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Abstract

Low-inductance, high-field insert solenoid magnets and 20 T dipole magnets for particle
accelerators require flexible cables, wound from high-temperature superconductors (HTS) such
as RE-Ba;Cu307_6 (REBCO) coated conductors, that allow bending to a 20 mm radius without
significant degradation in performance. They require an operating current of at least 5 kA and a
high engineering current density (J.) exceeding 500 A mm~2 at 20 T. HTS cable technologies
that target such demanding magnet applications so far have not been able to meet the
combination of these requirements. Here we present the development of the next generation of
Conductor on Round Core (CORC®) wires that are produced with an optimized manufacturing
process that improves their bending flexibility by factor of more than 2 compared to previous
generation CORC® wires. CORC® wires now allow for a bending radius of 20 mm with only
2%—-3% performance degradation. They allow bending to a radius of 15 mm with a performance
retention of 83.5%. The performance of 30-tape CORC® wires wound from 2 mm wide
REBCO tapes from SuperPower Inc, SuperOx and shanghai superconductor technologies was
measured at magnetic fields up to 12 T. The overall performance at high magnetic fields of the
next generation of CORC® wires improved by a factor of 1.5-1.8, depending on the REBCO
tape manufacturer. CORC® wires wound from production REBCO tapes achieved a new record
J. of 751 A mm~2 at a current of 8.3 kA at 12 T, and a J. of 530 A mm 2 at a current of 5.8 kA
when extrapolated to 20 T. The next generation of CORC® wires present the first HTS cable
technology that simultaneously meet the requirements on bending flexibility, engineering
current density and critical current at 20 T for use in low-inductance, high-field particle
accelerator magnets. They now enable a more expedited development of prototype
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low-inductance solenoid magnets that target fields exceeding 25 T and of accelerator magnets

that generate a dipole field exceeding 20 T.

Keywords: CORC®, wire, bending performance, high field performance

1. Introduction

High-temperature superconductors (HTS) have been widely
recognized as an enabling technology for high-field magnets
that generate a magnetic field exceeding 20 T, or operate at
elevated temperatures above 20 K, which are outside the reach
of low-temperature superconductors (LTS). One of the more
challenging magnet applications for HTS are low-inductance
accelerator magnets that would generate a dipole field of 20 T,
and low-inductance solenoid magnets that generate magnetic
fields exceeding 25 T. These magnets require very high operat-
ing currents of at least 5-10 kA, which is far outside the range
of single RE-Ba,Cuz07;_0 (REBCO) and Bi,;Sr,Ca;Cu;0,
(Bi-2223) tapes, or Bi;Sr,CaCu,0, (Bi-2212) round wires.
HTS tapes or wires therefore need to be bundled into high-
current cables that are flexible enough to allow winding at a
radius of no more than 20 mm without any significant perform-
ance degradation. Besides the high operating current and bend-
ing requirements, HTS cables should also allow operation at a
high engineering current density (J,) of at least 500 A mm >
at the operating field of at least 20 T to avoid the magnets from
becoming extraordinarily large in size [1]. Besides a much
higher magnet cost, this would prevent the HTS magnet to be
operated within an LTS outsert, as for instance envisioned in
hybrid accelerator magnets [2—6].

Several HTS cable technologies are under development for
use in low-inductance, high field magnets. Rutherford cables
wound from Bi-2212 wires have been demonstrated in small
prototype dipole coils generating stand-alone dipole fields of
1.64 T in a canted-cosine theta (CCT) magnet [7], and 3.5 T
in a common coil configuration [8]. The intrinsic mechanical
weakness of Bi-2212 wires, which is one of the main disad-
vantages of this material for use in high-field magnets, requires
significant external support provided to the magnet windings,
which increases the J. requirements of the cables. Bi-2212
cables can be bent to radii below 30 mm because the supercon-
ducting filaments are formed only once the magnet has been
wound. The high temperature reaction within a high-pressure
furnace to form the Bi-2212 phase [9] requires precise temper-
ature control of the entire coil, and currently forms one of the
main barriers preventing high-field magnets based on Bi-2212
cables to become a reality.

Several HTS cable designs based on REBCO coated con-
ductors have been pursued for high-field magnet applications.
These include designs that are electrically and mechanically
anisotropic, such as Roebel cables in which patterned REBCO
tapes are assembled into a highly-aspected transposed cable
[10, 11]. They also include the twisted stacked tape cable [12,
13] and stacked tape cables in which the stack is not twisted.
Roebel cables cannot be freely bent in all directions, allowing
bending to a radius of less than 16 mm in the ‘easy’ direction,

while they do not allow bending in the ‘hard’ direction. They
also suffer from a high sensitivity to external loads oriented
along the tape plane [14]. As a result, only limited success in
high-field accelerator magnets has been achieved with roebel
cables, in which stand-alone dipoles field of 3.1 T have been
reached at 6.5 kA [15-17].

REBCO tape based HTS cables also include fully iso-
tropic cables, allowing bending in all directions, in which
the REBCO tapes are wound into a helical fashion around a
small round core, such as Conductor in Round Core (CORC®)
cables [18, 19] and wires [20, 21]. The helical wind in CORC®
cables and wires makes their electrical performance independ-
ent on the applied magnetic field angle, while their mechanical
response to external stresses is independent of the direction at
which the stress is applied, making them a highly attractive
option for high-field magnets.

