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Abstract

®

CrossMark

Conductor on round core (CORC®) cables wound from RE-Ba,Cus0,_; coated conductors are
currently being developed for the next generation of accelerator magnets because of their high
flexibility and potential for high engineering current densities Jz. CORC® cables previously
reached Jg of 114 Amm 2 at 42K and 20 T in a 7.5 mm diameter cable. Accelerator magnets
require a current density of at least 300 Amm ~ and a cable-bending diameter as small as

40 mm, which has so far not been possible with superconducting tapes made on 50 pm thick
substrates. CORC® cables made from thinner substrates could have significantly increased Jg
with greater flexibility as we here demonstrate with a CORC® cable made of tapes with 38 m
thick substrates. A custom cable machine produced higher cable quality and better retention of
tape performance compared to previous cables that were wound by hand. The thinner substrate
showed an almost twofold increase in engineering current density from 114 A mm 2 to

216.8 Amm 2 at 42K and 20T, at a reduction in cable diameter from 7.5 mm to 6.0 mm. The
results clearly demonstrate that winding CORC® cables from tapes with thinner substrates is a
straightforward method for raising their current density and one that shows great promise for use
in accelerator magnets.

Keywords: high-temperature superconductors, magnet cable, coated conductors, CORC cable

1. Introduction

High-field magnets that operate at magnetic fields exceeding
20T, or at temperatures significantly above the boiling tem-
perature of liquid helium, require the use of high-temperature
superconductors (HTS). Several HTS materials are being
explored for potential use in high-field magnets, including Bi-
2212 [1], Bi-2223 [2, 3], and RE-Ba,Cu3;0;_s (REBCO)
coated conductors [4—6]. A suitable HTS conductor could
enable the next generation of accelerator magnets, more
powerful science magnets, and much more compact fusion

0953-2048/15,/124001+-08$33.00

energy magnets that could be demountable to allow easier
access to the fusion chamber.

High-field magnets require high winding currents, high
mechanical strength and in some cases very high engineering
current densities Jg and small winding diameters. REBCO
coated conductors have a potential for use in high-field
magnets because of their high strength, great stability and
high winding current density. Large magnets require cables
with multi-kiloampere capability and several approaches to
bundle REBCO coated conductors into high-current magnet
cables have been developed. These include the Roebel bar, in
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which wide REBCO coated conductors are patterned and
assembled into rectangular structures [7-9], the twisted
stacked-tape cable [10, 11] and its several variations [12, 13]
and the conductor on round core (CORC®) cables in which
multiple layers of REBCO tapes are wound in a helical
fashion onto a small round former [14-16].

Only Roebel and CORC® cables have the potential for
use in accelerator magnets which in most cases require tight
bending diameters between 30 and 40 mm. The flexibility of
cables wound from flat tapes depends largely on the ability of
the tapes to slide inside the cable during bending. Such
sliding of the tapes from the compressive to the tensile side of
the cable bend prevents overstressing of the tapes. The
smallest bending diameter that the cable can potentially sur-
vive depends on the diameter of the cable and the transpo-
sition length of the tapes in the cable. To reduce ac losses, the
transposition length, or pitch of the tapes in the cable, should
be smaller than the diameter over which the cable is bent. The
very short twist pitch of 10-20 mm possible in CORC® cables
make them the most flexible HTS magnet cable available,
potentially allowing for cable bending diameters as small as
40mm, as is required for accelerator magnets. Unlike
CORC® cables that can be bend in any direction, rectangular
Roebel cables have anisotropic flexibility. While they are
relatively flexible in the out-of-plane direction, they are much
less flexible when bent in any other direction.

REBCO coated conductors experience anisotropic per-
formance when it comes to magnetic field orientation. At
4.2 K, anisotropic pinning in REBCO coated conductors
results in the highest critical current I. when the field is
applied in-plane and it is lowest when the magnetic field is
oriented perpendicular to the tape plane. Because of the partly
transposed nature of the helical winding in a CORC® cable,
the strands experience all field directions along their length.
As a result, the in-field performance of CORC® cables is
isotropic and is determined by the field orientation at which
pinning is weakest [16]. On the other hand, tapes in Roebel
cables are stacked in a parallel fashion. This allows for a
higher in-field performance, as long as the field is always
applied parallel to the tapes in the Roebel cable, an extremely
hard situation to arrange in a real magnet. The current density
in CORC® cables is limited primarily by the non-super-
conducting core on which the tapes are wound, which gen-
erally occupies between 25% and 50% of the cable cross-
section. Thus a path to raising J; of CORC® is to reduce the
core diameter by using more flexible tapes with thinner
substrates.

