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Superconducting magnets enable energy-frontier accelerators by generating strong magnetic fields to
steer and focus the particles. Although high-temperature superconductors such as REBa,Cu;0, (REBCO,
RE = rare earth) hold a strong potential for generating a higher magnetic field than Nb-Ti and Nb;Sn, the
associated magnet and conductor technology for accelerator applications is still in its infancy. The U.S.
Magnet Development Program is developing REBCO magnet technology in collaboration with industry.
Here we report an experiment of making a dipole magnet called C3 using commercial high-temperature
superconducting cORC® wires. The magnet, following a canted cos 6 design, generated a dipole field of
5.99 T at 4.2 K in its clear aperture of 65 mm at 6.795 kA when a resistive voltage of 105 pV appeared
across one of the coils in the magnet. The stored energy was 53 kJ at the peak field. The magnet showed no
degradation in the current-carrying capability at 4.2 K after the thermal cycle. We report on the detailed
design, fabrication, and performance of the C3 magnet that can be of interest to potential users of this
emerging technology. We also discuss issues and research needs to inform future REBCO magnet
development. The experiment represented another step to addressing if the high-temperature super-
conducting accelerator magnet technology can increase the discovery capability of future particle

accelerators.

DOI: 10.1103/4nhs-bkwh

L. INTRODUCTION

Superconducting magnet technology, despite its com-
plex nature, has enabled energy-frontier particle acceler-
ators since the first application of Nb-Ti magnets in the
CERN Intersecting Storage Rings complex in 1980 and the
full-scale accelerator realization in the Tevatron at FNAL in
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1983 [1-4]. With a maximum achievable dipole field of
10 T, the Nb-Ti technology achieved its prominence in the
Large Hadron Collider (LHC) at CERN, where a landmark
discovery of the Higgs boson particle was made in 2012
[2,5]. After decades of development, Nb3;Sn magnet
technology, capable of generating a dipole magnetic field
of 16-17 T, is rising with the first application in the
interaction-region quadrupole magnets for the High-
Luminosity LHC [6-9].

What can high-temperature superconducting (HTS)
materials bring to the table?

Bi-2212 and REBa,Cu;0O, (REBCO, RE = rare earth)
conductors, two commercial HTS conductors, can remain
superconducting in a magnetic field higher than 20 T at
4.2 K [10-13]. Specifically, a REBCO coil developed at
NHMFL recently generated a solenoid field of 17.6 T within
a background field of 31.1 T, surpassing the previous
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record of 14.4 T in the same background field [14,15].
Therefore, we expect the HTS magnet technology to
eventually further boost the discovery capability of future
circular colliders [16—-18]. For the same reason, HTS
materials are expected to help achieve higher energy gain
and plasma density in compact magnetic-confinement
fusion machines to generate electricity at scale [19,20].

The critical temperatures for Bi-2212 and REBCO are
between 85 and 95 K, significantly higher than those of
Nb-Ti and Nb;Sn. They thus enhance the thermal margin
of HTS magnets at 4.2 K, which is attractive for appli-
cations with a strong heat load on the magnets [21,22].

Thanks to their high irreversibility field, REBCO con-
ductors can operate at elevated temperatures like 20 K
[10,23-25]. While this reduces absolute current capacity, it
vastly improves thermal stability via increased heat capac-
ity. Additionally, operating at elevated temperatures
improves cryogenic Carnot efficiency, providing a thermo-
dynamic advantage that supports the sustainability goals
for future colliders outlined in the 2023 P5 report [26].

Despite these attractive features, we do not yet have a
REBCO magnet technology that can generate a dipole field
above the limit of Nb;Sn due to several technical challenges.

REBCO conductors are produced in tape form to achieve
a useful current-carrying capacity [27]. Although single-
tape magnet winding is possible [28-31], high-field low-
inductance accelerator magnets favor a compact conductor
that can carry a current on the order of 10 kA, necessitating
a cable composed of multiple REBCO tapes. Several REBCO
cable concepts exist [12], but the community has not yet
converged on a definitive architecture.

The ceramic superconducting layer in a REBCO tape, a
few pm thick so far, is brittle. The composite tape is prone
to delamination under shear loads, despite its exceptional
mechanical resilience under compression transverse to the
broad surface of the tape. Bending without degrading
REBCO tapes can be a constraint when making a multipolar
magnet [32].

The very properties that make REBCO attractive can also
become a hindrance. Massive critical currents combined
with millimeter-scale filaments generate strong magneti-
zation, which deteriorates field quality and drives up
hysteresis losses. Simultaneously, REBCO’s exceptional
thermal stability works against quench protection systems;
it conceals local hot spots, leaving the magnet highly
susceptible to undetected thermal damage.

The magnet community has started addressing these
challenges. Centered at CERN, the European collaboration
is spearheading the development of REBCO technology
with a series of coherent programs ranging from the earlier
EuCARD programs [33-35] to the current High Field
Magnets R&D (HFM) program [36].

The EuCARD programs contributed significant results
and experiences to the community, including, but not
limited to, a dipole field of 5.4 T at 4.2 K in a racetrack

magnet using a four-tape REBCO cable [35,37,38], a dipole
field of 4.5 T at 4.2 K with an aperture of 40 mm using an
aligned-block design and REBCO Roebel cable [35,39,40],
and a dipole field of 1.2 Tat 4.5 K in a cos 6 dipole magnet
limited by an underperforming coil [38,41].

As part of the HFM program, CERN started a racetrack-
coil program [42]. A common-coil configuration using
four racetrack coils recently generated 5.4 T in the 20-mm-
diameter apertures as part of a road map toward 14 T and
beyond [43].

Record dipole fields were also generated using the no-
insulation and metal-insulated REBCO designs. Tsinghua
University achieved a dipole field of 5.02 T in a 34-mm
clear bore of a block-type dipole magnet with flared ends
at 42 K [44]. The Institute of High Energy Physics
developed a REBCO common coil using six racetrack coils
that achieved the record 7.6 T in a 25-mm aperture at 4.2 K
[45]. A metal-insulated racetrack magnet from the HFM
program generated 5.1 T at 4.2 K at CEA Saclay using a
4-mm-wide REBCO tape [46].

Following the 2014 P5 recommendations, the U.S.
Department of Energy established the Magnet Develop-
ment Program (MDP) in 2016 to advance high-field super-
conducting magnets for future particle accelerators. A core
mandate of the MDP is to demonstrate high-field HTS
magnet technology [47,48].

On the Bi-2212 front, the MDP partnered with industry
to develop a common-coil type magnet that achieved 4.7 T
at 4.2 K [49]. The magnet consisted of two racetrack coils
wound with high-performance Bi-2212 Rutherford cable
[50,51]. The magnet showed neither quench training nor
degradation from intentional quenches or thermal cycles.

On the REBCO front, the MDP focuses on the round-
conductor architectures sourced from two domestic man-
ufacturers [52,53]. To define conductor requirements and
prove round REBCO wire feasibility, the program has
fabricated and tested diverse magnet topologies, including
Conductor on Molded Barrel [54], canted cos 8 (CCT) [55]
and uni-layer [56,57]. Parallel efforts by external groups
have also successfully integrated round REBCO cables into
accelerator magnets [58,59].

Here we report on a short dipole magnet called C3 that
was developed following the earlier magnets C1 [60] and
C2 [61]. The C3 magnet generated a dipole field of 5.99 T
using HTS corc® wires at 4.2 K during the 2025 test
campaign. To our knowledge, this was the first time that an
HTS magnet, with a field-quality design relevant for
particle accelerators, reached such a dipole field.

We used the C3 dipole short model to evaluate several
critical engineering and physics metrics. Specifically, we
needed to assess the REBCO conductor development imple-
mented for C3 and determine how effectively round corc®
wire integrates with CCT coil design and fabrication.
Magnet performance was a primary focus, requiring us to
measure the maximum current capacity, the peak dipole
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field, and the overall magnetic-field quality, stability, and
reproducibility. We also aimed to quantify energy loss
during field sweeping and validate the performance of the
electrical joints. Ultimately, this model was built to
identify any fundamental showstoppers or future develop-
ment needs required for a REBCO CCT magnet to hit the 8
to 10 T range currently dominated by Nb-Ti magnet
technology.

We are also curious if the emerging REBCO magnet
technology can be useful for the readers of this paper. If
not, what features are missing? We look forward to your
feedback.

