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Abstract.

A dipole magnet generating 20 T and, beyond will require high-temperature
superconductors such as BipSroCaCuz0g—, and REBasCusOr_, (RE = rare earth,
REBCO). Symmetric tape round (STAR®) wires based on REBCO tapes are emerging
as a potential conductor for such a magnet; demonstrating a whole-conductor current
density of 580 A mm~2 at 200T, 4.2 K, and at a bend radius of 15 mm. There are,
however, few magnet developments using STAR® wires. Here we report a subscale
canted cos @ dipole magnet as an initial experiment for two purposes: to evaluate the
conductor performance in aQagnet configuration and to start developing the magnet
technology, leveraging the small bend radius afforded by STAR® wires. The magnet
was wound with two STAR® wires, electrically in parallel and without transposition.
We tested the magnet at 77 and 4.2 K. The magnet reached a peak current of 8.9 kA,
78% of the short-sample prediction at 4.2 K, and a whole-conductor current density
of 1500 A mni=2. The experiment demonstrated a minimum viable concept for dipole
magnet applications using STAR® wires. The results also allowed us to identify further
development needs for STAR® conductors and associated magnet technology to enable
high-field REBCO magnets.
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1. Introduction

Recent progress of multi-tape high-current
REBayCu3zO7_s (REBCO, RE = rare earth ele-
ments) cable paves a way toward high-field ac-
celerator magnets that can generate a dipole
field beyond 16 T, the perceived limit for
the state-of-art NbsSn magnet technology [1].
Two European programs, EuCARD and Eu-
CARD?2 [2, 3], have successfully demonstrated
record dipole fields of 5.4 T at 4.2 K using a
twin-tape cable [4-6] and 4.5 T using a Roebel
cable [6-8].
as a stacked-tape architecture that is ubiqui-

Both cables can be characterized

tous in various REBCO-based fusion cable con-
cepts [9, 10].

A round conductor, such as the Conductor
on Round Core (CORC®) wire [11-14], repre-
sents an alternative architecture for a multi-
tape REBCO cable. With highly-aspected RE-
BCO tapes helically wrapped around a round
former, the resulting conductor becomes me-
chanically and magnetically isotropic, a desir=
able feature to develop high-field agcelerator
magnets that require tight conductor bend-
ing. The U.S. Magnet Development Program
(MDP) [15, 16], sponsored by the ‘Office of
High Energy Physics at the Departmer? of En-
ergy, is pursuing several magnet con¢epts using
corc® conductors [17-19].

The Symmetric Tape-Rotnd 4(STAR®)
wire is another quintessential multi-tape round
REBCO conductor [20-23).. Although its fun-
damental geometry/is similar to CORC® con-
ductors, the STAR® wire pushes'the concept
further with seyeral distinétions. The thin sub-
strate, 15 — 22 pum thick, and Cu of asymmetric
thickness at'each sideof the tape, position the
REBCO layer near|the neutral axis of the com-
posite tape, improving the tape bending per-
foFmance [21, 23, 24]. STAR® wires not only
canuse @ Cu former as small as 0.7 mm diam-

eter but also usually contain less than 15,RE-
BCO tapes. As a result, STAR® wires have a
diameter less than 3 mm and a minimum bend
radius of 15 mm. A whole-conductor current
density of 580 A mm™2 at 200T, 4.2 Kuis also
demonstrated [25].

Although the performance of STAR® wire
progressed significantly in_the past few years,
there are few reports on fising STAR® wires in
magnets [24]. Here wesreport the fabrication
and test of a subsgale eanted cosf (CCT)
dipole magnet called 80. The 50-mm aperture
magnet has two layers ‘and three turns of
conductors in ‘each layer.” Each layer has two
STAR® wires that are’ electrically in parallel
and without transpesition. We assembled both
layers imto, the sO magnet and tested it at 77
and 4.2 K{The magnet reached a peak current
of 8.9kA, 78% of the short-sample prediction,
and.a whole-conductor current density of 1500
Amm=2,

With this initial experiment of magnet
development using STAR® wires, we intend
tonstart addressing the following questions:
How to make a high-field dipole magnet
with STAR® wires? What is the magnet
and conductor performance? What further
developments are needed for the magnet and
conductor technology to enable a dipole field
of 20 T and above?

We describe the magnet design and
followed by the
details of measurement setup and protocol

fabrication in Section 2,

in Section 3.  Sections 4, and 5 present
the test results at 77 and 4.2 K. Section 6
presents the ramp-rate dependence of the
current distribution, followed by the electrical-
joint performance in Section 7. Finally, we
discuss the implications of s0 magnet and
further development needs for high-field dipole
magnets based on STAR® wires.

Compared to the earlier work on CCT

Page 2 of 26
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magnets using CORC® conductors, this work
introduced the ribbon-like conductor config-
uration of two STAR® wires and the as-
sociated coil fabrication details, including
a semi-automated winding method and a
concept of electrical termination for multi-
ple STAR® wires. We also measured and dis-
cussed current distribution between the two
electrically-parallel wires, which can be impor-
tant for further development and application of
high-current cables consisting of multiple com-
pact STAR® wires in high-field magnets.

The experiment of the sO magnet sug-
gested that it is possible to transfer the exem-
plary performance of STAR® wires from short
samples to magnets. We expect the contin-
ued development to bring more conductor and
technology options to enable high-field RE-
BCO magnets for high-energy physics and fu-
sion applications.

2. Design and fabrication of sO

2.1. Magnet configuration

The s0 magnet follows a two-layer~ CET
dipole design. The CCT congept was
introduced by Meyer and Flasck 4n19%0,[26].
Since then, various authors 'have further
developed and demonstratedthe concept [27—
40]. The MDP is developing high-field CCT
dipole magnet technology fornNbsSn [41-43]
and two high-temperature superconductors:
BiySryCaCuyOg, [44-47] and-REBCO [19, 48,
49].

Figure 1 shews the magnet configuration.
To leverage the small wire diameter and boost
the total magnet, curtent, each layer has two
STAR® wires thaf, are electrically in parallel.
After winding, the wires essentially formed a
ribbon-type cable with no wire transposition.
Table 1 listsythe main parameters for the

magnet.

Return end

Lead end

Figure 1. Sketch of the sO coilbwinding. Layer 1 is
the inner layer and Layer 2 is the outer layer. Each
layer has two wires: Wire 1 is'the inner one closer to
the magnet aperture; Wite 2 is thesotiter one next to
the mandrel surface. The current enters and leaves
the magnet from thellead end. The wires from both
layers meet at the return end to form the inter-layer
joint. The red dots show the locations of the highest
magnetic field-that ishtranmsverse to the longitudinal
axes of the wires in the sO magnet.

Figure 2 shows the Cartesian coordinate
system of the %0 magnet. It also shows
the conductor groove that is normal to the

eylindrical surface of the mandrel.

Return end

Lead end

s

mandrel y

Figure 2. The Cartesian coordinate system for Layer
1 of the sO magnet, with only the y and z axes shown.
The z axis is the rotational axis of the cylindrical
mandrel. The y-z plane cuts through the pole regions
of the magnet; the cross sections of the wires on the
y-z plane are circles. The z-z plane is the mid-plane
of the magnet.

