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Abstract— The design is presented for a new approach to cable-
in-conduit (SuperCIC) for use in the high-field windings of toka-
maks. Two layers of high-field superconductor wires are cabled 
onto a thin-wall perforated center tube. An overwrap is applied 
and the cable is inserted as a loose fit into a sheath tube. The 
sheath tube is drawn down onto the cable to compress the wires 
onto the center tube and immobilize them. The SuperCIC is then 
co-wound with a high-strength armor extrusion, which is kerf-cut 
so that the co-winding onto a coil mandrel can be made without 
deformation within the armor or the CIC.  

SuperCIC facilitates hybrid windings, in which sub-windings 
of NbTi are used where B < 7 T, Nb3Sn where B < 14 T, and Bi-
2212 where B > 14 T to minimize superconductor cost.  Demount-
able splices are used to interconnect layers. A conceptual design 
has been prepared for a tokamak with aspect ratio A ~ 2.0, mag-
netic field of 17.4 T at the inner windings and 6.7 T at the plasma, 
and winding current density ~140 A/mm2 - sufficient for optimiz-
ing the fusion power density in a compact spherical tokamak.  
  

Index Terms—superconducting cable, hybrid windings, toka-
mak, fusion 

I. INTRODUCTION 
agnetic confinement fusion requires a magnetic field 

distribution to confine a plasma while it is heated and 
undergoes fusion.  Several magnetic field geometries have 
been developed in previous decades: tokamak [1,2], mirror 
configuration [3], and stellerator [4].  In the present day ITER 
is 50% complete, JET is operational, and GOL-NB and Wen-
delstein 7-X are operating.   

A new generation of ambitious projects is being developed, 
including two compact tokamaks [5,6] and a mirror-geometry 
system [7]. Fig. 1 shows the conceptual design for each pro-
ject.  All three initiatives are driven by the need for increasing 
the magnetic field strength in the confinement system to sus-
tain the combination of density, temperature, and confinement 
time that would be required for a fusion power system.  Each 
initiative is motivated by the recent development of high-cur-
rent REBCO-based cables [8], and its capability to carry high 
current in high magnetic field at an operating temperature of 
30-40 K.  
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But REBCO superconducting tape is extremely expensive.  
The performance of REBCO tapes has improved considerably 
in recent years, but the price has not reduced.  There is thus the 
potential for major advancement in magnetic fusion with 
higher magnetic field that has not been possible with conven-
tional superconductors, but there is frustration with the ex-
treme cost for the new REBCO-based cables.  Those consid-
erations motivated us to develop a conceptual design for high-
field magnet configurations for fusion based upon a new tech-
nology for advanced cable-in-conduit (SuperCIC) that we 
have developed for an accelerator application.  

As a further context, Menard [9] has evaluated the im-
portance of the current density JWP of the toroidal field coil 
(TF) winding pack and the device aspect ratio A.  Fig. 2 (re-
produced from Fig. 5 of Ref. 9) shows the dependence of net 
electric power of a tokamak upon those two parameters.  For 
the scan in Fig. 2 the plasma major radius is held fixed at 3 m 
and the plasma is assumed to have full non-inductive current 
sustainment provided by a bootstrap current and a neutral 
beam current drive.  Ref. 9 presents the interplay of the many 
parameters that lead to the limits on Pnet: “For ITER-like mag-
net parameters of maximum field in windings  Bmax ≈ 12 T and 
JWP = 20 MA/m2, the fusion gain QDT is constrained to be less 
than 3 while the engineering gain is Qeng ≤ 0.5.  Increasing Bmax 
from 12 T to 19 T increases QDT to above 4, but Qeng remains 
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Fig. 1. Three new initiatives for compact high-field magnet configura-
tions for fusion: DIII-D tokamak; TE tokamak, LMA mirror. 
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less than unity.  However, for Bmax ≈ 19 T and JWP =30 MAm−2, 
the fusion gain increases by a factor of 2 and Qeng ≥ 1 between 
A = 2.2 and 3.5.  As shown in Fig. 2, as the winding pack cur-
rent density is further increased, lower aspect ratio solutions 
produce the highest fusion power and net electric power  with 
Pfusion up to 600 MW and Pnet > 100 MWe”.   

These trends indicate that lower aspect ratio tokamaks ben-
efit the most from increased JWP in the TF magnet system. 
While the limits on higher aspect ratio are to some extent 
model-dependent in Menard’s analysis, the importance of high 
current density in the winding pack is not.  The Nb3Sn ITER 
toroids have a current density JWP = 20 MA/m2, insufficient to 
yield any net electric power from fusion for any aspect ratio in 
a compact R=3 m device.   