The paper is organized as the following. Section II
introduces the corc® wire, followed by detailed overviews
of the magnet design and fabrication in Secs. III and IV.
Section V outlines the instrumentation and measurement
protocols. We then present the experimental data, covering
the 4.2 K corc® wire performance in Sec. VI, overall
magnet performance in Sec. VII, and field quality in
Sec. VIII. Sections IX and X quantify the energy loss
and electrical termination resistance, respectively. Finally,
we discuss the results, issues, and development needs
in Sec. XI.

II. CORC® WIRES

The C3 magnet used a round wire called the Conductor
on Round Core (corc®) wire, produced by Advanced
Conductor Technologies (ACT) LLC [52]. The wire has 30
REBCO tapes helically wrapped around a Cu core (Fig. 1).
The wire has an outer diameter (OD) of 3.7-3.8 mm and
can be bent to a radius of 30 mm with less than 10%
degradation in the current-carrying capability of the wire
[62,63]. Liquid lubricant was introduced during the
cabling process to improve the bending performance of
the corc® wire.

The corc® wire features a factory-applied polyester
heat-shrink insulation jacket with a nominal radial thick-
ness of 25 pm. This insulation completely encapsulates the
conductor, providing electrical isolation from both the
adjacent turns and the metallic mandrels.

SuperPower Incorporation produced the commercial
REBCO tapes for the corc® wire used in the C3 magnet.
The critical current of the constituent tape, “HM” type, has
been optimized for applications at low temperatures and in
high magnetic fields. The 2-mm-wide tape has a minimum
critical current of 350 A at 6 T, 4.2 K when the applied

REBCO tape Cu core

“ .4

CORC® wire

@ o

FIG. 1. A close-up view of the cORc® wire used in the C3
magnet.

TABLE I. Nominal parameters of a single corc® wire used in
the C3 magnet.

Parameters Unit Value
REBCO tape type [ SuperPower HM
Number of tapes [-] 30
Layers of tapes [ -] 12
Tapes per layer [ -] 2-3
Tape width mm 2
Tape thickness pm 45
Substrate thickness pm 30
Cu thickness per tape side pm 5
Diameter of Cu core mm 2.54
Polyester jacket thickness pm 25
Cu to non-Cu ratio [--] 1.0

magnetic field is perpendicular to the broad surface of the
tape [63]. Table I shows the nominal parameters for the
corc”® wire used in the C3 magnet.

ACT fabricated six lengths of CORC® wire, one for each
layer of the C3 magnet. The total length of the COrRc®
wires was 145 m, consuming a total of 7.5 km long
REBCO tapes.

The MDP procured the wires using three orders placed
between February 2019 and March 2020. ACT delivered
the orders between August and December 2023. The
3-year lead time was largely driven by implementing
the process required for producing high-quality HM
REBCO tapes at volume.

Compared to flat-stacked tapes, round REBCO cables
suffer from two fundamental inefficiencies. First, twisting
the tapes into a helix significantly increases the total length
of material required. Second, the central core dilutes the
overall conductor current density, J,yera, defined as the
current per unit cross-sectional area of the conductor,
including the insulation. A higher J,...; reduces the
conductor usage when generating the same dipole field
[64,65]. Table III in Sec. VI quantifies the J . for the
corc® wires used in the C3 magnet.

Nevertheless, the round REBCO cable has a few features
that are worthy of consideration. It is less constrained in
the bending direction, accommodating various magnet
designs and geometries that require complex three-dimen-
sional bending. Additionally, their current capacity
remains highly independent of external field orientations,
simplifying the overall magnet design. With the cabling
process separated from the magnet winding process, the
conductor vendor and magnet winder can each do one
thing and do it well.

III. MAGNET DESIGN

The C3 magnet followed the CCT design introduced by
Meyer and Flasck in 1970 [66]. Since then, several groups
have further developed and extended the concept [67-76].
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FIG. 2. The layout of the individual layers projected to the y-z
plane. The layers are electrically in series. Two facing half-
circles denote an interlayer electrical joint. Current flows from
the Layer 6 lead end and exits from the Layer 1 lead end. The
scale is in mm.

The CCT design has a few features attractive for high-
field accelerator magnet applications. First, the conductor
is embedded in a metal mandrel that intercepts the

FIG. 3. The view of the six nested layers projected to the x-y
plane. Also shown are the aluminum shell next to Layer 6 and the
iron yoke outside the shell. The scale is in mm.

accumulation of electromagnetic forces on the conductor,
which is important for strain-sensitive conductors such as
REBCO. Second, the conductor path is related to the current-
density distribution to generate specific field components
and to meet the requirements on field quality [72].

TABLE II. Main parameters for the C3 magnet.

Parameters Unit Layer 1 2 3 4 5 6 Shell
ID mm 65.0 85.2 99.4 113.6  127.8 1420 156.2
Wire-center diameter mm 78.1 92.3 106.5 120.7 134.9 149.1 [-]
OD at mandrel ends mm 84.1 98.3 112.5 126.7 140.9 155.1 207.0
Radial gap between the neighboring layers mm 0.55

Spar thickness mm 4.5 1.5 1.5 1.5 1.5 1.5 [-]
Number of turns [ 40 [
Nominal layer length mm 900

Fabricated wire length m 15.0 17.0 22.0 25.0 31.5 34.5 [-]
Used wire length m 13.0 15.1 20.1 227 294 32.6 [-]
Wire manufacturing date, 2023 mmdd 0829 0926 1003 1025 1101 1213 [-]
Coil winding date, 2024 mmdd 0322 0514 0730 0820 0918 1016 [+
Wire-to-coil time interval months 7 8 10 10 11 10 [-]
Nominal wire diameter mm 3.72 3.72 3.73 3.70 3.73 3.77 [+
Groove diameter mm 4.1 [-]
Measured gap between wires at the midplane mm 0.32 0.29 0.30 0.36 0.55 0.47 [-]
Layer weight, including conductors kg 14.5 12.1 13.9 15.7 17.5 19.3 353
Wire tilt angle at the midplane degree 50 -50 -35 35 27 -27 [-]
Minimum bending radius of the wire center line mm 30 35 30 35 30 35 [
Dipole field at 6.8 kA, analytical, without iron T 5.15 [-]
Layer contribution, analytical, without iron [+ 13.7%  1377% 174% 174% 189% 189% [ -]
Dipole field at 6.8 kA, Opera, without iron T 5.08 [-]
Layer contribution, Opera, without iron [ 13.9%  140% 177% 179% 183% 182% [ -]
Dipole field at 6.8 kA, Opera, with iron T 5.99 [-]
Peak conductor field at 6.8 kA, Opera, with iron T 6.19 6.18 5.83 5.49 4.95 4.40 [+
Magnet inductance at 6.8 kA mH 23 [+
Magnet stored energy at 6.8 kA kJ 53 [-]
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The CCT design has shortcoming, too [77]. It uses more
conductors than the cos @ or block design to generate the
same dipole field. It is challenging to machine a CCT
mandrel for an accelerator magnet that is 10—15 m long,
although assembly of segmented mandrels can be a
solution [78-80].

The CCT design has been applied to dipole accelerator
magnets using Bi-2212 [81-83] and Nb;Sn [84-86]. It has
also been applied to magnets for medical applications
[78,79,87-89], corrector magnets for the High-Luminosity
LHC [90], and other accelerator magnet applications [91].
A. Godeke and colleagues at NHMFL and ACT first applied
corc® conductors in a CCT configuration [92].

The C3 magnet consists of six nested layers. Figure 2
shows the conductor layout for each layer. There are 40
turns of corc® wires in each layer, generating a dipole and
solenoid field in the aperture due to the tilted winding. The
six layers are divided into three pairs. The two layers of
each pair tilt in an opposite way to cancel the solenoid
component and to double the dipole component once
assembled.

When projected to the x-y plane, the conductor layout
of the assembled magnet becomes six concentric circles
(Fig. 3).

