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Abstract—CEA has been studying the advantages of a conductor
based on an assembly of CORC cables in the high field zone of
a hybrid Central Solenoid (CS) magnet for EU-DEMO. To this
end, the detailed study of geometrical and electrical parameters
of a CORC structure are studied in order to evaluate the cable’s
electrical performance as well as to determine a number of im-
portant parameters (crossing points, contact surface etc …) as
function of the cable structure. The paper first presents these
geometrical and performance analyses. It will then try to introduce
smeared models in order to reduce the cable’s performance to 1D
tape scaling law using effective parameters. That reduction is of
importance for use in thermohydraulic models. Finally, the paper
will present the case study of a particular CORC conductor that
is being procured and is foreseen to be tested in SULTAN in 2025.
The paper will try to give some predictive estimate of the cable
performance and identify some of the unknowns related to current
redistribution and joint resistance.

Index Terms—Superconductors, HTS, CORC.

I. INTRODUCTION

IN THE framework of the Eurofusion WPMAG activities,
CEA has started working on the design of a hybrid CS

magnet [1], with inner turns based on conductors using CORC
sub-cables.

II. CORC STRUCTURE

A. Layers Geometrical Description

In order to describe a CORC structure, we can define a reduced
set of parameters. Each layer, of index i, is fully described by
2 parameters related to the tape : [ThLi, WLi], respectively the
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Fig. 1. Illustration of crossing layers (i and j) parameters.

thickness and width of the tapes in this layer, and 3 parameters
related to the layer: [RLi, LpLi, NtLi], respectively the inner
radius of this layer, the twist pitch of the tapes and the number
of tapes in this layer. From these, we can define easily the twist
angle: αLi = atan(2πRLi/LpLi), as well as the width of the tape
in a transverse cross-section WLi’ = WLi/cos(αLi). The gap
between tapes is also given by:

eLi = 2π RLi cos

(
atan

(
2πRLi

LpLi

))
/NtLi −WLi (1)

Now the inter-tape gap is an important parameter for this
type of cable mechanical stability, and it might even be more
important to specify the gap eLi and deduce the twist pitch
inversing (1):

LpLi = ± 2πRLi(eLi +WLi)NtLi√
(2πRLi)2 − (eLi +WLi)2Nt2Li

(2)

The +/− sign in (2) defines the layer cabling direction (clock-
wise or anti-clockwise). It is thus possible to define a matrix
describing the CORC structure, as illustrated in Fig. 1, where
each line is a layer, and columns contain the parameters [ThLi,
WLi, RLi, eLi, NtLi].

B. Geometrical Features

Some additional geometrical features can be of interest, es-
pecially if one foresees to model the contact between tapes of
adjacent layers (for electrical, hydraulic or mechanical simula-
tion). If one was to take successive layers (i,j), the contact length
and surface area at the crossing of two tapes is given by (3) and
(4):

Lctc
ij =

(WLj ′ +WLi′)

2π

(
LpLj.LpLi

LpLi.RLj + LpLj.RLi

)
(3)
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Sctc
ij =

WLjWLi

sin
(
π
2 − (αLi + αLj)

) (4)

In preparation for a potential electrical model, it can be
important to know the longitudinal position of the contact points
between tapes in adjacent layers. For this we can define the
parametric equation of tape ki (centerline) in layer i, where z is
the longitudinal coordinate, and θ0i is the phase angle of this
particular layer :

θki = θ0i +

(
2π

NtLi

)
ki ∓

2πz

LpLi
(ki = 0 to NtLi − 1) (5)

The +/- sign deals with layers with clockwise or anti-
clockwise twisting. For tapes (ki,kj), (6) gives the tapes cen-
terline crossing point z-coordinates, where γ is an integer and
ki and kj range from 0 to (NtL-1):

zki
kj =

LpLj .LpLi

(LpLj + LpLi)

×
((

θLayj
0 − θLayi

0

)
/2π + (kj/NtLj − ki/NtLi) + γ

)

(6)

III. SCALING LAW AND LIMITING CASES

A. Scaling Law and Lift Factors

In order to start looking at a cable expected performance, a
critical current scaling law describing the full JC(B,T,ϕ) critical
surface, including the angular dependence, was needed. After a
review of existing scaling laws, we chose the formula proposed
by CERN in 2014 [1], with the following general expression:

JC (B,T ,θ)

= JC,c (B, T ) +
JC,ab (B, T )− JC,c (B, T )

1 +
(

θ−π/2
g(B,T )

