changes to the CICC design.

Finally, it has to be mentioned that two additional EU-
DEMO R&W Nb3Sn CICC samples were fabricated after 
RW2 [17]-[18]. These are referred to as RW2 HP and 
RW2 FP where the former incorporated the same cable as 
in RW2, but the segregated stabilizer blocks were bundles 
of Ni plated Cu strand formed inside thin CuNi jackets 
that each only surrounds a quarter of the R&W cable i.e., 
a half-size profile (HP) block. The RW2 FP sample also 
incorporates the same cable as RW2 but makes use of 
full-size profile (FP) blocks that were made of CuNi clad 
Cu rods formed inside thin CuNi jackets. The final 
configurations between the two CICC samples are also 
different with RW2 FP having 0.25 mm thick steel tape 
between the jacket and the segregated stabilizer blocks in 
both half jacket sections of the CICC. This preloads the 
RW2 FP cable during assembly with an accompanied 
reduction in the void fraction of the sample. It is reported 
that this additional process was performed because the 
R&W cable was found to have a slightly smaller height of 
10.8 mm compared to the rest of the RW2 cable. As a 
consequence, it is likely that some of the Nb3Sn strands in 
the CICC were deformed, but perhaps not to the extent to 
damage the non-Cu superconducting region of the strand 
whose Cu matrix has likely turned into a more rigid 
bronze after HT. Unfortunately, full characterizations of 
the as constructed CICC samples RW2 HP and RW2 FP 
are not reported and are thus not included in the 
comparative review.

2.3. Performance Testing
Performance testing of the R&W Nb3Sn CICC was to be 

performed on a short sample under the same peak operating 
conditions of the EU-DEMO TF coils. Although the 
performance of a short sample does not fully reproduce the 
performance of a full size coil for Nb3Sn, it usually does 
indicate a lower limit. Moreover, there exists a significant 
quantity of short samples tested at various facilities, which 
can be referenced for comparison. One such facility was 
EDIPO in Villigen, Switzerland where testing of the RW1 
samples took place [19]-[20]. Unfortunately, the EDIPO 
facility no longer became available for testing of the RW2 
samples. So, testing of these samples was performed at 
the SULTAN facility also located in Villigen, Switzerland 
[20]-[21]. Unlike EDIPO, however, the maximum external 
magnetic field of SULTAN did not reach the peak 
operating field for the RW2 CICC, so a reduced magnetic 
field was used with increased CICC current to compensate 
for and match the same Lorentz force during cyclic 
electromagnetic (EM) loading of the samples [2, 16-17].

Irrespective of the availability of EDIPO, there were 
more serious problems with the RW1 sample that were 
unanticipated and that manifested as lower CICC 
performance, leading to its testing conditions being modified. 
Specifically, during initial testing of RW1, premature 
quenching was observed such that the full CICC current 

TA B L E  II
E U -D E M O  R & W  N b3Sn C IC C  S AMPLE P ERFORMANCE T ESTING 

C ONDITIONS AND R ESULTS.

RW1 (1st) a RW1 (2nd) a RW2
left right left right left right

Test Facility EDIPO EDIPO SULTAN
Cyclic EM Loading

external field (T) 12.35 12.35 10.9
current (kA) 60 60 70
No. of cycles 500 501 1100

WUCD Cycles 0 0 0 0 2 2
Tcs Test Conditions

external field (T) 12.35 12.35 10.9
current (kA) 60 70 63.3

Tcs Results
initial Tcs (K) 7.60 7.49 7.45 7.38 7.23 7.08
final Tcs (K) 7.61 7.49 7.49 7.20 6.98 6.84
Tcs change (K) 0.01 0 0.04 -0.18 -0.25 -0.24

a Same Nb3Sn CICC sample with reconfigured joints

could not be applied to the sample. The main issue was 
identified and addressed by reconfiguring the sample 
joints. A second set of testing after reconfiguration 
showed significant improvement in the sample current 
sharing temperature (Tcs) performance, so the current 
through the sample was increased. As such, it is not clear 
whether the second set of results can be compared on 
equal footing with the first set, and thus the second set is 
considered separately. After final configuration of the 
RW1 sample, Tcs testing had begun at currents up to the 
maximum design current of 82.4 kA but was not 
completed due to the unavailability of EDIPO. 
Consequently, what results there are from the last set of 
RW1 testing are not included in this analysis.

A summary of the testing conditions for each CICC 
sample along with the corresponding measured Tcs 
performance values are provided in Table II.

Although not included in the CICC review, the Tcs 
performances of the additional EU-DEMO R&W Nb3Sn 
CICC samples RW2 HP and RW2 FP have been reported 
and some relative comparison can be made from inference 
[17]. The main differences in Tcs testing conditions with the 
RW2 CICC samples are the number of EM loading and 
warm-up-cool-down (WUCD) cycles performed on each 
sample. Details including the Tcs performance results are 
summarized in Table III.

