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Abstract. REBCO coated conduetors maintain high engineering current density
above 16 T at 4.2 K. That fact will significantly impact markets of various magnet
applications including high=field magnets for high-energy physics and fusion reactors.
One of the main challenges for the high-field accelerator magnet is the use of multi-
tape REBCO cables with high engineering current density in magnet development.
Several approaches developing high-field accelerator magnets using REBCO cables are
demonstrated. In thisspaper, we introduce an alternative concept based on the canted
cosf (CCT) maguet design msing Conductor on Round Core (CORC®) wires that
are wound from_multiple REBCO tapes with a Cu core. We report the development
and test of deuble-layerithree-turn CCT dipole magnets using CORC® wires at 77
K and 4.2 K. The scalability of the CCT design allowed us to effectively develop
and demonstrate important magnet technology features such as coil design, winding,
joints and testing with minimum conductor lengths. The test results showed that the
CCT.dipole magnét using CORC® wires was a viable option in developing REBCO
accelerator magnet. One of the critical development needs is to increase the engineering
current density of the 3.7 mm diameter CORC® wire to 540 Amm~2 at 21 T, 4.2 K
and to reduce the bending radius to 15 mm. This would enable a compact REBCO
dipole imsert magnet to generate a 5 T field in a background field of 16 T at 4.2 K.

1. Introduction

Future high-energy proton-proton colliders will require dipole magnetic fields of the
order of 16 T or greater [1, 2]. Dipole magnets that generate such high fields will
need.superconductors that can carry a high current at 16 T and 4.2 K. REBay;Cuz0O,
(REBCO, RE = rare earth) coated conductor technology is a strong candidate that can
meet this requirement. More than ten vendors worldwide are developing commercial
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conductors that can potentially lower the conductor cost and benefit high-field REBCO
magnet applications for high-energy physics and compact fusion reactors [3].

Compared to the significant progress in high-field solenoid magnets made with
REBCO tapes [4-9], the development of REBCO high-field accelerator magnets is less
advanced, limited by the use of single tapes [10-14]. Two technical issties can partially
explain this. First, the flat thin tape geometry makes it difficult to develop multi-strand
high-current cables, which are the de facto conductor form for high-field accelerator
magnets [15]. Cables enable high currents and lower magnet“inductance, which is
motivated by quench protection issues. Second, performance of gecelerator magnets
based on the few REBCO cable architectures available is stilblargely unknown.

To address these two challenging and intertwined issues, the European EuCARD-2
collaboration [16, 17] has been developing REBCO Roebel'cables [18] and the associated
dipole magnet demonstration based on the aligned /bloeky[19] and cosf designs [20].
Recently, the CERN group successfully tested amijaligned-block dipole magnet that
reached 3 T in 5 K Helium gas [21]. A dipole design using twisted stacked tape cables [22]
is also under investigation [23]. y

Complementary to these studies, we present, an’ alternative concept for future
high-field REBCO accelerator insert magnetsy, It is based on the canted cos@ (CCT)
design using REBCO Conductor on Round €ore (CORC®) wires. The CORC® wires
are developed at Advanced Conduetor Technologies, LLC (ACT) by winding multiple
layers of REBCO tapes in a helical fashion around a Cu former [24-26]. Compared
to Roebel cables, CORC® wires. are isotropie in terms of bending and electromagnetic
behavior which can potentiallyssimplify magnet design and fabrication. The partially
transposed multi-tape configuration canreduce AC losses [27] and allow current sharing
inside CORC® wires, a desitable feature for magnet quench protection. Compared to
the same amount of REBCO tapes assembled in a stack or Roebel cable, the Cu former
reduces the engineering cutrent density (J.) of the CORC® wires which is defined as
the current per unit «ress sectional area of the wire. On the other hand, the Cu former
can allow thinner u plating'of REBCO tapes to maintain the same copper fraction as
some other REBCO cable concepts.

The CCT magnet<design was introduced by Meyer and Flasck in 1970 [28].
It promises several features attractive for high-field accelerator magnet applications,
including —effective fstress management, simple magnet fabrication and excellent
geometric fieldaquality [29-33]. Lawrence Berkeley National Laboratory has been
developing CCT magnet technology for high-field accelerator magnets using both low-
and high-temperature superconductors [34, 35].