We describe the longitudinal axis of each
wire using a parametric equation for a CCT
dipole [37]. The axis of Wire 1 follows

T1 = 71 C08t,

Yy =n sint, (1)
rysint

21 = +p1t7
tan oy
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Table 1. Main design parameters for the sO magnet. The transfer function of the magnetic fields asstumés an
even current distribution between the both wires of each layer.

CCT layer
Design parameters  Unit 1 2
Inner diameter (ID) mm  50.00  64.40
Outer diameter (OD)  mm  62.40  76.80
Mandrel length mm 274
Mandrel material - Al alloy 6061-T6
Number of turns in each layer - 3
Length of a single wire inside each mandrel m 14 1.2
Groove diameter/depth ~ mm 2:10/4.18
Mandprel rib thickness at the mid-plane mm 1.0
Wire tilt angle at the mid-plane  degree 33 —33
Minimum bend radius of the wire center line mm 15.4 18.2
Termination length mm 127
Termination OD mm 7.94
Aperture dipole-field transfer function’ T kA™y 0.049 0.039
Peak conductor-field transfer function® I kA" 0.406 0.369

Magnet inductance pH 0.24

where x1, 11, 21 are the coordinates of the wire
axis as a function of parameter ¢; r; is the
radius of the longitudinal axis of Wire 'l when
projected to the z-y plane; a; is thewire tilt
angle between the longitudinal axis of the wire,
when projected to the y-z plane; and the z
axis. Over a period of 27 for the parameter t,
the wire progresses along thez axis by 27p;.

Suppose the groove contains,a single stack
of identical wires, we show that every wire
follows (1) with a specific radius and tilt angle.
If each wire is in comfaet with-its neighboring
wire(s), then the radius©f the longitudinal axis
of Wire n, when.projected t6 the x-y plane, can
be given by 7,4 = r; +@(n — 1) where d is the
wire diametet:

When we machine the groove in a
the end mill is normal to the
This has

First, all the wires in the

mandrel,
cylindrical surface of the mandrel.
two implications.

groove have identical z at any parameter t,
21(t) = zu(t).
same pitch, p1 = p,.

Second, all the wires have the
Therefore, using (1),
we can relate the tilt angle of Wire n to that
of Wire 1 by tancq,/tana; = r,/ri. As 1,
increases, the tilt angle «, for Wire n also
increases (figure 2).

2.2. STAR® conductor

In March 2019, AMPeers LLC provided five
STAR® wires to develop the sO magnet.
Each 2 m long wire contains eight layers of
REBCO tapes wrapped around a 0.81 mm
diameter Cu former. Each layer has one tape.
AMPeers produced the REBCO tapes with 15
— 22 pm thick substrates. The Cu stabilizer,
with a thickness ranging from 18 — 30 pm, is
electroplated primarily on the REBCO side such
that the REBCO layer is closer to the neutral
plane of the final tape. Wider tapes are used

Page 4 of 26
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in the outer layers of the wire: the tape width
increases from 1.8 mm of the inner first two
layers to 2.6 mm of the outermost two layers.

The wires have a nominal outer diameter
of 1.9 mm and a minimum bend radius of 15
mm. The ratio of Cu to non-Cu material is
0.51, taking into account the Cu former and
Cu stabilizer in each REBCO tape. The wires
do not have electrical insulation. The wires are
described as Wires #2 to #6 in reference [24]
that has more details on the wires.

2.3. Magnet fabrication

The magnet mandrels were made of aluminum
alloy 6061-T6.

mandrels from the STAR® wires, we anodized

To electrically insulate the

the mandrels with a 50 pm thick coating
and sealed with Teflon® according to the
MIL-A-8625 F Type-III standard. Anodized
aluminum mandrels were also used in CCT
magnets wound with NbTi conductors [38,.50,
51].

Making one coil consisted of the following
steps. Using a semi-automated windingytable,
we wound one wire into the empty groove. The
wire remained at the bottom of the groove
under a winding tension of 10 N. Theimext
wire was then wound on top of thé previous
one, under the same windingtensions, Figure 3
and the video show the windingrof the second
wire for Layer 2. A pair of twisted voltage-
tap wires was then wound into the groove and
stayed next to the STAR® wires.

We also co-wound a singlesmode optic
fiber into Layer27after,the voltage-tap wires
were installed; following the same procedure
and tensionas used in‘co-winding the voltage-
tap wires: The polyimide-coated optical fiber
has a diameter of 175 pm, fitting in the space
between the wall of the radial groove and
the, STAR® Syire as a result of the winding

STAR® Wire #2

Figure 3. Winding the second STAR®. wire in Layer
2 using a semi-automated winding table. The first
STAR® wire is in the groove. ~The’ development of
the winding table was inspiréd by a video from Glyn
Kirby on an automated,winding machine [52]. Here is
a youtube video showing the winding process.

tension.

The“coils were not impregnated. We
wrappeéd am adhesive electric tape around the
completed layer to constrain the conductors
and instrumentation wires. The electrical
resistance between the STAR® wires and
mandrel ' was higher than 60 M(2 after winding.

The electrical termination was made in
two steps.

We first prepared the wire end by tapering
and exposing the REBCO tapes, similar to what
is reported by Mulder et al. [53]. We wrapped
around the tapes using a 0.127 mm diameter
fine Cu wire to hold the tapes around the Cu
former. Then we soldered the tape ends to
the wire using a minimum amount of indium
(figure 4).

Second, we placed the prepared wire ends
into the groove machined in a Cu rod, together
We sealed the

open end of the groove with an aluminum foil.

with the voltage-tap wires.

Indium strips were then placed on top of the
outer STAR® wire. A cartridge heater was used
to heat the Curod. As indium started melting,
we added more to fill the groove. Solder flux
was sprayed into the groove at 100 °C and
to the molten indium at about 160 °C before


https://youtu.be/lBajCxYxipA
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turning off the heater.

The entire fabrication process, includ-
ing warmup and cooldown, took about 15
minutes. The temperature of the Cu rod
and STAR® wires remained between 150 and
160 °C for about five minutes.

the excessive indium to maintain the cylindri-

We removed

cal shape of the rod after the indium solidified
(figure 4).

;

Cu rod with a groove

Figure 4. Top: STAR® wires with the prepared

ends. Bottom: the finished termination with
both STAR® wires placed in the groove of the Cu rod.

We inserted Layer 1 into Layer 2..to
assemble the s0 magnet. Both layers were
then aligned longitudinally and azimuthally
via bronze rods through the alignmentyholes
located near the mandrel ends. Three sets of
Kapton shims, each 0.559 mm thick‘and 120°
apart, were inserted into the radial cléarance
between the two layers to radially cénter/ both
layers.

The wire terminations.from, both layers
were joined electrically in a spraying-hand
configuration at the return end of the magnet.
The terminations were sandwiched between
two Cu blocks with, indium foil eovering the
mating Cu surfaces. Westhen fastened the Cu
blocks using screws toform a pressure contact
between the'Cu and.indium foils.