The development of CORC® wires for high-field acceler-
ator magnets focusses on optimizing the bending flexibility
while at the same time maximizing J.. CORC® wires now
typically contain 30 REBCO tapes of 2 mm width that con-
tain 30 pm substrates, wound around a 2.55 mm solid cop-
per core, resulting in an overall conductor diameter of about
3.7 mm [22]. Until recently, CORC® wires allowed bending
to a 30 mm radius at an acceptable, but not ideal performance
degradation of around 20%-25% [20, 22]. They achieved a
Je extrapolated to 20 T of around 300 A mm~2 when wound
from production REBCO tapes, or over 450 A mm ™2 using
research tapes with record performance and substrate thick-
ness of 25 um [21].

STAR® wires also present a REBCO cable in which the
tapes are wound in a helical fashion around a small core [23].
They differentiate from CORC® wires in that they are based
on R&D tapes in which the REBCO layer is moved closer to
the neutral axis of the tape by using asymmetric copper plat-
ing. This allows the use of even thinner cores of 0.5-0.8 mm,
resulting in a higher short-sample J,, at 20 T of 586 A mm 2.
Thinner cores come with potential challenges because the resi-
lience of helical-wound REBCO cables under transverse com-
pressive load is limited by the conductor core size. CORC®
conductors degrade at a transverse compressive load of about
100 kN m~' and 240 kN m~! when containing cores of
2.55 mm and 3.2 mm thickness, respectively [24]. Significant
deformation of the STAR® wire core was indeed observed
after testing at 2.5 kA in 30 T background field [25], which
corresponds to a transverse load of 75 kN m~! . Increasing
the operating current of STAR® wires to exceed 3—4 kA at
20 T currently requires multiple STAR wires to be wound in
parallel to achieve the high operating currents needed for low-
inductance magnets [26, 27].

Development of CORC® conductors based on production
REBCO tapes already resulted in the successful demonstration
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of a high field insert solenoid magnet that generated a peak
magnetic field of 16.77 T at a current of 4.4 kA withina 14 T
LTS outsert solenoid [28]. The insert coil was wound from a
4.5 mm thick CORC® wire that allowed bending to a limited
bending radius of 50 mm and resulted ina J. at 16.77 T of only
about 282 A mm~2. Although the CORC® wire performance
did not meet the requirements for high-field accelerator mag-
nets, the degradation-free insert coil test presented an import-
ant milestone for CORC® conductors for high-field magnet
applications. Several prototype CCT dipole magnets have been
developed by Lawrence Berkeley National Laboratory, which
stand-alone dipole fields of 1.1 T [29] and 2.9 T [22] have
been demonstrated. The 2.9 T CCT magnet operated at a cur-
rent of 6.29 kA and was based on a minimum bending radius
at the poles of 30 mm, where the CORC® wire demonstrated a
retention in critical current (/) of about 75%—-80%. A5 T CCT
magnet is currently being wound from 145 meters of 30-tape
CORC® wire, containing about 7.5 km of SuperPower (SP)
‘HM’ REBCO tape, which is optimized for high-field opera-
tion. While R&D tapes allow record performance in short HTS
cables as a proof-of-principle, the high tape lengths required
for prototype accelerator magnets emphasizes the importance
that the strict bending and operating performance of HTS
cables needs to be achieved using production REBCO tapes.

In this paper, we address the two remaining barriers that
prevent rapid development of high-field accelerator mag-
nets that would achieve dipole fields of 20 T using CORC®
wires: their limited bending flexibility and their limited in-
field performance when wound from production REBCO
tapes. Besides CORC® wire core size and REBCO tape
width, friction between tapes in CORC® wires is respons-
ible for most bending degradation [30]. The effect on the
bending performance of an optimized CORC® wire lubric-
ation and winding process that minimizes friction between
tapes will be presented using 2 mm wide REBCO tapes with
30 pum substrate available at commercial lengths from SP Inc.,
SuperOx (SO, recently rebranded as Faraday Factory), and
Shanghai Superconductor Technologies (SST). The perform-
ance of optimized CORC® wires wound from 30 production
REBCO tapes from the three vendors is measured at magnetic
fields up to 12 T to demonstrate the CORC® wire’s ability to
achieve an operating current exceeding 5 kA and a J. exceed-
ing 500 A mm~?2 when extrapolated to 20 T.

2. Experimental

2.1. Sample preparation

The approach to improve the bending flexibility of CORC®
wires focused on reducing the friction between tapes by optim-
izing the lubricant and lubricant application method in com-
bination with optimization of the CORC® wire winding para-
meters. The exact details of how the friction between tapes is
reduced is considered a trade secret and will not be disclosed
in this paper. The initial optimization of the original manu-
facturing process (Process P1) resulted in Process P2, while
further optimization resulted in Process P3.