Because of these unique features of CORC® wires and CCT magnet design, we
expect the CORC® CCT concept to be a viable option for future high-field REBCO
accelerator insert magnets. Here, we report the proof-of-principle development of two
double-layer three-turn CCT dipole magnets using the CORC® wires as an essential step
to demonstrate the viability of the concept. The tests showed that the concept is feasible
and we foresee no fundamental technical issues to develop magnets with additional turns
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and higher fields. In section 2, we review the main parameters of the CORC® wifes used
here, followed by the details of design, fabrication and testing of CCT dipoléymagnets
in sections 3 and 4. We present the main test results at 77 K and 4.2°K in section5.
In section 6, we discuss the implications and several aspects on both eonductor and
magnet technology that will benefit from further development.

2. CORC® wire layout

Figure 1 shows a segment of the CORC® wire developed by ACT«Two CORC® wire
designs were used to make the CCT magnets. The first design conbained 16 tapes
whereas the second one contained 29 tapes. The commercial REBCO tapes (SCS-2030)
were manufactured by SuperPower Incorporated (SPI). They were 2 mm wide, 45 micron
thick, and contained a 30 pum thick substrate. Table/l eompares the main parameters
of both wires.

y Cucore

REBCQ, tape

Polyester heat shrink tube

Figure 1. The commercial CORC® wire manufactured by Advanced Conductor
Technologies, LLC# A Polyester heat shrink tube encapsulates multiple layers of
REBCO tapes helically woundon a Cu core.

N

Table 1./ Parameters©of the two types of CORC® wires used for the three-turn CCT
magnets Cla,and COb.

16-tape wire 29-tape wire

Magnet name - COa COb
Wire diameter mm 3.09 3.63
Diameter of Cu core mm 2.34 2.56
Number of tapes - 16 29
Tape width mm 2 2
Cu plating thickness — pum 5 5
Substrate thickness  pm 30 30
Cross sectional area mm? 7.5 10.35
Percentage of Cu area - 62% 55%
Wire length m 2.3 2.9
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3. Magnet design and fabrication

The CCT test magnets consisted of two layers with three turns of CORG® wire in.each
layer (figure 2). With respect to the bore axial direction, the wires tilted at amangle (e)
to cancel the solenoid field components produced by each layer and deuble the dipole
field in the magnet aperture [32, 33].

Inner layer

Dipolefield
A
|
______ \\
Solenoid field
Outer layer
¢ L
Figure 2. Mlustration of ‘the two-layer three-turn CCT dipole magnet

using CORC® wires. The field fromieach layer cancels the solenoid component and
doubles the dipole components in the aperture.

Magnet C0Oa had an aperture of 70. mm in order to measure the field quality of
a longer version of C0a usingithe existing measurement hardware. Given the magnet
aperture and allowable wire bending radius, we chose a tilt angle of 40° for COa with
the 16-tape wire. Magnet COb had the same tilt angle but a larger aperture of 85
mm to increase the bendinggradius of the 29-tape wire. Table 2 gives the main design
parameters for both magnetsd Here the bending radius is determined along the wire
longitudinal axis. The, ribthickness refers to the minimum distance between the two
neighboring wires at the magnet mid-plane (figure 3).

The tilted turnsinfigure2 were located in the “U”-shaped grooves in the mandrels.
The grooves were parallel at an angle rather than being normal to the mandrel surface
(figure 3). Thissfeature allowed us to wind the CCT magnet as if it were a solenoid,
including applying tension, if needed, to the conductor during winding.

In addition to the tilted conductor turns, lead wires were arranged to facilitate the
fabrication of electrical joints. The bending radii of the lead wires were larger than the
minimum, bending radius at the magnet poles to reduce the wire bend. At the lead end,
thefwires from ecach layer exited the mandrel 180° apart (figure 3). At the return end,
the conductors exited the mandrel at the same angular position. This configuration
minimized the wire bend when making the return-end joints.

The mandrel was printed using Accura® Bluestone®, a composite material for
manufacturing stable and high stiffness parts [36]. The material can be used in liquid
nitrogen and liquid helium. At 77 K, it has an ultimate tensile strength of 190 MPa and
an ultimate flexural strength of 105 MPa [37]. Therefore, the mandrel was strong enough

Page 4 of 22
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Figure 3. Top: a 3D model of the assembled COa magnet. The inset gives a close-up
of the “U”-shaped grooves. Bottom: the outer layer of COa. The white dashed line
illustrates the mid-plane of the magnets. The bottom pole region is also shown.
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for the self-field test of the three-turn magnets. The Bluestone® contracts about 0.65%
from room temperature to 4.2 K [37], about twice that of Cu. Note that Cu deminated
the CORC® wire in terms of volume. The over-sized groove diameter can. compensate
the larger shrinkage of the mandrel with respect to the conductor.