An engineering current density of 114 Amm 2 at 20 T
was previously achieved in a 7.5 mm diameter CORC® cable
wound from 52 coated conductors [16], a value insufficient
for use in accelerator magnets. Moreover, the 7.5 mm cable
diameter did not allow for bending to diameters of much less
than 100 mm without significant mechanical degradation of
the tapes in the cable. Although Jg could be increased by
winding additional tapes onto the cable, this would only
increase the cable diameter and reduce its flexibility. In this
paper, we investigate a method to raise Jg at 20 T to exceed
200 A mm 2, while improving the cable flexibility through a

reduction in the cable diameter, by winding the CORC®
cables from tapes with thinner substrates. In addition, a cus-
tom-manufactured cable machine is used for CORC® cable
winding, allowing for an improved cable quality and longer
cable lengths compared to hand-wound cables. The thinner
substrates reduce the winding strain of the superconducting
film, allowing the use of smaller formers in the cable, thus
significantly reducing the cable diameter and raising Jg.

2. Experiment

All superconducting tapes used in this paper were obtained
commercially from SuperPower Inc. and consisted of ceramic
buffer layers deposited on either 38 um or 50 um thick Has-
telloy C-276 substrates. The 1.0-1.2 ym thick REBCO layer
was deposited on top of the buffer layers by metal-organic
chemical-vapor deposition (MOCVD) [17, 18]. The super-
conducting tapes contained a Zr doping of 7.5% to enhance
the pinning properties at low temperature and high magnetic
field. Grain alignment was introduced into the MgO buffer
layer with ion beam assisted deposition (IBAD). A silver cap
layer, 2-3 um thick, was deposited on top of the REBCO
layer for electrical and thermal stability. The coated con-
ductors were then slit from a 12 mm wide tape to their final
width of 4 mm. They were surround-plated with 5 um of
copper for electrical and thermal stability, which is the
minimum thickness to ensure full coverage of the silver cap
layer without the silver cap layer being absorbed into any
solder layer while making current junctions. The critical
current of these 4 mm wide tapes ranged from about 100 A to
about 140 A at 77 K in self-field, depending on the tape batch.

2.1. Sub-scale CORC® cable construction

The superconducting layer of the tapes is wound so that it
faces the inside of the bend, thereby putting the super-
conducting layer into axial compression. REBCO coated
conductors can experience a significantly higher axial strain
in compression compared to tension before irreversible
degradation in I. occurs [14, 19]. The minimum allowable
former diameter before irreversible degradation depends
mainly on the thickness of the substrate. The maximum strain
in the superconducting film when wound into a CORC® cable
is given by:

e=—. (1

Here, t is the thickness of the substrate on which the YBCO
layer is deposited and d is the diameter of the former. Thus
thinner substrates allow for a smaller former for the cable.
The former diameter at which irreversible degradation of
tapes with 38 um and 50 um substrates occurs was deter-
mined by winding single coated conductors onto several
formers with a diameter ranging from 2.4 mm to 4.8 mm and
measuring their critical current at 76 K. The angle at which
the coated conductors were wound onto the former was
chosen to be close to 45° to ensure a minimum reversible
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Figure 1. A 4 mm wide superconducting tape wound onto a 3.2 mm diameter former. A 3 mm wide copper tape is wound in parallel to the

superconducting tape to ensure a constant winding angle close to 45°.

Table 1. Parameters of the various single-tape CORC® cables
investigated.

€ €
Former dia- Gap (%) (%)
meter (mm) (mm) a(®) (38 pum) (50 pm)
2.4 1.5 46.84 —1.58
3.2 3 44.13 —1.19 —1.56
4 5 45.74 —0.95 —1.25
4.8 7 46.84 —0.79 —1.04

degradation in I. which occurs when strains along both a and
b directions are balanced. Previous studies showed that the
reversible strain effect is negligible when the strain is applied
along the [110] orientation of the superconducting film, which
occurs at 45° to the tape axis in REBCO films manufactured
by IBAD-MOCVD [20, 21]. Any decrease in /. measured
while the REBCO coated conductor is wound onto the former
is thus caused by permanent damage to the superconducting
film, while the absence of any damage should result in close
to 100% retention in /. of the conductor. A single copper tape
was wound in parallel to the single superconducting tape in
each cable to ensure a constant winding pitch and thus
winding angle along the cable length (see figure 1). The width
of the copper tapes was chosen such that the winding angle «
is close to 45° according to the following relation:

o = sin™! (%) @)

Here n is the number of tapes wound in one layer (1 in this
case), w is the width of the superconducting tape (4 mm), and
g is the width of the copper tape wound in between the
superconducting tape.

