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Cable Design and Development for the High Temper-
ature Superconductor Cable Test Facility Magnet

lan Pong, Senior Member, IEEE, Aurelio Hafalia, Hugh Higley, Elizabeth Lee, Andy Lin, Michael Naus, Carlos Pe-
rez, Soren Prestemon, Senior Member, IEEE, GianLuca Sabbi, Simon C. Hopkins, Amalia Ballarino, Luca Bottura

Abstract— A large bore “High Temperature Superconductor Ca-
ble Test Facility Magnet” for testing advanced cables and inserts in
high transverse field is in its design phase. This magnet will be the
core component of a facility for developing conductors and acceler-
ator magnets operating above 15 T, an enabling technology for next-
generation fusion devices using magnetic confinement of plasma and
for future energy frontier colliders. The procurement of NbsSn con-
ductor, fabrication of cables, winding of coils, and assembly of the
dipole magnet will be done at Lawrence Berkeley National Labora-
tory (LBNL) and the test pit and cryostat will be constructed at
Fermi National Accelerator Laboratory (FNAL). This paper will
present the conductor element of the LBNL project, specifically ca-
ble design parameters (based on the Bruker OST RRP® NbsSn su-
perconducting wire) and the development phase cable fabrication
experience. Challenges of the cable fabrication will be discussed.
The wire and cable planned for this magnet are similar to those un-
der study for the Future Circular Collider and other large facility
magnets. The successful fabrication of the development cable has
positive implications for these other projects.

Index Terms—Fusion, High Energy Physics, FCC, NbsSn, accel-
erator magnets

I. INTRODUCTION

T HE “High Temperature Superconductor Cable Test Fa-
cility”, to be operated at FNAL, will be used to test high
temperature superconductor cables with high current (20 kA up
to possibly 100 kA) in a variable temperature insert (up to 50 K
or even ~100 K) in a large, rectangular, bore (~100 x 150 mm?)
magnet at high background field (~15 T at 4.2 K, or ~16 T at
1.9 K).

The establishment of this facility comprises two projects.
The cryostat procurement, test pit preparation, installation, etc.,
are a Fermi National Accelerator Laboratory (FNAL) project
[1]. The magnet assembly, coil fabrication, and conductor
(wire procurement and cable fabrication) are an LBNL project
known internally as the “Test Facility Dipole” project, or TFD.
The paper is about the conductor element of the TFD only.

The TFD magnet (Figure 1) will, according to the conceptual
design [1], [2] weigh not much more than ~20 t due to building
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Figure 1: Test Facility Dipole (TFD) magnet assembly schematic bro-
ken down to show the shell-yoke structure, the coil-pack assembly, the
coil module, and individual 2-layer coils. Also shown are the magnet
longitudinal cross section and coil transverse cross section with di-
mensions.

facilities limitation (maximum 25 t), and be <1.3 m in diameter
as limited by the planned cryostat dimensions. The dipole mag-
net will contain two “coil modules”. Each module (not includ-
ing the axial loading rods) will be ~ 2.5 m-3.0 m long, weigh
~2,000 kg, and have two 2-layer coils (“flared end race track”,
a.k.a. block coil). Each 2-layer coil will be wound with one
continuous length of NbsSn Rutherford cable. The maximum
length of the cable is limited by the LBNL cabling machine load
capacity (~200 kg of wire).
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According to the project plan, 8 cable runs are anticipated in
three phases, all to be done at LBNL:

e  One “Development” effort making short units (a few pieces
~10 m each) using different values around the nominal tar-
get of some selected parameter(s) for winding tests. Wire
were procured by LBNL and CERN in 20109.

e  One “Prototype” cable (~400-500 m, expected to be made
before the end of 2021) for the "Prototype” coil (a full-size
coil built for feedback on design and fabrication), made
from wire to be procured under a “TFD Wire Specification
for a Prototype Cable” [3] before the Conductor Design
Review (CDR) which is expected to take place in spring
2021.

e Four “Production” cables for the magnet and two “Spare”
cables for the spare coils, expected to be made in 2022-
2023. Wire used for the production and spare cables will
be procured under “TFD Wire Specification for the TFD
coils”, a document to be approved by the project following
CDR.

This paper will focus on the cabling design, planning efforts,
and our first phase, the so-called development cable fabrication
experience.