Although the groove design allowed winding with tension on wites, both ‘proof-
of-principle magnets were hand-wound with no tension on the wireé"to minimize the
wire handling. After winding each layer, we wrapped the mandrel and conductor with
an adhesive glass cloth electrical tape (3M Scotch® 27) to help’ constrain the turns
(figure 4). The magnets were not impregnated due to the low electromagnetic forces
expected during the test (less than 20 N per mm in the peakield region of the magnet).

Lead-end
Cu terminals

Outer layer

Hall=probe
assembly

Return-end
praying-hand joint

Figure 4. Assembled C0a magnet before the cold test.

To assemble both layers into the dipole magnet configuration, the inner layer was
firstiinserted into the outer layer. They were then anchored to a G10 support board
using Brass screws through the alignment holes on the mandrels which also aligned the
layers axially (figure 3). We inserted G10 shims into the radial gap between the layers
to center the inner layer. An assembly of a cryogenic Hall sensor (Lakeshore HGCT
3020) was then anchored to the Brass screws to position the Hall sensor within 1 mm
to the center of magnet aperture (figure 4).
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Electrical joints were made using the Cu terminals at wire ends. These hollow Cu
terminals were 150 to 200 mm long with an outer diameter (OD) of 6.35 mm. They
were soldered to the CORC® wires by ACT using Sn63Pb37 for magnet €0a and Indium
solder for magnet COb.

At lead end, we sandwiched the Cu terminal into a pair of Cu blo¢ks with grooves
matching the OD of the Cu terminals and Indium foils. The Cu blocks®ere then pressed
against each other by screws to create a pressure contact between the wire terminals
and Cu blocks. At return end, the terminals from both layers‘weressandwiched into
a pair of Cu blocks to form a praying-hands joint (figure 4). [NbTi Rutherford cables
connected the Cu blocks to vapor-cooled current leads of thextest stand.

4. Experimental setup and test protocol

Several voltage taps were installed to measure the woltage evelution during the current
ramp. The first pair of voltage taps (V1) was installed inside the Cu terminal (figure 5).
The second pair (V3) was soldered to the CORG® wire aftét the magnet was assembled.
The V5 taps were each about 3 mm away from the end of mandrel to reduce the resistive
voltage due to the current transfer inside the,Cu terminal. The V5 voltage tap wires
were wrapped and soldered around the CORC® wire, in direct contact with the outer
most layer of tapes. The V5 wires for magnet GOb were co-wound with CORC® wire to
reduce inductive noise during current ramp. The resistance of the return-end joints was
measured with the two voltagetaps inside the Cu terminal (figure 5).

Praying-hands joint

V'oim

J

Coil terminals

I -
E—-

Figure 5. Voltage tap configuration for magnets COa and COb. Each layer had two
pairs of voltage taps: V; pair terminated inside the Cu terminals and V5 pair was
soldered to the wires next to the mandrels.

Signals from the voltage taps and Hall sensor were measured with digital
multimeters (Tektronix 2182A) via a GPIB bus. The typical measurement rate was
0:5.to 1 Hz.

To evaluate the impact of coil winding on the transport performance
of CORC® wires, we measured the voltage across wires as a function of current at
two stages of assemble (figure 6): before winding at 77 K and after assembly into CCT
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dipole magnets at 77 K and 4.2 K. Each layer of magnet COa was also tested separately

at 77 K.

Individual wires
before winding

77K

Figure 6. Test protocol of CORC® wires and magnets.

» Individual layers !
' after winding

Assembled magnet

77 K and 4.2 K.

The 77 K tests of the wires and magnets used a stair-stepacurrent profile with a 2

kA power supply to minimize the inductive pickup. Forghe 4.2 K test, a 25 kA power

supply was used. Current ramped continuously and reduced to.zero when the peak layer

voltage was less than 1 mV. The V; voltage taps were used for the 4.2 K tests.