Table 1 lists the parameters of the various single-tape
CORC® cables containing formers of different diameter.
Copper tapes with widths ranging from 1.5 mm to 7 mm were
available for winding in parallel to the superconducting tapes,
which resulted in the winding angles being very close to 45°,
with a maximum deviation of less than 2° as listed in table 1.
The maximum winding strain in the superconducting film is
also listed in table 1 for each former diameter for both tape
substrate thicknesses. Strains varied from —0.79% (38 ym

Figure 2. Three 4 mm wide tapes being wound into a single CORC®
cable layer.

substrate on 4.8 mm core diameter) to —1.58% strain for the
38 um substrate would on a 2.4 mm diameter core.

2.2. 50-tape CORC® cable construction

A CORC® cable containing 50 tapes with 38 zm thick sub-
strates in 23 layers was wound on a solid copper former with
a custom cable machine (see figure 2) that allowed winding
with accurate control of tape tension, winding angle and gap
spacing between the tapes. The copper former was not insu-
lated, allowing for current sharing between the tapes and the
former. The tapes available from the manufacturer were only
4 mm wide, which did not allow the use of formers with a
diameter smaller than 3.45 mm. Smaller formers require tapes
of 2 mm and 3 mm width to avoid large gap spacing between
them. Winding 50 tapes into 23 layers yielded a cable dia-
meter of 6.0 mm, including a 0.05 mm thick polyester heat
shrink tube that was applied to the outside of the cable for
insulation (see figure 3). The winding angle of the tapes in
this cable ranged from 35° to about 54.3°, resulting in a
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Figure 3. The CORC® cable containing tapes with 38 ym thick substrates. The 6 mm diameter cable contains 50 tapes wound in 23 layers.
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Figure 4. Retention of /. of tapes made on 38 ym and 50 pm thick
substrates, measured at 76 K in Boulder, Colorado, after being
wound at an angle of about 45° on formers with various diameters.
The dashed lines are a guide to the eye.

winding efficiency due to the helical nature of the wind
ranging from 1.21 to 1.75. The total winding efficiency
(defined by the 142 m of tape needed to wind the 50-strand,
2 m long CORC® cable) was 1.42.

3. Results

3.1. Effect of former diameter on tape I,

The retention in /. of the single 4 mm wide tapes with 38 ym
and 50 um thick substrates reported in table 1 wound at an
angle of about 45° on formers of different diameters is shown
in figure 4. Degradation of /. occurred only on formers with
diameters of less than 3.2 mm for the 38 um thick substrate
and 4.0 mm for the 50 pum thick substrate. Three samples of
each configuration were measured to obtain good statistics.
Tapes containing a 50 pm thick substrate showed a significant
reduction in /. when wound on a 3.2 mm diameter former,
while 7, of tapes with 38 yum thick substrates remained within
a few percent of it is original value. Only when tapes with
38 um substrates were wound on a 2.4 mm diameter former
did 7. degrade significantly.

Table 1 lists the maximum axial strain experienced by the
superconducting film of the two types of tapes when wound
on formers with different diameters. The maximum strain was
oriented normal to the former axis and within a few degrees
from the [110] orientation of the superconducting film,
because of the winding angle of the tapes being close to 45°.
At a former diameter of 4.0 mm, the maximum strain
experienced by the superconducting film deposited on a
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Figure 5. Critical current as a function of magnetic field of three
REBCO coated conductors measured at 4.2 K with the magnetic
field applied perpendicular to the wide side of the tape. The straight
solid lines are fits to the data on a full logarithmic scale according to
equation (3).

50 ym thick substrate was —1.25%, while it was —0.95%
when the film was deposited on a 38 um thick substrate. . of
the tapes remains unchanged, even at these relatively large
compressive strains, because the strain is oriented along [110]
where the reversible strain effect is almost zero. The critical
current decreased abruptly and irreversibly when the axial
strain exceeded a value of between —1.25% and —1.56%,
which occurred at a former diameter between 3.2 mm and
4.0 mm for tapes with a 50 pm thick substrate, and at a former
diameter between 3.2 mm and 2.4 mm for tapes with a 38 ym
thick substrate. These results confirm that tapes with 38 ym
thick substrates can be wound into CORC® cables containing
smaller formers without experiencing irreversible degradation
compared to tapes with 50 ym thick substrates.

