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Abstract

The Cable-In-Conduit-Conductor (CICC) for the ITER tokamak Central Solenoid (CS) has undergone design change since the
first prototype conductor sample was tested in 2010. After tests showed that the performance of initial conductor samples degraded
rapidly without stabilization, an alternate design with shorter sub-cable twist pitches was tested and discovered to satisfy
performance requirements, namely that the minimum current sharing temperature (T.s) remained above a given limit under DC bias.
With consistent successful performance of ITER CS conductor CICC samples using the alternate design, an attempt is made here to
revisit the internal electromagnetic properties of the CICC cable design to identify any correlation with conductor performance.
Results of this study suggest that there may be a simple link between the Nbs;Sn CICC internal self-field and its T, performance.
The study also suggests that an optimization process should exist that can further improve the performance of Nb;Sn based CICC.

Keywords: fusion magnet, superconducting cable, cable-in-conduit conductor, CICC, cable layout, niobium-tin

1. BACKGROUND

The ITER tokamak jointly being constructed in southern
France by 35 countries will be the largest fusion machine
ever built to date. ITER will be a fully superconducting
tokamak incorporating NbsSn, NbTi and some HTS
superconductor technology for its huge magnets and
current leads [1].

As a first of a kind machine at industrial scale, many
technological innovations have been incorporated in the
construction of ITER in order to overcome technical
challenges. One of the most widely reported technical
challenges has been the problem with the central solenoid
(CS) which is a cylindrically shaped superconducting
magnet made up of multiple modules that are stacked up
vertically to a total height over 13 m and weighing more
than 950 tons [2, 3]. The main problem with the magnet
was that the NbsSn based Cable-In-Conduit Conductor
(CICC) that makes up each module was not performing to
requirements during early tests. Specifically, CICC
samples subjected to high background field were showing
lower and lower current sharing temperature (T.s) without
stabilization, with repeated electromagnetic (EM) loading
from current cycling [4-7]. The minimum T was set at
5.2 K and this requirement was being breached, sometimes
after several thousand current cycles, with the original
CICC design.

The testing which was performed at the SULTAN
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facility of the Swiss Plasma Center, located within the Paul
Scherrer Institute in Villigen, Switzerland verifies
conductor performance under simulated operating
conditions within the ITER tokamak [8-10]. The ITER CS
CICC which has to operate in magnetic fields up to
12.34 T is expected to be energized 60,000 times over the
ITER tokamak lifetime. So, it can be expected that a CS
module will eventually fail from CICC performance
degradation well before the end of the tokamak working
life, requiring costly and time consuming repairs.

The initial design which had not been optimized was
adopted after results of simulations and limited testing
suggested better overall performance, especially better
transverse load support and adequate AC coupling loss,
over shorter twist pitch cabling [11, 12]. Premature failure
of the design, however, prompted further investigation into
improving performance with modified CICC designs. The
ITER International Organisation (10) which is responsible
for the design of ITER led a study that uncovered a
solution to the problem in the form of a design change to
the CICC cable, which brought about a return to shorter
sub-cable twist pitches [6, 7, 12, 13]. Additional
investigation with different CICC samples confirmed the
improved performance from the changed design [6],
[13-16]. The new design, referred to as short twist pitch
(STP), has since been adopted as the new baseline for
ITER CS conductor [17].

2. INTRODUCTION TO ITER CS CONDUCTOR
DESIGN AND PERFORMANCE

The cable for the ITER CS CICC is of a complicated
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Fig. 1. Cable layout of the ITER CS cable. Light dots
represent NbsSn strand whereas dark dots represent Cu
strand. A cooling channel exists in the center.

five stage design, as shown in Fig. 1, consisting of 576
NbsSn and 288 Cu strands. Each stage sub-cable has its
own twist pitch given in Table I [18, 19]. Dramatic
improvement in T, performance is obtained when the
CICC cable design is changed from original to STP design
[6, 7, 12-16]. This improvement is regardless of strand
design. In other words, it is observed in both Internal-Tin
and Bronze type Nb;Sn strand, in strand that is of slightly
thicker or thinner diameter, with strand of different
average critical current (l.), etc. Minor variations in cable
parameters have been allowed where they do not seem to
affect performance.