Figure 5 shows the assembled s0 magnet.
The magnet and inter-layer joint were attached
tonarG10 strongback. The STAR® wires at the
lead end were bent and attached to a pair of

vertical current leads from the test header., We
determined the final positioning of the magnet
and STAR® wires using a mock-up coildnade of
a cardboard tube and Cu refrigeration tubing:

STAR® wire leads ¢

Current
leads

sO0 magnet

Alighment
rod

G10

Inter-layer
strongback Sg.

joint
Figure 5. The/sO magnet attached to the test stand.

Aty the magnet lead end, the wires of
each, layer were separated by a maximum
distance of 11 mm to accommodate the current
transducers and current-imbalance sensors
that will be described in Section 3.1. To reduce
the impact of electromagnetic forces on the
separated wires, we secured the STAR® wires
using five G10 spacers distributed along the
arc of the bent wires. FEach wire stayed
inside a slot on the G10 spacer and was
secured using waxed strings. Four printed wire

separators were also used to support the wires
(figure 7(b)).

3. Experimental setup and
measurements

3.1. Instrumentation

The voltage across each layer of the magnet
was measured using voltage taps embedded
inside the electrical terminations. The voltage

Page 6 of 26
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tap was about 5 mm away from the magnet-
facing end of the termination. Figure 6 shows
the electric circuit of the magnet during the
tests and the locations of the voltage taps. The
current flowed from Layer 1 to Layer 2.

Inter-Layer joint

22 ver 2\\\

Figure 6. The circuit of sO test and the locations of
the voltage taps. The voltage across Layer 1 is given
by Taps 1A and 1B; the voltage across Layer 2 is given
by Taps 2B and 2A. The voltage across the inter-layer
joint is given by Taps 1B and 2B.

Two types of sensors were used to measure
the current distribution in the STAR® wires.

The first type is a current transducer
The

objective of using the current transducer is

similar to the one described in [54].

to measure the current in a STAR® wire.
The transducer consisted of a Hall sensor
(F.W.Bell® FH-301-020) and two half yokes
surrounding the STAR® wire. The kae was
made of low-carbon 1018 steel /(figure 7(a)).
The current in each STAR® wire wa$ measured
by a dedicated current tramsducer.” Two
current transducers were plaged ina polyether-
ether-ketone (PEEK) base for each magnet
layer. A G10 spacer separated the transducers
by 1 mm to reduce the crosstalk between the
transducers. The Hall sensors were glued to
the yoke using VGE-7031 varnish. Appendix A
has more details,on the calibration and results.

The second type is a current-imbalance
sensor that measures the magnetic field
generated by the differential current between
the #woysTAR® wires, following [55-57]. The

sengor ¢onsisted of a Hall sensor (F.W.Bell®

G10 spacer

‘Hall sensor

Iron yoke

PEEK base

Imbalance
sensor
1

~

Figure 7. /Two types of current sensors are used for
each layer of the sO magnet. (a) A current transducer
that measuresthe current in each STAR® wire. (b) An
imbalance sensor that measures the differential current
between the two STAR® wires. The red arrows indicate
where the wires deformed during the test.

FH-301-020) placed in between, and coplanar
with, the two STAR® wires via a printed spacer
(figure 7(b)). Appendix B has more details on
how we interpret the data from the current-
imbalance sensor.

The dipole field in the magnet aperture
was measured using a calibrated cryogenic Hall
sensor (F.W.Bell® BHA-921).

The cryogen level was continuously mon-
itored to ensure that the STAR® current leads
and magnet were submerged in the cryogen
during the test. We installed two calibrated
Cernox temperature sensors in the cryostat to
monitor the test temperature: one at the maxi-
mum height of the STAR® wires at the magnet
lead end and the other at the bottom of the
cryostat.

We used two data acquisition (DAQ)
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systems.

The first system consisted of digital
multimeters (Keithley 2010, 2182A, and 2700)
and a temperature monitor (Lakeshore 218),
all controlled by a laptop via a GPIB bus.
In addition to the temperatures, the recorded
data included the magnet current, voltages
across each layer of the magnet and voltages
across the current leads. The system also
recorded the output from the Hall sensor
measuring the dipole field and the output from
the current transducers.
was about 0.3 Hz.

The second system was a National
Instruments CompactDAQ (NI ¢cDAQ) system
including NI-9238 and NI-9239 cards. The

system simultaneously digitized the magnet

The sampling rate

current, voltages across each layer, and the
signals from the current transducers and
current-imbalance sensors. The sampling rate
was 1.6 kHz.

The voltage across each magnet layer;
filtered and amplified by Keithley 2182A
multimeters, was used for quench detection.
The detection system shut down the pewer
supply once the input voltage was above
certain thresholds. No external resis{or was
used to extract the energy stored in the
magnet.

A single-mode fiber was,co-wound with
the STAR® wires in Layer. 20t0" develop
a procedure of using .distributed fiber-optic
sensing for future magnets. A commercial
Luna ODiSI system was used to measure the
spectrum shift of the optical signal during
the tests at 77 and 4.2 K. The measurement
frequency was'10 Hz. | The spatial resolution
was 0.65 mm along the fiber.

3.2. Measurements and data reduction

We measured the critical current and_dipole
field of each layer at 77 K, self-field{ in April
2021. Layer 2 was measured again‘at\77 K in
September 2021 to test the current transducers
and current-imbalance sensors. We tested
the assembled s0 magnet at“77 and 4.2 K in
November 2021.

It took about 30 minutes t0 cool down
each layer from room tempesature to 77 K.
It took about 160 minutes to cool down the
assembled magnet in.a vertical cryostat from
room temperature to 772K. The magnet was
cooled down._to 42 K after the 77 K test,
when the [thermometers inside the cryostat
read around, 100 K.

A TT K, we measured the layer voltage
and ‘eurrent| when the current was held
constant at wvarious levels. We also ramped
the current continuously at different rates to
study the ramp-rate dependence of the magnet
performance.

The magnet current was ramped continu-
ously at a certain rate during the 4.2 K tests.
The continous current ramping caused a higher
inductive voltage component in the voltage
acorss each layer. We applied a moving av-
erage with a window size of 200 data points
to the layer voltage and magnet current data
acquired by the ¢cDAQ system. The averaged
data are reported here.

4. Magnet test results at 77 K

4.1. Conductor critical current at 77 K

We determined the critical current, I., and
n value by fitting the measured V(I) data
according to a power law [58]

I n
V:‘/:)_F]Rt‘i_‘/c(]_) 5 (2)

Page 8 of 26
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where V, is the voltage offset, R; is the
termination resistance, and V. is the voltage
criterion. Here we define /. and n values using
a V. of 20 uV, corresponding to an electric-field
criterion of about 10 gV m~!.

Table 2 gives the I. and n value of the
five STAR® wires measured at 77 K, self-field,
based on the data reported in reference [24].
Wires A and B were paired for Layer 1 and
Wires D and E were paired for Layer 2.
We used Wire C to develop the termination
concept and calibrate the current transducers.