We used aluminum bronze 954 for the mandrels and
aluminum alloy 6061-T6 for the shell. Surrounding the
center part of the magnet is an iron yoke (Figs. 3 and 9)

—
o
b

42K

—_
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Magnetic induction (T)
oy

Current (kA)

FIG. 4. Expected performance limit for each layer of the C3
magnet. Solid lines: The peak ma%netic induction transverse to
the longitudinal axis of the CORC™ wire in each layer. Dashed
lines: The performance limit of the conductor in each layer, as
determined by a voltage criterion of 5 pV. Open triangles:
Measured conductor performance at 4.2 K. The dot-dashed line:
The expected dipole field in the magnet aperture. Section VI
has more details on the conductor performance. The black
square: The maximum dipole field generated during the test.
The solid circles mark the current and peak induction on the
conductor when the layer voltage reached 5 pV during the test.
Section VIIB has more details on the measured magnet
performance at 4.2 K.

composed of 16 laminated 1018 steel segments, each
featuring a nominal thickness of 25.4 mm and an outer
diameter of 362 mm to clear the test cryostat envelope. To
accommodate differential thermal contraction during cryo-
genic cooldown, the inner diameter (ID) of the iron yoke is
machined to be larger than the outer diameter of the
aluminum shell, establishing a deliberate radial clearance
at room temperature (Fig. 3). The iron yoke design
followed that of the Nb;Sn CCTS5 magnet [85].

Table II lists the main parameters of the C3 magnet. The
trace iron content within the aluminum bronze mandrels
was excluded from the field calculations.

The short-sample limit of the C3 magnet at 4.2 K was
determined by the peak magnetic induction transverse to
the longitudinal axis of the conductor and the critical
current of the witness sample of each layer (Fig. 4).

According to Fig. 4, we expect the C3 magnet to
generate a dipole field of 7.34 T at 4.2 K when Layer 5
conductor first reaches its short-sample limit at 8.475 kA.
At a dipole field of 6 T, the load-line margin is designed to
be 30% for Layer 1, which has the highest magnetic field
in the conductor.

IV. MAGNET FABRICATION

Prior to the fabrication of the C3 magnet, a subscale
prototype designated C3a was made. The C3a magnet was
geometrically identical to C3 but featured only three turns
per layer [63], serving as the baseline vehicle to validate
and practice the layer-nesting and winding procedures.

Following the prototype protocols, all six layers of the
C3 magnet were wound using an automated Winder Mark
2 platform [63] (a visual demonstration of the winding is
available in this YouTube video [93]). Figure 5 illustrates
the continuous positioning of the corc® wire within the
precision-machined mandrel grooves.

After the coil winding, voltage-tap wires and distributed
fiber optic sensors, DFOS, were co-wound along the corc®

Yy

FIG. 5. corc® wire settles in the groove machined on Layer 2
mandrel.
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Optic-fiber
spool

FIG. 6. The six layers and aluminum shell before assembly.

wire. The sensors were mechanically locked into the
mandrel channels via a manual application of filled
cryogenic epoxy, Stycast 2850 MT. Figure 6 shows the
six completed layers and the aluminum shell prior to final
assembly.

Figure 7 shows the duration of each major step to
fabricate individual layers. It took about 140 to 180 h to
complete one layer, including the mandatory room-tem-
perature curing cycles of the epoxy. Two or three staff
members worked together for about 4 h a day on the coil
fabrication and 77 K test.

Final magnet assembly was achieved by sequentially
nesting the inner mandrel layers within the outer struc-
tures. Figure 8 presents the cross-sectional end view of the
integrated magnet assembly after full nesting inside the
aluminum shell. Layer centering and alignment tolerances
are detailed in Ref. [63].

200

—_ =
D 0
(el e

~
(e}

Fabrication time (h)
—_—

N =)

S o 3 S

]
(e}

=)

Layer (-)

FIG. 7. The duration of the major steps to fabricate individual
layers. Step A: Polish the mandrel. B: Wind coil and install
electrical terminations. C: Install voltage-tap wires and optic
fibers. D: Test at 77 K before applying Stycast, Layer 1 only. E:
Apply and cure Stycast. F: Test at 77 K after applying Stycast.

-

Nestedilayerse

FIG. 8. The end view of the C3 magnet.

Following mechanical assembly, the remaining concen-
tric radial boundaries between adjacent layers were filled
using Stycast 2850 FT to establish continuous mechanical
coupling and a uniform thermal conduction path between
the layers and the aluminum shell. Postimpregnation
electrical-isolation testing showed a reasonable dielectric
baseline, with conductor-to-mandrel and mandrel-to-man-
drel insulation resistances uniformly exceeding 60 MQ
across all layers. The six concentric layers were sub-
sequently integrated into a series circuit via low-resistance
interlayer splice terminations, fabricated according to the
protocols reported in Ref. [63].

The two halves of the iron yoke were assembled around
the shell using high-strength structural bolts tensioned
against compliant Belleville spring washers to a maximum
torque of 22.6 N m (200 in Ib), maintaining an intentional
mating gap at the yoke split boundaries in the pole region
of the magnet (Fig. 3). Structural strain tracking during
yoke fastening was monitored via the integrated DFOS
arrays on the aluminum shell and Layer 6. More details on
the fiber response will be reported elsewhere. Figure 9
shows the assembled magnet.

We had several issues when making the C3 magnet.
(i) Layer 1 Wire Straightening: The corc® wire electrically
shorted to the mandrel during winding. Approximately 0.5
turns of the corc® wire was unwound to address the short.
The unwinding partially straightened the wire segment that
was already bent, which risked degrading the REBCO tapes
and was not advised by the vendor. The wire was then
wound again into the mandrel. (ii) Layer 4 Conductor Kink:
Early in the winding, the conductor prematurely unspooled
and bound against an adjacent threaded framing rod,
inducing a localized high-strain, sharp bend. Leveraging
the length safety margin of the conductor batch, the winding
was successfully restarted from the opposite end of the
spool, routing the kinked segment into the lead-end
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FIG. 9. The C3 magnet during the test preparation.

electrical termination block. (iii) Layer 4 Structural Fixture
Failure: During the epoxy curing, one end of the support
shaft failed and fell but was fortunately arrested by an
auxiliary safety stand. The impact, however, induced a
minor rotational displacement of the mandrel relative to the
support shaft, subjecting the rigid lead corc® wires to
localized bending deformation. Visual documentation of
the Layer 4 anomalies is compiled in Appendix A.
(iv) Epoxy Aperture Infiltration: During the filling of the
interlayer radial spaces, liquid Stycast infiltrated and filled
approximately 50% of the central magnet aperture across its
total axial length. Following the initial 4.2 K test, this
monolithic block of cured epoxy was mechanically
extracted from the inner bore using a specialized custom
cutting tool detailed in Ref. [94].

V. MEASUREMENT PROTOCOL AND
EXPERIMENTAL SETUP

The current-carrying capability of the magnet was
evaluated via layer-by-layer voltage diagnostics. Voltage

L2 | et—o—2o+

L1| eE=——o—91

1F 1E 1D 1C 1B 1A
* VO
-~ Vl —_— o
— V2 — o

FIG. 10. Voltage-tap locations in the terminations of the CORC®
wire. Only the first two layers are shown as an example. The
orange box indicates the interlayer joint. The arrow shows the
direction of the magnet current.

taps were embedded inside the electrical terminations [63].
Their locations are illustrated in Fig. 10. Three pairs of the
voltage taps across each layer were used. Here we report V,
data to minimize the effect of termination resistance. The
resistance of the interlayer joint between Layers 1 and 2 was
measured using the voltage between Taps 2D and 1D.

Prior to final magnet assembly, the voltage across each
layer was measured as a function of the current in liquid
nitrogen at 77 K to quantify the critical current of each
layer and to assess if the layer can be used for further
magnet assembly. Layer 1 was measured before and after
applying the Stycast to verify the impact of epoxy
impregnation on the coil’s performance. Layer voltage
signals were measured using Keithley 2182A nanovolt
meters.

The magnet current was ramped to a preset target value
to keep the resistive voltage across individual layers below
around 100 pV, for both the 77 and 4.2 K tests. Upon
reaching the target level, the magnet current was ramped
down to zero. This operational constraint ensured the
magnet remained bounded within an unquenched regime,
minimizing the risk of conductor degradation due to
thermal runaway and simplifying the protection of the
magnet if the magnet was not driven to quench.