COa had three tests at 77 K followed by four tests.at 4.2 K and one last test at 77
K. COb had four tests at 77 K followed by one test at 4.2 K. Both magnets were cooled
down from room temperature for each test. Two Liakeshore Cernox thermometers, one

on each end of magnet mandrels, monitored. the temperature profiles during cooldown.

The maximum cooldown rate was 50 K h=h

5. Test results

5.1. Current-carrying capabilityref the 16-tape wire and CCT magnet COa at 77 K,

self-field

Figure 7 compares the Voltagwersus current at 77 K for the 16-tape CORC® wires

during the fabrication of mmagnet COa.

1.0

lual layer

hath-1 1
oouridycls-ds

(W2 8818)

Voltage (mV)

e
—

s 1
CLOTC " WINUIIITE

C0a; 77 K

Inner layer

| Outer layer‘

o

=)
S T

600

Current (A)

00 800 900

Figure 7. Wire voltage as a function of current for magnet COa: before winding,
the individual layer after winding, and each layer after being assembled into the CCT
dipole configuration. 77 K, self-field, log-log scale.
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Table 3 compares I. and n value determined with an electric-field criterion/of 1" @V
cm ™! up to the measured peak voltage (figure 7). After winding, the I, of the ifmer layer
decreased by 11% and the I, of the outer layer decreased less by 8%. The I. of both
layers decreased by another 4% after the assembly into the dipole magnetsconfiguration:

Table 3. Wire I, for magnet COa at different stages, 77 K and self-field »E. =1 uV

cm L.

Inner layer wire Ouier layer wire
(160711-056A) (160711-056B)
I. (A) n I (A) n

Before winding 754 8.7 741 7.6
Each layer tested individually after winding 672 135 685 12.6
Each layer in the CCT dipole configuration 645 14 663 8

&

5.2. Current-carrying capability of the 29-tape wire and CCT magnet C0b at 77 K,
self-field

Figure 8 compares the voltage of each layer before winding and after being assembled
into magnet COb.

1.000

inner u

RBathid hied
DOUlTdyCls dd>S5CITUICU

Outer |

=
—_
=l
=)

Voltage (mV)
o
A
o
IEIDIEI
= -E:'tﬁ
Hy
o}
%,
&

- : — O Before wf“l('ll'ﬁg}
o i "
o) .EI
"o J COb, 77 K
0.00he0% 10 111213 15 2.0
Current (kA)

Figure 8. Wire voltage as a function of current for magnet COb: before winding and
after being assembled into the CCT dipole magnet. 77 K, self-field, log-log scale.

Ioefboth wires decreased by 25% at 77 K after being wound and assembled into
the dipole configuration (table 4). The n values of both layers decreased by 50% after
winding.
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Table 4. Wire I. for magnet COb at 77 K and self-field. E. = 1 uV cm™t. The Ig
and n values were determined up to the measured peak voltages as shown in figure 8|

Inner layer wire Outer layer wire
(170131-1) (170131-2)
I. (A) n I. (A) n

Before winding 1675 31.6 1644 28.8
Each layer in the CCT dipole configuration 1247 16.4 1239 15

-~

5.8. Current-carrying capability of both magnets at 4.2 K, self-field

Figure 9 compares the layer voltage of both magnets during,the current ramp at 4.2 K,
self-field. The peak current was 6748 A for COa (Jo/= 900. Amm ?) and 12402 A for
COb (J. = 1198 Amm~2), about a factor of 10 increase from 77 K.

1.000 > T
42K Inner
Outer o
o &
J
£ 0.100 -
g & F
5 - o e o
=y @ w @
C ; . o
> 0.010 = o T
— fooaanly
L a o) ;h;
- a . -
0.001L—£° el -l
3 4 5 6 7 1011 13
Current (kA)

Figure 9. Layer voltage as a function of current for both magnets at 4.2 K, self-field,
log-log scale.

COa starfed to exhibit a detectable voltage rise at 4.1 kA, 72% of the expected
short-sample limit. For COb, the outer layer started the transition at 11 kA, 87% of
the short=sample limit, followed by the inner layer at 11.8 kA. More details on the
short-sample limit can be found in Appendix A.