Table 2. I. and n value of the five STAR® wires
measured by AMPeers at 77 K, self field. The voltage
criterion is 20 pV.

Wire # I. (A) n

Used in sO as

A 419  21.9 Layer 1 Wire 1
B 416  17.2 Layer 1 Wire 2
C 474 20.0 -

D 431  19.0 Layer 2 Wire 4
E 436 22.0 Layer 2 Wire 2

4.2. Clurrent-carrying capability of thexmagnet
at 77 K 4

Figure 8 shows the V/(I) gramsition for each
layer measured at 77 K, selfsfield. The I,
decreased by 12% in Layer il and by 14%
in Layer 2 after winding, compared to the
theoretical I. before.winding, (table 3). After
the magnet was assembled, ‘the [I. further
decreased by 8%=in Layer 1 and by 2% in
Layer 2. We/observed an early voltage rise
starting from_areund /300 A in Layer 1 and
around 200 A in. Layer 2, when each layer
was tested individually. The early voltage rise
was less pronounced after the magnet assembly
(figure 8):

35 7 y

30 ﬁ.Cl ddSCIIT ly / 1

25 La_ym 177K # ‘9

20
=15 stand alone ~J &
> & !
=210 ~
o 5 5 o beforg
iﬁo 0 e e == f indihg
235 T X
30 after-ass 111‘01_y 193 .
2 25 La CI 2 77 I\ !
> yer 2, iE
< 20
~ 13 stand along

1 o

04+ " 4 4 4% 4 s =

100 200 300 400 500 600 700, 800 900

Current/(A)

Figure 8. Measured voltage across<each layer as a
function of current at 77 K. Black\open symbols: each

layer tested stand-alene; red closed symbols: after

assembly into s0. The solid lines‘are the exponential fit
of the measured V. (I) data aceording to (2). The blue
dashed lines are therealculated V(I) curves for each
pair of wiresy before, winding, based on the data from
table 2.

4.8. Current distribution between
the STAR® wires at 77 K

Figure, 9 shows the Layer 1 voltage, the
output voltage of the current-imbalance sensor
andithe current ratio between the two wires,
measured during Ramp 4 at 77 K. The slope
of the imbalance voltage changed around 520
A when the layer voltage started rising.

4.4. Dipole transfer function at 77 K

Figure 10 shows the measured and calculated
dipole-field transfer function at 77 K. The
transfer function is defined as the ratio
between the dipole field at the center of
the magnet aperture and magnet current.
The dipole field at the center of the coil
aperture was measured during the test of
each individual layer. = The measurements
were performed using direct current (DC).
Compared to the calculation, the measured
dipole transfer function is about 2% lower for
Layer 1, 1% lower for the Layer 2, and 0.6%

lower for the assembled sO magnet.
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Table 3. I. and n value of each layer of the sO magnet, determined at a voltage criterion of 20 pV ageording

to (2). The I. and n value for each pair of wires before winding were determined from the calculated ¥/ (I),in

figure 8. The I. of Layer 2 at 4.2 K is extrapolated from the measurement data according to (2).

77T K 77T K 77T K 4.2 K 4.2/77 K
Layer Before winding After winding After assembly After assembly” I, ratio
I.(A) n() L(A) n() LA) n() LA) n() (-)
1 836 19.6 739  10.3 681 16.2 8723 21.3 12.8
868 20.5 752 9.7 739 13.6 9258 74 12.5
Z0.10¢ —
100 =
80 (g? 5009 +:Mm5 5 o vfgi(!)! T B
60 La_ycl 1,77 K g - M
40 y 2 0.08
S 20
e s00e” £007
& 39 3
£ 0 N £ 0.06
S O%E’E R R ‘§ Layer 1
015 Ay 2 0.05 s vee s e e e s—
—60 paN L‘:
00l Vimp 222 A T 098 @ sogf N . I
120510300300 400506 600 7004’*‘“2()8-96 5 y
Carrent (A) 0036777000 200 300 400 500 600 700 800
Current (A)
Fi 9. Top: Volt L 1 functi
eure Ob: VOTABRE actoss Layel L as g hietion Figure»10. The dipole-field transfer function of

of current. Bottom: The output voltage of the current-
imbalance sensor, Vi, on the primary y-axis and the
current ratio, f = I;/I, on the secondary y-axis:
The output voltage of the current-imbalance sensor
was shifted along the y-axis to start from zere,at zero
current. Two sets of current-ratio data are shewn:ithe
blue crosses are determined by the current measured
by the current transducers and the red squares are
determined using the method described inqhypendix
B. The solid lines are the calculated V(I)and current
ratio described in Appendix C.

5. Magnet test results at 4.2 K

5.1. Magnet performance with-respect to the
short-sample prediction

Figure 11 shows the voltage across each layer
during Ramp'14 when the magnet reached
8908 A, the highestecurrent of all the ramps.
The voltage across Layer 1 started rising
around 67000A.The voltage across Layer 2
started,rising around 3800 A.

Weddetermined the performance limit of

individuallayers and assembled magnet at 77 K. Lines:

caleulation. Symbols: measurements using direct

current. The calculation assumed that both wires

carried identical current in each layer.

35
30 i

A4-9-K--R
oz Ig-Ramp

(3]
W

—
i

[\]
(=]

_ =
S W

Layer voltage (LV)

W

T 0.
rayer I

(=]

L

-0 2 4 6 8 10
Current (kA)

Figure 11. Voltage across each layer during Ramp 14
at 4.2 K. The dashed lines are exponential fit to the
measurement when the current is above 8.5 kA. The
ramp rate of the current was 30 A s~! on average.

the sO magnet based on the I.(B) data for
Wire 1 of Layer 1 because it is expected to
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experience the highest field among all four
wires. The resulting performance limit is
called the short-sample prediction (SSP).

Lacking the actual I.(B) data for Wire
1 of Layer 1 at 4.2 K, we used the data
from STAR® #1 in reference [25] as an
approximation, because both wires have the
same number of tapes and nominal wire
diameter. The I.(B) of STAR® #1 follows a
scaling law of

Ic o B—0.8187 (3)

where B is the applied magnetic flux density
ranging from 18 to 31 T [25]. We used (3) to
extrapolate the I.(B) data down to 2 T.

Figure 12 shows the magnet load lines,
short-sample prediction, and measured dipole
field for sO at 4.2 K from Ramp 14.

3.0
42K '
2.5 > :
Layer 1 Wire | / /ere I
E20 conductor field
= load line \
£15
3 SSP
» Peak curent reached P
= o
[

5
Ve

\

t

0" Dipole field
Me@@eew B load line
. L1 transition started

LY — ) 6 g 100 12
Current (kA)

o
W

Figure 12. Expected performance limit for sO. The
blue solid line is the conductor peak'field load line. The
dashed line shows the I.(B) datarextrapolatéd from the
data of STAR® #1 [25]. Thé solid black square point
gives the expected limit: 5691 A in Layer 1 Wire 1 with
a peak field of 2.31 T on the wire..Blue open circles
represent the measured dipole field.