The experimental campaign for the C3 magnet had two
discrete cryogenic test phases (Fig. 11). Phase I, with the
Stycast in the aperture, evaluated the central dipole field
component using a calibrated cryogenic Hall probe (F.W.
Bell BHA-921) positioned within the aperture alongside

Phase I

Feb 24—-26 Feb 27—-28 Mar 1-3 Mar 4 Mar 5-6 Mar 7

77 K 150 42K ISCIVEEVIAS - |
Phase II
Jun 10-23 Jun 24-25 Jun 26-27 Jun 28

77K 150 77« (258)

150 = warm up to 150 K ([ ESE = warm up to 293 K

FIG. 11. Timeline of the two-phase cold tests in 2025.
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energy loss measurements at 77 and 4.2 K. The peak
operational current during the Phase I campaign reached
5.750 kKA.

Following the warm-up to room temperature, the Stycast
volume within the magnet bore was mechanically
extracted, and an anticryostat was inserted into the cleared
aperture to facilitate the field-quality measurement during
Phase II.

Phase II testing started with a 77 K validation run to
verify the magnet condition after the thermal cycle and
Stycast removal. During the subsequent 4.2 K test, the
magnet reached a peak current of 6.795 kA.

Magnetic-field harmonics were measured using a high-
precision rotating coil probe developed by ENAL [95]. The
probe assembly incorporates five independent, 100-mm-
long induction circuits aligned along its longitudinal axis.
In addition to the field at the magnet center, spatial profile
mapping was conducted by stepping the probe along the
bore axis. The nominal rotation speed of the probe was 2 to
3 Hz. The harmonic measurement resolution is between
0.01 and 0.001 units at a reference radius of 22.5 mm,
matching the outermost measurement trace geometry of
the rotating probe.

Data-acquisition configurations varied by operational
temperature. For room temperature and 77 K tests, voltage
signals from the individual layers, the whole magnet, and
the cryogenic Hall probe were routed directly to National
Instruments NI-9238 data acquisition cards. The current
transducer signal was captured concurrently via an NI-
9239 card. The system sampling rate was between 1.6
and 2.0 kHz.

At 4.2 K, voltage signals from the individual layers and
the magnet were isolated and amplified using Advantech
ADAM-3014 modules, in addition to a customized isola-
tion-amplifier assembly.

Active quench detection during the 4.2 K tests was
implemented via dual-track redundancy: an in-house
developed Field Programmable Gate Array, FPGA, frame-
work operating in parallel with an NI FlexLogger system.
Above a certain operational current threshold, the quench
trigger condition was defined by a resistive voltage
exceeding 250 pV sustained over a validation time win-
dow of 100 to 200 ms. Upon a trigger event, a digital signal
would be instantly routed to the power supply controller
and active quench protection infrastructure. The active
protection scheme would execute energy extraction by
connecting the magnet circuit across a 20 m€Q resistor.

Distributed fiber-optic sensing networks were integrated
into all six conductor layers and on the aluminum shell,
building upon the baselines established in Ref. [96].
Detailed results will be reported elsewhere. Real-time
temperature monitoring of the magnet shell was also
provided by two calibrated Cernox® temperature sensors
affixed to the upper and lower longitudinal margins of the
outer aluminum shell. Continuous voltage tracking was

maintained during cooldown and warm-up via a 100-mA
low-current excitation of the magnet.

VI. PERFORMANCE OF THE WITNESS SAMPLES

To establish a representative performance baseline for
each layer, 1-m-long witness samples were harvested from
the end of the respective corc® wire spools after winding
each C3 magnet layer. The critical current of these six
witness samples was evaluated at 4.2 K by ACT. It is
assumed that the performance of the witness sample
represents the performance of the entire wire piece for
each layer.

Each sample was bent into a U-shape with a nominal
radius of 31.5 mm and tested in the aperture of a super-
conducting solenoid magnet. The background magnetic
induction vector aligned parallel to the straight vertical
legs of the sample assembly. Complete details on the
sample configuration and measurement setup are reported
in Ref. [62].

Figure 12 shows the voltage-current, V(I), character-
istics measured from Layer 6 witness sample as a function
of both transport current and applied magnetic induction.

The measured V(I) data were fitted to the following
power-law relation to determine the critical current /. at
each applied magnetic induction,

I\"
V= Voffsel + IR + Vc (1> > (1)
c

where V. Tepresents the voltage offset and R is the joint
contact resistance resolved across the voltage taps. The
critical current is defined at a voltage criterion, V., of
5 pV. Since some of the maximum voltage measured
across the witness samples and magnet layers were around
5 pV or lower, this conservative criterion was selected to
minimize the extrapolation and associated uncertainty and
to suppress uncertainties when comparing the performance

25
20 Layer 6 witness wire 12T, 11T
42K T10T 9T
fo) .
15 a 5

Voltage (1V)
S

9}

1 2 3 4 5 6 7 8 9 10
Current (kA)

FIG. 12. The voltage across Layer 6 witness wire as a function
of current and applied magnetic induction at 4.2 K. Solid lines
are the fit up to 8 pV according to Eq. (1).
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TABLE III

corresponding overall wire current density, J,yera, and IxB
force on the Layer 6 witness sample at its critical current at 4.2 K.
Voltage criterion: 5 pV.

The measured critical current, n value and the

By (T) 12 11 10 9 7
I. (kA) 7.104  7.509 7.944 8460 9517
Joweran (Amm=2) 626 662 700 746 839
n (=) 77 62 63 61 57
Force (kNm™) 85 83 79 76 67

between the witness samples and magnet layers and
between the magnet layers.

Table III compiles the resulting critical current and n
value for the Layer 6 witness sample at 4.2 K. The derived
overall wire current density and corresponding transverse

1 x B force on the sample at its critical current are also
included. ..

Figure 13 shows the electromagnetic / x B force pro-
files on each witness sample at 4.2 K. The peak force
reached 90 kKN m~! for the witness samples of Layers 1
and 2.

The field-dependent scaling of the wire critical current
within 6 to 12 T is modeled linearly on a double-
logarithmic scale [62], following

1 B
1 ) =al — 2
0g<1 A) aog<1 T)-I—c, 2)

where a and ¢ represent the scaling slope and intercept
parameters, respectively. The constant of 1 A and 1 T in
Eq. (2) makes the argument of the logarithm dimensionless.

Table IV gives the fitted parameters compiled across all
six witness samples. The high statistical convergence is
verified by the reported coefficients of determination, R?,

95
E 90 2.
ezi 85 AT "":><:;::;;‘*
= 1. X%
S '} -
S 80 e
% 75 3 A
)
i 70 6, - EE
g 65 [ T - e Bl w8
2 4 o
50 42K
356 7 8 9 10 1 2

Applied magnetic induction (T)

FIG. 13. Electromagnetic I x B force sustained by individual
layer witness samples at 4.2 K as a function of applied magnetic
induction. Dashed lines indicate the calculation based on the
fitting parameters from Table IV.

TABLE IV. Double-logarithmic scaling parameters « and ¢ for
the 1.(B) at 4.2 K across the six layer-specific witness samples.

Layer 1 2 3 4 5 6

a -0.72 -1.19 -0.74 -0.76 —-0.61 —0.54
c 4.67 514 465 459 441 4.44

R? 0.97 1.00  0.99 1.00 098 0.99

Range (T) 811 9-12  9-12 811 9-12 7-12

alongside the explicit magnetic-field intervals used to
bound each regression. We used the empirical model to
determine the expected magnet performance in Sec. IIL

VII. CURRENT-CARRYING CAPABILITY
OF THE MAGNET

A. 77 K tests

Figure 14 shows the voltage across each layer measured
during the cooldown from room temperature to 77 K.

Figure 15 shows the layer voltage as a function of
current at 77 K. Before the assembly, each layer was tested
individually, whereas after assembly, the layers were
mechanically nested and electrically connected in series.
Therefore, the after-assembly test terminated at the same
current value for all the layers. The measurement stopped
at 210 A to limit the peak voltage across Layer 1. The
voltage offset and voltage due to the termination resistance
were removed according to Eq. (1).

Table V summarizes the pre- and postassembly critical
currents and n values for each layer, alongside the
postassembly critical-current retention compared to the
post-Stycast baseline. Data for Layers 3-5 are omitted
because their voltage responses did not reach the 1 pV
threshold at the 210 A peak current (Fig. 15). For Layers 2
and 6, low-voltage development required us to extrapolate
the V() fitting to determine the critical currents.