)ν
A

m2
(7)

The parameters, as defined in [2], were for a Fujikura tape of
10 mm width. The cable ordered to Advanced Conductor Tech-
nology (ACT) will use Shanghai Superconducting Technology
(SST) tapes, and thus the scaling law needed to be adapted. Based
on experimental values and lift factors (ratio of operating IC to
77 K IC at self-field = SF) provided by SST, we fitted a reduced
set of points (see Fig. 2) and got the following scaling parameters
(see Table I) with an overall good fit agreement (below 10%
error). We should mention that we had a range of expected 77 K
properties (and thus lift factors) and we considered only the most
conservative value (156 A@77 K, SF).

B. Single Tape Twist, Critical Current and Effective Angle

For a single tape twisted on a cylindrical core (defined by
[ThLi, WLi, RLi, eLi, NtLi]), the angular width seen by the
tape in a cross-section is easily found: ∆θLi = W’Li/RLi. If
one considers the tape equipotential in the cross-section (free
current distribution), the local tape critical current at longitudinal
position z can be found by the (8), permitting to define a local

Fig. 2. Illustration of the experimental points and fit at 4.2 K and 20 K.

TABLE I
SST TAPE CONSIDERED: SCALING LAW PARAMETERS

effective angle θeff(z):

Itape
c (z) =

RLi cos (αLi)

WLi
×
∫ θ0+∆θ

2

θ0−∆θ
2

Ic (B, T, θ) dθ

= Ic (B, T, θeff (z)) (8)

And then, if one wants to compute the overall tape critical
current over a given length L, (9) can be applied, which can also
be used to define an overall effective angle parameter θeff:

Itape
c =

(
L/

∫ L

0

(
1

ItapeC (z)

)n

dz

) 1
n

= Ic (B, T, θeff )

(9)
The definition of such effective parameters is important for

1D simplification of tape properties, either for thermohydraulic
or electrical models.

C. Cable Limiting Cases

Such models can also be defined for the cable provided
some current distribution hypotheses are defined. In particular,
one can define the Low-Resistivity-Limit (LRL) where each
cross-section is equipotential, and we define local and overall
equivalent cable IC as in (10):

IcableC LRL =

(
L/

∫ L

0

(
1

IcableC (z)

)n

dz

) 1
n

,

IcableC (z) =
∑

k

ItapeC k (z) (10)
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Fig. 3. Illustration of the 20 kA@(18 T,20 K) CORC procured and studied.

While the High-Resistivity-Limit (HRL) is defined in (11),
where each tape is insulated from its neighbors:

IcableC HRL =
∑

k

ItapeC k , ItapeC k =

(
L/

∫ L

0

(
1

ItapeC k (z)

)n

dz

) 1
n

(11)
These two cases are sometimes defined as limiting cases,

going from HRL to LRL by decreasing inter-tape resistances.
Nevertheless, it should be said that if a current is imposed at
boundary conditions (joints for example) the resulting cable
critical current can be lower than HRL limit (for example, the
cable IC can be close to the single tape IC if all current is injected
in one specific tape and the inter-tape resistance is high).

IV. CABLE AND CONDUCTOR PERFORMANCE

A. Cable Considered

In the framework of the WPMAG-Eurofusion activities, the
study of a CORC cable as a sub-element of a future LTS-HTS
hybrid Central Solenoid (CS) was launched. The CORC pro-
cured had technical specifications of 20 kA@(18 T,20 K), and
ended being structured with 34 superconducting layers and 120
tapes of 4 mm width, for a total outer diameter of about 10 mm.
The central cylinder is a copper tube as represented in Fig. 3.

B. CS Design Point: Critical Current Evaluation

There are several operating conditions that we would like
to test, but the initial target was to use this CORC as a sub-
element carrying 20 kA in conductor for a hybrid CS generating
18 T background field, at a temperature of 20 K (Top = 5 K
and ∆Tmargin = 15 K). Therefore, we also considered a field
gradient Bgrad of +/- 0.8 T on the width of the cable (which
is the self-field for a 100 kA conductor of 50 mm diameter,
but also conveniently the self-field of a 20 kA conductor of
10 mm diameter). Applying the methods described above, one
can estimate the cable IC in both limiting cases (LRL/HRL).
The baseline computation is made for a 100 mm long cable.
Fig. 4 illustrates this computation, which results in IcLRL/HRL

= [25.9/21.4]kA. The colors in Fig. 4 left plot only represent
the index of the tape considered (blue inner layers, yellow outer
layers).