The REBCO tapes for winding CORC® wires were pur-
chased commercially from three manufacturers. All tapes were
slit to 2 mm width, contained Hastelloy C-276 substrates of
30 pum thickness, and plated copper layers of 5 um in thick-
ness. The 1.6—1.8 yum thick REBCO layer of tapes from SP Inc.
Produced by metal-organic chemical vapor deposition using
their latest ‘HM’ formulation aimed at low-temperature oper-
ation at high magnetic field. Two variations of tapes were pur-
chased from SO : one containing a 1.5 pm, and one containing
a 2.5 pm thick REBCO layer, both produced using pulsed-
laser-deposition (PLD) and optimized for low-temperature,
high-field operation. The 2 psm thick REBCO layer of the tapes
from SST was also produced with PLD but was not optimized
for high-field application.

Table 1 lists the layout of the three CORC® wires wound
from 30 REBCO tapes from the three vendors. The main dif-
ference between the three layouts is that the CORC® wire
wound from SO tapes with a 2.5 pum thick REBCO layer con-
tained a 3.2 mm thick solid copper core, resulting in a4.15 mm
thick CORC® wire. The CORC® wires wound from SP and
Shanghai Superconductor tapes contained a 2.55 mm thick
copper core, resulting in a final thickness of 3.66-3.8 mm.
The table includes the expected CORC® wire I, at 76 K based
on the average and minimum /. of the REBCO tapes before
cabling.

2.2. Measurement procedure

Two methods were used to determine the effect of bending
on the CORC® wire performance. The first method consisted
of measuring the /. in liquid nitrogen at 76 K of the 30-tape
CORC® wire at different bending radii (figure 1). The voltage
versus current (VI) characteristic was measured using voltage
wires that were incorporated between the terminations and the
CORC?® wire, while I, was defined at an electric field cri-
terion of 1 £V cm~! . This method tends to underestimate the
bending degradation, because the self-field effect at the high-
current terminations typically results in a /. value that’s about
80% of the I. determined from a summation of the individual
tape I.s. The self-field effect at the terminations therefore hides
the initial /. degradation at the bent section of the CORC®
wire [20]. The second method that was applied to determine
the extent of /, degradation due to bending was to bend a 0.1 m
long CORC® wire section to a certain radius, after which the
REBCO tapes were carefully extracted from the CORC® wire
section and their /. measured. The /. retention as a function
of bending radius was defined as the total tape I, at a given
bending radius normalized to the total I, of the tapes extracted
from a straight CORC® wire section. This method removes
any self-field effects of the CORC?® wire terminations, and
any potential reversible strain effects that me be present in the
REBCO tapes after winding onto the small core. It also allows
determination of the location within the CORC® wire at which
degradation first occurs, guiding further optimization of the
CORC® wire layout and winding procedure.

The performance of the CORC® wires was measured at
4.2 K in liquid helium at magnetic fields up to 12 T within a
superconducting solenoid magnet (figure 2(a)). The CORC®
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Table 1. CORC® wire sample details.

Unit  Wire-SP Wire-SO  Wire-SST

REBCO tape manufacturer SuperPower HM  SuperOx  Shanghai Superconductor

Process P2 P2 P3

Number of tapes 30 30 30

Tape width (mm) 2 2 2

Slitting process Mechanical Laser Laser

Substrate thickness (pm) 30 30 30

Core thickness (mm) 2.55 3.2 2.55

CORC® wire thickness (mm) 3.8 4.15 3.66

Sum of average tape /. (76 K) (A) 954.6 3,011 3,051

Sum of minimum tape /. (76 K) (A) 928.7 2,195 2,858

Sum of extracted tape I (76 K) (A) 930.7 2,640 2,653
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Figure 1. CORC® wire wound from 30 shanghai superconductor tapes (Wire-SST) bent to a radius of (a) 31.5 mm, (b) 25 mm, and (c)

20 mm.

wire sample of about 1.5 meters in length was placed into
a grooved mandrel after being bent into a hairpin of either
20 mm radius (Wire-SST), or 31.5 mm radius (Wire-SP and
Wire SO) (figure 2(b)). The CORC® wire was secured in
place using stycast FT-2850 epoxy. Current was applied to the
CORC® wire at different ramp rates between 50 A s~! and
500 A s~! up to 12 kA.

3. Results

3.1 Performance of 2 mm wide REBCO tapes containing
30 um thick substrates

The critical current as a function of magnetic field of 2 mm
wide REBCO tapes containing 30 pm substrates from SP Inc.,
SO and SST was measured at 4.2 K for magnetic field applied
perpendicular to the tape surface (figure 3). REBCO tapes pro-
duced by SP with the ‘HM’ formulation showed a relatively
wide variation in /. of 60%-100% between batches. Their in-
field performance below 10 T exceeded that of SO and SST
tapes by about 35% and 50%, respectively. The differences
in in-field performance between tapes from the three vendors
decreased significantly at magnetic fields above 10 T.

The performance of 2 mm wide REBCO tapes with 30 um
substrate was also measured after winding onto different dia-
meter formers to qualify the tapes for winding into CORC®
wires. The tapes were each wound onto a round former at
an angle of about 45° with the REBCO layer facing inward
[19]. SP tape produced using their ‘AP’ formulation previ-
ously allowed cabling onto a 2.3 mm core. Figure 4(a) shows
that /. at 76 K of tapes from some of the SP HM batches
already degraded at a relatively large winding diameter of
2.8 mm, while those of other batches demonstrated a compar-
able bending performance as previous SP ‘AP’ tapes. Tapes
from batches with poor bending performance were not cabled
into CORC® wires.