3.2. High-field performance of single coated conductors

The critical current of three coated conductors with 38 pym
thick substrates coming from the same batch was measured at
both 77 K in self-field and at 4.2 K as a function of magnetic
field applied perpendicular to the tape surface. The critical
current at 77 K in self-field ranged from 120.2 A to 126.7 A
depending on the sample. The magnetic field dependence of
the critical current measured at 4.2 K was similar for all three
tapes, as is shown in figure 5, and can be described by a
power-law function of the form:

1:(B) = 1I.(0)B7, 3

with p = 0.754 and 0.762 depending on the sample. The
excellent power law fit to the data in figure 5 allows us to
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Figure 6. Voltage versus current of the CORC® cable wound from
50 tapes with 38 um substrates, measured at 76 K while bent into a
30 cm diameter loop. Also included are later data taken at 77 K after
the cable was bent into a 10 cm diameter loop. The solid lines are the
fit to the data according to equation (4).

estimate the critical current of the tapes at higher magnetic
fields, which is expected to be between 194.7 A and 221 A at
17T and between 172.5 A and 195.8 A at 20 T. The critical
current values of the three tapes at 4.2 K, extrapolated to 17 T
using equation (3), often called the lift factor, was between
1.62 and 1.74 times I. at 77K in self-field, depending on
the tape.

3.3. 50-tape CORC® cable performance in liquid nitrogen

The initial performance verification of a high-Jz CORC®
cable was performed by measuring its performance in liquid
nitrogen and compare the cable /. to that of the sum of
individual tape I.s as reported by the manufacturer. The in-
field cable performance at 4.2 K can then be estimated using
the lift factor obtained on select tapes, as described in
section 3.2. The results outlined in this section, in combina-
tion with the cable measurements performed at high field
described in the next section, will show that this approach
may work on single tapes, but may not be as straightforward
for cables with a high tape count. The remnant intrinsic strain
effect of the tapes in the cable, in combination with diffi-
culties injecting high currents into the cable that are operated
close to the critical temperature 7. may lower the cable per-
formance in liquid nitrogen. Such lower performance at liquid
nitrogen temperatures may be incorrectly blamed on tape
degradation during cabling. The performance reduction
caused by the remnant reversible strain effect and the current
injection may become insignificant when the cable is operated
at a temperature far below T..

The voltage versus current characteristics of the CORC®
cable containing 50 tapes with 38 um thick substrates, as
described in section 2.2, were measured at 76 K, which is the
boiling temperature of liquid nitrogen at an altitude of 1655 m
in Boulder, Colorado, after the cable was bent into a 30 cm
diameter loop to fit the cryostat (see figure 6). Because

voltage readings taken on single strands in the cable have
proven to be unreliable when the current distribution in the
cable is inhomogeneous [22], a pair of voltage contacts
located on the outside of the cable terminations was used to
measure the cable voltage during /. testing. These voltage
contacts measured the voltage resulting from the super-
conducting transition of the cable and the voltage caused by
the contact resistance between the terminals and the tapes in
the cable. The critical current and total contact resistance R of
the cable was calculated using the following equation:

U=1IR + UC(IL) + Up. “4)

C

Here, U. is the voltage at which the critical current is
defined, 1 x 10~*V m™' times the voltage contact length and
U, is the inductive offset voltage. The voltage contact length
was measured along the length of the tapes in the outer layer
of the cable and was 2.2 m.

According to equation (4) applied to the 30 cm bend
diameter case, the critical current calculated from the voltage
contacts located on the terminals was 3337 A, and the n-value
was 13.3. The contact resistance was relatively constant up to
a cable current at which the superconducting transition
occurred, as can be seen from the close match between the
data and fit of equation (4), indicating a relatively uniform
current distribution in the cable. The contact resistance for
both terminals together was 48.9 n{2 as measured with the
voltage contacts located on the terminals.