The results of the investigation by 10 and the subsequent
tests on ITER CS CICC samples with STP cable, which are
reproduced in Fig. 2, indicate different fundamental
behavior between STP and original design cable with EM
loading [6]. This strongly suggests that the improvement in
conductor performance is not sensitive to minor variation
in a cable parameter but an indication of a significant
change, kin to a phase transition. The consistent and robust
behavior of STP cable CICC, despite the randomness and
variation in the construction of each test sample does not
suggest otherwise.

The clear characteristics seen in Fig. 2 are the initial
improvement followed by stabilization in T, by CICC
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samples with STP cable and the gradual T.s degradation by
samples with original design cable. The degradation of
original design cable has been attributed to many factors:
strand breakage, filament fractures within strand, buckling
and associated deformation of cable, etc. [4-7, 11-16,
20-28]. In particular, sensitivity of the superconducting
properties of NbsSn to strain has been well studied and
credited to contribute to performance degradation; the
inter-strand contact forces within a cable cause strain with
EM loading. Of the identified causes, only strain
sensitivity is reversible, and strain relaxation causing an
increase in T does seem to occur with thermal cycling
(WUCD) even in some non-STP CICC samples.

Relaxation in the intrinsic strain of a NbsSn strand
sample is currently the only identified mechanism that
improves strand |, and improvement of I. leads to
improvement of T [6, 7, 13, 16, 27]. It follows then that
the initial improvement in T seen in STP cable CICC is
due to the intrinsic strain in the strands being relaxed,
initiated by the internal EM forces within the cable. Other
factors do contribute. Though not yet quantified, as anyone
involved with the production or examination of STP cable
can testify, STP cable starting from the very first stage
sub-cable is very rigid [13, 16, 29]. Furthermore, there
being more material per unit length of conductor due to the
shorter twist pitch, the void fraction of STP CICC cable
can be expected to be slightly smaller than cable of original
design. The combination of these two factors results in
CICC cable that is more resistant to deformation. And,
sustained  performance has been reported in
superconducting cable that does not deform under EM
loading [30]. However, this does not explain the initial T
improvement observed in STP cable CICC.

The initial increase in T could be explained as a
recovery from the intrinsic strain in NbsSn strand due to
thermal contraction of the strand from 650 °C when Nb;Sn
is formed during heat treatment to the cryogenic
temperatures for superconductivity. Thus, there is a
reduction in the maximum strand |., which can be
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Fig. 2. Plot of the change in T with respect to the initia

| Ts with EM loading for various ITER CS CICC samples

identified in the legend. All samples with increasing T, have STP design cable, and samples with decreasing T have
original (baseline or Bas) design or long twist pitch (LTP) cable. (Plot courtesy of the ITER International Organisation.)
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recovered with reverse strain. In order to identify a
possible mechanism that gives rise to this reverse strain,
correlation between T performance and the internal
self-field of CICC cable under DC bias, as was the case
during testing in SULTAN, was investigated. The differing
cabling layouts of the different CICC samples give rise to
different internal self-field which in turn should produce
different internal EM forces within the cable.

3.SIMPLE MODEL OF CICC CABLEANDITS
MAGNETOSTATIC FIELD

3.1. Basic Principles and First Stage Sub-cable Model

The determination of the internal EM fields inside CICC
is very complicated and can involve complex functions or
sophisticated numerical tools, even for simplified models
of multi-strand multi-stage cable [31-34]. This can be
further complicated when attempting to determine the
stresses and strain taking into account inter-strand
interaction [23, 35-37]. Rather than relying on exact
analytical methods or numerical tools, use of the following
simple cable model, originally introduced in [38], is used
for estimating the field magnitudes. As an example, the
simplified model of the internal magnetostatic self-field is
described for the ITER CS CICC cable.

First, there are three strands in the first stage sub-cable,
each shaped in a helix. With simplification, the sub-cable
is modelled as a uniform cable whose current can be
decomposed into a circular transverse current around the
center of the sub-cable and a longitudinal current along the
sub-cable length. See Fig. 3(a). The circular current is then
further simplified and modelled as a thin solenoid with
uniform magnetic field inside. There is no physical
justification for this last step except to say that the field
characteristics are similar to zeroth order.