The performance at different winding diameters of SO pro-
duction tapes containing a 2.5 pum thick REBCO layer is
shown in figure 4(b). The smallest former size before irre-
versible degradation occurred was about 3.0 mm. On the other
hand, SO R&D tapes with a REBCO layer of 1.5 pm in thick-
ness allowed cabling onto formers as small as 2.3 mm. A sig-
nificant (20%), but fully reversible decrease in /. occurred
in SO tapes during winding. The open symbol in figure 4(b)
shows that I, fully recovers when the tape is straightened
after it was first wound to 5 mm diameter. Figure 4(c) shows
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Figure 2. (a) cross-section of test setup for testing CORC® wires at 4 K in magnetic fields up to 12 T. (b) Closeup of the CORC® wire in a

31.5 mm radius hairpin bend before filling with stycast epoxy.
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Figure 3. Performance at 4 K of 2 mm wide tapes with 30 pm substrate of superpower ‘HM’ tapes, superOx and shanghai superconductor
technologies tapes, measured as a function of magnetic field applied perpendicular to the tape surface.

the I, retention of 2 mm wide tapes from several batches
of SST tape, allowing cabling to diameters below 2.6 mm,
similar to the better performing SP HM tapes shown in
figure 4(a).

3.2. Bending performance of next generation of CORC"
wires

3.2.1. Bending flexibility of CORC" wires wound from SP HM
tapes.  The initial improvement of the bending flexibility
was performed on 30-tape CORC® wires wound from SP

‘HM’ tapes (Wire-SP in table 1). Figure 5(a) shows the elec-
tric field versus current (EI) characteristic at different bend-
ing radii of a CORC® wire produced with optimized lubrica-
tion and winding Process P2. Only a slight shift in El-curve
to lower current occurred for a bending radius below 25 mm.
Figure 5(b) compares the /. retention at different bending radii
as determined from both full CORC® wire I, tests and the
extracted tape measurements performed on bent CORC® wire
sections.

Figure 6(a) shows the I, of tapes extracted from a straight
CORC® wire section (Wire-SP), while figure 6(b) shows their
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n-value resulting from fitting the VI-curves using the following

equation:
I n
vzm+u(),
1.

where R is the contact resistance and V. is the voltage contact
separation (L) multiplied by the electric field criterion (E.) of
1 ©V cm~! . Figure 6(a) clearly shows the different I of the
tapes from different batches wound into layers 5—12, while the
tapes in layers 1-4 came from the same batch and all have sim-
ilar I.s. One of the tapes extracted from layer 2 was damaged

ey

during mounting and had a very low /.. The n-values for most
layers remain above 20, as expected for pristine SP HM tapes,
except for some of the tapes of the inner two layers in which the
tapes degraded. Figure 6(c) shows the /. retention of two short
CORC® wire sections, one produced with the original process
before optimization (Process P1) and the other with Process
P2, after bending to a radius of 25 mm. Based on extracted
tape measurements, Process P2 resulted in an /. retention at
25 mm radius of 91.8%, compared to 70% for Process P1.
Process P2 resulted in an /.. retention of 80.3% at a bending
radius of 17.5 mm, and 77% at a bending radius of 15 mm.
Table 2 shows that the I, retention of the CORC® wire at each
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bending radius is higher than that of the extracted tapes, which
is caused by the self-field effect hiding some of the initial bend-
ing degradation.

3.2.2. Bending flexibility of CORC® wires wound from SO
tapes.  The next 30-tape CORC® wire that was prepared
using the optimized lubrication and winding Process P2 was
wound from production SO tapes (Wire-SO in table 1).
Figure 7 shows the El-characteristic and I, retention at dif-
ferent bending radii, where a small degradation of 9% in I,
was measured once the wire was bent to a 31.5 mm radius and
13% when bent to a 25 mm radius (table 3).

Figure 8 shows the I. and n-value of the tapes extracted
from the straight and bent sections of the CORC® wire after
the final bending test was completed. The tapes were not flatted
after extraction but left in their curled state. Three tapes in lay-
ers 1, 3 and 6 burned during the extracted tape measurement at
a current far below I... Instead of /., the highest current before
burnout is plotted in figure 8(a) and used to calculate the expec-
ted overall CORC® wire I, before bending. The spread in tape
I, within each layer comes from the two different tape batches
used in these layers, each having a slightly different /.. For the
bent section, a spread of about 40% in tape I, was measured
in most layers. The outermost tape layer showed much higher
degradation, both in I/, and in n-value, which is likely due to
the use of a thicker core in the CORC® wire, which requires a
higher bending force and thus pressure on the wire. An overall
tape I retention of 86.5% was measured at a bending radius
of 25 mm.