This figure highlights a few interesting points:
! Tapes IC oscillate between 165 A and 270 A taking into

account field orientation and field gradient.

Fig. 4. Individual tapes (left) and cable (right) critical currents.

! The resulting cable current transport capacity ICcable(z) has
a smeared residual oscillation of about 500 A (2% ) at the
start of the cable, that is decreasing after a few millimeters.

! ICcable
LRL, with perfect current re-distribution, is close to

the average longitudinal current transport.
! ICcable

HRL, with no current re-distribution, foresees a 17%
IC reduction compared to LRL.

C. Other Operating Points (OP) of Interest

We will now define a set of important point of interest in the
operational window of this cable (see Table II), and for each of
these, we will give the IcHRL/LRL range, computed as described
previously.

While OP1 and OP2 are self-explanatory, OP3 looks at what
(maximum) current could be injected in this cable if tested in
SULTAN at minimum supercritical helium (SHe) temperature
(4.5 K). OP4, inversing the IC computation, gives the expected
TCS if the cable is tested at nominal current in SULTAN. Finally
OP5 looks at what should be the injected current in the cable to
reproduce the design IxB load (18 T × 20 kA = 360 kN/m) in
the lower field of SULTAN (10.7 T × 33.64 kA = 360 kN/m).
The expected TCS OP5 is also given. These values will help us
define/refine the SULTAN test program.

V. SENSITIVITY STUDIES

A. Length Effect

The length of the cable studied can affect the overall IC
because the layer system is only periodic after the product of
all layers twist pitches. we also wanted to check if the initial
oscillations of the cable IC(z) would dampen out or repeat
themselves. We did the computation for a 5m length cable, and
we can confirm that the 500 A IC(z) oscillation is present all
along the cable length. Nevertheless, this does not change the
expected IC (neither LRL nor HRL).

B. Defect Introduction

We know that tapes can have local IC dropouts that range from
few percent to potentially 20–30% (or higher). Furthermore,
this type of IC reduction can also be the result of handling
and/or cabling processes. We wanted to know how such local
IC drops would affect expected performances in good (LRL) or
bad (HRL) current redistribution hypotheses.
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TABLE II
OPERATING POINTS OF INTEREST

We thus defined local IC reduction (in REBCO layer) by
introducing the IC retention coefficient αret between 0 (IC =
0) and 1 (no defect), and a spatial length of defect repetition
Ldef to vary the spatial frequency of the introduced dropout.
The hypothesis here is that defects affect a full cross-section of
the tape, and that the spatial period Ldef is along the curvilinear
abscissa of the twisted tape. Finally, in each layer with NtLi
tapes, each tape is affected by the defects distribution, but not in
the same cross-section (shifted of LpLi/NtLi to space them out).
Fig. 5 shows the computation for αret = 0.7and Ldef = 100 mm,
with resulting individual tapes IC map on a 1m long cable (zoom
on 50 mm) as well as the full cable current carrying capacity.
The dropouts are visible, but the cable resulting IC LRL is not
affected, while the ICHRL drops by about 6.5% .

One of the remarks one could make considering those results
is that the CORC structure already has a quite large IC distribu-
tion because of tape twisting, and dropouts will affect sometimes
the low-Ic areas, but also sometimes the high-Ic regions, in
which case they won’t be affecting much the overall cable IC.
A parametric study of IC LRL/IC HRL can be made varying αret

and Ldef, with 2D maps illustrated in Fig. 6 representing the
impact of defect distribution on cable IC. The main conclusion
is that a good current redistribution is able to cope with many
dropouts of significant amplitude while retaining most of its
current carrying capacity.

VI. ELECTRICAL NETWORK MODEL : CARMEN

A. Network Architecture and Matrix Generation

Modelling the current redistribution in a CORC@ necessitates
a resistive network model (see for example [3] or [4]). CARMEN
(for Coupled Algorithm for Resistive Modeling of Electrical
Networks, see [5], [6], [7]) is a code solving Kirchoff’s equations
in resistive networks that include superconducting parts by the
following matrix equation:

[
M.R
Q

]
I =

[
0

Iinj

]
(12)

Where M (tie-set matrix) and Q (cut-set matrix) represent
loops and junctions rule respectively, R is the resistance vector,
I the currents in the branches and Iinj the injected currents.
The electrical CORC structure is modelled using 2 inputs: NtLi
vector representing for each layer the number of tapes, and ns
the number of longitudinal sections. Routines were created for
generation of (M,Q) for any (NtLi, ns) structures (see Fig. 7 for
an example of CARMEN CORC@ network structure).