5.4. Dipoléfield at the center of magnet aperture

Figure 10 compares the measured and calculated dipole fields at the center of magnet
aperture. The calculation was based on the Biot-Savart law and considered actual
wire location including both ends as shown in figure 3. The difference between the
measurements and calculation was within 1.3% for COa and 0.4% for COb. The
discrepancy was consistent with the 1 mm tolerance of the Hall probe center with
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respect to the magnet center. Magnet COa had a transfer function of 66.4 T AF*, 19%
higher than that of COb (55.6 uT A™1).

oNOYTULT D WN =

0.7
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?O 0.6 /
o
-~
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©
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Dipole field (T)
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20 0.1

2 4 6 8 10 12 14
23 Current (kA)
24 'S

Figure 10. Dipole fields at the center of magnet aperture. Points: measurement.
Lines: calculation.

5.5. Joint resistance

32 Figure 11 shows the voltage as a function of current at 4.2 K for both magnets. The
34 joint resistance also included the eontribution from the Cu blocks of the joint structures
35 and contact resistance from the Indiumnfoils. A linear fit of the measured voltages gives
36 a resistance of 97 nf) in COa an{i 8 n{2 in COb.

38 800
40 700 5
42 600

i
N
Z

COa

94
)
=)

/
/

&
Voltage (LV)

4 6 8 10 12 14
53 Current (kA)

Figure 11. The voltage across the return-end joint as a function of current at 4.2 K.
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5.6. Wire burn-out due to over-heating

COb outer layer developed a hot spot that damaged the wire at 12.4 kA, during the 4.2
K test when the layer voltages developed to a similar level at 77 K. The voltage across
the outer layer started rising at 11 kA (J, ~ 1000 Amm™2) and the résistive heating
continued for about 50 s until the wire burned out at 12.4 kA (J, ~ 12000A mm™?).

0.35 14

0301 COb, 42K : o s
3 0.25 5 . 10

urrent o] ~

= 020 3 : s
& Out % =
= 0.15 uter 6/ ¢
@] (D)
= 0.10 4 5
> | -
— 0.05 2

0.00 -0

0.05 | Inner 4 "%

50 100 150 200 250 300

Time (8)

Figure 12. The layer voltage and. current of COb as a function of time at 4.2 K,
self-field. The outer layer conductor burned out at the peak current of 12.4 kA.

The wire burned out at the peak field region in the outer layer (figure 13). A wire
section, about 5 mm in length, evaporated at the burnt location. The growing normal
zone also melted the polyester hgat shrink tube and scorched the white tape that crossed
over the wires (figure 13){ The melted shrink tube and scorch marks covered about 200
mm length along the wire.

Evaporated
section

Scorch marks

Figure 13. Wire burned out at the peak field region in the outer layer of COb.
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6. Discussion

6.1. CCT dipole magnets using REBCO CORC® wires is a viable techivology

The scalability of the CCT design allowed us to effectively develop and demonstrate
fundamental magnet technology features such as magnet design, winding, joints and
testing with relatively short conductor lengths. The test results cleafly showed. that the
concept of CCT magnets using the CORC® round wires is viable. 'We can‘make larger
magnets featuring more turns, higher fields and increased storéd energies'that will be
well suited to study conductor stress, field quality, quench protection and their behavior
in high background fields.

The prototype CORC® wires used here were robust for the react-and-wind magnet
fabrication approach. After magnet fabrication, the 16-tapewire/retained at least 85%
of the critical current measured before winding at 77 K self-field, with at least 4% out
of the 15% reduction due to an increased field on the wire after winding and both layers
were assembled. The 29-tape wire retained at least 75% ofithe critical current measured
at 77 K self-field before winding. The higher current reduetion in COb at 77 K was likely
caused by higher fields on the wire in CObrat 1.2 kA, (163 mT) as opposed to 650 A for
COa (101 mT). The critical current of a selenoid magnet wound with round REBCO
cables shows a similar strong sensitivity to the magnetic field at 77 K [38]. In addition,
the wires showed no I. degradation after thermal cycles between room temperature and
77/4.2 K with a maximum cooldown ratéof 50 K h™'.

At 4.2 K, both magnets showed a resistive voltage at a current lower than the
expectation: magnet COa at 72% of the short-sample limit and magnet COb at 87% of
the short-sample limit. One explanation’is that the magnet fabrication and/or the cold
test may have degraded tlie eonductors. But the uncertainty of the estimated I.(B)
data at low field can also over estimate the expected short-sample limit (Appendix A).
This suggests a stréong need toneasure the wire I.(B) and its uniformity along the
entire wire length that ean provide reliable prediction of magnet performance.