3.2.3. Bending flexibility of CORC" wires wound from shang-
hai superconductor tapes.  The bending performance was
measured of CORC® wires wound from SST tape (Wire-
SST in table 1) manufactured after further optimization using
Process P3. Figure 9 and table 4 show that at a radius of 20 mm,
an I, retention of the CORC® wire of 93.9% was achieved.
Tapes extracted from the bent sections of the CORC® wire res-
ulted an I retention of 97.5% at that radius (figure 10(b)). This
is a higher /. retention than based on bending the full CORC®
wire, suggesting that the initial decrease in CORC® wire I,
at 20 mm radius is due to the increased self-field experienced
by the CORC® wire at such small bending radius and does
not reflect bending degradation. Some degradation is seen in
tapes extracted from the inner and outer layers of the straight
CORC® wire. A section of CORC® wire sample Wire-SST
was also bent to a radius of 15 mm (figure 10(c)), after which
the tapes were extracted and an overall /. retention of 83.5%
was measured. Bending degradation initially occurs only in
a limited number of tapes spread out throughout the layers,
while most tapes retain their full performance.

3.3. Performance of CORC’ wires in a background magnetic
field

3.3.1. Performance at high magnetic field of a CORC" wire
wound from SP HM tapes. The voltage versus current
characteristics of a CORC® wire wound from SP HM tapes
(Wire-SP) were measured at different magnetic fields at 4.2 K
(figure 11) using a pair of co-wound voltage contacts that were
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Table 2. Bending performance of CORC® wire sample Wire-SP manufactured with process P2.

Bending radius I n-value I retention I retention
(mm) (A) — (%) (extracted tapes) (%)
Straight 601.6 10.8 100 100
45 585.3 10.0 97.2 —
31.5 577.3 9.3 96.0 924
25 575.3 9.3 95.6 91.8
20 550.4 9.3 91.5 85.1
17.5 529.0 9.7 87.9 80.3
15 — — — 77.0
0r [a  straight il . i . " ]
shb| ® 45 mm 2 % 08l H S|
T 31.5 mm ‘®
S 6F 25 mm 4 B 06 _
> =
= 4t 4 S 04rf -
c
- s} {1 8 o2t S 1
1 = CORC® wire
ok ] - o Lo CORC® wire- extracted tape |
0 500 1000 1500 2000 25 30 35 40 45
I [A] b. Bending radius [mm]

a.

Figure 7. (a) Electric field as a function of current of sample Wire-SO, manufactured with Process P2, at 76 K when bent to different radii.
(b) Critical current, normalized to /. of the straight wire, as a function of bending radius. The open symbol represents the /. retention
determined from extracted tape data, which overlaps the data point of the CORC® wire bent to 25 mm.

Table 3. Bending performance of CORC® wire sample Wire-SO, manufactured with process P2.

Bending radius 1. n-value 1. retention 1. retention (extracted tapes)
(mm) (A) — (%) (%)
Straight 1992 18.7 100 —
45 1973 17.8 99.0 —
31.5 1807 18.0 90.7 —
25 1725 20.6 86.7 86.5

mounted within the terminations of the CORC® wire. The first
measurement was taken in a background magnetic field of 9 T
at current ramp rates of 100, 200 and 500 A s~ respectively.
The magnetic field was then increased stepwise to 12 T, and
finally decreased to 7 T. The measurements only showed the
initial start of the superconducting-to-normal transition before
the sample quenched. The quench currents (/guencn) of the
sample at each current ramp rate and magnetic field are lis-
ted in table 5. On the way down from 12 T, except at 8 T, the
sample was only tested at a current ramp rate of 500 A s~!
due to the level of liquid helium running low. The final meas-
urement was performed at 7 T to a current of 11273 A, at
which point part of the sample was pulled from the sample
holder due to the high Lorenz force (figure 12). This con-
firms that the quench triggers were likely caused by sample
movement.

Figure 13 shows the quench current and J,, of the CORC®
wire, and the expected /. based on the performance of the

individual tapes for which the in-field performance was meas-
ured, as a function magnetic field. A J. of 751 A mm—2at12T
was measured, which is a new record for CORC® wires wound
from production tapes. The magnetic field dependence of the
quench current also allowed extrapolation to a magnetic field
of 20 T, where the CORC® wire is expected to have a quench
current of 5,855 A and a J. of 530 A mm 2.

3.3.2. Performance at high magnetic field of a CORC® wire
wound from SO tapes. The next sample that was meas-
ured in a background magnetic field was a 30-tape CORC®
wire wound from SO tape (Wire-SO) that was mounted in
a hairpin with a radius of 31.5 mm. The VI-characteristics
are shown in figure 14 when the sample was tested at a cur-
rent ramp rate of 500 A s~!, starting at 11 T down to a
background magnetic field of 6 T. Table 6 lists the quench
current, but also I. and n-value that we were able to obtain
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Figure 8. (a) Critical current and (b) n-value as a function of layer number of tapes extracted from a straight section of sample Wire-SO. (c)
Critical current and (d) n-value of a CORC® wire section after bending to a 25 mm radius. The total /. retention at 25 mm radius is 86.5%.
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Figure 9. (a) Electric field as a function of current of sample Wire-SST, manufactured with Process P3, at 76 K when bent to different radii.
(b) Critical current, normalized to /. of the straight wire, as a function of bending radius. The open symbol represents the /. retention

determined from extracted tape data.

Table 4. Bending performance of CORC® wire sample Wire-SST, manufactured with Process P3.