Fig. 5. Individual tapes (left) and cable (right) critical currents.

Fig. 6. Cable IcLRL and IcHRL retention for combinations of (αret,Ldef).

Fig. 7. CORC electrical structure for NtLi= [1; 3; 4; 1] and ns= 2. Red nodes
and segments are copper parts, black dashed lines are joint resistances, blue
segments are inter-tape connections, and orange segments are superconducting
elements.

B. Resistances Estimations and Hypotheses

To fix the branches resistances, we based our models on the
following hypotheses:
! Joint resistances Rj are based on an estimated contact

surface of tape to the joint of Sj = 1 cm2, soldered (like
in CORC terminations), using a contact surface resis-
tance ρjej = 1 µΩ.cm2 (in the lower range found in [8]).
This gives Rj = 10−7 Ω (but can be changed).

! Contact resistances Rctc between tapes in the CORC cable
is based on values from [10] and [11]. For pre-tinned
tapes, it is about ρcec = 1 µΩ.cm2. Using (4) for Sij

ctc

from Section II, we deduce Rctc locally. A search of
contacts/connections between tapes is necessary and uses
(6). Non-active contacts are simply affected a high value.

! Longitudinal resistance of copper segments is deduced
from copper resistivity (at 20T, 20K, RRR = 50) of
1.25 × 10−9 Ω.m (from [8]), an approximate cross section
of 10 mm2 and longitudinal discretization dz (default dz =
1 mm).

! Superconducting resistances are classically found by Rsc

= Ec(In-1/Icn).dz (see [5]), and must be found iteratively
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Fig. 8. Local Ic maps of Layer 3 and Layer 34 for detailed angular distribution
(top) and free equipotential angular distribution for 1D network (bottom).

because of non-linearity of the E(I) relationship. IC is
known from scaling law, and for these studies the n-index
is 20.

C. Superconducting Properties

As previously stated, the tapes properties were fitted on ex-
perimental data, then computed with respect to tape twisting.
The resulting IC map can be visualized on Fig. 8 .

D. Run in Operating Conditions OP1

Runs were performed on the CORC described in Fig. 3, with a
modelled length of Lstud = 50 mm, and dz = 1 mm. The system
matrix is 28 k × 28 k elements and CARMEN runs for about
500 s (on a personal laptop, Intel i5, 8Go RAM) to describe the
full E(I) curve (∼20 currents points). The boundary conditions
consider equal joint resistances in this first study. An IC search is
conducted and finds ICcable = 21423 A, which is almost exactly
the HRL value. Another run with +/- 20% joint resistances took
almost 10 times as much time and led to about only 3% ICcable

decrease.
After this run, here are some remarks and conclusions:
! The full redistributive model gives a cable IC close to the

HRL model. This is due to the relatively high contact resis-
tance between tapes, but also to the very short longitudinal
periodicity of the IC in each tape which does not really
permit redistribution.

! Along 50 mm, with equal joint resistances, the injected
current in each tape is almost the same, with slightly more
in inner layers.

! Local electric fields rise to about 6 × 10−4 V/m which is
moderate, and not sufficient to redistribute by much.

Fig. 9. Results of E(I) run on CORC cable. (a) E(I) curve, (b) longitudinal
IC(z) map along each tape, (c) currents in each tape along its length, (d) Tapes
local electric fields (darker are inner layers, lighters are outer layers).

Fig. 10. Visualization of the local electric field on Layer 2 and Layer 34 (first
and last superconducting layers respectively).

! Cable n-value is close to individual tapes transition index
(n≈20).

A visualization of the results is also illustrating the local
electric fields in Fig. 10.

VII. CONCLUSION

In this paper, the geometrical structure of a cylindrical RE-
BCO cable like the CORC is studied and some important features
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concerning contact lengths, areas and positions are given. Ana-
lytical electrical evaluation of the transport capacity is proposed
through the LRL and HRL models. The study of a specific CORC
cable using SST tapes is shown, from tapes scaling law fitting to
overall cable transport capacity, including the sensitivity to local
dropouts. Finally, an electrical model is developed to compute
current redistributions in a 34 layers and 50 mm long sample of
cable. The final computed IC is close to the HRL limit and shows
a rather low possibility to redistribute. Future work will include
the sensitivity studies relating to the electrical model boundary
conditions.
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