Figure 6 also shows the voltage versus current char-
acteristic of the cable measured at 77 K, after the cable had
been bent to a diameter of 10 cm to fit the high-field magnet
sample holder. The critical current was reduced by about one
third to only 2 226 A. The critical current at 77 K compared to
76 K was much lower than expected, based on the typical
reduction of about 15% in I, when the temperature is
increased by 1K. Although the cable was wound into the
10 cm diameter loop required to fit the sample holder, it was
flexible enough that no significant degradation due to bending
was expected.

The much lower cable I. of 3337 A measured at 76 K
and 2 226 A measured at 77 K, compared to the expected /. of
6050 A at 77 K, suggest a tape degradation of 45% due to
cabling and an additional degradation of 20% due to bending
of the cable from a 30 cm diameter loop to a 10 cm diameter
loop. Based on these measurements, the lift factor of between
1.62 and 1.74 as determined in section 3.2 would predict a
cable I, at 42K and 17T of between 3606 A and 3873 A.
The actual cable performance is much higher, as will be
shown in the next section, which suggests that the limited
cable performance in liquid nitrogen is not caused by tape
degradation, but by other factors that play an important role
near T,, such as the remnant reversible strain effect and
heating at and propagating from the terminals.
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Figure 7. Voltage versus current characteristic of the 50-tape
CORC® cable containing tapes with 38 m thick substrates,
measured at 4.2 K in a background field of 17 T. The solid line is a
fit to the data. The test was incomplete due to failure of the voltage
contacts before current sharing occurred at I..

3.4. 50-tape CORC® cable performance at high magnetic fields

The same CORC® cable containing 50 tapes was tested in
liquid helium at the NHMFL in the large-bore Bitter magnet.
Figure 7 shows the voltage versus current characteristic of the
cable at 17T and 4.2 K up to a current of about 3500 A at
which point the voltage contacts of the cable broke. The
voltage contacts, co-wound around the cable to reduce the
inductive voltage from the Bitter magnet, were cut when the
sample current was inadvertently run in the opposite direc-
tion. As a consequence, the Lorenz force was directed radially
inwards instead of outwards. Because the sample was not
supported sufficiently to counter this force, it was able to
move, cutting the voltage wires. The contact resistance of
both terminals together, as determined from the slope of the
curve, was 11.6 n{2, which is about 25% of that measured in
liquid nitrogen due to the lower resistance of the copper and
solder at 4.2 K. The completely Ohmic characteristic of
figure 7 indicates that the cable never reached the current
sharing regime that defines /. up to a current of about 3500 A.

The sample was warmed up and the voltage contacts
were repaired. Unfortunately, the voltage wires could no
longer be co-wound with the CORC® cable, resulting in
significant noise in the voltage measurement as shown in
figure 8. However, the traces were sufficient to clearly iden-
tify the resistive transition from which at 17 T a cable critical
current of 6966 A and an n-value of 23.2 were deduced. The
sample length to determine /. using equation (4) was taken
now to be 1 m, the average length of the tapes located within
the uniform high-field region of the magnet. The critical
current of 6966 A corresponds to a Ji of 247 Amm 2. The
measurement was performed at a current ramp rate of
60 As™'. The voltage versus current characteristic measured
at 12 T is shown in figure 8(b), where /. was 8815 A. Figure 9
shows the magnetic field dependence of I, for fields between
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Figure 8. Voltage versus current characteristic of the 50-tape
CORC® cable containing tapes with 38 ym thick substrates
measured at 4.2 K after the voltage contacts were repaired. (a) In a
background field of 17 T at a current ramp rate of 60 As~", and (b)
measured at 12 T at a current ramp rate of 150 A s~'. The solid lines
are a fit to the data using equation (4).

11T and 17 T. Data at lower fields could not be taken because
the maximum available sample current of 9600 A was
insufficient to reach the superconducting transition of the
cable. The critical current was measured again at 17 T after
seven measurements that each resulted in a sample quench.
The critical current at 17 T after the 7th quench was 6834 A,
or within 2% of its original value. Figure 9 includes a fit to the
data using a power-law function of equation (3), with
p = 0.72. Extrapolating the magnetic field dependence of I
using equation (3) would predict an /. at 20 T of 6130 A, or a
Je at 20T of 216.8 Amm 2. The value of p = 0.72 as
determined from the cable measurement is slightly lower than
the value of 0.76 measured on the single tapes. This slight
deviation could be caused by variations in in magnetic field
dependence over the tape length, a change in magnetic field
dependence of I, of the tapes when experiencing significant
winding strain, or the minimum in I. at 42K and high
magnetic field occurring at a field orientation other than
perpendicular to the tape plane.
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Figure 9. Magnetic field dependence of I, of the CORC® cable
containing tapes with 38 pm thick substrates, measured at 4.2 K. The
solid, straight line is a fit to the data on a full-logarithmic scale
according to equation (3).