Bending radius 1 n-value 1. retention 1. retention (extracted tapes)
(mm) (A) — (%) (%)
Straight 1636 10.4 100 —
45 1611 9.9 98.5 —
31.5 1602 9.8 97.9 —
25 1598 9.7 97.7 —
20 1536 10.8 93.9 97.5
15 — — — 83.5

from the limited range at which the voltage showed the
superconducting-to-normal transition. This limited voltage
range did not allow for an accurate calculation of /.., therefore

table 6.

the quench current was used to calculate J.. The actual J,
values are therefore expected to be higher than that listed in
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Figure 10. (a) Critical current and (b) n-value as a function of layer number of tapes extracted from a straight section of CORC® wire
sample Wire-SST, manufactured with Process P3. (c) /. and (d) n-value of a section bent to a radius of 20 mm (/. retention is 97.5%), and
(e) I, and (f) n-value a section bent to 15 mm radius (/. retention is 83.5%).
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Figure 11. Voltage as a function of current of CORC® wire sample Wire-SP at different magnetic fields at 4.2 K.
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Table 5. In-field performance of CORC® wire sample Wire-SP.

I quench (A) I quench (A) 1 quench (A) Je (A Il’ll‘l‘l_2)
B (T) Sum oftape I (A) 100 (As™!) 200(As™!) 500 (As™H 500(As™h
9 12367 9890 9964 10098 914
10 11293 9185 9203 9381 849
11 10349 8599 8599 8800 797
12 9532 8087 8293 751
11 10349 8790 796
10 11293 9421 853
9 12367 9747 883
8 13612 10382 10568 10595 959
7 15016 11273 1,021
20 5855° 530°

2 Extrapolated value.
é

- et

g

Figure 12. Straight section of CORC® wire Wire-SP on the in-field probe that was pulled from the probe by the high Lorenz force caused

by the transverse magnetic field component from the wire’s self-field.
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Figure 13. Quench current taken at 500 A s~ ! and J. of CORC®
wire sample Wire-SP, mounted at 31.5 mm hairpin radius, and total
I of the tapes from which the CORC® wire was wound, as a
function of background magnetic field at 4.2 K. The dashed line is a
fit of the quench current to allow extrapolation to 20 T.

Figure 15 shows the quench current of the CORC®
wire, and the expected I, based on the performance of
the individual tapes for which the in-field performance was
measured. The performance of the CORC® wire at 20 T

[ | Applied Field [T] ]
80 F|——6 u
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— 60 F|—* 8 ]
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S 40F 105 ]
| —e— 11
20 C
O ._ 1 1 1 1 N
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Figure 14. Voltage as a function of current of CORC® wire sample
Wire-SO at different magnetic fields at 4.2 K.

was estimated by extrapolation, which resulted in an estim-
ated quench current of 5,236 A and J. of 388 A mm 2.
The estimated quench current at 20 T is similar to that of
the CORC® wire wound from SP HM tape, but J. is sig-
nificantly lower due to the higher thickness of the CORC®
wire.
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Table 6. In-field performance measured at a current ramp rate of
500 A s~! of CORC® wire sample Wire-SO.

Sum of tape
B(T) I.(A) Iquench (A)  Ic (A)  n-value J. (A/mm?)
6 11979 8554 9744 7.7 648
7 11024 8221 8913 8.3 623
8 10232 7823 8302 7.8 593
9 9554 7467 7756 7.0 566
10 8970 7108 7232 11.0 538
10.5 6925 7101 11.0 525
11 8460 6731 6883 12.0 510
20 5236% 388*
2 Extrapolated value.
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Figure 15. Quench current taken at 500 A s ! and J. of CORC®
wire sample Wire-SO, mounted at 31.5 mm hairpin radius, and total
I of the tapes from which the CORC® wire was wound, as a
function of background magnetic field at 4.2 K. The dashed line is a
fit of the quench current to allow extrapolation to 20 T.

3.3.3. Performance at high magnetic field of a CORC" wire
wound from Shanghai Superconductor tapes. A CORC®
wire wound from SST tape (Wire-SST) was mounted into
a hairpin with 20 mm radius for in-field testing. The VI-
characteristics measured at a ramp rate of 500 A s~ at back-
ground magnetic fields from 4 T up to 11 T are shown in
figure 16. The current was cycled 10 times to 6,500 A while
at 11 T to perform limited stress cycles. No difference in VI-
characteristics was measured after the stress cycles (figure 17),
which indicates that the sample did not degrade during cycling.
The performance was measured at 4 T in decreasing field after
the measurement at 11 T was performed.

Figure 18 shows the quench current of Wire-SST as a func-
tion of background magnetic field, together with the expected
1. based on in-field measurements of several tapes performed
up to 15 T. The performance of the CORC® wire is also extra-
polated to 20 T, where it is expected to have a quench current
of 4,895 A and a J. of 465 A mm~—2. The performance also
exceeds the previous CORC® wire J.(20 T) record reached in
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Figure 16. Voltage as a function of current of CORC® wire sample
Wire-SST at different magnetic fields at 4.2 K. The measurement
was performed at a ramp rate of 500 A s~".
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Figure 17. Voltage as a function of current of CORC® wire sample
Wire-SST at 11 T and 4.2 K before and after cycling the current 10
times to 6,500 A.