3. COMPARISON WITH W&R Nb3Sn CICCs

3.1. The W&R Nb3Sn CICC samples
A reasonably representative set of 62 Nb3Sn CICC 

samples that have been produced over the past two decades 
through the W&R process has been studied and analyzed 
recently [22]. The Tcs performances of the 62 samples are 
compared against various CICC parameters that were 
known to correlate with or influence CICC performance. 
These parameters include the Nb3Sn strand Ic, the twist 
pitch especially of the first stage sub-cable, the void 
fraction and for rectangular CICCs, the cable cross section 
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TA B L E  III
A DDITIONAL E U -D E M O  R & W  N b3Sn C IC C  S AMPLE P ERFORMANCE 

T ESTING C ONDITIONS AND R ESULTS.
RW2 HP RW2 FP

Test Facility SULTAN
Cyclic EM Loading

external field (T) 10.9
current (kA) 70
No. of cycles a 1210 1010

WUCD Cycles 5 4
Tcs Test Conditions

external field (T) 10.9
current (kA) 63.3

Tcs Results
initial Tcs (K) 7.38 7.57
final Tcs (K) 7.32 7.66
Tcs change (K) -0.06 0.09

a Includes cycles at lower sample current or field

aspect ratio. Notwithstanding, the designs of these CICCs 
being mostly independent have not been performed in a 
systematic way, so trends in the data based on a single 
parameter are difficult to identify. Thus, in addition to 
linear regression (LR), conclusions have been drawn from 
necessary condition analysis (NCA) by analyzing plots of 
CICC Tcs data versus the various parameters. For 
information on NCA, see [23], and [22] for how it was 
applied. Of the investigated parameters, strong correlation 
is seen between maximum Tcs change and strand Ic, the 
twist pitch of the first stage sub-cable, void fraction and 
aspect ratio. Some correlation is also observed between 
overall Tcs performance and strand Ic, the Iop/Ic ratio, void 
fraction and aspect ratio.

To evaluate the EU-DEMO R&W TF CICC samples 
produced and tested by SPC, they are compared against 
the 62 W&R Nb3Sn CICC samples by placing their Tcs 
versus parameter value data within the aforementioned 
plots. The relative positions of the R&W CICC samples 
within the plots are noted, and the information is used to 
interpret their performance. Simple direct comparison 
identifies the relative Tcs performance, but more intricate 
analysis identifies whether the R&W CICC samples are 
consistent with trends seen in the W&R sample plots or 
whether they are outliers. The information and results 
from this analysis provides some basis for an assessment 
of any performance advantages that R&W Nb3Sn CICCs 
may have.

3.2. Tcs versus Strand Ic and Iop/Ic
CICC Tcs performance has been verified to correlate 

with the Ic of its strand. However, the trend observed in 
[22] which looked at the correlation among the 62 W&R 
CICC samples showed that it was fairly weak. There is 
only a slight rising slope in the data points derived from 
LR. The plots from [22] are reproduced in Fig. 2, and 
overlapped on these plots are the data points of the EU-
DEMO R&W CICC samples.

First, it is clearly seen in the plots of Fig. 2 that the 
R&W CICC sample data points are at an extreme limit of 
strand Ic, where they have the largest Ic values of all 
samples. Second, their CICC Tcs values in Fig. 2(a) and 
2(b) are above the average of the 62 W&R CICC samples 
but more tightly spread at about one standard deviation

Fig. 2. Plots of CICC Tcs versus the strand Ic for the EU-
DEMO R&W Nb3Sn CICC samples within the 
distribution of 62 W&R Nb3Sn CICC samples. A 
significant lower boundary to the 62 W&R data points 
according to NCA is seen and graphed in (c).

from the average. Combining these two results, the R&W 
samples are seen to be consistent with the general trend 
among the 62 W&R CICC samples which is that CICC Tcs 
increases moderately with increasing strand Ic. 
Conversely, this means that the R&W designs are not 
showing particular exceptional performance over the 
W&R designs. Furthermore, in the case of Tcs change 
after EM loading seen in Fig. 2(c), all R&W sample data 
points lie well within one standard deviation of the W&R 
sample average.