The CCT dipole magnets using CORC® wires were relatively simple to fabricate.
A mandrel with grooves eut into it to place the wires was enough to wind the CCT
magnets as epposed to multiple end parts that are used for a REBCO cos6 dipole
magnet design [20]. The faet that the REBCO wires do not require a heat treatment after
winding allows more options for mandrel material and manufacturing. For instance, the
mandrels for magnets COa and COb were 3D printed, further simplifying the fabrication
for thesthree-turn dipole magnets.

The groove design reported here can allow continuous and automated winding that
will be required for magnets with more turns. With this design, CCT dipole magnets
can be wound similar to solenoids, greatly reducing wire handling that would otherwise
be required during magnet winding and potential risk of wire damage. Recently we
developed a prototype winding setup and successfully wound 40 turns of CORC® wire
on a 0.5 m long mandrel. More details will be reported elsewhere.

The wire terminal based on the tapered layers of tapes and a Cu tube [39, 40]
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enabled straightforward joint development between CCT coils and between magneéts
and current buss bars. With Indium solder inside the Cu terminals, we achieved an
8 nf) resistance between two CORC® wires through their Cu terminals with pressure
contacts and Indium foils. Soldering CORC® wires inside a Cu terminal, instead of
pressure contact, can further reduce the joint resistance.

Further development of CCT dipole magnets will provide effectiyefinput to optimize
REBCO tapes and CORC® wires based on magnet performance. Thisdn turn can
enable further improvement on magnet performance. Developing@ORE® CCT magnets
will also allow to compare with the performance and cost of other th—temperature
superconducting accelerator magnet concepts and prototypesywhich will be critical for
future high-field accelerator magnet applications.

Although the CORC® CCT concept offers a viable teehnology option for REBCO
accelerator magnets, several further developments aregequired to achieve high-field CCT
magnets. They are discussed in the following sections.

6.2. Increasing J, and reducing minimum allowable bendiﬁg radius of CORC® wires

REBCO accelerator insert magnets need to generaterhigh magnetic fields in a compact
form to fit into the limited aperture of‘eutsert magnets. For CCT designs, this
requirement calls for magnet condueters with a high J. at a small bending radius.

As an example, the dipole transfer function of COb is 16% lower than that of C0a
(figure 10), even though COb carried almest twice the current of COa. This is because
the 29-tape wire used in COb was'bent to a radius of 30 mm to avoid significant current
degradation. It was 20% larger thamsthe 25 mm bending radius for the 16-tape wire
used in COa. Therefore, with the same tilt angle, the mandrel for COb had a larger
diameter (table 2) which lead to a lower transfer function.

Let us consider two multi-layer CCT dipole magnet designs based on the experience
of C0a and COb to gain somerifisight into the requirements for CORC® wires. Both
designs have a magnet aperture of 50 mm. The first design has four layers with an OD
of 97 mm. The second design has six layers with an OD of 121 mm. For both designs,
each layer has 40 turns of wires with a wire diameter of 3.7 mm (similar to the 29-tape
wire). All the layers im.each design have the same tilt angle. The radial gap between
the layers is'0.5'mm Jand the rib thickness at the mid-plane is also 0.5 mm (table 2).

Figare 14 plots the dipole transfer function and minimum bending radius as a
function of the tilt angle . The transfer function is proportional to cosa and the
minimum bending radius is proportional to sin « [29, 33, 41].

With ‘@ tilt angle of 30°, the four-layer design has a transfer function of 0.48 T
kA% and/ minimum bending radius of 15 mm. The wire needs to carry 10.4 kA to
generate 5 T dipole fields in a background field of 16 T at 4.2 K. This leads to a wire
Jo 0f 960 Amm~—2 at 21 T, 4.2 K and 15 mm bending radius, assuming the peak field
on CORC® wire is similar to that in the aperture. The wire .J, can be further reduced
to 830 Amm~2 at 21 T if we implement the following two changes: 1) reduce the tilt
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Figure 14. Dipole transfer function (TF) and minimum,bending radius as a function
of the tilt angle for two multi-layer CCT dipele,magnets. Each layer has 40 turns of

wires. The magnet aperture is 50 mm. .

angle for layer 3 and 4 such that wires in layer 1 and’3 have the same 15 mm bending
radius, and 2) reduce the thickness of the mid-plane ribs to zero.