2020 [21] and is only slightly lower than the performance of
the CORC® wire wound from SP HM tape.

4. Discussion

Table 1 lists the expected CORC® wire I of the three samples
before bending, based on the average and minimum /., as
reported by the different vendors, for each tape batch the
wires were wound from. At 76 K, the minimum /. of the
SP HM tapes is only slightly below their average I., result-
ing in comparable expected CORC® wire I, values of 954.6
and 928.7 A, respectively. The total I of the tapes extrac-
ted from a straight section of CORC® wire sample Wire-SP
of 930.7 A fall within the expected range and is only about
2.5% below the expected CORC® wire performance based on
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Figure 18. Quench current taken at 500 A s~! and J. of CORC®
wire sample Wire-SST mounted at 20 mm hairpin radius, and total
1. of the tapes from which the CORC® wire was wound, as a
function of background magnetic field at 4.2 K. The dashed line is a
fit of the quench current to allow extrapolation to 20 T.

the average tape /.. The much larger variation in /. along the
length of SST, but especially SO tapes, makes it much harder
to estimate the expected CORC® wire I, from the tape per-
formance data provided by the manufacturers. The expected
CORC® wire I is 3,051 A for sample Wire-SST and 3,011 A
for sample Wire-SO at 76 K when based on average tape /. val-
ues. It is only 2,858 A (6.5% less) for sample Wire-SST and
2,195 A (17.2% less) for sample Wire-SO when based on the
minimum reported tape /.. The difference between the expec-
ted CORC® wire I, and the total I, of the tapes extracted from
straight CORC® wire sections of sample Wire-SO and Wire-
SST is caused by the wide variation in /. along the tape length,
reversible changes in tape /. due to cabling (see figure 4(b)),
actual irreversible degradation due to cabling, and damage due
to tape handling during extraction (the three burned out tapes
in figure 8(a)). All these factors, except for tape handing dam-
age, are removed from the equation to evaluate the CORC®
wire bending degradation by comparing extracted tape per-
formance between straight and bent CORC® wire sections,
which is the method used in this study.

The results presented here clearly show the impact of the
reduced friction between tapes on the bending performance of
CORC® wires. Before optimization, many of the tapes in the
layers around the transition from 2 tapes to 3 tapes per layer
(layers 6 and 7) in CORC® wire sample Wire-SP showed sig-
nificant degradation upon bending (figure 6). This is attributed
to the interlayer interaction between tapes within the CORC®
wire, as was determined using finite element method modeling
to describe similar degradation of the tapes within a CORC®
wire exposed to high axial tensile strain [31]. The interlayer
interaction is reduced significantly when the friction between
tapes is reduced, minimizing the tape degradation in the layers
around this transition during bending, as is shown in figure 6
for CORC® wire sample Wire-SP and figure 10 for sample
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Wire-SST. The reduction in tape degradation around this trans-
ition in sample Wire-SO after bending is less pronounced.
The sample still shows a wide reduction of tape /. throughout
the sample, likely because of the lower mechanical resilience
of the SO tapes against high axial compressive strain during
cabling and the use of a thicker core in the CORC® wire.

The quench current of the CORC® wires measured in
a background magnetic field varies by no more than 2.5%
between current ramp rates ranging from 100 to 500 A s~
For the case of the CORC® wire wound from SP HM tape
(Wire-SP), the quench currents of the two tests performed at
11 T, one before and one after testing at 12 T, were identical.
The quench current for sample Wire-SP was higher for the
second test performed at 10 T, while it was 3.5% lower for
the second test at 9 T. This is not an indication of sample
degradation, because the quenches of this sample were likely
triggered by sample movement. The quench current of sample
Wire-SST decreased by about 2% between the measurements
performed at 5 T at the beginning and the end of the test cam-
paign (table 7). This is also unlikely caused by degradation.
No change in VI-characteristic was measured before and after
10 high current cycles in 11 T background field (figure 17),
supporting the claim that no significant degradation occurred
in the CORC® wire.

The quench currents of CORC® wires tested in a back-
ground magnetic field, and /. in the case of sample Wire-
SO, are lower than expected based on the performance of
single tapes. The difference between the expected and actual
in-field performance of the CORC® wires is also partly due
to the bending degradation experienced by the CORC® wires
when wound into the hairpin. The bending tests performed on
CORC® wires showed a degradation of around 7% at 31.5 mm
radius for sample Wire-SP, which is half of the 13% differ-
ence between expected and actual performance at 12 T. The
expected bending degradation of about 3% at 20 mm radius
for sample Wire-SST is about 1 3rd~! of the 10% difference
between expected /. and CORC® wire quench current meas-
ured at 11 T. The bending performance using extracted tape
measurements of sample Wire-SO was not performed at a
radius of 31.5 mm. Based on the bending performance of the
full CORC® wire at a 31.5 mm radius and the 13% I.. degrad-
ation at 25 mm radius determined by extracted tape measure-
ments, it is expected that the actual bending degradation of
sample Wire-SO at 31.5 mm radius is around 10%. The 18.7%
difference between the expected and actual CORC® wire per-
formance at 11 T is therefore not caused entirely be bending
degradation but will likely also be caused by the reversible
change in tape /.. that was measured when tapes from SO were
wound around a small core (figure 4(b)). Although at 76 K this
change is close to 20%, the effect will be much lower at 4 K
even at fields up to 11 T [32].