Il. WIRE

Two wire spools were acquired:

e Wire ID WO11S00545A02U acquired by LBNL. Its nom-
inal length is 3130 m. It is an RRP® wire manufactured by
Bruker OST with a 108/127 restack design according to the
US-HL-LHC Accelerator Upgrade Project (AUP) specifi-
cation [4], [5], but at 1.1 mm diameter. It uses subelements
with a “reduced Sn” Nb:Sn ratio of 3.6:1 and has a nominal
wire Cu:non-Cu ratio of 1.2.

e Wire ID CO11S20235A04U acquired by CERN. Its nomi-
nal length as sent to LBNL is 3136 m. It is an RRP® wire
manufactured by Bruker OST with a 162/169 restack de-
sign according to a specification for high field magnet de-
velopment activities [6]. The wire diameter is 1.1 mm. It
uses subelements with a “standard Sn” Nb:Sn ratio of 3.4:1
and has a nominal wire Cu:non-Cu ratio of 0.9.

Two cable maps were planned. Their identification (as will
be used in the rest of this paper) are:
e Cable W100L1301 using WO11S00545A02U.
e Cable W120L1302 using CO11S20235A04U.

I1l. CABLE DESIGN

Some of the cable baseline design considerations are driven
by the magnet and coil designs [7]-[10], or by cabling factors,
whereas others require balancing a combination of both.

The target range for the cable width is mainly determined by
the magnet bore size and the number of coil layers. Given the
wire diameter options (1.1 mm and 1.0 mm were both consid-
ered during conceptual design, but 1.1 mm is preferred), the

TABLE |
DESIGN TARGETS FOR THE DEVELOPMENT CABLE

Parameter Lower Limit Target Value  Upper Limit
No. of strands 43 44 44
Cable width 25.7 mm 26.0 mm 26.3 mm
Cable thickness? 1.87 mm 1.92 mm 1.97 mm
Cable pitch 125 mm 155 mm 185 mm
Residual twist (24 kg)° ALARA® <150°/m

2 Cable cross section parameters of unreacted cables measured using the Cable
Measurement Machine (CMM) at a set pressure of 14 MPa on the broad face

P Residual twist is measured over 1 m under 24 kg by noting the twist in degrees.

¢ ALARA: As low as reasonably achievable.

number of strands is quickly settled at 44 for 1.1 mm or 48 for
1.0 mm strands to achieve a 26.0 £ 0.3 mm wide cable.

Due to mechanical stability and manufacturability consider-
ations, the cable target twist pitch (also known as the transposi-
tion pitch or cable lay pitch) angle range is set between 15° and
23°, giving a pitch length of approximately 155 mm £ 30 mm.
The compactness at the cable edge can be adjusted by the cable
pitch length or by changing the width.

The cable thickness target range is chosen based on the gen-
eral rule of 10-15% thickness reduction, which at 1.1 mm strand
diameter and without a cable core is 1.92 + 0.05 mm. This pa-
rameter is considered to be one that requires compromising in
the final design decision, because higher compaction typically
gives better coil winding mechanical stability but worse degra-
dation in the cable residual resistance ratio (RRR), typically as-
sessed via extracted strands. It is therefore a priority parameter
whose window of acceptability is to be explored during this de-
velopment phase.

A requirement of the block coil design is a flat rectangular
cable with no keystone angle and minimum residual twist.
From LBNL’s cabling experience, low residual twist can be
achieved effectively by a low temperature pre-cabling anneal-
ing. An alternative would be to make the cable using a two-
pass procedure with intermediate annealing. We chose the sin-
gle-pass procedure with pre-cabling annealing because the risk,
labour cost, and number of hardware parts involved are lower.
The pre-cabling annealing recipe will be described below in
section V.

A requirement associated to magnet stability is a reasonably
high conductor RRR---an often accepted value being >100 [11].
Since RRR degradation in NbsSn cables is caused by sheared
subelements releasing Sn into the stabilizing Cu matrix, trans-
verse cross section metallography assessment of the number of
subelements damaged is a quick and convenient way to estimate
the RRR degradation without the need to perform heat treat-
ment and cryogenic measurements, which usually take at the
very least two weeks. Another assessment, which is even more
immediate and non-destructive, though a little less precise, is
facet size image analysis. Both techniques are known to have a
good association to RRR values [12]. Although their correlation
in the TFD cables has yet to be established, an aim of the devel-
opment effort is to compare the initial cabling results to datasets
with much better statistics such as AUP [12].

The key target parameters are summarized in Table I.



IV. PREPARATION

To prepare for the fabrication of the large diameter wire, 44-
strand cable with an estimated ~300 kg tension (due to ~7 kg of
tension per strand applied through spool and capstan brakes and
due to friction), we upgraded our powered Turkshead motors
and circuitry from a pair of ~32 N-m (supplier specification:
280 in-Ibs.) DC gear motors made by Bodine Electric Company
driven in series by a single power supply [13] to a pair of
~40 N'm (supplier specification 350 in-Ibs.) DC gear motors
rated 90 V at 2.2 A and 21 rpm by the same brand, driven sep-
arately by two TDK Lambda Z+ series power supplies.