The longitudinal current of the first stage sub-cable can
be described as the current in the two superconducting
strands multiplied by a correction factor. This is in line
with the vast majority of the current flowing in the NbsSn
strands and only a little in the Cu strand when in the
superconducting state. The nonuniformity in the current is
random among all first stage sub-cables. So, the current is
taken to be uniform over the cable cross section.

(a) 1\ L

Ny
" & @ C

Fig. 3. Simplification of the ITER CS cable. (a) First stage
sub-cable is modelled as a uniform longitudinal current
over the volume and a uniform circular current over the
surface. (b) Simplification of the second stage sub-cable
model from three first stage sub-cable models.

To determine the appropriate circular current of the
solenoid, we begin with the trajectory of a strand along the
z-direction described by the following vector components.

x =1, cos(2nz/y), y =1, sin(2nz/2,), z (1)

where 7y is the radius of the helix, ideally 2/+/3 times the
strand radius for close packing. 4, is the twist pitch of the
first stage sub-cable. Note that in a length of sub-cable
corresponding to 4,, there are two current carrying strands
that complete a full cycle. This ignores the contribution of
the Cu strand which only carries small current. Then for a
unit length Az of first stage sub-cable, there are

turns of circular current where N;=2. From (1) and (2), the
circular transverse current j; per unit length Az in the first
stage sub-cable is given by

Jj1/Bz = (jeN1 /A1) - 2rry /A) [\ Rrry /24)% + 1 3)
where j; is the current in a single strand.

3.2. Second and Subsequent Stage Sub-cable

The second stage sub-cable is the combination of three
first stage sub-cables. As seen in Fig. 3(b), there is partial
cancellation between the circular transverse currents on the
inside of the sub-cable. So, the resulting transverse current
of the second stage sub-cable is approximated by a thin
solenoidal current, similarly as was done for the first stage
sub-cable. The radius of the resulting second stage
sub-cable solenoid is approximately 4/3 + 2/+/3 or about
2.5 times the radius of a strand taking into account the
outer rim of the thin solenoid and a closely packed
triangular configuration.

To this, the twist pitch of the second stage sub-cable
adds an additional circular transverse current. In ITER CS
conductor, all of the cables and sub-cables have a
right-handed twist pitch, so the circular currents are
additive. Therefore, ignoring corrections for angular
rotation of the axes of the first stage sub-cables, the total
circular transverse current j, per unit length Az in a second
stage sub-cable is given by

. . Ny 27Ty /Ay . Ny 2mry /A
J2/Az = Js 5~ Az J(@rra/25)%+1 Ny +Js 1 J@rr /2% +1 (4)

where N,=3. The contribution from the second stage
sub-cable twist pitch takes into account that there are N;-Ng
strands for each first stage sub-cable, with Ny=1 being the
multiplying factor of the second term on the
right-hand-side in (4).

By induction, the total circular transverse current j per
unit length Az for the whole cable is

5
] = P Ni_ 2mri/Ai -t
]/AZ = Zi:1]s py anzg Nm (5)
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16 Comparisons of internal self-field magnetic flux densities between recent NbsSn fusion magnet CICC cable designs

where r; and 4; are respectively the radius and twist pitch of
the ith stage sub-cable. Values for N; are given in Table IlI,
and the multiplying factors r; /7, where ris the radius of a
cable strand are calculated in Table II. For r;, however,
there should also be multiplying correction factors k; that
adjust the r; values for packing. It is assumed here that
these factors can be ignored for the calculation of a rough
estimate of the zeroth order field. As an indication of the
difference with and without k;, the ratio between the final
target cable radius which is 16.3 mm and rs with k=1 is
approximately 0.914 for ITER CS CICC cable.

3.3. Longitudinal Current in Final Cable

For the longitudinal current, the total current in the final
cable can be described as jg [15,20 N, Which is simply j,
multiplied by the total number of superconducting strands.
A correction factor for the current in the Cu strands should
be included but is ignored for simplification. And as
mentioned earlier, uniformity of the current over the whole
circular cable cross section is also assumed.