10 6 — 300
9 NI
TN
S 8 5 "“““x\ 1250
E 4 , NN -
g N %
>~ 1200 &
33;3 5 3 ey m %
® 3T e A 5
5 i g
5 TRLY i
S.bot —
0
50
0 1 2 3 4 5 6 7
Time (h)

FIG. 14. Voltage across each layer of the C3 magnet at 100 mA
during the cooldown from room temperature to 77 K. Secondary
y axis: Readings of the temperature sensors attached to the top
(S.top) and bottom (S.bot) edges of the aluminum shell.
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FIG. 15. Voltage across each layer of the C3 magnet before and
after magnet assembly. 77 K. Open symbols and dashed lines:
Voltage of an individual layer measured before the assembly.
Solid symbols and lines: Voltage of an individual layer after the
assembly.

Figure 16 compares the 77 K V(I) curves for Layer 1
before and after the 4.2 K tests. After warming to room
temperature between March 7 and June 16 (Fig. 11), Layer
1 experienced a 6.3% reduction in critical current (160 A
down to 150 A) and a slight increase in n value (5.8 to 6.2).
No significant changes were observed in the V(I) behavior
for the other layers.

B. 4.2 K tests

Figure 17 shows the preset and actual peak current
during the 4.2 K tests. The magnet current was ramped
down to zero at a rate of 25 A s~! upon reaching the preset
target level after holding for 30 s. We gradually increased
the target peak current for the following ramp, based on the
layer voltage from the previous ramp. The peak current did
not increase monotonically with each sequential ramp
because of the tests at low currents and a few false alarms
from the quench detection scheme. The C3 magnet did not
quench or thermally run away during the tests. Figure 17

40 ‘ ‘ ..
35 : >
Layer 1, 77K 26 Feb  + %
30 7Mar x ;
— 16Jun = o F
25 28Jun e ’: f‘
20 %

Voltage (uV

S W
»
3
3
b
E
E
o

.

|
50 100 150 200
Current (A)

FIG. 16. Voltage across Layer 1 before and after the first 4.2 K
test (February 27-March 4) and second 4.2 K test (June 24—June
25). 77 K, self-field. Solid lines are exponential fits according
to Eq. (1).

also shows the peak I x B force on the corc® wire at
different periods of the 4.2 K test.

Strong inductive voltage was observed across each layer
during ramping. The inductive component decayed and the
resistive component remained when the current ramping
paused for about 30 s. Figure 18 shows an example of the
voltage profiles measured with a stepwise current profile
with intermediate current-holding plateaus. We averaged
the raw voltage data over the last 3 s at each current plateau
during the up-ramp to determine the resistive voltage
across each layer (Fig. 18).

Layer 1 had the highest resistive voltage of 105 pV at
6.795 kA, followed by Layer 4 of 20 pV (Fig. 19). The
current is about 70% along the load line for Layer 1
(Table VI). The remaining layers had a maximum voltage
less than 6 pV (Fig. 20).

Table VI compiles the critical current and n value for
each layer as determined according to Eq. (1). Compared
to Layers 1, 4, and 5, the values for Layers 2, 3, and 6 have
a larger uncertainty because their resistive voltages were
lower than 5 pV at the maximum current.

TABLE V. The critical currents and n values of individual layers before and after application of Stycast and after magnet assembly.

77 K, self-field. Voltage criterion: 5 pV.

Before Stycast

After Stycast

After assembly®

1. n 1. n 1. n I retention

Layer (A) =) (A) ) (A) =) )

1 353 21.3 348 20.9 160 5.8 46%

2 [-] [-] 447 30.3 ~239 ~7.3 ~53%

3 [-] [-] 575 35.1 >210 [ ] >37%

4 [-] [-] 581 14.7 >210 [+ >36%

5 [-] [+ 550 14.7 >210 [ ] >38%

6 [-] [-] 587 26.8 ~243 ~3.5 ~41%

*Measured on February 24-26 before the first 4.2 K test (Fig. 11).
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FIG. 17. Primary y axis: The preset peak current for each ramp

. A . . FIG. 19. Resistive voltage across Layers 1 and 4 as a function
in solid lines and the actual peak current in closed circles.

il of current at 4.2 K. The solid lines are the fit according to
Secondary y axis: The peak / x B force on the conductor in red Eq. (1).

triangles. The blue vertical line in the center represents the

thermal cycle between March 4 and June 24.
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FIG. 18. Voltage across each layer as a function of current up to 3 ~7.300 ~6.1 9.652 ~76% <35
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VIII. FIELD QUALITY

The magnetic field in the transverse x-y plane of the
aperture is given by

© ; n—1
B,+iB, =B x 10*42(19” tia,) <x;r:fy) .0

n=1
where the z axis aligns with the magnet’s longitudinal axis
[97]. b, is the normal and a, is the skew multipolar
coefficient of the order n. The coefficients are normalized
to the main dipole field, By, and expressed in units of 107
at a reference radius of 22.5 mm. The radius covers about
55% of the aperture as determined by the position of the
Layer 1 wire or 69% of the clear aperture (Table II). The
harmonics reported here are uncorrected for centering. We
define the dipole transfer function, 7, as the ratio of the
dipole field to the magnet current, expressed in TkA™!.

A. Field profiles along the magnet aperture

Figure 21 shows the longitudinal 7', profile measured at
286, 77, and 4.2 K under constant current. The corre-
sponding field calculations reflect the nominal coil geom-
etry and include iron yoke saturation but omit
magnetization effects in the corc® wires.

Figure 22 plots the longitudinal profile of b3 measured
along the magnet aperture at different temperatures. The
solid line gives the calculated profile considering only the
geometric and iron effects. The center part of the calcu-
lated profile, between z = £70 mm, was shifted by —49
units to match the 77 K measurement and by —28 units to
match the 4.2 K measurement.

B. Field profiles during current ramping

Figure 23 shows the dipole transfer function, T,
measured at the magnetic center from five current ramps
at 4.2 K. Ramp 40 attained a peak current of 6.266 kA. For
Ramps 44-46, the power supply aborted at 5.966 kA due to

1.0 T T T .
~ s 286K, +2A -
g 09 g8 TTK 1004 o]
= 0.8 # 42K,22kA = |
.S 07 calc. —
2 0.6
2 / %
<05
Z 04 [ Y
: ! \

(5]
5 0.2
2 J
0.0 —400 -300 200 =100 0 100 200 300 400
z (mm)
FIG. 21. T, along the magnet aperture in z direction. The solid

line is the calculated value.

1 T T T T
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60 = \ A,'; calc. —
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FIG.22. b; along the magnet aperture. The dashed lines are the
center part of the calculated profile, between z = £70 mm,
shifted to match the measurements, as a visual guide.

false alarms from the voltage-detection scheme. During
Ramp 47, the magnet reached the preset current of
6.795 kA, generating a dipole field of 5.99 T. Following
a 28 s flattop hold at this current, the power supply tripped.
The cause is unknown. It was not a magnet quench because
the resistive voltage was stable across the layers when the
power supply tripped.

The reproducibility of the dipole transfer function was
evaluated using the profiles from Ramps 44-47. Figure 24
shows the relative standard deviation, defined as the ratio
between the standard deviation of 7', and the mean value of
T, across the four measurements. The field-dependent
reproducibility reached 0.01% as the dipole field reached 5 T.

Figure 25 shows the field-dependent normal b, and
skew a, magnetic-field harmonics up to the dodecapole,
measured from Ramp 40 (Fig. 17).

Table VII gives the normal and skew harmonics mea-
sured at a dipole field of 5.99 T.

1.04 —5—
é o %o 42K
SREUSE & 3
= .
X |4 "o, R40
S 0.96 V4 5
= A ®o
E & %% cale: .
[t 2% °
% 0.92 [-BiRy S
o A
2 0.88
£ - R44 — 46 R47
@)
0.84

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

FIG. 23. The measured dipole transfer function at 4.2 K from
Ramps 40 and 44-47. The ramp number is defined in Fig. 17.
The black solid line is the calculated value. The arrows indicate
the up- and down-ramp branches.
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FIG. 24. The relative standard deviation of 7| from the last four
ramps, R44-R47, as shown in Fig. 23. The red line is the
20-point moving average.

C. Decay and snapback of b;

Dynamic field decay and subsequent snapback were
observed at 77 and 4.2 K across multiple allowed field
harmonics, including the main dipole field 7; and the
sextupole component b;. These phenomena were mea-
sured using a stepwise current profile. Figure 26 shows an
example from b3, measured at various current plateaus.
The ramp rate was 25 A s~! between the current plateaus.
Each plateau was set to last for 30 s.