The expegted short-sample prediction for
sO is 11,382 A, assuming that both wires in
each layer'carry the same current. Layer 1
started tramsitioning at 59% of the SSP, and
reached 78% ofsthe SSP at a peak current of
8908 Aun'Lhe current corresponds to a whole-
conductor current density of 1500 A m~2. We

measured a peak dipole field of 0.79 T, at,the
center of s0’s aperture.

5.2. Degradation of critical current,and
burn-out in Layer 1

The V(I) of Layer 2 was largély reproducible
among all the current ramps-at4.2 K, despite
the early rise of the voltage around 3.8 kA
(figure 13).

20 —

15
> 11 %
é 12 <
b 14
e 10 15 »
= 18 o
=) 19 o
3 s 20 x
o)
>
3

0=

5 | Q |

0 1 2 3 4 5 6 7 8
Current (kA)

Figure 13. Layer 2 voltage as a function of magnet
current. "The ramp rate of the current was 30 A s~!
on ayerage. The dashed line is the fit of the V(I) data
for'the, current above 8.5 kA according to (2). The
ramp number and corresponding data legend are given
on the right side of the figure.

The critical current of Layer 1, however,
degraded after Ramp 14, as evidenced by the
V(I) curves shown in figure 14. Table 4 lists
the I. and n values of Layer 1 for each ramp.
The V(I) curves of the earlier ramps, whose
peak currents were below 7.5 kA, followed that
of Ramp 11 in figure 14.

Figure 15 shows the current ratio between
the two wires and voltages of Layer 1 during
Ramp 14 with a minimum /. degradation
and Ramp 20 with a maximum degradation.
We plotted the data for 4 kA and above to
highlight the change of the current ratio and
layer voltage.

The voltage across Layer 1 voltage went
above 0.6 V at 8895 A during Ramp 20,

followed by an open circuit in Layer 1. We
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Table 4. Degradation of the I. and n value of Layer 1 at 4.2 K. I. and n-value are determined at @20 uV

criterion according to (2).
values of Ramp 11.

The changes in I., Al., and the changes in n values, An, are with respect to the

Ramp  [ax Vinax 1. Al n An
(A) (V) (4) (-)
11 8493 7.6 8764 0.0% 245 0%
12 8570 10.2 8764 0.0% 245 0%
14 8908 30.7 8723 —0.5% 21.3 —-13%
15 8056 10.3 8531 —2.7% 13.0 —47%
18 8554 35.5 8219 —6.2% 16.3 —33% o
19 8844 72.4 8141 —71% 149 -39%
20 8895 burn-out 8006 —8.6% 13.1 “=47%
40 - 1.12
20 35 B, L f 111
> 15 0 W et i
VCIO i - Fhoooond \7( %41.09
g5 1 % 54 B ﬁ o
=0 12 o & 4 14 1.08 =<
= 14 =] - 9/7107\—
-5 15 £ s ¥ B
0 18 o - \ 106
>, % x 510 Vao A\ 105
£ - 2 3 ;f’f {1.04
>A§ “ Imbalance sensor voltage » . ?%V 0 = \V ++ 7 1.03
0 E‘%g@} 14 141+
23 4 s 6 7 8 9 5 3 5 7 $ 51.02

Current (kA)

Figure 14. Top: Layer 1 voltage in pV as a function
of magnet current. The dashed lines are the fit, of
the V(I) data according to (2). Bottom: The output
voltage of the current-imbalance sensor.in mV. The
bottom graph also includes the data frem earlier ramps
with a peak current ranging from 1/to 7.5 kA. The
ramp rate of the current was 300A. s~ on average. We
labeled Ramps, 11, 14 and 20 next to. the data.

found that Layer 1 burhed out locally after the
magnet disassembly« Figure 16-shows that a 10
mm long section was damaged im both wires.
Within the damaged seetion, about 3 mm long
of wire was missing. The Cu instrumentation
wire broke atythe,burned section. The outer
tapes also appeared damaged in the wire of the
neighboring turn,/below the burned location.
The burned location was roughly —5 mm
away from theémid-plane along the y direction,

Magnet current (kA)

Figure 15. The measured voltage across Layer 1 and
the current ratio between the two wires during Ramps
14 and 20 (symbols). The solid lines are the calculated
results based on the method described in Appendix C.

close to the expected —6 mm (figure 1). Along
the z direction, the burned location was at
about z = —2 mm, close to the expected
z = —2.2 mm. The longitudinal center of the
mandrel is located at z = 0 mm. The center
of the burned section in each wire shifted by 1

— 2 mm (figure 16(b)).

5.3. Conductor deformation and displacement
during magnet energization

The lead wires in both layers deformed
due to the electromagnetic force at multiple
locations where the wires were separated to

Page 12 of 26
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A

section

Figure 16. (a): The wires burned about 5 mm above
the mid-plane as represented by the horizontal waxed
string. (b): The ends of both wires fused together.
The scale in the pictures is in inches.

accommodate the current sensors, especially
at the sections that were not supported. The
red arrows in figure 7(b) point to one such
example.

The optic fiber along the STAR® wires
in Layer 2 also indicated that the wires_in
the mandrel grooves might have moved due te
the electromagnetic forces. Figure 17 shows
the spectral shift and the correspondingstrain
data from the fiber at two locations along the
winding, when Layer 2 was tested stand-alone
at 77 K. At Location A, the mid4plané region
of the magnet, the spectral shift/{indicated
that the fiber and likely tHex$TAR® wire were
under tension. At Location B, mear, the pole
region, the fiber and likely the wire were in
compression.

The amplitude 6f the spectral shift at 4.2
K was higher than'at 77 K and saturated the
instrument when'the current was above 4 kA.

6. Ramp-rate dependence of the
current distribution

Figure 18 shows the ratio of the current
in \the wiresyof Layer 1, as a function of

(zH9) Ylus [enoads

~
o
o
Current (A)

Strain (microstrain)

\Current
\

%0 60 120 180 240 300 360 420
Y Time(s)

Figure 17...The spectral shift data from the fiber
alongithe STAR® wire in Layer 2, 77 K. Positive shift
means compression and negative shift means tension.
(a) ‘Spectral shift data along the coil at the peak
current: (b) The strain data Locations A and B during
the current ramp. Location A is near the mid-plane
region and Location B is near the pole region.

current and its ramp rate at 77 K. The
current ratio was determined using the method
described in Appendix B. The current ratio
increased with the ramp rate. Both wires
carried a similar current when the total current
approached the layer I..

Figure 19 shows the ramp-rate depen-
dence of the current ratio of Layer 1 at 4.2
K. The current ratio again increased with the

ramp rate, but to a lesser degree than that seen
at 77 K.
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Figure 18. The ratio of the current in the wires of
Layer 1 at different ramp rates, 77 K. The data for the
DC case are from figure 9.
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Figure 19. The ratio of the current in the wires of
Layer 1 at different ramp rates, 4.2 K.