Two recent developments are significant for these two crit-
ical parameters.  First, PPPL has developed a design for a 
spherical tokamak Fig. 3 with aspect ratio A ~ 2.0, suitable for 
studies of liquid metal diverter and first wall [10].  Second, 
The SuperCIC coil technology reported in this paper provides 
a basis for toroid and solenoid windings with JWP ~140 
MA/m2.  The green star in Fig. 2 shows that a tokamak embod-
ying those developments would have the potential for opti-
mum performance as a fusion energy system.  

 
 

II. LIMITATIONS OF CONVENTIONAL CIC CONDUCTORS 
The magnet windings of a tokamak pose a central challenge 

for enhancing performance, reducing cost and risk for mag-
netic confinement fusion systems.  In conventional armored 
cable-in-conduit (CIC) for tokamaks, Nb3Sn/Cu wires are 
formed into a ‘rope-of-ropes’ configuration with a flexible 
center tube and then compressed within an armor sheath, as 
shown in Fig. 4a. The compression in the sheath within the 
armor forms severe indents in the strand cross-section [11] 
(Fig. 4c). Strand performance is also reduced by the compres-
sive strain due to differential thermal contraction during 
cooldown, since the wire package is friction-locked to the ar-
mor.  Further degradation from cyclic loading (ramp up and 
down of current in presence of magnetic field) is most likely 
related to unsupported wire segments within each rope. The 
result is that such CIC conductors operate with less than half 
of the wire current density that the native wires would have 
individually.  The CIC windings for both toroid and solenoid 
windings of ITER have JWP ~20 A/mm2, even though ITER-
grade Nb3Sn wire has an average current density Je = 380 
A/mm2 @ 12 T, 4.2 K, 0.1 µV/cm [12], and HyperTech’s tube-
process Nb3Sn wire [13] has Je = 780 A/mm2 @ 12 T, 4.2 K, 
0.1 µV/cm with even better AC loss performance. 

A collaboration of Texas A&M University (TAMU), Accel-
erator Technology (ATC), and HyperTech Research have de-
veloped a new approach to the cable technology and coil tech-
nology for CIC [14], shown in Fig. 5a.  All superconducting 
wires are supported uniformly, the cable structure provides 
stress management at the cable level, and armor structure is 
co-wound with the cable as the layers of the winding are 
formed.  As discussed below, the ‘SuperCIC’ technology elim-
inates indentation of wires and provides uniform support of all 
wires within the cable over its full length.  It also eliminates 
friction-lock of the cable to its center tube and sheath, and so 
eliminates compressive strain from cooldown and bending 
strain from coil-forming.  It thus makes it possible to preserve 
the native performance of the superconducting wires within a 
high-current armored cable in a high-field winding.  The 

Fig. 2. Dependence of the net electric power from a tokamak as a function of 
its aspect ratio A and the winding package current density JWP. The green star 
indicates the parameters for PPPL’s spherical tokamak design using Super-
CIC windings. (from Ref. 9 

Fig. 4. a) wire bundle within an ITER TX cable; b) extracted wires from the 
cable, showing indentations where wires are compacted against one another; 
c) cross-section showing damaged microstructure [11]. 

(a) 

Fig. 3. Toroidal confinement facility to study liquid metal systems within a 
spherical tokamak (from Ref. 10). 
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preservation of wire performance gives two benefits: the mag-
netic systems require less superconductor and so are less ex-
pensive; and the space required for the windings is greatly re-
duced, so more aperture is available for the optimization of the 
fusion tokamak.   

III. SUPERCIC CABLE TECHNOLOGY 
The SuperCIC fabrication sequence is illustrated in Fig. 6.  

The superconducting wires are cabled with a twist pitch 
around a perforated thin-wall center tube of stainless steel (Fig. 
6a,b).  A thin-foil tape overwrap is applied with opposite twist 
pitch (Fig. 6c).  The above sequence is repeated to cable a sec-
ond layer of superconducting wires for the 2-layer SuperCIC 
required for the HE-LHC dipole windings. The cable is then 
pulled through a sheath tube (Fig. 6d), and the sheath tube is 
drawn down upon the cable (Fig. 6e) to compress the wires 
against the center tube and immobilize them.  Fig. 5 shows 
cross-sections of completed 2-layer CIC.  