At the same 30° tilt angle, thefsix-layer CCT dipole design has a transfer function
of 0.73 T kA™', 51% higher than that,of the four-layer design (figure 14). The wire
needs to carry 6.9 kA to generate 5 T inta background field of 16 T at 4.2 K. This
corresponds to a wire J, of 640 Amm~—2 at 21 T, 4.2 K and 15 mm bending radius. It
can be further reduced to 540 Amm=2 at 21 T if we implement similar optimization
mentioned above. N

For a no-iron, perfect cos@ current distribution, the dipole field is proportional to
the coil width [42, 43]. The 1.5 ratio between the dipole transfer functions of two designs
(figure 14) agrees with,this analytic result because here the coil width is proportional
to the number of layers.

Table 5 summarizes the minimum J, for two designs to generate 5 T dipole fields in
the background field of 16 T. For comparison, the 16-tape wire used in COa is expected
to have a J§ of about 120 Amm~2 at 21 T, 4.2 K and 25 mm bending radius. The
29-tape wire uséd in COb is expected to have a J, of 220 Amm~2 at 21 T, 4.2 K and 30
mm bending radius.

Thinner REBCO tapes with higher J. will be critical to reach a minimum
540¢A mm=2swire J, at 21 T, 4.2 K and 15 mm bending radius. The wires reported
here were ‘enabled by REBCO tapes with 30 micron thick substrates from SPI [26].
With thinfier substrates, one can use thinner formers in the CORC® wire, which can
increase .J, and improve the flexibility of CORC® wire to potentially allow bending to
below 15 mm radius. SPI is developing tapes with 25 pum thick substrates. They are
expected to become a standard product within the next 12-24 months. Increasing the
fill factor with thicker REBCO layer can also be effective to achieve a higher J,, as
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Table 5. Minimum wire J,, for two CCT dipole insert magnet designs to generate 5T
in a background field of 16 T at 4.2 K. The .J, is for a CORC® wire with'a diameter
of 3.7 mm at a bending radius of 15 mm. The values at 16 T are determined assuming
a power-law field dependence of I, oc B~09 [44].

Number of layers ID  OD 21T 16 T

mm mm Amm 2 Amm 2
4 50 97 830 1060
6 50 121 540 690

recently demonstrated by Xu et al. with a 3.2 um thick REBCOslayer that reaches a
Jo of 2000 Amm~2 at 4.2 K, 16 T [44].

6.3. Detecting normal zones soon enough to prevent econductor burn-out

Due to the rapid temperature rise in the normal zone,\the criteria for magnet quench
protection should be derived from the allowable hot-spot temperature. The large Cu
current density (Jc,) in the normal zone, together with the slow quench propagation,
can result in burn-out if the resistive voltage.is allowed to rise too high. This is because
the hot-spot temperature increasesavith /% and the heating time since the normal zone
initiates [45, 46]. The current of CObulincreased by a factor of 10 from 77 K to 4.2 K,
leading to a J, above 1000 Aamm~2 and awJc, of more than 2000 A mm~2 in the wire
section that turned normal (tablesl). The high Je, of COb at 4.2 K clearly contributed
to the burnout when the layer voltagerapproached to the same level at 77 K.

The evaporated wire section.in COb (figure 13) indicated that the peak temperature
of the normal zone was oyer 1356 K, the melting temperature of Cu. To limit the peak
temperature on a single REBCO ftape to below 200 K, one needs to detect the quench

2 in an adiabatic

and start energy extraction within 50 ms with a Jg, of 2000 A mm™
condition [47]. Thuspit is essential to detect normal zones early.

Although figure 12 shows that detecting quench with resistive voltage signals
was clearly feasible.for G0b with a J, of 1000 Amm~2 that is above the target for
future COR@® CCT magnets, other techniques such as the fiber-optic [48] and acoustic
thermometry \[49] should be evaluated for early detection of magnet quenches. These
new techniques can be indispensable when the voltage taps are either unavailable or
ineffective due to the strong electromagnetic background noises.

The diseussion here implies that current can share between REBCO tapes and
between the tapes and Cu former for a CORC® wire. Without sufficient current sharing,
Jou would‘be higher and further challenge the quench detection. Understanding current
sharing in CORC® wires will be an important next step.

As a side note, we characterized the 4.2 K magnet performance in section 5.3 with
the current when the layer voltage rose to a level that can be detected by a quench
detection scheme. In our opinion, a critical current based on an electric-field criterion
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will not be suitable for future CORC® REBCO magnets. First, the criticaldeurrent
would depend on the conductor length. Second, it can risk damaging magnet&at 4.2 K
for the reasons discussed earlier.