7. Electrical resistance of the
terminations N

Figure 20 shows the voltageacross the praying-
hand joint between the two layers as a function
of current at 77 and 4.2¢K" The voltage was
reproducible during allycurrent' ramps. The
joint resistance is 138m§2 at, 77 K and 21 n2
at 4.2 K, based on the slope@fthe V(1) curves
in figure 20.

Table 5 gives the termination resistance of
each layer, based on the measured V' (I) data
at low current according to (2).

Current (kA)

Figure 20. Voltage acréss the interslayer joint, as a
function of current, at 77 and4.2 K| self-field. Symbols:
measurement data; lines: linear fit of the data.

Table 5. Termination resistance in n{) at 77 and 4.2
K

MK 42K

1 R 66 11 6.0
2 151 23 6.6

Layer ratio

8. Discussion

8. 1.°Continue developing magnets
using STAR® wires toward higher dipole fields

The sO magnet provided an initial answer
to the question of how to use STAR® wires
to make dipole magnets. Leveraging the
small wire diameter, we can use multi-
ple STAR® wires to increase the magnet cur-
rent. We wound two wires in each layer of
s0. The wires, after the coil winding, formed a
ribbon-type cable without transposition.

The transport performance of Layer 1
showed that the wires worked reasonably well.
Layer 1, featuring the smallest bend radius and
highest conductor fields, reached 78% of the
short-sample prediction at 4.2 K. This can be
a conservative estimate for two reasons. First,
the reference wire, STAR® #1 in reference [25],
can have a higher I, at 4.2 K than that of

the actual sO wire. The 77 K I. of the

Page 14 of 26
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reference wire is 22% higher than that of Layer
1 Wire 1 before winding. The REBCO tapes
in both the reference wire and the wires used
The

fabrication process and the resulting pinning

in sO were made by a similar process.

characteristics in the REBCO tapes suggest that
a higher I. at self-field, 77 K, leads to a higher
I in field, at 4.2 K. Second, the scaling law (3),
determined at high fields, can overestimate the
1. at fields below 3 T as the conductor self-field
becomes more pronounced.

The burnout at the expected peak-field
location in Layer 1 provided a mnecessary
condition that the magnet reached its intrinsic
limit and the performance was not limited by
potential conductor degradation at unexpected
locations.

The sO0 magnet also showed that we
have a reasonable technique to make electrical
The
resistance across the praying-hand inter-layer

terminations for a two-wire cable.

joint at 4.2 K (figure 20) was comparable to
those of CORC® wires in a recent magnet [49].
The reasonable joint resistance allowed us to
probe the magnet performance, critical, for
further magnet development.

In addition, both wires of each la&er had
similar termination resistance. The measured
current ratio at low current of the‘s0 magnet
indicated that the termination. resistances for
the wires were within 5%mwin beth layers,
following the analysis in [59-61]., The similar
and low termination resistance/for each wire
allowed current to' redistribute. between the
two wires (figures 9 and 15), maximizing the
current-carrying capability of the ribbon-type
cable.

The g0 magnet; however, is not perfect
The
persistent andrearly voltage rise in Layer 2 at
both 77:and 4.2 K suggested that some of the
tapes may have degraded in the wires. The test

in terms 'of the transport performance.

of Layer 2 at 77 K (figure 8) indicated that
the degradation may have already occurred,
for instance, during wire handling andneoil
winding. In addition, the 88% I. refention of
Layer 1 at 77 K after winding{(table 3) s lower
than the 95% retention of a similar, CCT ¢oil
wound with a single STAR® wire [24].

Although the sO performance had signifi-
cant room for improvement, the imitial experi-
ment generated a minimum, set of viable tools
to further develop the magneét technology. We
need to continue developing/magnets to gain
data and experience on,using STAR® wires to
generate higher dipole fields.

Given g#he minimuim set of tools and a
longer two-wire ribbon-type cable configura-
tion, whatfield can we expect for a CCT dipole
magnet? (Table%6 lists the performance of a
few CCT dipole magnets having an increasing
number of layers. The radial thickness of each
layer inthese conceptual designs is identical to
those in the s0 magnet. Each magnet has more
conductor turns than s0 to generate a uniform
dipole field along the magnet center region.

The conceptual CCT dipole magnet de-
signs in table 6 promise a higher dipole trans-
fer function and a smaller outer diameter,
compared to the existing CORC® CCT mag-
nets [48, 49]. The sTAR®-based CCT dipole
magnets can therefore be well suited for op-
eration inside the limited aperture of Nb3Sn
dipole magnets [42, 62].

The current-imbalance sensor reported
here is one example of the magnetic quench-
detection approach [63]. Our experiment, to-
gether with the earlier ones [56, 57|, suggested
that the technique can be highly sensitive to
the current redistribution that is associated
with voltage buildup, allowing prescient warn-
ing of conductor heating. Testing longer mag-
nets is necessary to verify if the technique is
equally effective for longer conductors.



oNOYTULT D WN =

AUTHOR SUBMITTED MANUSCRIPT - SUST-105312.R1

s0: an initial magnet experiment using STAR® wires 16

Table 6. The expected dipole field from CCT dipole magnets in various background dipole fields at 4.2:K{ The
dipole transfer function (TF) is also included. Each magnet has a 50 mm clear aperture and uses two STAR® wires.
The dipole field reported here is the short-sample prediction based on the measured I.(B) data of STAR®I#1 in

reference [25].

Layers  TF OD 0T 8T 12T 15T
(TkA™)  (mm) (T) (T) (T) (T)

2 0.34 729 12 09 08

4 0.71 105 45 24 19 16

6 1.10 135 58 34 27 24

One tool that is missing for further mag-
net development is an impregnation technique.
Although the STAR® wires can be resilient to
the mechanical deformation and the result-
ing strain during the test (figures 7 and 17),
we should avoid conductor deformation during
magnet operation. Built on the significant ex-
perience that the community has gained [10,
64-72], a vacuum-pressure impregnation tech-
nique should be developed to support individ-
ual REBCO tapes in a STAR® wire.

The experiment with the optic fiber
demonstrated that the fiber can operate at
4.2 K. A successful impregnation technique
will benefit future tests of the optic fiber to-
ward identifying the hot spots alongREBCO ca-
bles [73] and ultimately the detegtion of normal
transitions [74, 75].

8.2. Continue developingSTARD conductors
based on the feedback from magnet results

The development of'the s0 magnet confirmed
the wire flexibility ‘that was demonstrated on
short STAR® wire’samples. Wire 1 of Layer
1 has a minimum bend radius of 15.4 mm at
six locationsralong, the pole regions of the sO
magnet (figure 1) The transport performance
of Layer 1 at 77 and 4.2 K suggested that
the, 15 mm minimum bend radius can be
reproduced in” a 2 m long wire at multiple

~

locations, consistent with the experience of
an earlier STAR®-based. CCT coil of a similar
design [24].