3.4. Resulting Internal Self-field of Cable

The final simplified model of the magnetostatic
self-field inside ITER CS cable is an azimuthal field Bg,
around the central axis of the cable in combination with a
longitudinal field B, along the length of the cable. The
magnitude of By estimated using Ampere’s law with a
straight infinite conductor is proportional to the distance
from the central axis and has a maximum value of

B(ID max — 576ﬂ0j5/27TT'5 (6)

at the rim. The longitudinal field B, is uniform inside the
cable and has a magnitude given by u,j/Az also for a
straight infinite conductor.

Using the parameter values in Tables I, Il and IlI, By,
and B can be calculated, and the results are included in
Table I11. In addition, the individual terms that went into
the calculation of j/Az for B, are also tabulated. It can be
seen that the contribution to By increases with higher stage
terms and that the largest term from the final stage is
dominant.

In order to make proper comparisons between different
cable designs, the ratio B, /Bg max is used, which allows
comparison independent of the total current through the
cable. Besides the ITER CS CICC cable, calculations of
B, /Bs max ave been performed for cable in other Nb;Sn
CICC including the ITER TF conductor and other CICCs
tested and reported in the recent past [39-42]. The cable
characteristics and calculations for each cable design are

given in descending order of B) /By max in Tables I and 111

3.5. Discussion on Validity of the Model

Besides the assumptions and simplifications already
mentioned in the cable model for the ITER CS CICC, it
was also assumed, for analysis described later, that the
characteristic length scale for individual strand or
sub-cable is short compared to the next stage sub-cable and
final cable, i.e. 4; << 1;,1. However, this is not fully the
case, as the average twist pitch ratio (8;) given by

1 N. —11;
D ©)

R ra—
where Ny is the number of sub-cable stages in the cable,
is only between 1.2 and 2.3 for the CICCs in Table I.

The cable is also assumed to be cylindrical. Other
shapes will introduce nonuniformity in the field. However,
such nonuniformity seems to result in better T
performance as seen in square and rectangular CICCs [42,
43]. The analysis of the cable layouts then still provides
relevant information for cable comparisons.

On the other hand, there is nonuniformity of field in
CICC cable stemming from the current distribution across
the face of the cable, which can degrade performance. The
Cu strands in the cable have already been determined to
have an effect [6, 7, 35]. But, current distribution inside
CICC does not seem to be easily controlled and can be
affected by external factors making it difficult to predict as
well.

In terms of temporal assumptions, the model has been
developed to explain the results of the ITER CICC
performance tests with pseudo direct current [10]. Though
AC performance of the CICC using the cable model could
be inferred, such as that ITER CS CICC with STP cable
would have larger AC losses than original design cable,
comparisons or detailed studies of AC test results have yet
to be performed with the model. The results of such studies
could be compared with investigations that have already
taken place with more sophisticated cable models which
predict coupling losses that are dependent on g, [24, 44].

Finally, inreal ITER TF and CS layout CICCs, there is a
central cooling spiral in the middle of the cable as seen in
Fig. 1. This cooling channel or hole would predict a larger
B, in the cable. However, this has been ignored for
simplicity, and considerations for these factors are left to a
more sophisticated study. As such, any conclusions in this
paper should only be regarded as indicative.

4. COMMENTSON THE CALCULATIONSON
CICC CABLE LAYOUTS

4.1. Comparisons between ITER CS CICC Cable Designs

There were six ITER CS layout type CICC cables for
which calculations were performed. The resulting
calculations for B, showed an increase of around 60%,
going from the smallest to the largest By. Interestingly,
among the CICC cables with ITER CS layout, the largest
B, was in “CSIO2 right” which had the longest 4, and 4,
but the smallest ;. The short 1, and 15 were the cause for
the large B, /Bs max- FUrthermore, despite predictions that
as f,—1, better performance should be observed, “CSIO2
right” showed degradation in T [12, 24].

4.2. Calculations for ITER TF Type Conductor Cable
Unlike in the ITER CS layout, there is a Cu core in the
fourth stage sub-cable which complicated the calculation
of r,/r, in the ITER TF layout. Using the dimensions of
the third stage sub-cable, the size of the opening in the
middle of a fourth stage sub-cable packed in the form of a
pentagon was calculated and was determined to be smaller
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than the size of the Cu core, though not by much. So, r, /7,
was determined using the configuration of a circle of
radius rs, which represents a third stage sub-cable, that
touches a circle of radius (1 + v2)(1 + 2/v3)r; which
represents a Cu core.