In contrast with strand Ic, the Iop/Ic ratio versus CICC 
Tcs  plot shows more dramatic correlation with Tcs 
performance. The R&W sample data points as seen in 
Fig. 3(a) and 3(b) which are partly reproduced from [22], 
lie near the top of the data point distribution and their Tcs 
values decrease as Iop/Ic increases, this trend also being 
the average t rend seen of  the 62 W&R samples. 
Significant lower boundaries with similar decreasing 
trends are also observed as indicated on the plots. The 
outlying circular CICC data points with the highest Tcs
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Fig. 3. Plots of CICC Tcs versus the Iop/Ic value for the 
EU-DEMO R&W Nb3Sn CICC samples within the 
corresponding distribution of values for 62 W&R Nb3Sn 
CICC samples. Lower boundaries to the 62 W&R data 
points according to NCA are seen and graphed in the plots.

values at Iop/Ic ≈ 0.5 are known to have been tested at 
significantly lower external magnetic field than most of 
the other CICC samples. If their Tcs testing were 
performed at higher external magnetic field comparable to 
that of the SULTAN field, the data points are estimated to 
drop to values near the top of the distribution formed by 
the remaining data points.

In the case of Tcs change after EM loading seen in 
Fig. 3(c), the R&W samples show moderately good 
performance with Iop/Ic. However, these results are not 
observed to be of superior performance, given that there 
are multiple W&R CICC samples with smaller Tcs drops 
or even increases in the range of their Iop/Ic values. 
Additionally, though a lower boundary to the data point 
distribution can be defined and is depicted in Fig. 3(c), it 
is not considered significant according to the criteria used 
to define it using NCA. The lack of significance means 
that Iop/Ic does not meaningfully constrict Tcs change. With 
alternative criteria to define the lower boundary, it could 
be made more significant at the cost of being less 
inclusive of all data points. More data points at lower 
Iop/Ic values would help resolve the issue.

Finally, it is worth considering what the effect of the 
RW2 HP and RW2 FP R&W CICC samples would be, as 
their strand Ic and Tcs testing conditions are the same as 
those of the RW2 samples. The RW2 HP and RW2 FP 
sample data points would place above the RW2 data 
points in Fig. 2(a) and 2(b) at Ic = 628 A. The subtrend 
between R&W samples would still be an increase in 
CICC Tcs with increasing strand Ic, but the slopes would 
be less significant with the final Tcs value of RW2 FP 
being greater than any of the other R&W samples. The 
same goes for the subtrend in Fig. 2(c) where the RW2 FP 
sample data point would be highest not only among the 
R&W CICCs but of the CICCs with Ic > 500 A, though 
numerous other CICC samples with greater Tcs change are 
observed at lower Ic. With respect to the plots of Fig. 3, 
the RW2 HP and RW2 FP sample data points would place 
above the RW2 samples at Iop/Ic ≈ 0.43. Again, the 
subtrend between R&W samples in Fig. 3(a) and 3(b) 
would still be decreasing CICC Tcs with increasing Iop/Ic, 
just with less significant slopes. On the other hand, the 
subtrend in Fig. 3(c) would become rather flat with the 
RW2 HP and RW2 FP data points having raised the 
average CICC Tcs change value at the higher end of Iop/Ic. 
The insignificance of a subtrend in Fig. 3(c) would be 
consistent with the idea that there is no fundamental trend 
manifesting in Fig. 3(c) including no significant lower nor 
upper boundary to the data point distributions.

3.3. Tcs versus First Stage Sub-cable Twist Pitch
The EU-DEMO R&W Nb3Sn CICC samples do not 

contain cable with a multistage twisted sub-cable 
structure, in contrast with the 62 W&R Nb3Sn CICC 
samples of [22] which do. Nevertheless, the sub-cable 
elements of the R&W CICCs have more than one layer of 
Nb3Sn strand which can form crossover locations between 
strands within a sub-cable unit or between strands of 
different sub-cable units. These strand crossover points 
are sources of bending strain and contact stress for the 
strain sensitive Nb3Sn strands, which in turn lead to 
changes in strand Ic that affect CICC Tcs. As such, 
comparisons of CICC Tcs versus cable twist pitch with 
both R&W and W&R CICCs would still have some 
relevance in terms of local strand-to-strand interaction. 
Besides, the 62 W&R CICC samples of [22] also include 
three CICCs with a “6+1” structure first stage sub-cable 
i.e., 6 Nb3Sn strands around a single Cu strand.

The plots of CICC Tcs versus the twist pitch of either 
the first stage sub-cable or the inner most layer of the 
basic sub-cable unit in the case of the EU-DEMO R&W 
CICC samples are presented in Fig. 4. The W&R CICC 
sample data are reproduced from the plots in [22]. The 
twist pitch values are expressed as ratios to the diameter 
of the cable strands, to allow for proper comparisons 
between cables with different strand dimension.