TABLE VII. Harmonics at a dipole field of 599 T and
6.795 kA at 4.2 K. Rof = 22.5 mm.

n 2 3 4 5 6 7 8 9

b, 19 247 03 -33 -01 -03 —-00 —-00
a, 24 -10 02 -03 —-00 00 —0.0 0.0

The magnet was not conditioned to a reproducible
magnetization state prior to the measurement. The prior
ramp, Ramp 36, aborted at 3.750 kA during the up-ramp
due to a false detection (Fig. 17).

Figure 27 shows the measured decay of the b3 when the
magnet current was held at 3.510 kA. Ignoring the current
oscillation between 325 and 329 s, we fit the remaining
decay profile using an exponential function [98]:

Ad,t,7) =dy+d [1 — exp(?)}, (4)

where #, represents the decay initiation time, d; is the
initial amplitude of b; at 7y, d is the asymptotic decay
amplitude, and 7 the characteristic decay time constant.

Table VIII compiles the extracted regression parameters
governing the b; decay across different current levels
during the up-ramp up to 5.759 kA and the following
down-ramp.
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FIG. 25.

Harmonics measured at 4.2 K as a function of dipole field at R = 22.5 mm during Ramp 40. No centering correction was

applied. Top row: b,-bg. Bottom row: a,-ag. Red solid circles: up-ramp. Blue open circles: down-ramp. The arrows indicate the up- and
down-ramp branches. The black lines are the calculated harmonics without considering the magnetization effect.
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FIG. 26. Measured decay and snapback profile of b5 at various
current levels and 4.2 K. The inset shows the behavior when the
current was held at 3.510 kA. The black line is a fit to the b5 data
without the current plateau. The red solid line is an exponential
fit of the snapback part according to Eq. (5).

The snapback of b5 as a function of current was also
fitted with an exponential function [98],

Iy —1
b3,snapback =d exp( OAI >7 5

where [ is the amplitude of the current plateau, / is the
current following the plateau, and d and A[ represent
scaling fitting parameters. b3 gaphack 18 the difference
between the measured b; and baseline b; without the
current plateau.

The inset in Fig. 26 gives an example of the exponential
fit of the snapback with d = 4.0 unit and A7 = 0.051 kA
and [, = 3.510 kA.
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FIG. 27. Primary y axis: Time-resolved decay of b3 when the
magnet current was held around 3.510 kA at 4.2 K. The solid red
line denotes the exponential fit of the b3 according to Eq. (4).
Secondary y axis: Synchronous magnet current as a function
of time.

TABLE VIII. Extracted fitting parameters of the b5 decay at
different current levels at 4.2 K according to Eq. (4). The upper
section is for the up-ramp and the lower section for the down-
ramp. B; is the measured dipole field at each current level.
R = 22.5 mm. RMSE denotes the root-mean-square error of
the regression.

1 Bl do to d T RMSE
(kA) (T) (unit) (s) (unit) (s) (unit)
1.005 0.96 113.0 80 —0.1 1.2 0.038
2.007 1.78 —26.0 180 —0.5 18.6 0.024
2.508 2.23 —58.1 230 0.3 16.3 0.013
3.010 2.68 —68.7 279 1.4 16.8 0.018
3.510 3.14 —66.6 329 2.3 17.3 0.021
4.011 3.60 —58.4 377 33 17.3 0.026
5.012 4.50 —41.0 478 2.5 17.3 0.021
5.759 5.15 —323 601 1.8 19.3 0.013
5.009 4.62 —11.7 662 0.1 17.8 0.010
3.007 2.95 77.6 801 —-1.3 15.1 0.028
1.005 1.13 263.7 941 —5.8 17.0 0.148

IX. ENERGY LOSSES

The energy loss of the magnet per operational cycle is
defined as the net differential between the electromagnetic
energy absorbed during charging and that recovered during
discharging. Following the methods detailed in
Refs. [99,100], we measured the energy loss of the C3
magnet using trapezoidal current profiles bounded
between 10 and 100 A at 77 K and between 1.0 and
2.5 kA at 4.2 K. The current range was selected to reduce
the resistive voltage component.

Three cycles were measured for the same current ramp
rate. We report the loss data averaged from three cycles.
Figure 28 gives an example of the measured current and
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FIG. 28. Top: The magnet current on the primary y axis and the
voltage across the magnet on the secondary y axis, during the
cycles at 4.2 K. Bottom: The cumulative energy as a function of
time. The difference between the two neighboring energy levels
marked by the red circles is the energy loss of one cycle.
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FIG. 29. Measured energy loss per cycle of the C3 magnet at
4.2 K, black circles on the primary y axis, and at 77 K, red
squares on the secondary y axis. The dashed lines are the fit. The
x error bars indicate the £3 standard deviation of the measured
ramp rates.

voltage profile at 4.2 K with a nominal current ramp rate of
226 As™! between 1.0 and 2.5 KA.
Figure 29 shows the total energy loss per cycle mea-
sured at 77 and 4.2 K as a function of the current ramp rate.
The rate-dependent energy losses are parameterized by

E, =0.89r+ 5647, (6a)

E, =—5.05x 107 r> +4.27 x 1072 r +0.56,  (6b)
where E| inJ per cycle is a linear fit of the 4.2 K data, E, is
a quadratic fit of the 77 K data, and r is the ramp rate of the
current in A s~!. Ignoring the contribution from the iron
magnetization and the current oscillation at the end of each
up-ramp, the zero-rate intercept in Eq. (6) provides a
measure of the hysteresis loss per cycle in the corc®
wires.

Inter layer joint voltage (LV)

Current (kA)

FIG. 30. Voltage across the interlayer joints of the C3 magnet
as a function of current at 77 and 4.2 K. The solid lines are the
linear fit of the up-ramp branch of the measured data. The arrows
indicate the up- and down-ramp branches of the voltage at 4.2 K.

TABLE IX. Measured resistance across the interlayer joints.
An averaged ratio between the resistances at 77 and 4.2 K is also
given for each joint.

Feb. Mar. tests June test
77 K 42 K 77 K 42 K
Joint (nQ) (nQ) (nQ) (nQ) Ratio(-)
6/5 20 3.9 20 34 5.5
5/4 37 5.8 38 5.4 6.7
4/3 71 10.4 72 9.3 7.3
3/2 26 3.9 26 3.3 7.3
2/1 62 6.2 64 5.8 10.5

X. ELECTRICAL TERMINATIONS

Figure 30 gives the measured voltage across each
interlayer joint as a function of current at 77 and 4.2 K.
We report the slope of the up-ramp of the voltage profile as
the resistance across the interlayer joint, as shown in
Table IX.

XI. DISCUSSION
A. Magnet fabrication

The fabrication of the C3 layers consisted of three main
steps: coil winding, Stycast impregnation, and a prelimi-
nary qualification test at 77 K before assembly. No high-
temperature bake was needed after winding because the
conductor is already superconducting. This is a blessing
and a curse; more on this point in Sec. XID.

The layer fabrication and assembly process for the C3
magnet showed that the round corc”® wires worked well
with the CCT design. One highlight was the winding of all
the layers using a prototype winding machine. We consider
automated coil winding important for scaling the REBCO
magnet technology [101-103]. It enforces a deterministic
winding process across multiple coils and minimizes
manual handling variations. It can reduce the cost of coil
winding when it matters. The successful winding of six
layers demonstrates a useful step toward fully automated
and reproducible winding of CCT coils using round REBCO
conductors.

The painting and curing of the Stycast consumed 30%—
50% of the total fabrication time per layer (Fig. 7). It was
driven by a two-stage application protocol: an initial pass
encapsulated the coil winding and anchored the lead wire
held in place by rubber pieces, followed by a second
remediation pass to fill the voids after removing the rubber
pieces and the minor cavities postcure. We need an
automated procedure to impregnate long coils. A low-
viscosity vacuum pressure impregnation process using
room-temperature curing medium offers a viable path
for future magnets [104].

The structural integration provided by the inter- and
intralayer Stycast matrix effectively immobilized the
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corc® wire against peak electromagnetic force up to
42 KNm~" at 4.2 K. This is confirmed by the absence
of micromovement-induced voltage transients during the
current ramping (Fig. 18). Conversely, the previous C2
magnet had less Stycast impregnation, resulting in fre-
quent voltage spikes indicative of conductor displacement,
despite sustaining less than half the peak electromagnetic
force of the C3 magnet [61].