It is also noted that the size of the opening formed in the
fifth stage final cable is large enough for a 10 mm diameter
cooling spiral to fit inside. Regardless, this did not affect
the expression for r5/r; due to simplification, as
mentioned earlier.

Additionally, in some ITER TF layout CICC samples,
the Cu strand had a slightly different diameter than the
NbsSn strand. This difference was also ignored for
simplicity.

4.3. Calculations on Square and Rectangular CICC Cable

The MF SCH layout and the PITSAM layout had an
even more complex complication than the ITER TF layout.
Not all first stage sub-cables in the second stage were
identical. Specifically, some first stage sub-cable had only
one Nb;Sn strand while others had two.

In order to reflect this in the calculation for By, the first
stage sub-cable was calculated as having only one Nb;Sn
strand, but then during the calculation for the second stage
sub-cable, the additional contribution of the remaining
NbsSn strands to the second stage sub-cable twist pitch
was added. This correction omits the contribution of the
additional NbsSn strands to the first stage sub-cable twist
pitch. Fortunately, these contributions should be on the
order of the contribution of the first stage sub-cable with
one NbsSn strand, which are small compared to the total.
Thus, the deviation is small and should be acceptable for a
rough estimate of B.

The values of B;/Bg max Of the PITSAM layout CICC
cables are a factor of 2 or more lower than the cable with
the next highest B /Bg max, forming a group of their own.
Recalling that square or rectangular CICC cable show
better T performance than circular cable, the gap in
B, /Ba max With other cables may not be that significant
[43]. Nevertheless, all PITSAM layout CICCs studied here
showed degradation in T, [39, 42].

5. DISCUSSION OF THE RESULTS

5.1. Trends and Correlation with T Performance

The initial rise in Ts with cyclic EM loading seen during
testing at SULTAN was only consistently observed with
CICCs that used the ITER CS layout with STP cabling.
These CICCs correspond to CICC samples “ITER CS STP”
and “CSIO2 left” which have values of B/Bg max around
0.11. Other CICC samples with B;/Bg max = 0.11 also
showed superior performance over other samples. These
include “TFPRO2 OST2”, “MF HFML STP” and “MF
HFML LTP”, the latter two being rectangular CICCs.

Whether there is an initial increase in Ty is a little
unclear for “MF HFML STP” and “MF HFML LTP”, but
stability was good up to 2000 EM cycles after which “MF
HFML LTP” definitely showed degradation [41]. It may
be the case that if circular cables were used, tests would

have shown inferior performance, for at least “MF HFML
LTP”.

In the case of “TFPRO2 OST2”, no significant initial T
increase was observed. However, “TFPRO2 OST2” is also
characterized by a comparatively very small void fraction
of 27.7%, only higher than “MF HFML STP” and “MF
HFML LTP” [40]. The small void fraction may have
prevented increases in T, While the cabling that resulted in
B, /Ba max = 0.11 may have prevented degradation.

These results suggest that the internal magnetostatic
self-field of Nb;Sn CICC are interacting with the cable in
such a way that as B increases with respect t0 Bg,, Tes
performance improves, until after some peak further
increases in By with respect to B, become detrimental.

5.2. Possible Link with Strand Strain Relaxation

Efforts have been made to link the increase in By due to
STP cabling with increases in cable strand tension or hoop
stress. For the most part, B; only interacts with the circular
transverse current and By only with the longitudinal
current. The direction of the forces on the circular
transverse currents is radial, with the circular currents
pushing the CICC cable and sub-cables outwards. This can
be regarded as the circular transverse currents attempting
to restore the thermally contracted radii. From Fig. 2 and
the data or information in [6], [20-22], [45] and [46], a
cumulative reverse tensile strain (¢) of only 0.05% in the
NbsSn strands can explain the total Tgincrease in ITER CS
CICC samples with STP cable, which is consistent with a
finding in [16]. Calculation of the strand stress (o) were
attempted and using the relation
e=0/E (8)
where E is the modulus of elasticity of the Nb;Sn strands,
the strain can be estimated and matched to prediction.

The values of E for ITER relevant NbsSn strand are
reported to be on the order of 10** Pa for the axial modulus
and on the order of 10° Pa for the transverse modulus at
4 K [11, 21-25, 47-52]. Using these values, however,
calculations show that direct axial strain in the NbsSn
strands from axial stress is too small. Estimates on the
relaxation of bending strain also arrive at the same result.