In the plots of Fig. 4(a) and 4(b), the best straight line 
fit of the data points from LR has no significant slope, i.e. 
the slopes are relatively flat, meaning that underlying 
trends are absent. In the case of the Fig. 4(c) plot, the slope 
is actually negative despite the large drops seen of the data 
points at low twist pitch values. Instead, lower boundaries 
to the data point distributions, derived using NCA, which 
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Fig. 4. Plots of CICC Tcs versus the inner layer sub-cable 
unit twist pitch of the EU-DEMO R&W Nb3Sn CICC 
samples within the distribution of first stage sub-cable 
twist pitches of 62 W&R Nb3Sn CICC samples. Twist 
pitch values are given as ratios to the strand diameter. 
Significant lower boundaries to the 62 W&R data points 
according to NCA are seen and graphed in the plots.

all show increasing slopes with twist pitch are observed 
and graphed on the plots in Fig. 4. In the case of Fig. 4(c), 
the positive slope of the lower boundary means that as 
twist pitch increases the potential drop in CICC Tcs 
decreases, making the Tcs value more stable despite EM 
loading.

The EU-DEMO R&W CICC samples occupy the 
average range of twist pitch values seen of the 62 W&R 
CICC samples. As with the Fig. 3 plots, the CICC Tcs 
values are near the top but fully within the distributions of 
the other data points. The subtrend among the R&W 
CICCs shows a Tcs decrease with twist pitch, which is 
different with respect to the overall trend including all 
CICC samples. If the RW2 HP and RW2 FP R&W sample 
data points are included in the plots, this decreasing 
subtrend would be less significant, and in the case of 
Fig. 4(c) the subtrend would be flat. This suggests that the 
particularity of the subtrend among the EU-DEMO R&W 

CICCs may not be significant. Further data points 
especially at twist pitches beyond the values covered 
would help resolve the issue. Whatever the case, from the 
limited R&W CICC samples in the Fig. 4 plots, nothing is 
seen other than that they show moderately good Tcs 
performance with no outlying characteristics nor any 
other significance. In other words, as far as twist pitch is 
concerned, the R&W designs do not expand the range of 
exceptional CICC Tcs performance. 

3.4. Tcs versus Void Fraction
Void fraction (Vf) has been found to be a significant 

parameter affecting Nb3Sn CICC Tcs performance. There 
is strong correlation from LR between the Tcs value and Vf with 
Tcs decreasing as Vf increases for the 62 W&R CICC 
samples of [22]. The change in Tcs after EM loading versus 
Vf is equally dramatic with larger and larger Tcs drops seen 
with increasing Vf. These results are plotted in Fig. 5 
which is partly reproduced from [22]. Also graphed are 
significant lower boundaries to the data point distributions 
as derived from NCA, which are observed in all plots.

The EU-DEMO R&W CICC samples show extremely 
small Vf compared to the majority of the W&R CICC 
samples. In fact, the RW2 CICC sample shows the 
smallest Vf reported of all Nb3Sn CICC samples. The 
source of the small Vf values could be attributed to the 
close packing configuration of the basic sub-cable units. 
But perhaps more importantly, the Rutherford cable 
structure of the CICC sub-cable units has inherently 
smaller voids, as the sub-cable elements, as seen in 
Fig. 1(b), are aligned parallel to each other allowing them 
to come in contact with each other at many more 
locations along the sub-cable. This reduces the voids 
between strands.

With respect to the additional EU-DEMO R&W CICC 
samples RW2 HP and RW2 FP, their Vf values have not 
been reported. However, at least for the RW2 FP sample, 
it is suspected that its CICC Vf is significantly smaller 
than that of the RW2 samples. This is due to the additional 
tapes placed in the CICC and the consequent preloading 
while still using the same cable. The RW2 CICC has a Vf  
of 23% which should be final as it is after HT. Some 
Nb3Sn strands have been observed to increase in diameter 
after HT [24-26]. For W&R Nb3Sn CICCs, the Vf value is 
usually measured on a non-HT sample in the virgin state. 
So, for W&R CICCs, there is potential for the actual 
CICC Vf under operating conditions to be smaller. But, for 
R&W CICCs, no change is expected other than due to 
operation. In conclusion, the CICC Vf of RW2 FP is very 
likely smaller than 23%.

Regardless of the Vf values of the additional R&W 
CICC samples, it is known in the case of the RW2 HP 
sample that its data point in the plots of Fig. 5(a) and 5(b) 
is above that of the RW2 samples. And, assuming a CICC 
Vf around that of RW2, it would place above the lower 
boundaries of the data point distributions in each plot. For 
RW2 FP, its data point would be located at the extreme 
lower end of Vf with Tcs values matching or above those of 
the RW1 samples. This too would be consistent with the 
existing data point distributions seen in the Fig. 5(a) and 
5(b) plots. For the plot of Fig. 5(c), the data point 
locations for RW2 HP and RW2 FP are in a similar 
situation as that of the RW2 sample i.e., they fall below
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Fig. 5. Plots of CICC Tcs versus void fraction for the EU-
DEMO R&W Nb3Sn CICC samples within the 
distribution of 62 W&R Nb3Sn CICC samples. Significant 
lower boundaries to the 62 W&R data points according to 
NCA are seen and graphed in the plots.

the lower boundary line. Nevertheless, they place above 
the RW2 samples in the Fig. 5(c) plot, and the RW2 FP 
sample even places higher than the RW1 samples at the 
extreme lower end of Vf. This reinforces either the trend 
of more and more positive Tcs change or the more likely 
trend of Tcs stabilizing as CICC Vf decreases.