The alumina-filled Stycast also improved the thermal
conduction between the layers. This enhanced thermal
coupling led to a highly uniform cooldown profile, with all
six layers transitioning together, as shown by the voltage
decrease during the cooldown (Fig. 14). A similar behavior
was also observed in the C3a magnet, where the layer gaps
were filled with Stycast [63]. In contrast, the previous C2
magnet lacking interlayer thermal fillers exhibits a sequen-
tial superconducting transition from the outer to the inner
layers [61].

Gluing all the layers with Stycast has a drawback. It
prevents nondestructive disassembly or selective replace-
ment of a layer when needed. For instance, replacing
Layers 1 and 4 in the C3 magnet can lead to a higher dipole
field. Using shims to mechanically couple all the layers is a
proven solution [85,105].

The electrical termination and joints worked as
expected. Similar to the C3a magnet, the interlayer joint
between Layers 3 and 4 consistently showed the highest
resistance [63]. This was likely caused by the geometric
tolerances in the reusable Cu adapters shared by both
magnets.

The hysteresis behavior of the voltage across the
termination indicates that the current sharing with the
superconducting tapes inside the termination may affect
the measured voltage. A cryogenic calorimetric method is
required to measure the total volumetric heat generation of
the electrical joint for CORC® wires.

B. Magnet behavior

1. High thermal stability and reproducible resistive
voltage across layers

The C3 magnet showed reproducible layer-voltage
profiles across current ramps at 4.2 K. The stable voltage
profile over multiple current ramps was also observed in
other HTS magnets [40,83].

Measurable resistive voltage started occurring in several
layers when the current reached approximately 4 kA,
corresponding to a dipole field of 3.5 T (Figs. 19 and
20). During the operations exceeding 4 kA (Fig. 17), the
peak Joule dissipation within Layer 1 was calculated at
0.7 W during the current plateau. No thermal runaway of
the magnet occurred at the end of the current holding,
highlighting the thermal stability of the C3 magnet,
consistent with the observations in other REBCO magnets
[40,43]. To minimize steady-state Joule dissipation at the
target dipole field, future REBCO magnets must incorporate

enough performance or current margin relative to the
nominal operating envelope.

Four consecutive current ramps were consistently lim-
ited at 6 kA (Fig. 17) due to a wrong setting in the voltage-
detection scheme implemented in the FlexLogger pro-
gram. Although unintended, this systematic interruption
demonstrated the reproducibility of the voltage signals and
their efficacy for active protection of the short experi-
mental REBCO magnets. However, the scalability of the
voltage-based method for long-length REBCO magnets
remains unverified. Alternative detection methods need
to be developed [106,107].

Furthermore, the integrated layer-voltage monitoring
lacks the spatial resolution required to isolate the precise
distribution of resistive and thermal dissipation along the
corc® wire. Since the voltage taps were embedded within
the electrical terminations, a non-negligible fraction of the
measured resistive voltage drop may originate within the
terminations rather than the coils. Identifying the exact
spatial distribution of local heat sources is therefore critical
to understanding and addressing the factors that limit the
magnet performance [108—110].

The electromagnetic force up to 42 kN m~! induced no
measurable degradation in the corc® wires, as verified by
the reproducible V(I) data of Layer 1 before and after the
4.2 K test (Fig. 16). This is expected because the peak

electromagnetic load was about half of the I x B force
sustained during the witness-sample test, which exhibited
no obvious sample degradation (Fig. 13). Furthermore, the
peak force was only 37% of the 115 kN m~' degradation
threshold established for the nonimpregnated, bare CORC®
wire under direct transverse compression [111]. A COrc®
wire impregnated by Stycast can sustain a higher trans-
verse compression up to 600 kNm~" [112].

2. Strong magnetization effect in field quality

At a dipole field of 5 T, the transfer function of the
dipole field satisfied the minimum repeatability of 0.01%
for accelerator magnet applications (Fig. 24) [113]. We
suspect that as the field on the conductor increased, the
magnetization in the corc® wire decreased and helped
improve the reproducibility of the dipole field.

The dipole field and high-order terms, b3 and bs,
showed strong hysteresis (Figs. 23 and 25). The hysteresis
width of the dipole field is approximately one order of
magnitude higher than that of a REBCO dipole magnet
using the aligned-block design [114].

The magnetization effect also induced a deviation of the
b5 from its geometric value within the center region of the
magnet (Fig. 22). A similar behavior was observed in a
cos @ dipole magnet wound using a single REBCO tape
[115]. The attenuated b5 profile shift at 4.2 K relative to
77 K did not stem from a lower critical-current density;
rather, it was because of the magnetization-induced b;
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tracking through a near-zero crossover point at 2.2 kA, or
2 T dipole field, at 4.2 K (Fig. 25).

The strong hysteresis was largely due to the magnetiza-
tion effect that scales with the effective superconducting
filament width [116]. In the C3 magnet, the perpendicular
component of the changing magnetic field relative to the
longitudinal axis of the corc® wire imposed an effective
filament size on the order of mm, matching the full physical
width of the embedded tapes [117]. Conversely, the REBCO
tapes within the aligned-block configuration are largely
aligned with the local magnetic flux lines [39], bounding the
effective filament size to the pm-scale thickness of the
superconducting REBCO layer itself.

The magnetization also scales with the conductor
critical-current density [116]. As the magnetic field
increased, the critical-current density in REBCO conductors
decreased, so did the hysteresis in the main field and
harmonics (Fig. 25).

Aligning REBCO tapes with local magnetic flux lines
introduces a trade-off. At 4.2 K, the critical current of a
REBCO tape peaks when the broad surface is oriented
parallel to the applied magnetic field. The higher critical
current can increase the magnetization-induced field errors
despite the geometric reduction in the effective filament
size [118].

The large magnetization effect in the field quality can be
mitigated by reducing the width of the REBCO layer via
laser striation [119] or by using passive ferromagnetic
shims [25,120]. Furthermore, the conductor path within
the CCT design can be parametrically tuned to compensate
for the magnetization-induced field errors at a target dipole
field [72]. Depressing the critical-current density in REBCO
conductors is not appealing for high-field accelerator
magnets because a high critical-current density is neces-
sary to reduce conductor usage and minimize total coil
Cross section.

3. Higher hysteresis loss than the SSC Nb-Ti model
dipole magnet

Minimizing the energy loss during current ramping can
reduce the undesired heat load to the magnet and cryogenic
system. The hysteresis loss, contributing to the total
volumetric dissipation, is a concern for REBCO conductors
because of its large filament size, high critical-current
density, and potentially a large field swing during the
operation of a high-field REBCO magnet.

In Table X, we contrast the measured energy loss per
cycle between the C3 magnet and the short model Nb-Ti
dipole magnets developed for the Superconducting Super
Collider (SSC) [99]. Both have a comparable coil width of
approximately 24 mm [121]. The loss data are normalized
to the magnetic length of the magnet: 0.3 m for the C3
magnet (Fig. 21) and 1.5 m for the SSC model magnet.

Although the two magnets differ in the design, size, and
magnetic-field bounds for the measurement, all affecting

TABLE X. Comparison of the energy loss per cycle at 4.2 K
between the C3 magnet and the SSC 50 mm aperture short model
magnet. The B, range refers to the range of the dipole field
during the loss measurements.

Unit C3 SsC
Conductor [--] corc® Nb-Ti
Filament size pm ~1000 5
B, range T 09-22  055.1
Coupling loss J(As™)Im™! 3.0 04
Hysteresis loss Jm™! 187 67

the energy loss, the comparison underscores the significant
difference in the hysteresis loss. Specifically, the hysteresis
loss per unit magnetic length of the C3 magnet almost
triples that of the SSC model magnet, despite being
evaluated over a narrower dipole field range. The hyste-
resis loss in the C3 magnet will further increase if the same
field range as the SSC magnet is used.

Consequently, reducing the effective filament width of
REBCO layer through laser striation [122—126] or aligning
the REBCO tape with the local magnetic flux lines appears
to be the most effective engineering approach to reducing
the hysteresis loss in high-field REBCO magnet.