It is necessary to'demonstrate a uniform
wire diameter and eritical current over a length
of the erder of 10 m or longer as a next step
for future/magnét experiments. Reference [24]
reports & 10, m long STAR® wire. The wire
diameter varies within +2% of the mean
diameter, likely sufficient for further magnet
practice. The critical current, measured every
1 m along the wire, varies more.

The degradation of current-carrying capa-
bility is a serious issue that should be avoided
for applications. The current-carrying capa-
bility of Layer 1 clearly degraded after Ramp
14 that reached a peak current of 8908 A (fig-
ure 14 and table 4), and continued degrading
in the following ramps. Based on the measured
V(I) transition of Layer 1 and the current ra-
tio B, we conclude that both wires degraded,
The

critical current and n value decreased in both

consistent with the observed burn-out.

wires, leading to the change in 8 during vari-
ous current ramps (figure 15). Appendix C has
more details on the analysis.

We suspect that the conductor heating
during the superconducting-to-normal transi-
tion caused the degradation in Layer 1. We
assumed that a 5 — 7.5 mm long section in

Page 16 of 26
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both wires, consistent with the burn-out, ab-
sorbed an equal amount of heat under an adi-
abatic condition. The estimated peak temper-
ature during Ramps 11 — 19 ranged from 440
to 1040 K, high enough to degrade the crit-
ical current of REBCO tapes [76, 77]. A re-
cent CORC® dipole magnet suffered a similar
critical-current degradation, possibly also due
to the conductor heating [49].

Although Layer 2 consistently showed
an early voltage rise, the critical current of
Layer 2 remained the same among various
current ramps (figure 13). We attribute the
degradation-free behavior to the effective cool-
ing from the surrounding cryogen. A similar
behavior was also observed in the outermost
layer in the CORC® dipole magnet [49)].

We can avoid excessive heating in the
first place if a sufficient current margin exists
between the operating and current-sharing
levels. A higher critical current in REBCO cable
is necessary to enable this margin.

When a sufficient margin yields to the
desire of a higher magnet efficiencygithe ever
higher current-carrying capability exacerbates
the situation: more heating in a shorter time:
Therefore, we also need sensitive schgmes to
detect soon enough the early temperature rise
in a magnet.

Lacroix et al. has demonstrated a concept
of current flow diverter®that  significantly
boosts the propagation of mermal zones
in REBCO tapes [78]. Sinee.a fast propagation
of the normal zone can improvesthe sensitivity
of the voltage-based quench detection, it can
be useful to test the concept using STAR® wires
and verify its impact on quench detection.

A larger fraetion of low-resistivity Cu
stabilizers in STAR® wires can also help reduce
the peak conduetor temperature. For instance,
a 1.024vmm_diameter Cu former will increase
the Cu/to non-Cu ratio from 0.51 to 0.80 in

the STAR® wire used in the sO magnet. The
resulting peak temperature can decreasenby
about 20% for the same amount of heat over a
5 mm long wire section.

We also need a higher{eurrent-carrying
capability in STAR® wires to reach higher
fields, in addition to a sufficient operating
margin. The critical current should at least
double or triple for the freference STAR® #1
in [25] at 20 T, 4.2 K inserder for the four- and
six-layer conceptual imsertamagnets to generate
a dipole field of 5 T in a /ackground field
of 15 T (table 6)1.
a cable containing multiple STAR® wires to

Alternatively, we need

increase the magnet transport current, while
maintaining a small bend radius similar to that
of a single wire.

Multiple STAR® wires can be connected
electrically in series or parallel to achieve the
For s0,

First,
it mitigates the potential risk of local I,

same ampere-turns in a magnet.
we. chose the latter for two reasons.

dropouts in the wires that can limit the magnet
current if the wires are electrically in series.
Second, the parallel configuration reduces the
number of joints between the layers in the s0
magnet [38].

The parallel configuration, however, does
not guarantee an even current distribution
between the two wires (figures 18 and 19).

An uneven current distribution can affect
the magnetic field quality. Using the two-
layer CCT dipole magnet described in table 6
as an example, we expect the uneven current
distribution to affect mainly the dipole field

1 The critical current of REBCO decreases as the
applied magnetic field increases. If the increased I at
20 T leads to a similar gain in I, at low fields, then the
insert magnet, when tested stand-alone, will generate a
dipole field ranging from 10 to 15 T, or higher (table 6).
The high stand-alone dipole field, consistent with the
findings in [62, 79], explains the need to achieve higher
fields in REBCO dipole magnets.
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but not the high-order geometric multipoles
(Appendix D). The impact on the dipole field
of individual magnets can lead to undesired
random field errors for a group of magnets in
a collider. To clarify these effects, we need to
measure and confirm the actual impact on field
quality.

The ramp-rate dependence of the current
distribution can be an intrinsic feature of the
non-transposed multi-wire cable configuration.
If further magnet experiments necessitate
a uniform current distribution among the
wires, we need to develop a transposed cable
architecture using STAR® wires [80].

9. Conclusions

We made s0, a two-layer three-turn CCT

dipole magnet, as an initial experiment
on the magnet development using high-
temperature superconducting STAR® wires.
We developed a minimum set of toolstfor
the magnet development. We wound in
each layer two STAR® wires, one at a

time, using a semi-automated winding table.

The wires, electrically in parallely formed
a non-transposed ribbon-type cable... The
minimum bend radius was 15.4 mm along the

The
electrical resistance of the terminations'ranged
from 11 to 23 nf) at 4.2 &K»The termination
resistances for both wires were also uniform

longitudinal axis of the STAR®\ ire.

within 5%. The magnet reached a peak current
of 8908 A at 4.2 K. 78% of the short-sample
prediction, and a peak dipole field of 0.79 T.
The peak current corresponded to a whole-
conductor current density of 1500 A mm™2.
The test resultsralso highlighted several
critical issues to'be addressed: the critical-
current degradation during current ramps; the
necessity. of a transposed multi-wire cable

architecture for high-field dipole magnets; and

an impregnation technique for STAR® wires.

The initial experiment of the s0. mag-
net set a stage for future development, of
STAR® magnets and conductors. The contin
ued development can ultimately lead to diverse
options of REBCO technologies to enable high-
field magnets for particle acgelerators and fu-
sion machines.
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the optic fiber and analyzed the data. HCH,
TJB, LL, RM, CSM, RT, MT and XRW tested
the magnet.
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Appendix A. Calibration of current
transducer

We calibrated all four current transducers
using Wire C, at 77 K, in a dc condition.
The current monotonically increased from
zero to the maximum value in a stair-step
fashion; the voltage reading of each transducer,
measured using a Keithley 2010 multimeter,
was recorded when the current was constant
at each step. The measurement was repeated
three times and the averaged voltage was used
as the calibration data. The calibration data
were linearly interpolated to determine the
current in the STAR® wire.

One option to characterize the measure-
ment error of the current transducer i§ to com=
pare the sum of the measured curren‘Kin each
Fig-
ure Al shows that the error of.the current

wire and the measured total current.

transducer was less than 5% of the measured
total current, up to 800 Agthe maximum cur-
rent for the calibration.! The inereasing error
is due to the saturation.of the low-carbon steel
(figure 7).