The critical current at 17 T of 6996 A is between 67%
and 71% of its expected value, based on the I, of each tape at
77 K using the lift factor at 4.2 K and 17 T as determined from
the short sample measurements (see section 3.2). The lower
limit in /. retention of 67% corresponds to the higher lift
factor of 1.74, while the higher limit in /. retention of 71%
corresponds to the lower lift factor of 1.62. The performance
of the cable at 42K and 17T is much higher than what is
expected from the cable measurements performed at 76 K and
at 77 K (figure 6). A large part of the reduced performance of
the cable measured in liquid nitrogen is thus likely due to the
remnant reversible strain effect experienced by the tapes in
the cable that are not wound at exactly 45° and by heating in
the cable terminations at high current.

Heating in the terminals play a much smaller role at 4.2 K
when only the middle section of the cable is located in the
high magnetic field region of the magnet and the terminations
experience a much lower magnetic field. Still, the reversible
strain effect may still result in a significant reversible reduc-
tion of I, at 42K and 17T [23, 24], so it remains unclear
what fraction of the 29%-33% performance reduction of the
CORC® cable at 42K and 17T is due to irreversible
degradation of the tapes in the cable. Also, the variation in lift
factor measured on a limited number of samples results in a
relatively large uncertainty in estimated cable /. at 17 T. The
only way to determine the retention in /, of the tapes wound
into a CORC® cable is to measure their I, after they are
extracted from the cable, which we plan to perform in the near
future.

4. Conclusion

CORC® cables are one of the most promising high-tem-
perature superconducting cables for use in future accelerator
magnets that will operate at fields exceeding 20 T because

they are the most flexible cable wound from REBCO coated
conductors. The principal disadvantage of CORC® cables so
far has been their relatively low engineering current density of
a little over 100 Amm 2 at 42K and 20 T.

This work shows that a straightforward way to increase
the engineering current density of CORC® cables is to wind
them from tapes with thinner substrates. Such tapes allow
winding on a smaller former, which significantly reduces the
cable diameter. Tapes containing 38 pum thick substrates can
be wound onto formers with 3.2mm diameter without
experiencing significant degradation, compared to 4 mm in
case of tapes containing 50 um thick substrates. The use of
tapes with thinner substrates enabled us to double the engi-
neering current density of CORC® cables to 216.8 A mm ™~ at
42K and 20T. The cable diameter was also reduced from
7.5mm to 6.0mm, further improving the flexibility of
CORC® cables and reducing the minimum allowable cable
bending diameter.

The retention in critical current of the tapes in the
CORC® cable after being bent to 10 cm diameter and mea-
sured at 4.2 K and 17 T was between 67% and 71%, which is
an estimate based on limited data measured at high magnetic
field on three short samples from one of the tape batches from
which the CORC® cable was wound. The estimated perfor-
mance reduction at 17 T of 29%-33% could be caused by
damage to the tapes during cable winding or due to high-field
operation. Part of the performance reduction is expected to be
reversible and caused by the remnant reversible strain effect
in tapes that are not wound at exactly 45°. Further cable
optimization could likely reduce the remnant reversible strain
effect and increase the I, retention of the cable.

The results show that the engineering current density of
CORC® cables can be increased significantly to make them
suitable for use in accelerator magnets by using tapes con-
taining thinner substrates. Future improvements of the in-field
performance of REBCO coated conductors by improving
their pinning properties and increasing the superconducting
layer thickness will further increase the performance of
CORC?® cables, likely making them the most practical HTS
cable for use in accelerator magnets.

Acknowledgments

This work is supported in part by the US Department of
Energy, under contract numbers DE-SC0007891 and DE-
SC0009545. Work at the National High Magnetic Field
Laboratory is supported by the US National Science Foun-
dation under Cooperative Agreement number DMR-1157490
and the State of Florida.