C. Continue improving the performance of REBCO
conductors

The C3 magnet results underscored the importance of
high-performance REBCO tapes and corc® wires. The high
critical current of the commercial REBCO tape directly
translated to the high performance of the corc” wire used
here. For future accelerator magnet applications, the
upcoming REBCO tapes, with a thin substrate (< 30 pm),
must be capable of sustaining a higher current density at
high magnetic fields transverse to the tape’s broad surface,
> 10 T, and at low operating temperatures < 20 K. For a
8—10 T dipole magnet, the CORC® wire should carry at least
12-15 kA at 10 T, 4.2 K at a minimum bend radius
of 30 mm. L

Sustaining massive / x B forces is critical for high-field
scaling. This requires advancing the mechanical integrity
of REBCO tapes, understanding tape-to-core interactions in
round cables, and improving overall wire bend perfor-
mance. Targeting a force limit of 150 kN m~! will provide
the necessary margin to safely operate an 8—10 T dipole
magnet.

Continued R&D on the REBCO conductor is essential to
ensure future experimental magnets can demonstrate
higher dipole fields.

Although striated REBCO layers are essential to suppress
magnetization and hysteresis losses, we propose to pri-
oritize this integration only after demonstrating a robust
REBCO accelerator magnet that generates a 16 T steady-
state dipole field at 4.2 K.
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D. Open questions

1. Why did the magnet not reach the predicted
dipole field of 7.3 T?

The C3 magnet generated only 5.99 T, 81% of the short-
sample prediction of 7.34 T at 8.475 kA (Fig. 4), limited by
a resistive voltage of 105 pV across Layer 1. Layer 4 also
developed a resistive voltage of 20 pV, inconsistent with
the short-sample prediction.

Although all six layers had a critical current lower than
that of the witness samples, Layers 1 and 4 had the lowest
(Table VI). We suspected that the wires in both layers
degraded.

Both layers indeed had issues during the coil fabrication
(Sec. 1IV), which may have degraded the corc® wires. If
so, the electromechanical vulnerability underscored the
need to handle the corc® wire with care and to avoid
straightening the bent wire as recommended by the vendor.
It also illustrated a fundamental challenge for the REBCO
magnet technology: once the tape is made, we have every
chance to degrade it. Some margin for error in the
conductor’s performance is important.

In contrast to the apparent degradation in Layers 1 and 4
that can be related to the coil fabrication and handling, the
corc® wires in the remaining four layers demonstrated
stable, superconducting performance up to the maximum
current tested so far. Since these layers were not pushed to
their absolute load-line thresholds, we cannot conclude on
the ultimate performance of the wires in these layers. Testing
the C3 magnet at a higher current is necessary to map out the
true performance bounds of the remaining layers.

Finally, spatial variations in critical current along the
continuous length of the conductor cannot be ruled out,
implying that the witness samples may not perfectly
represent the local performance within each layer.
Validating this spatial homogeneity requires nondestruc-
tive, critical-current measurement with a high spatial
resolution over the full wire length. Implementing longi-
tudinal verification methods, such as continuous magnetic
or electrical profiling frameworks [127], represents a vital
quality gateway to de-risk wire performance variations
prior to magnet fabrication.

2. Why did the critical current of Layer 1 at 77 K decrease
after the thermal cycle?

The 77 K critical current of Layer 1 decreased by 6.3%
from March to June yet showed no significant change at
4.2 K (Figs. 19 and 20). This is counterintuitive; based on
the previous C2 magnet data [61], an I, degradation at
77 K should correlate with a degradation at 4.2 K, and
vice versa. This suggests the critical-current drop at 77 K
was not driven by the thermal cycle or the Stycast removal
but by a higher bath temperature during the June test. A
0.6 K increase in the coil temperature can lead to a 6%
decrease in the critical current around 77 K [128].

The measured temperature supported this conclusion.
The thermometers on the aluminum shell read 0.14 K higher
in the liquid nitrogen bath in June than in March. The
magnet aperture was filled by liquid nitrogen in March,
whereas in June, the anticryostat occupied the aperture,
leaving only a 0.75 mm radial clearance. We also tracked a
heat leak in the anticryostat during the 77 K test that added a
thermal load to Layer 1, which was entirely absent during
the 4.2 K test. Measuring the critical current at 77 K with
and without the anticryostat can help clarify the issue.

3. What’s next?

To determine if the REBCO technology can push the
dipole field beyond 16 T, we must scale our experiments to
higher fields, targeting a dipole field of 8—10 T for the next
magnets. Hitting this target will unlock our next milestone
and allow us to evaluate whether combining round REBCO
cables with various magnet designs is effective for future
high-field accelerator magnets.

Advancing this technology requires us to answer several
critical questions. These include: whether we can manu-
facture and operate the magnets repeatedly and robustly at
the target field with minimal conductor degradation, how
stable and reproducible the magnetic field is alongside the
magnetization effect, whether we can reliably prevent
thermal runaway to protect an experimental magnet operat-
ing with stored energy approaching 100 kJ, and how we will
collaborate with vendors to source next-generation con-
ductors requiring greater length, current capacity, and
mechanical strength than the baseline C3 wire.

The most effective way to solve these problems is
through rapid hardware iteration: securing the conductors,
making the magnets, testing them rigorously, and learning
directly from the data. By sharing the C3 magnet results
with the broader accelerator community, we aim to build a
coalition of beta users and early adopters to accelerate the
deployment of this emerging technology.

XII. CONCLUSION

Using commercial high-current REBCO corc® wire, the
U.S. Magnet Development Program made C3, a high-
temperature superconducting CCT dipole magnet. The
magnet generated a 5.99 T dipole field at 4.2 K and
6.795 kA, corresponding to an overall conductor current
density of 599 Amm~2 and a stored energy of 53 kI.
The peak electromagnetic force on the corc® wire reached
42 kKNm~'. Crucially, the magnet showed reproducible
voltage as a function of current. The current-carrying
capability showed no measurable degradation at 4.2 K
following a full warm-up-cooldown thermal cycle.

Due to large REBCO filament sizes and high critical-
current densities, C3 exhibited strong magnetization
effects that affected field quality. The main dipole field
from four consecutive current ramps showed an improving
reproducibility from 0.05% at 1 T to 0.01% at 5 T.
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The main field and high-order field errors, especially bs
and b5 showed a strong hysteresis between the up- and
down-ramps of the current. The hysteresis loss was 187 J
per unit magnetic length per cycle between 0.9 and 2.2 T
for the C3 magnet, roughly triple that of the Nb-Ti SSC
short model magnet measured from 0.5 to 5.1 T.

Despite these open challenges, the C3 magnet data
showed no fundamental showstoppers preventing a corc”
CCT magnet from reaching a dipole field of 8-10 T
currently dominated by Nb-Ti magnet technology. To
achieve it with robust engineering margins, we are settiné
strict performance targets for next-generation CORC
conductors. They must carry 12-15 kA at 10_T, 4.2 K,
bend to a 30 mm radius, and sustain an / x B force of
150 kN m~!. Hitting these metrics requires tight, ongoing
collaboration with conductor vendors.

The C3 magnet was another step toward high-field
REBCO accelerator magnet technology to enhance the
discovery capability of future circular colliders. We need
early adopters to help develop and grow the technology.
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APPENDIX: PICTURES OF LAYER 4 INCIDENTS

Figure 31 shows where the corc® wire was bent after
derailing from the spool and catching on a nearby threaded
rod. We prevented this in subsequent operations by adding
a larger-diameter cover to keep the wire contained.

During Stycast curing, we rotated Layer 4 at approx-
imately 0.3 Hz using a friction-coupled drive shaft running
through the magnet aperture. The shaft was supported by
rollers on one end and a drive motor on the other. A
mechanical failure occurred at the motor connection,
causing that end of the shaft to drop onto a vertical
support stand. Prior to the incident, the lead wires at both
ends of Layer 4 were rigidly clamped parallel to the shaft.
As shown in Fig. 32, the drop caused the mandrel to rotate
relative to the shaft, which resulted in minor bending of the
lead wires.

LY
Plastic/wrap

FIG. 31. Layer 4 wire came off from the top of the spool and
was bent by the nearby threaded rod. The bend was partially
straightened as we wrapped the corc® wire back to the spool.
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FIG. 32. The lead wire at both ends of Layer 4 slightly bent
after the mandrel fell and was arrested by the vertical support
stand. The lead wires were parallel to the shaft before the
incident.
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