It has also been noted that rectangular CICCs with large 
aspect ratios show smaller void fraction. This has been 
discussed in [22] where the Vf values of 24 rectangular 
W&R CICCs are plotted against their aspect ratios. The 
plot is reproduced in Fig. 6 with data points for the EU-
DEMO R&W CICC samples which show the largest 
aspect ratios of all CICC samples studied. The R&W 
CICCs extend the trend seen of the W&R CICCs, which 
is a decrease in Vf with an increase in aspect ratio. The 
trend is verified by LR but is influenced strongly by a 
handful of data points. The addition of the R&W CICC 
samples reinforces this trend.

As discussed in [22], the Vf and aspect ratio of a CICC 
are parameters that reflect the design choices i.e., they are 
somewhat independent parameters. The fact that they 

Fig. 6. Plot of void fraction versus aspect ratio for the EU-
DEMO R&W Nb3Sn CICC samples within the 
distribution of 24 rectangular W&R Nb3Sn CICC samples.

show some correlation suggests that this is not just 
coincidence but more inherent of large aspect ratio CICCs. 
In other words, smaller Vf CICCs are more successfully 
manufactured or that their cables survive the process 
intact better, when the aspect ratio is larger.

In addition, correlation between CICC Vf and the first 
stage sub-cable twist pitch has also been observed among 
the 62 W&R CICC samples of [22]. The plot of Vf versus 
first stage sub-cable twist pitch of the 62 W&R CICCs is 
reproduced from [22] in Fig. 7, but now includes data 
points for the EU-DEMO R&W CICC samples. As before, 
the twist pitch values are represented as ratios to the 
corresponding strand diameters. The plot shows a trend of 
decreasing Vf with increasing twist pitch, which is verified 
by LR. The R&W CICCs show consistency with this 
trend with their data points lying near the lower boundary 
of the data point distribution. A possible reason for the 
correlation as discussed in [22] is that with longer twist 
pitches, the cable strands become more parallel allowing 
them to make contact with each other at more locations 
along their length, as mentioned for Rutherford cable 
earlier, and this allows for smaller Vf with less cable 
strand damage during the CICC manufacturing process.

Returning to the plots of Fig. 5, nearly all Tcs data points 
are observed to lie above the lower boundaries in Fig. 5(a) 
and 5(b). In Fig. 5(c), on the other hand, the RW2 sample 
data points are seen to lie significantly below the lower 
boundary at a Vf value of 23%. Most of the CICC samples 
with Vf below 27% do not show Tcs drops after EM loading. 
This can be explained by the cable strands supporting 
each other more and more as Vf decreases. When Vf  reaches 
1 – π/4 ≈ 0.215 or 21.5%, the strands would be on average 
equivalent to touching each other in a square 
configuration. So, at low Vf values, strands within the 
cable do not have much space to move and deform, which 
is a requirement for bending strain mentioned in the 
previous section. Large change in CICC Tcs is thus not 
expected. A possible cause then for the Tcs drop of the 
RW2 samples may be the weakening of strands from cable 
strand damage during manufacturing. This has been 
observed of some W&R CICC samples when Vf is below 
32% [27]-[28]. The Lorentz forces during EM loading 
would further damage the weakened Nb3Sn strands 
resulting in a drop in the strand Ic and the consequent drop 
in CICC Tcs.
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Fig. 7. Plot of void fraction versus the inner layer sub-
cable unit twist pitch of the EU-DEMO R&W Nb3Sn 
CICC samples within the distribution of first stage sub-
cable twist pitches of the 62 W&R Nb3Sn CICC samples. 
Twist pitch values are given as ratios to the strand diameter.

3.5. Tcs versus Aspect Ratio
As discussed in the previous section, the EU-DEMO 

R&W Nb3Sn CICC samples possess the largest aspect 
ratios of all CICC samples reviewed. And like in the study 
of Tcs versus Vf, the R&W CICC samples in the plots of 
Tcs versus aspect ratio seen in Fig. 8 show partial 
consistency and minor deviation with the trends seen of 
the 24 rectangular W&R CICCs studied in [22].