References

[1] Larbalestier D C et al 2014 Isotropic round-wire multifilament
cuprate superconductor for generation of magnetic fields
above 30 T Nat. Mater. 13 375-81


http://dx.doi.org/10.1038/nmat3887
http://dx.doi.org/10.1038/nmat3887
http://dx.doi.org/10.1038/nmat3887

Supercond. Sci. Technol. 28 (2015) 124001

D C van der Laan et al

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(91

[10]

[11]

[12]

[13]

Kiyoshi T, Choi S, Matsumoto S, Zaitsu K, Hase T,
Miyazaki T, Hamada M, Hosono M and Maeda H 2011 Bi-
2223 innermost coil for 1.03 GHz NMR magnet /EEE
Trans. Appl. Supercond. 21 2110-3

Yanagisawa Y et al 2014 Operation of a 400 MHz NMR
magnet using a (RE:rare earth)Ba,Cuz0;_, high-
temperature superconducting coil: towards an ultra-compact
super-high field NMR spectrometer operated beyond 1 GHz
J. Magn. Reson. 249 38-48

Weijers H, Trociewitz U, Markiewicz D, Myers D, Hellstrom E,
Xu A, Jaroszynski J, Noyes P, Viouchkov Y and
Larbalestier D 2010 High field magnets with HTS conductors
IEEE Trans. Appl. Supercond. 20 57682

Trociewitz U P, Dalban-Canassy M, Hannion M, Hilton D K,
Jaroszynski J, Noyes P, Viouchkov Y, Weijers H W and
Larbalestier D C 2011 35.4 T field generated using a layer-
wound superconducting coil made of (RE)Ba,Cu;07_,
(RE = rare earth) coated conductor Appl. Phys. Lett. 99
202506

Markiewicz D et al 2012 Design of a superconducting 32 T
magnet with REBCO high field coils IEEE Trans. Appl.
Supercond. 22 4300704

Goldacker W, Nast R, Kotzyba G, Schlachter S, Frank A,
Ringsdorf B, Schmidt C and Komarek P 2006 High current
DyBCO Roebel assembled coated conductor J. Phys.: Conf.
Ser. 43 901

Goldacker W, Frank A, Heller R, Schlachter S I, Ringsdorf B,
Weiss K, Schmidt C and Schuller S 2007 ROEBEL
assembled coated conductors (RACC): preparation,
properties and progess [EEE Trans. Appl. Supercond. 17
3396-401

Goldacker W, Grilli F, Pardo E, Kario A, Schlachter S and
Vojenciak M 2014 Roebel cables from REBCO coated
conductors: a one-century-old concept for the
superconductivity of the future Supercond. Sci. Technol. 27
093001

Takayasu M, Chiesa L, Bromberg L and Minervini J 2012 HTS
twisted stacked-tape cable conductor Supercond. Sci.
Technol. 25 014011

Takayasu M, Chiesa L, Bromberg L and Minervini J 2011
Cabling method for high current conductors made of HTS
tapes IEEE Trans. Appl. Supercond. 21 2341-4

Uglietti D, Wesche R and Bruzzone P 2014 Design and strand
tests of a fusion cable composed of coated conductor tapes
IEEE Trans. Appl. Supercond. 23 4800704

Celentano G, De Marzi G, Fabbri F, Muzzi L, Tomassetti G,
Anemona A, Chiarelli S, Seri M, Bragagni A and

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

della Corte A 2014 Design of an industrially feasible
twisted-stack HTS cable-in-conduit conductor for
fusion application IEEE Trans. Appl. Supercond. 23
4601805

van der Laan D C 2009 YBa,Cu30,_s coated conductor
cabling for low ac-loss and high-field magnet applications
Supercond. Sci. Technol. 22 065013

van der Laan D C, Lu X and Goodrich L 2011 Compact
GdBa,Cu30;_s coated conductor cables for electric power
transmission and magnet applications Supercond. Sci.
Technol. 24 042001

van der Laan D C, Noyes P, Miller G, Weijers H and
Willering G 2013 Characterization of a high-temperature
superconducting conductor on round corecables in magnetic
fields up to 20 T Supercond. Sci. Technol. 26 045005

Selvamanickam V et al 2001 IEEE Trans. Appl. Supercond.
11 3379

Selvamanickam V, Xie Y, Reeves J and Chen Y 2004 MRS
Bull. 29 579

van der Laan D C and Ekin J W 2007 Large intrinsic effect of
axial strain on the critical current of high temperature
superconductors for electric power applications Appl. Phys.
Lett. 90 052506

van der Laan D C, Abraimov D, Polyanskii A A,
Larbalestier D C, Douglas J F, Semerad R and Bauer M
2011 Anisotropic in-plane reversible strain effect in
Y.5Gdy.sBa,Cusz07_s coated conductors Supercond. Sci.
Technol. 24 115010

van der Laan D C, Douglas J F, Goodrich L F, Semerad R and
Bauer M 2012 Correlation between in-plane grain
orientation and the reversible strain effect on flux pinning in
RE-Ba,Cu;0,_; coated conductors IEEE Trans. Appl.
Supercond. 22 8400707