On the other hand, a possible mechanism that could
explain the strain relaxation is the behavior of transverse E
for small values of o. It has been observed that for ITER
relevant NbsSn strand, the value of transverse E is initially
at most on the order of 10® Pa for small contact loads [11,
22, 52]. Thus, with radially outward forces acting on the
strands, the strands shall initially thin out with expansion
in the transverse direction, and the thinning will partly
result in additional axial elongation due to the Poisson
Effect with a Poisson’s ratio of around 0.3 for NbsSn [53].
To make the values consistent, initial inter-strand contact
stress on the order of 10° Pa is needed, and estimation of
this value in ITER CS STP cable is still on going.

As transverse ¢ increases, transverse E increases
dramatically by a factor of 10 or more to 10° Pa at around
1%-5% strain. This along with the rigidity of the cable and
surrounding boundary inhibits further large increases in ¢
and consequently, the I of the NbsSn strands. It is also the
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case that with large transverse ¢, the superconducting
filaments in the strands will start to fracture leading to I
and T degradation [6, 20, 21, 25-27, 39, 49-52].

5.3. Absence of a Definitive Explanation on T Behavior

Considering the effect of By, on CICC cable, the forces
on the longitudinal current push the cable strands and
sub-cables inwards toward the cable axis. An estimate of
the forces involved can be easily calculated given the
values of By . Which are between 0.54 T and 0.65 T for
the CICCs samples in Table IlI. It should be noted that
these values are larger than the estimates of B by about an
order of magnitude.

For ITER CS STP cable, the nominal current through
the cable is 49 kA. From this, the accumulated inward
force per unit length of cable due to By, is calculated to be
about 18 kN/m. Furthermore, performance testing on
ITER conductor samples at SULTAN is performed with a
background field of nearly 11 T. For ITER CS CICC, the
cable experiences a transverse force per length of cable
greater than 530 kN/m which translates to about 15.8 MPa
of pressure. This pressure was strong enough to deform CS
cable samples during testing, contributing to T
degradation in original design CICC [4-6].

The combination of the above considerations suggests
that a full and proper explanation of T behavior in ITER
CS STP CICC must take into consideration other factors
besides the internal self-field, such as the cable rigidity.
Therefore, a more detailed cable model or modifications of
existing cable numerical models will be required to fully
explain and predict T performance. These models should
reproduce the internal self-field and present the
mechanism that balances the internal forces of the CICC
cable.

6. OTHER IDENTIFIED FACTORSIN CICC
PERFORMANCE

The major factors that influence T performance in
CICC have already been mentioned. Nevertheless, there
are other factors that have also been identified as
contributing to conductor performance. For example, the
role of the CICC jacket and the jacketing process in
affecting conductor T and in turn, strand I, has been
studied [4-6, 9-11, 13-16, 24-28, 48, 51, 54]. These studies
have mostly concentrated on the axial compression of
NbsSn cable from the larger thermal contraction of the
jacket material compared to the strand. The results of the
studies to date, however, are somewhat inconclusive on
whether conductor T is affected in any significant way.

On the other hand, the CICC jacket does act as a limiting
barrier constricting movement of the cable and
compressing the cable and strands even during the
manufacturing process. This is clear from destructive
examination of CICC samples [4-6, 20]. The jacket and
central cooling spiral act as the most outer and inner layer
barriers and boundary to the cable with compression of the
strands from the rigid jacket or cooling spiral having
detrimental effects. If too much pressure is applied during
cabling or jacket compaction, the superconducting

filaments of the strands will become damaged reducing the
maximum cable | [6, 14, 15, 46].

7. CONCLUSION

In this paper, estimates of the internal magnetostatic
self-field are provided for various NbsSn CICCs that were
tested and reported on in the recent past, including the
ITER TF and CS conductors. Additionally, the simple
CICC cable model and the technique used in the
estimations are explained. The results suggest that there is
interaction between the self-field and cable such that the
longitudinal component and the azimuthal component of
the fields counter act each other and that there exists an
optimal combination of the field components resulting
from the choice of cable layout that maximizes or at least
stabilizes T performance.
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