The thin-wall 316L center tube provides several important 
functions. First, it provides stress management at the cable 
level.  Fig. 7a shows  finite element (FEA) simulation of the 
compression of the wire and center tube when the sheath tube 
is drawn down onto the cable.  The center tube deflects 

elastically as each wire is compressed against it, so the wires 
are immobilized (so they cannot move under Lorentz forces), 
but they are protected from strain by the elastic support from 
the center tube.  Second, the perforations of the center tube 
provide fluid connection between the hollow interior of the 
center tube and the void spaces among the wires.  The enthalpy 
of the liquid helium contacting the wire surfaces provides a 
valuable stabilization against growth of micro-quenches. 

The twist pitch l of the wires is chosen to be equal to the 
arc length around a 90° bend on the cable ends with the bend 
radius R needed for the desired winding geometry: 𝜆 = 𝜋𝑅/2.  
With this choice, all wires have the same catenary length 
around the bend, so no differential strain is produced within 
any wire.   

Robotic bend tools (Fig. 7c) were developed with which 
saddle bends are formed in two stages: first a pair of 90° bends 
is formed into a U-bend with the spacing required for a given 
turn in the dipole winding, then the U-bend is bent 90° to form 
a flared end for the winding.  Extensive experiments have 

a 

d 

b c 

e f 

Fig. 6. Fabrication of SuperCIC: a) perforated center tube; b) cable super-
conducting wires onto center tube, c) apply foil over-wrap; d) pull straight 
150 m cable through sheath tube with loose fit; repeat b-d for the second 
layer; e) draw sheath tube onto cable. 
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Fig. 7. a) FEA modeling of compression of sheath tube to immobilize 
strands.  Strain is expanded x1000 to show how thin-wall center tube de-
forms to preload all wires to manage stress within the CIC. b) segment of a 
2-layer SuperCIC formed into a U-bend with a bend radius of 3 cm – only 
8 times greater than the CIC radius. c) Robotic bend tool that forms a con-
stant-radius bend while keeping the CIC round in cross-section throughout. 

a) b)
) 
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Fig. 5. a) cut-away detail of two-layer Super-CIC; cross-sections of 2-layer SuperCIC using b) fine-filament NbTi/Cu; c) tube-process Nb3Sn/Cu; d) Bi-2212. 

a) b) c) d) 
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verified that, in a winding with formed ends with R = 5 cm, 
there is no filament damage within the wires and the critical 
current of extracted wires is the same as that of witness wire 
samples [8]. 

SuperCIC was first developed for the windings of a super-
ferric dipole for a proposed electron-ion collider [15].  For that 
application a single layer of NbTi wires was used.  Two-layer 
SuperCIC is now being developed for the high-current, high-
field requirements for future hadron colliders and for the sole-
noids and toroids of tokamaks.  That has entailed process de-
velopment for the choices of multi-layer over-wraps and 
sheath for a 30 kA cable, containing 40 wires:   
• NbTi SuperCIC (Fig. 5b): it is critically important to inter-

pose a multi-layer spiral wrap over-wrap that provides a slip-
surface between inner and outer layers, and also a spiral 
over-wrap on the outer layer that provides a slip-surface.  
Those issues required a multi-layer over-wrap between wire 
layers. 

• 2-layer Nb3Sn SuperCIC (Fig. 5c): For Nb3Sn it was neces-
sary to adopt proprietary materials for the slip-planes and 
sheath tube to provide the slip action during bending. 

• 2-layer Bi-2212 SuperCIC (Fig. 5d): multi-layer over-wrap 
foils are used to provide two distinct functions: Haynes 214 
diffusion barrier foil prevents diffusion between wires and 
the center tube and sheath tube; slip-surface foils enable 
wires to re-arrange during coil forming.  The sheath tube uti-
lizes a proprietary superalloy that provides pressure contain-
ment during 880 C over-pressure (50 bar) heat treatment that 
is required to produce high-performance superconducting 
cores in the wire.  By containing the high-temperature O2-
Ar gas within the tube, there is no need to do heat treatment 
in a high-pressure furnace – a major simplification for coil 
technology. 
ATC now manufactures single and double-layer SuperCIC 

cable in each of these superconducting wires in length up to 
150 m as a commercial product. 

IV. LAYER-WOUND SUPERCIC FOR HYBRID WINDINGS 
A strategic challenge to achieving high JWP in a high-field 

toroid or solenoid arises from the dependence of critical cur-
rent Ic in each superconductor upon the magnetic field at the 
conductor location.  In either a solenoid or toroid, the back-
ground field on the winding closest to the interior is the highest 
anywhere; successive layers of the winding operate in succes-
sively lower background field, and the outermost layer oper-
ates in very little background field.  