Appendix B/Estimation of the wire
current using the current-imbalance
sensor data

Here we deseribe’a method to determine the
ratiopef the current in the wires, based on

the\ current-imbalance sensor data. Suppose

— 0e®00
§ Olee °® ° .,
] ®%eee
g [ ]
= “
e h
2 “
-3 \
; AY
= -4
-5 100 200 300 400¢ 500 600 »700 800

Total cunrent (A)

Figure Al. The relative differencesbetween the sum
of the wire current in Layerd and the measured total
current, 77 K. The carrent in each wire, I; and Is, is
determined by the current transducer. Iiotal measured 15
the power supply output current measured by a shunt
resistor.

we have tworparallel line currents, [; and I,
which’ have the same current direction and are
separated by a distance of 2r. The ratio of the
current in the wires is 3, and 5 = I;/I,. The
total ‘current carried by both wires, I, is then
given by

The active sensing area of the Hall sensor

(B.1)

is coplanar with both line currents and has an
The

output voltage of the current-imbalance sensor

equal distance, r, to the line currents.

is given by
1-p
Vib = w(ly — ) = wli——. B.2
b =w(ly 1) =w t1+ﬁ (B.2)
Here w is a constant and is given by
w= s&, (B.3)

where s is the sensitivity of the Hall sensor in
V T~! and pq is the magnetic permeability in
vacuum.

Equation (B.2) shows that the output
voltage of the current-imbalance sensor, Vi,
depends on the current ratio, . When both
wires carry the same current, § = 1 and
Vieb = 0. When S is a non-unit constant,
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Vimp scales linearly with I;. When the current
redistributes between the two wires, 5 changes
and Vi, deviates from the linear relationship
with I;. The sign of Vi, tells which of the two
wires carries more current.

In the experiments reported here, I
and Vipp, are known. The current ratio is
also known at low current from the current
transducers. We can then determine w
according to equation (B.2), and then use
the known w to determine [ for the current
beyond the measurement range of the current

transducers.

Appendix C. Estimation of the wire
performance using the current ratio
and measured cable V() data

Simple electric-circuit models are a powerful
tool to explain the measured V/(I) behavior
of REBCO tapes and cables [59-61, 81-83].
Here we use an approximate method, based
on a dc electric-circuit model (figure C1), to
interpret and gain insight on the performance
of both wires in Layer 1 (table 4). Wesused
NGSPICE [84], an open-source SPICE simulater;
to analyze the circuit behavior.

A S

Figure C1. A dc electric-gircuit modelfor two parallel
STAR® wires in Layér 1 of the.sO magnet. V;, represents
the measured voltage acress Wire n, as a function of
current, I,,. The termination resistance for Wire n,
R, is given'by R, = R,1 + R,2. The voltage across
Nodes 0 and 1 represents the voltage measured across
Layer 1 duringythe experiments.

Given that the wires have similarly low

termination resistances and comparable criti-
cal currents, the electrical-parallel configura-
tion of the wires implies that, using the same
voltage criterion, the layer reaches,its critical
current when both wires alsofreach theirs t00.
Therefore, we have

]C,cable ~ ]C,l + ]c,2‘ (Cl)

In addition, when the layer voltage reaches the
voltage criterion, we have

Iy -
32.

Using (C.1) and (C.2)pwe can determine the
critical current of both wires.

BV =Ve) = (C.2)

After caleulating”the critical current of
both wires, we estimiate the n values by fitting
the caleulatedyl/ (1) data to the measurement
results. We assuine the n value of the layer is
between|those of both wires. One may start
theisearch with neape ~ (11 + n2) /2.

The estimated critical current and n value
of each individual wire qualitatively reproduce
the measured layer voltage and current ratio.
Figure 9 gives an example at 77 K. Figure 15
gives two more examples at 4.2 K. Table C1
gives the measured layer performance and
calculated wire performance for the cases at
77 and 4.2 K.

Appendix D. Impact of current
distribution on field quality

We consider only the dc geometric field errors
due to transport current, assuming the as-
designed conductor positioning [85]. Using
the two-layer CCT dipole magnet described
in table 6 as an example, we first define the
transfer function for an individual wire. For
instance, Wire 1 of Layer 1, carrying a current
of I, has a transfer function
By, 1, w,

7 (D.1)

Tn,Ll,Wl =
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Table C1. The measured critical current (A) and n value for Layer 1 and calculated values for individualiwires

at 77 and 4.2 K.

Ramp [c,cable Ncable ﬁ(QO ,U/V> Ic,l ny [c,2 U]
TTK,4 680 16.5 1.01 341 169 339 16.0
42K, 14 8764 21.3 1.09 4569 23.0 4195 16.5
18 8219 16.3 1.09 4281 23.0 3938 12.0
19 8141 149 1.09 4241 20.0 3900 11.5
20 8006  13.1 1.09 4174 18.0 3832 A40.5
~
where B, is the magnetic field component of Loa : 50
order n, generated by the current in Wire 1. 1.02 ——-Pipdle B %La/jrl 15
We can calculate B,, using the Biot-Savart law. = 100 LayeWW/ 1.0
. -1 i 0.98 ot 05
T, has a unit of T A~*. = 0ol 0o >
We define the transfer function of each &= 160 > 20y
. . . o 1.40 Sextupole B.: 5
layer as the following, again using Layer 1 as = {'38 g o
an example, 828* Laﬁf“/*/ bayerl |
( LY
Topawn i + 1T, w, Lo 040550 04 06 03 0.0
T, _ L1, L1, Wo D.2
L1 (5) Il + [2 ? ( ) Il /Itotal
where the transfer function of each individual ‘Rjgure. D1. The transfer function of the dipole

wire is given in (D.1). T, 1, depends on 3, the
current ratio between the two wires.

Figure D1 shows the impact of current
distribution between the two wires on the
dipole and sextupole field in thesmagnet
aperture. When one wire carries all the current
in both layers, the dipole transfef funetion s
within 8% of the value where both wires ‘carry
the same current.

A 10% difference in the curkent of the two
wires, as observed in the s0 magnet, leads to
0.4% of deviation from the case of an even
current distributiond” Therefore, the uneven
current distribution cannot solely explain the
observed discrepancy. between the measured
and calculated TF of each layer, tested stand-
alone (figures10).yThe/positioning error of the
Hall sensor can cemtribute to the discrepancy.

We expect the impact on high-order field
errors to be mnegligible.  Figure D1 shows
the, transfer function for the sextupole field,

component’ (top) and sextupole component (bottom)
for. each layer, as a function of current distribution
between the two wires, for the two-layer magnet design
given in table 6. We normalize the transfer function to
the value when both wires carry the same current. The
red line with circles is for Layer 1. The black line with
crosses is for Layer 2. The blue dashed line corresponds
to the current ratio.

the first allowed high-order field errors in the
example magnet here. Although the transfer
function of Layer 2 can change by 60% when
one wire carries all the current, it is not
expected to be an issue because the sextupole
field is four orders of magnitude lower than the
main dipole field when 5 = 1.
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