6.4. Other critical needs for high-field CCT magnets using CORC® wifres

The REBCO conductors will experience strong Lorentz forces when operating in high
background fields. Conductor degradation due to Lorentz forces has been observed in
REBCO high-field solenoid insert coils [50, 51] and high-current fusiom €ables [52, 53].
In addition, the groove design reported here can only partially support the wire against
the Lorentz force at the pole region of the CCT dipole magnets:

A mechanism such as epoxy impregnation [4, 5, 545:55] is needed to support the
wire and to prevent it from moving. Metal mandrelsswith high<strength and possible
manufacturing routes other than machining should be investigated.

As discussed earlier, accurate measurements of the transport performance
of CORC® wires as a function of magnetic fields are requireéd to determine the expected
magnet performance and assess the magnet fabrication technology. The measurements
should be performed at the bending radii relevant formagnet developments.

7. Conclusion

We have successfully demonstrated thenCCT dipole magnet concept through the
design, fabrication and testing of two double-layer three-turn CCT dipole magnets
using CORC® wires. Magnet! COa was wound with a 16-tape wire and magnet COb
used a 29-tape wire. Both wites used 2 mm wide tapes with 30 pum thick substrate
produced by SuperPower Tnc. " Afleast 75% of the current-carrying capability of
the CORC® wires was retained after being wound into CCT magnets based on the
measurements at 77 K, self-field: The magnets generated dipole fields ranging from 0.5
to 0.7 T, consistent.withnthe, calculation based on the Biot-Savart law. CCT dipole
magnets using CORC® wires is a viable option for future high-field accelerator insert
magnets using REBCO conductors.

To generate a 5 T dipole field with a four-layer CCT insert magnet with 50 mm
aperture and 100 mm outer diameter in a 16 T background field, a minimum wire J,
of 830 Asimm 2 woiild be required in a 3.7 mm diameter CORC® wire at a bending
radius of 15 mi and 21 T, 4.2 K. The required J, reduces to 540 Amm~2 when the
same@OREL. wvire is used to wind a six-layer CCT magnet with an outer diameter of
121 mm. Sensitive quench detection and sufficient current sharing inside the wire are
needed. to protect future magnets using CORC® wires with such a high .J, from quench-
induced degradation. The three-turn magnet platform demonstrated here allows us to
effectively progress toward these targets with minimum resources.

We intend to develop and demonstrate CORC® CCT dipole magnets with more
turns and higher fields as part of the next steps. Building magnets and understanding
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their behaviors will help to further optimize the performance of REBCO tapes and wires
to achieve the desired magnet performance.
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Appendix A. The expected magnet/performance (short-sample limit)

The expected magnet performance is determined, based on the conductor I.(B) data
and the peak field on the conductor that.is normal to the conductor surface. Figure Al
plots the I, of the 16-tape and 29-tapel€CORC® wires as a function of applied magnetic
fields at 4.2 K. The self-field gentribution was neglected to simplify the analysis.

14 .
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Figure A1l. The I. at 4.2 K as a function of applied magnetic field for a 16-tape
wire bent to a 25 mm radius (black line) and a 29-tape wire bent to a 30 mm radius
(red line) linearly scaled from the data of the 16-tape wire. The round solid points are
measured data from [56]. The straight lines are the load lines on the wires for each
magnet. The triangles are the expected short-sample limits.

The I, of the 16-tape wire was estimated based on the transport performance of one
single sample tape. The I, of the sample tape was measured typically from 15 T to 2
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T at the Applied Superconductivity Center, National High Magnetic Field Lahoratory.
The I. below 2 T was extrapolated from the values at higher fields (dashed lines in
figure Al).

The I. of the 29-tape wire was measured at University of Twente at 8,09 and 10
T applied fields, 4.2 K [56]. The wire was bent on a sample holder with a radius of 30
mm, similar to the minimum bending radius of the wire used in COba'The To(B) for the
29-tape wire was obtained by linearly scaling the I.(B) data of the 16-tape wire and
matching the data for the 29-tape wire measured at 8, 9 and 10«T.

With the load lines of both magnets (straight lines in figure Al)\, we determined
that the short-sample limit at 4.2 K is 5707 A for COa and 12645 A for COb.
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