The difference between measured and expected in-field
performance of the CORC® wires depends on the applied
magnetic field. For all CORC® wires tested, the difference
between expected and actual in-field performance decreases
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Table 7. In-field performance of CORC® wire sample Wire-SST.

1quench (A) Iquench (A) Iquench (A) Je (A Hlm_2)
B (T) Sum oftape I (A) 100 (As™!) 200(As™!) 500 (As™H 500(As™h)
5 10599 8154 8267 8343 793
6 9620 7648 7726 7831 744
7 8811 7248 7290 7488 712
8 8192 6911 6976 7062 671
9 7647 6593 6671 6745 641
10 7200 6316 6349 6476 616
11 6802 6031 6060 6148 584
5 10599 8107
4 8842 840
20 4895° 465°

# Extrapolated value.

with increased magnetic field. This is likely due to the self-
field of the CORC® wires being much higher than that of the
tapes. The self-field contributions were not considered, and the
data shown in figures 13, 15 and 18 are plotted as a function of
applied magnetic field, not actual magnetic field experienced
by the conductor. The self-field of the CORC® wires wound
into a hairpin is mostly oriented perpendicular to the applied
magnetic field. Still, the self-field will likely have an effect on
the /. and Jgyench-

The results presented in this paper show that the bending
performance of CORC® wires in which friction between tapes
is minimized is still affected by core size and mechanical resili-
ence of the REBCO tapes. The CORC?® wire thickness, which
is also affected by core size, has a major impact on J.. On the
other hand, a larger core allows for higher layer currents that
are needed to reach the required operating current of at least
5 kA at 20 T for use in accelerator magnets. The 2.55 mm
core thickness of the standard 30-tape CORC® wires is close
to optimum thickness because it allows sufficient bending flex-
ibility in the next generation of CORC® wires, while also
exceeding requirements of J. and /. at 20 T. Thinner cores
may result in higher bending flexibility and J but will reduce
I at 20 T and will likely reduce their resilience against trans-
verse compressive stress [24].

5. Conclusions

This paper introduces the next generation of CORC® wires
wound from production REBCO tapes. The CORC® wires
were developed for high-field magnet applications and were
produced using optimized lubricants and manufacturing pro-
cedures to minimize friction between tapes. The bending per-
formance of CORC® wires wound from 30 REBCO produc-
tion tapes of 2 mm width that contain 30 pm thick substrates
was improved by a factor of more than 2 compared to the pre-
vious generation CORC® wires. CORC® wires wound from
SP HM production tapes maintained 92.4% of their critical
current at 31.5 mm bending radius, while CORC?® wires con-
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taining 30 tapes from SST maintained 97.5% of their /. at a
20 mm bending radius and 83.5% of I, at a 15 mm bending
radius. The lower mechanical resilience of tapes from SO to
axial compressive winding strain required the use of 3.2 mm
thick cores in the CORC® wire, instead of the standard 2.5 mm
thick cores. CORC® wires wound from SO tapes maintained
86.5% of their I, at a bending radius of 25 mm.

The performance of CORC® wires was measured in a back-
ground magnetic field up to 12 T in liquid helium. The CORC®
wire performance was compared to that of single tape /. at
4.2 K up to 15 T from tapes of the same batches form which
the CORC® wires were wound. A new record J, extrapol-
ated to 20 T, of 530 A mm~2 at a current of 5.8 kA was
achieved in a CORC® wire wound from SP HM tapes, which
are optimized for high field operation. The CORC® wire per-
formance was within 90% of the total tape /., while bent
into a 31.5 mm radius hairpin. A CORC® wire wound from
SST tape, which are not yet optimized for high field oper-
ation, achieved a J., extrapolated to 20 T of 465 A mm2
while bent to 20 mm radius. It also performed well within
90% of the expected I... The in-field performance of a CORC®
wire wound from 30 SO tapes, in which a 3.2 mm core was
used instead of the standard 2.5 mm core, was lower due to
the higher conductor thickness. A J., extrapolated to 20 T of
388 A mm~2 was measured. The CORC® wire J, extrapolated
to 20 T thus increased by a factor of 1.5-1.8 compared to previ-
ous generation CORC® wires wound from production REBCO
tapes.

Next generation CORC® wires wound from production
REBCO tapes now represent the first REBCO-based cable that
exceeds all the main requirements for low-inductance, high-
field accelerator magnets. They allow bending in all directions
to radii below 20 mm while maintaining more than 90% of
their performance, demonstrated an engineering current dens-
ity exceeding 500 A mm~2, and I, exceeding 5 kA, extra-
polated to 20 T. Next generation CORC® wires now enable
a more expediated development of low-inductance particle
accelerator magnets that generate a dipole field exceeding 20 T



Supercond. Sci. Technol. 37 (2024) 115007

D van der Laan et al

and low-inductance, high-field solenoid magnets generating
an axial field as high as 40 T.
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