The plot in Fig. 8(a) with data points reproduced from 
[22] shows the initial CICC Tcs versus aspect ratios of the 
rectangular Nb3Sn CICC samples including the EU-
DEMO R&W CICC samples. The trend formed by the 24 
W&R CICCs is that of a slight rise in Tcs with increasing 
aspect ratio. The steepness of this rise significantly 
increases in the plot of Fig. 8(b) which shows final Tcs 
after EM loading versus aspect ratio. The R&W CICC 
samples extend the trend in the Fig. 8(a) plot. These 
samples also extend and are consistent with the 
corresponding lower boundary to the data point 
distribution formed by the W&R CICCs. However, a 
slight flattening out to the horizontal is observed of the 
lower boundary, here modelled as a straight line, as the 
aspect ratio increases, with the data points at the largest 
aspect ratio falling below the boundary line. The 
phenomenon is more pronounced in the plot of Fig. 8(b) 
with all R&W sample data points falling below the lower 
boundary line defined by the data point distribution 
formed only from the 24 W&R CICC samples.

Regarding the EU-DEMO R&W RW2 HP and RW2 FP 
CICC samples, if their data points are included in the 
Fig. 8 plots, they would place above the existing RW2 
data points with aspect ratio around 3.2 given that they 
incorporate the same cable. As mentioned earlier, minor 
deviations may be present and have been detected for the 
RW2 FP cable, but these are not expected to significantly 
change the overall distribution of the R&W CICC samples 
in the plots including the lower boundaries in particular.

Including the EU-DEMO R&W CICC samples in the 
distribution of data points seen in the plots of Fig. 8, a 
curved line rather than a straight line may be more 
appropriate for the lower boundary. This is particularly the 
case for the plot of Fig. 8(c) which shows the change in 
CICC Tcs after EM loading versus aspect ratio. A better fit 

Fig. 8. Plots of CICC Tcs versus aspect ratio for the EU-
DEMO R&W Nb3Sn CICC samples within the 
distribution of 24 rectangular W&R Nb3Sn CICC samples. 
Lower boundaries to the 24 W&R data points according 
to NCA are seen and graphed in the plots.

for the lower boundary may be produced with an 
exponential decay curve, as suggested in [22]. If possible, 
additional data points from either R&W or W&R route 
rectangular Nb3Sn CICCs with aspect ratios between 3 
and 5 would help determine the best curve fit.

It was suspected in the previous section that the RW2 
CICC samples at Vf = 23% and aspect ratio = 3.2 may 
have cable strand damage. Without damage, the change in 
CICC Tcs after EM loading might have been less negative, 
as like for the RW2 HP and RW2 FP samples. A less 
negative change would be more consistent with the trend 
seen of the 24 W&R CICC samples, more so if the 
boundary line followed exponential decay curves. In the 
case of the RW1 CICC samples at aspect ratio = 5.0, all 
but one of them show nonnegative Tcs change. If the 
negative Tcs change RW1 sample could be dismissed as 
also having some sort of damage, then assuming the 
trends can be trusted, no negative Tcs change CICC 
samples would be expected if they were fabricated 
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flawlessly. Destructive examination of the R&W samples 
to verify the existence or absence of damage should help 
resolve this question and provide evidence to either 
support or undercut conclusions drawn from the trends 
and boundaries seen in the plots of Fig. 8 and others.

4. CICC COST COMPARISONS BY DESIGN

4.1. CICC Cost Estimation
Cost estimation is a difficult process which can involve 

taking account of material costs, equipment, labor, facility 
operation, logistics, overhead, quality control, taxes and 
in the case of oversees manufacturing, fees and tariffs 
among others. The cost per unit length for producing a 
short single CICC sample can also be different from that 
of producing multiple long samples due to economies of 
scale. In some cases, fabrication of a single short sample 
may not be commercially possible due to opportunity 
costs that a manufacturer refuses to bear. And all of these 
costs can be different from supplier to supplier in the 
international market. Furthermore, for specialized 
products like superconducting CICC, the market may be 
limited and prices often have to be negotiated. Further 
complications can come about when restrictions are in 
place over budget, choice of supplier and quality with 
these conditions coming into conflict with each other. 
Therefore, a simple cost estimation is not possible for 
something as unique and advanced as Nb3Sn CICC.

Given the above issues, only the material costs are 
considered from a designer’s perspective for a relative 
cost comparison. This assumes that the facilities, 
expertise and manpower are all available and that costs 
for these do not differ between CICC designs, albeit this 
perhaps not being apt when comparing R&W with W&R 
CICCs. In any case, similar equipment for both routes has 
to be used for finishing the final coil. Additionally, only 
the superconducting material i.e., Nb3Sn strand costs are 
considered as this usually accounts for the majority of the 
CICC cost, for which cost reduction strategies have 
involved using segregated Cu strands in the cable and 
grading CICC by high or low field to reduce the total 
number of incorporated Nb3Sn strands [29]-[31].