The three superconductors used in the winding designs pre-
sented here have dramatically different Ic(B) dependences – 
and also dramatically different cost [16].  NbTi has high Ic up 
to ~7 T and wire costs $2/m; Nb3Sn has high Ic up to ~14 T 
and wire costs ~$7/m; Bi-2212/Ag has high Ic up to >40 T, but 
costs ~$70/m.  Thus to optimize both conductor cost and JWP, 
it is essential to layer-wind the coil in a series of layers, and to 
utilize for each layer the least expensive superconductor that 
has high Ic at the background field that is present in that layer. 

A second strategic challenge is to provide robust high-mod-
ulus support of the Lorentz stress that increases ~linearly from 
the innermost layer of the winding to the outermost.  In con-
ventional CIC, the cable is inserted into a heavy-wall super-
alloy armor tube and the tube is drawn down onto the cable to 
compress it against the center tube.  That approach typically 
deforms the wires and also leaves segments of wires un-sup-
ported within the ‘rope-of-ropes’ as discussed above.  When 
the armor tube is then bent to form the winding, it deforms and 
the deformation is conveyed to the wires within.   

A novel approach has been devised for the stress manage-
ment of SuperCIC cables within a winding: a two-piece armor 
shell is co-wound with the SuperCIC.  The configuration is 
shown in Fig. 8.  Each armor half-shell has a half-square outer 
profile and a half-round inner profile.  The inner profile is a 
snug fit to the SuperCIC, the outer profile provides a rib thick-
ness that supports the transfer of radial stress from layer to 
layer, and a web thickness that supports the hoop stress in that 
layer of the winding.  

Co-winding the half-shells presents its own challenge – how 
to prevent the side walls from deforming in a ‘crinkle’ when 
the half-shell is bent to a curve?  For this we use an old car-
penter’s trick: the side walls are slit on a regular spacing to 

Fig. 8. Co-wound armor for SuperCIC: a) 2 half-shells of armor are co-wound 
with SuperCIC; b) actual prototype showing the pattern of kerf-cuts that ac-
commodate bending the armor half-shells without deformation; c) configura-
tion for coil-winding co-wound armored SuperCIC for a solenoid winding. 

a) 

b) 

c) 

Fig. 9. Cross-sections showing the hybrid sub-windings for a sole-
noid and a toroid for the geometry of the tokamak of Fig. 3. 
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TABLE I 
MAIN PARAMETERS FOR HYBRID-WINDING 16 T TOROID. 

R0 1.2    m 
B @R0 6.7    T 
B @coil    17.4    T 
A 2.0     

CIC layers #strands Wire dia.   
   Bi-2212 5 42 0.97  mm 
   Nb3Sn 6 42 0.97  mm 
JWP 140  MA/mm2 
Iop 28.7   kA 
Iop/Ic @4.2K 0.7     
Temperature margin 4.2-7  K 
Quantity/cost of SC     

    Bi-2212 2.25 tons  $5 M 
    Nb3Sn 1.9 tons  $3 M 

 

form kerfs – cuts that extend to the bottom of the half-round 
inner profile, spaced so that when the half-shell is bent to a 
curve the half-shell bends at the kerf locations and does not 
inelastically strain either the web or the rib regions.  Fig. 8b 
shows an actual prototype segment; Fig. 8c shows the config-
uration of supply spools and forming guides for co-winding. 

We have developed an FEA model of the co-winding and 
verified that, for appropriate choice of the web, rib, and kerf, 
the armor retains most of its native modulus and the kerf slots 
just close at the top.  

Fig. 9 shows cross-sections of a 12 T solenoid and a 16 T 
toroid for the spherical tokamak designed by PPPL.  

V. HYBRID WINDINGS - SUPERCIC AND CO-WOUND ARMOR 
 The SuperCIC conductor and co-wound armor provide a 

basis to subdivide windings into co-windings in which the su-
perconductors in each are optimized for JWP and total conduc-
tor cost.  Fig. 10 shows an example of that optimization for the 
particular example of one module of a 16 T toroid.   The wind-
ing is divided into an inner sub-winding of Bi-2212/Ag Super-
CIC and an outer sub-winding of Nb3Sn/Cu SuperCIC.   

Each sub-winding is layer-wound: each 12-turn layer is a 
single segment of SuperCIC ~150 m long, and successive lay-
ers are connected in electrical series by a demountable low-  

resistance splice joints and in parallel for cryogen flow through 
the center tubes.  Note that ATC has commissioned a complete 
SuperCIC fabrication facility capable of fabricating the re-
quired 150 m piece lengths (Fig. 6f).  

The  open geometry of the toroid makes it important to in-
tegrate a stress intercept between the two sub-windings: an 
overall stress shell supporting them as a unit, and a  
superstructure that ties all 10 windings into the overall toroid 
frame.  Fig. 12 shows how this is accomplished for the 
SuperCIC windings.  