Willering G P, van der Laan D C, Weijers H W, Noyes P D,
Miller G E and Viouchkov Y 2015 Effect of variations in
terminal contact resistances on the current distribution in
high-temperature superconducting cables Supercond. Sci.
Technol. 28 035001

Cheggour N, Ekin J W, Thieme C L H, Xie Y-Y,
Selvamanickam V and Feenstra R 2005 Reversible axial-
strain effect in Y-Ba—Cu—O coated conductors Supercond.
Sci. Technol. 18 S319-24

Uglietti D, Seeber B, Abacherli V, Carter W L and Flukiger R
2006 Critical currents versus applied strain for industrial
Y-123 coated conductors at various temperatures and
magnetic fields up to 19 T Supercond. Sci. Technol. 19
869-72


http://dx.doi.org/10.1109/TASC.2010.2082475
http://dx.doi.org/10.1109/TASC.2010.2082475
http://dx.doi.org/10.1109/TASC.2010.2082475
http://dx.doi.org/10.1016/j.jmr.2014.10.006
http://dx.doi.org/10.1016/j.jmr.2014.10.006
http://dx.doi.org/10.1016/j.jmr.2014.10.006
http://dx.doi.org/10.1109/TASC.2010.2043080
http://dx.doi.org/10.1109/TASC.2010.2043080
http://dx.doi.org/10.1109/TASC.2010.2043080
http://dx.doi.org/10.1063/1.3662963
http://dx.doi.org/10.1063/1.3662963
http://dx.doi.org/10.1109/TASC.2011.2174952
http://dx.doi.org/10.1088/1742-6596/43/1/220
http://dx.doi.org/10.1109/TASC.2007.899417
http://dx.doi.org/10.1109/TASC.2007.899417
http://dx.doi.org/10.1109/TASC.2007.899417
http://dx.doi.org/10.1109/TASC.2007.899417
http://dx.doi.org/10.1088/0953-2048/27/9/093001
http://dx.doi.org/10.1088/0953-2048/27/9/093001
http://dx.doi.org/10.1088/0953-2048/25/1/014011
http://dx.doi.org/10.1109/TASC.2010.2094176
http://dx.doi.org/10.1109/TASC.2010.2094176
http://dx.doi.org/10.1109/TASC.2010.2094176
http://dx.doi.org/10.1109/TASC.2013.2281783
http://dx.doi.org/10.1109/TASC.2013.2287910
http://dx.doi.org/10.1109/TASC.2013.2287910
http://dx.doi.org/10.1088/0953-2048/22/6/065013
http://dx.doi.org/10.1088/0953-2048/24/4/042001
http://dx.doi.org/10.1088/0953-2048/26/4/045005
http://dx.doi.org/10.1109/77.919787
http://dx.doi.org/10.1557/mrs2004.164
http://dx.doi.org/10.1063/1.2435612
http://dx.doi.org/10.1088/0953-2048/24/11/115010
http://dx.doi.org/10.1109/TASC.2011.2174359
http://dx.doi.org/10.1088/0953-2048/28/3/035001
http://dx.doi.org/10.1088/0953-2048/18/12/016
http://dx.doi.org/10.1088/0953-2048/18/12/016
http://dx.doi.org/10.1088/0953-2048/18/12/016
http://dx.doi.org/10.1088/0953-2048/19/8/032
http://dx.doi.org/10.1088/0953-2048/19/8/032
http://dx.doi.org/10.1088/0953-2048/19/8/032
http://dx.doi.org/10.1088/0953-2048/19/8/032

	1. Introduction
	2. Experiment
	2.1. Sub-scale CORC&#x000AE; cable construction
	2.2.50-tape CORC&#x000AE; cable construction

	3. Results
	3.1. Effect of former diameter on tape Ic
	3.2. High-field performance of single coated conductors
	3.3.50-tape CORC&#x000AE; cable performance in liquid nitrogen
	3.4.50-tape CORC&#x000AE; cable performance at high magnetic fields

	4. Conclusion
	Acknowledgments
	References