Even when limiting the cost of superconducting CICC 
to the cost of its strand, there is the question of differing 
strand costs dependent on how well they perform. More 
advanced high Ic strand can be priced higher than lower Ic 
strand. Some superconductor suppliers, however, will 
price their strand at similar rates with only marginal 
differences. These are cases when the cost of 
manufacturing the higher performance strand is similar to 
manufacturing the lower performing one. As such, both 
situations are considered.

With the above framework, the cost of a Nb3Sn CICC 
can be traced to the number of Nb3Sn strands in its cable. 
The same unit length is considered for comparison 
between CICC designs. The total cost, however, should be 
considered within the context of performance, as the same 
CICC current can be reached with differing amounts of 
strand. CICC performance is taken into account by 
considering the superconducting operating conditions for 

which temperature and external field margins are 
specified for stability. These margins are determined by 
the appropriate average Iop/Ic ratio designed into the CICC. 
Thus, the appropriate measure is not Nsc but Nsc/(Iop/Ic) 
where Nsc is the number of Nb3Sn strands in the CICC. 
The normalization by Iop/Ic provides an account of cost 
per performance. If there is higher pricing of higher Ic 
strands, Nsc/(Iop/Ic) is multiplied by Ic, assuming 
proportional pricing for more superconducting material. 
Then, the actual cost should be somewhere between these 
two results.

4.2. Cost Comparison Results
The plot of relative Nb3Sn CICC cost based on the 

Nsc∙Ic/(Iop/Ic) and Nsc/(Iop/Ic) values for the 62 W&R Nb3Sn 
CICC samples from [22] and the EU-DEMO R&W CICC 
samples is presented in Fig. 9. The value based on each 
formula is plotted relative to each respective maximum, 
and the two values for each sample are linked such that 
the links act as uncertainty ranges. CICC samples No. 1 to 
40 correspond to circular cross section cable CICC with 
the remaining samples having rectangular cross section. 
Samples No. 65 to 70 correspond to the R&W samples. 
The largest cost is for samples No. 43 and 44 which are 
the DEMO TF WR1 CICC samples [2-3, 11-13]. Their 
high cost is attributed to 1080 Nb3Sn cable strands 
simultaneously with a low Iop/Ic value of 0.17. The lowest 
costing samples are a set of rectangular cable cross 
section CICC samples all with only 48 Nb3Sn strands and 
a Iop/Ic value of 0.60.

It is noted that the cost range of the EU-DEMO R&W 
CICC samples are located near yet more below the 
average value in the plot of Fig. 9. Among the rectangular 
cable cross section CICCs, the EU-DEMO R&W samples 
show about average relative cost. Between the R&W 
samples, the RW2 samples are seen to cost lower than the 
RW1 samples due to the fewer number of Nb3Sn strands 
and a higher Iop/Ic value.

Regarding the W&R CICC samples, the largest cost 
uncertainty range or spread among the CICC samples is 
seen of samples No. 1, 36, 39 and 40. The common 
element between these samples is that they are made up 
of a large number of Nb3Sn strands with lower than 
average Ic. It is also noted that when proportional costing 
with strand Ic is taken into account, the relative cost 
decreases for all circular cross section and a minority of 
the rectangular cross section cable CICCs. Specifically, 
the cost increases for all but one of the CICC samples 
from No. 51 onward. The average also decreases, 
showing a tightening of the spread in values. As can be 
expected, the CICCs that increase in cost incorporate 
strands with the largest Ic values, and this also applies to 
the EU-DEMO R&W CICCs whose Nb3Sn strands have 
the largest Ic of all CICCs. Interestingly, the average 
relative cost of these CICC samples is lower than the 
average of all CICC samples. This suggests that Ic 
increases in Nb3Sn strands have led to less costly CICC 
designs.

The ultimate performance test of a Nb3Sn CICC is to 
measure its Tcs performance under its operating conditions. 
Higher Tcs values can be attained by over designing the 
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Fig. 9. Plot of relative CICC sample cost, based on amount 
of Nb3Sn strand used for the 62 W&R Nb3Sn CICC 
samples of [22] along with the EU-DEMO R&W Nb3Sn 
CICC samples. The range of values with maximum and 
minimum for each sample is determined on whether 
strand cost is assumed to be proportional to strand Ic or 
whether the rate is assumed to be flat.

CICC at the cost of more material, up to the limit specified 
by the intrinsic properties of Nb3Sn. To account for this 
performance cost in the relative comparison of CICC 
designs, the CICC sample cost data of Fig. 9 is divided by 
their respective Tcs values, resulting in CICC cost per 
degree Kelvin achieved. The results of these Tcs normalized 
costs are presented in Fig. 10, where the final Tcs values 
after EM loading have been used for normalization.