Table I summarizes the main parameters of the 16 T toroid.  
Note that the superconductor cost it dominated by the cost of 
the superconducting wire. The wire costs shown in Table I are 
based on current small-quantity commercial quotations for 
present-day high-performance wire: Bi-2212 is $13,800/kg for 
Je = 1,500 A/mm2 @ 17 T; Nb3Sn is $1,380/kg for Je = 780 
A/mm2 @ 12 T.  The total cost of superconductor is expensive, 
but does not dominate the toal cost of such a tokamak. REBCO 
costs > 10x more, with comparable JWP at best.  

Fig. 10. Mid-plane cross section through one winding of a 16 T 10-sector 
toroid.  SCHe coolant flow manifolds for cool-down are shown in blue. 

Fig. 12. Assembly of 10-sector 16 T toroid. One module has been re-
moved to show inner structure. 

Fig. 11. a) Calculated field distribution in a sector of the 16 T toroid; b) von Mises 
stress distribution in the co-wound armor of the winding; c) von Mises stress distri-
bution in the support structure of the winding module. 

a) b) c) 
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Fig. 12a shows the calculated magnetic field distribution 
within the 16 T toroid winding.  Fig. 12 shows the FEA 
simulation of the von Mises stress distribution in the co-wound 
armor within the winding package. It does not exceed the 
working strength of the super-alloy armor.  

The maximum stress on the SuperCIC conductors is 
everywhere <120 MPa, which is below the threshold for strain 
degradation of the superconducting wires.  This returns us to a 
primary motivation of the SuperCIC – to manage Lorentz 
stress so that all superconducting wires can operate with their 
full performance at the design field of the magnet.   

VI. CRYOGENICS,  INSULATION, AND SPLICE JOINTS 
The SuperCIC is designed to operate with Supercritical He 

(SCHe) flowing through the center tube.  SCHe flow is con-
nected in parallel through each layer of each sub-winding.  Ta-
ble II summarizes the parameters for flow, pressure, and tem-
perature through the 150 m-long SuperCIC segment.  The de-
sign accommodates a heat load of up to 10 W/layer (100 
W/winding module) with a temperature swing of 0.3 K. 

ATC and TAMU have developed a proprietary insulation 
technology that integrates with the forming of the co-wound 
armor and provides robust electrical insulation turn-turn and 
inter-layer. 

ATC and TAMU have developed a proprietary demountable 
splice joint that joins the 42 wires of a 2-layer CIC to a sand-
wich of Rutherford cables with ~nW joint resistance.  This de-
velopment enables interconnection of the layers within the hy-
brid winding, and splices to supply bus-work.  It also has the 
potential to make possible the fabrication of each toroid 
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winding module with separable inner and outer halves, so that 
each winding module could be assembled around a plasma 
vessel as is the case for NSTX and ITER. 

VII. CONCLUSION 
SuperCIC windings brings several innovations to high-field 

magnetics for fusion systems: 
• The SuperCIC manages stress at the cable level, so the 

huge accumulated Lorentz forces within windings cannot 
degrade fragile filaments of high-field superconductors. 
Round-profile SuperCIC makes it possible to integrate the 
cylindrical sheath and high-strength support elements as 
separate ingredients.  

• The SuperCIC windings can be formed with small radius 
of curvature without harm to the wire or cable. It therefore 
provides a basis for high-field, small-radius solenoids, 
flexibility in reducing the aspect ratio of toroid windings, 
and challenging configurations for poloidal windings.  

• SuperCIC supports hybrid coil strategies, in which sub-
windings of different high-field conductors can be sepa-
rately fabricated and heat-treated and then assembled as a 
winding. 

• SuperCIC with Bi-2212 can be fabricated with provisions 
for sheath tube and over-wrap metals for which the sheath 
tube can serve as the pressure retort for over-pressure pro-
cessing (no high-pressure furnace required). 

• SuperCIC can be co-wound with a 2-piece armor shell that 
provides robust management of radial and hoop stress. 

• Cryogen flow within SuperCIC distributes cooling 
throughout the volume of the winding, so that the varia-
tion in winding temperature from non-uniform heat loads 
is suppressed. 

TAMU, ATC, and PPPL are collaborating to develop con-
ceptual designs utilizing SuperCIC for the solenoid and toroid 
windings for an optimized spherical tokamak. 
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TABLE 1I.  
SCHE CRYOGENICS IN EACH LAYER OF A TOROID MODULE. 

Heat load/bore 1 W/m 
SCHe flow 0.3 m/s 
Temperature rise 0.3 K 
Pressure drop 0.8 bar 
PdV work 0.03 W 
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