In comparison to Fig. 9, it is seen in Fig. 10 that the 
data points are more evenly spread relative to the minimum 
and maximum values, the maximum value still being that 
of a DEMO TF WR1 CICC sample. Naturally, there is a 
slight increase in the average by about 0.06. This is mostly 
due to all but one of the ITER TF CICC type samples 
from No. 21 to 40 having larger relative cost values than 
in the Fig. 9 plot. In the case of the R&W samples, all but 
one has moved down in relative value, though the 
changes are small, and the RW2 samples remain the lower 
costing CICCs of the group. The same phenomenon 
between flat costing and proportional costing with strand 
Ic, from the Fig. 9 plot, is also seen in the Fig. 10 plot. 
Regarding the spread in the relative Tcs normalized costs, 
a few are seen to increase significantly with increases 
seen of most samples from No. 21 to 40. The spread of 
the other samples are at about the same level as in Fig. 9.

Regarding the EU-DEMO R&W RW2 HP and RW2 FP 
CICC samples, they incorporate the same cable as RW2, 
so their data points would overlap in Fig. 9. On the other 
hand, the final Tcs values of RW2 HP and RW2 FP are 
higher than those of the RW2 samples. This would then 
place them just below the RW2 samples in the Fig. 10 
plot, making them the lowest cost per degree Kelvin 
performance CICCs among the R&W CICC samples.

Finally, the main purpose of these Nb3Sn CICCs is to 
produce magnet coils where the peak fields produced 
correspond to, with some exceptions, the external field 
during testing, the exceptions being when the external field 
would not reach the expected peak field. It then follows 
that consideration for performance when estimating cost 
should also take into account the field produced. This may 
be accomplished by dividing the Fig. 9 data, Nsc∙Ic/(Iop/Ic) 

Fig. 10. Plot of relative CICC sample cost, based on 
amount of Nb3Sn strand used and normalized for Tcs 
performance for the 62 W&R Nb3Sn CICC samples of [22] 
along with the EU-DEMO R&W Nb3Sn CICC samples. 
The range of values with maximum and minimum for 
each sample is determined on whether strand cost is 
assumed to be proportional to strand Ic or whether the rate 
is assumed to be flat.

and Nsc/(Iop/Ic) values, by the respective external field 
values. This has been performed and the results examined. 
The resulting plot shows a data point distribution that 
looks similar to the one in Fig. 9, just slightly expanded 
for the data points below the maximum but with the 
R&W sample data points at the same values. Thus, the 
observations are similar to those for Fig. 9 but with the 
relative cost values of the R&W CICCs slightly more 
lower with respect to the average.

5. CONCLUSIONS

The RW1 and RW2 R&W Nb3Sn CICC samples 
proposed by the SPC group for the EU-DEMO TF coil 
have been reviewed and compared to previously 
manufactured and tested W&R Nb3Sn CICC samples 
from the past two decades. The R&W samples have been 
constructed with some of the best Nb3Sn strand in terms 
of strand Ic and the largest rectangular cable cross section 
aspect ratios of any Nb3Sn CICC. They show good Tcs 
performance, especially at their respective Iop/Ic ratios, 
which is fairly stable with repeated EM loading compared 
to some other Nb3Sn CICC designs. In conjunction with 
aspect ratio, the R&W samples show some of the smallest 
CICC Vf values seen in Nb3Sn CICCs. However, there is 
the possibility that some samples may have damaged 
cable strands which lead to performance degradation with 
repeated EM loading. Destructive examination of the 
samples is suggested to verify the conditions of the 
strands, the effectiveness of the manufacturing processes 
and the appropriateness of the analytical means used to 
draw conclusions.

In terms of material cost, the EU-DEMO R&W CICCs 
efficiently make use of the total number of Nb3Sn strands 
used, but they rely on advanced strands which bring their 
costs on par with a significant portion of the W&R CICCs. 
Of course, the reason for the higher efficient use of Nb3Sn 
strands in the R&W CICCs is by nature that the strain on 
the strands within the CICC is less, which raises strand Ic 
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allowing the accommodation of higher Iop values for the 
same Iop/Ic ratios that are in situ effectively smaller 
compared to W&R CICCs.

There is no doubt that the EU-DEMO TF coil R&W 
CICCs have better than average performance at about the 
same or lower cost compared to W&R CICCs. Their 
advantages, however, are not exceptional with their 
performance definitely influenced by the strand properties.  
All the while, better performing or cheaper W&R CICC 
designs are available. Furthermore, there is hint of some 
R&W CICCs being damaged likely during the 
manufacturing process despite requiring care in their 
handling, which would be a major disadvantage for their 
adoption into very large scale coils, the EU-DEMO 
magnets being an example. Given these considerations, 
unless a large aspect ratio CICC, one with a ratio greater 
than 3 is required, the practical advantages of the EU-
DEMO R&W CICC designs seem marginal.
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