Upon receiving the wires, we took short samples and per-
formed pre-annealing (i.e. as-received) QC—including metal-
lography, spring back (to determine the amount of spring back
of a wire after 10 complete turns on a 10 mm diameter shaft
under a 2 kg load [14]), and self-bend (to determine if the sam-
ple can survive without cracking or observable surface defects
when bent on itself [15])—, a couple of test annealing experi-
ments, and post-annealing QC (same QC as pre-annealing) to
determine the pre-cabling annealing heat treatment, which was
eventually set at 170°C for 16 h.

The pre-cabling annealing of both WO11S00545A02U and
CO011S20235A04U was done simultaneously in a single retort
under flowing argon according to our Wire Annealing Proce-
dure [16]. Due to the thermal mass involved, the hub end of the
spools and the free end (i.e. top) of the spools saw some observ-
able temperature difference. The dwell temperature start was
defined as when a thermocouple (TC) first crossed 165°C (tar-
get temperature minus 5°C), and the finish as when the last TC
crossed below 165°C. Based on this, the hub and top of the
spools experienced 17 h and 19.4 h of annealing above 165°C,
respectively. See Figure 2.
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Figure 2 Pre-cabling annealing profile and thermocouple records.
CO11S20235A04U was on stainless steel (SS) spool #1 whereas
WO11S00545A02U was on stainless steel (SS) spool #2.

The inspected wire diameter during respooling grew by ap-
proximately 1 um after annealing for both wire spools, with a
slightly increased standard deviation compared to before an-
nealing. The annealing caused a modest increase in spring back
degree from about 450° to 510° and in spring back diameter
from 11.1 mm to 11.4 mm. All as-received and annealed sam-
ples passed the self-bend test.

V. CABLING RESULTS AND EXPERIENCE

In total, nearly 60 m each of W100L1301 and W120L1302
were successfully fabricated in several sections for in-process
(i.e. with immediate feedback while cabling paused) and post-
process (i.e. after the conclusion of the development phase of
cabling efforts) coil test winding. As cable thickness is our pri-
ority parameter whose window of acceptability is to be ex-
plored, these sections were made with different thicknesses.

A very low residual twist of 15° to 25° and in the favourable
direction (i.e. the residual twist tightens under load) was
achieved from the beginning and in both W100L1301 and
W120L1302. This confirms that the design choice of applying
pre-cabling annealing can achieve residual twist values similar
to the two-pass cables with intermediate annealing used by past
LBNL race-track coil or block coil magnet projects.

In terms of the cable transverse cross section parameters, the
cable was very flat (keystone angle measured by CMM was
0.05° or less) and the cabling team managed to control the width
and thickness from the start so close to target that a number of
exploratory units were made to test the windability window and
to attempt facet size reduction, including thickness variation,
dropping a strand (43-strand cable), and running with the hori-
zontal rollers opened. See Figure 3. Although crossover-free
cables could be made with the horizontal rollers opened, the
hardware was not optimized for the increased width. It is not a
standard cabling procedure but is acceptable at this develop-
ment phase and was used to explore the possible width window
without investing into dedicated hardware.
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Figure 3 CMM data: mid-thickness plotted against width. The thin
arrow points at the very first startup sample made, showing the level
of control achieved. Subsequently a range of thickness was explored
to test the windability window. A few pieces (in red circle) were also
made with the horizontal rollers opened by ~0.25 mm to achieve an
increased width. The thick arrow points at the 43-strand sample.

The facet size of each section is analysed using a custom
script written in ImageJ/FIJI on images acquired by a Keyence
Vision system. An example image is shown in Figure 4. The
cable is too wide for our present setup to image the entire broad
face and both edges. For short startup pieces, we could re-run
the cable pieces upside-down a second time to image the other
edges, but not for longer pieces without respooling. The facet
length varies among the samples fabricated, depending on the



Figure 4 Example of a Keyence Vision system acquired image. The
cable twist pitch is 155 m. With 44 strands, each facet period is ap-
proximately 3.52 mm. This image is of the “positive-x” edge from
sample W100L13011A00A. The facet sizes vary in the samples made
using different parameters. A single image may not be statistically
representative of the average facet in longer cables produced in plan-
etary steady state.

amount of compaction (thickness and width), from obviously
not overlapping such as in Figure 4 to just overlapping. Since
many of the sample lengths were not produced in a planetary
steady state, the facet stability statistics will be studied during
the Prototype cabling phase. (Each of the strands is paid out
from a spool mounted on a fork with a rotation about the fork’s
axis and a revolution around the turning base plate (“bay”) — the
spools are thus in a planetary orbital motion. The distance for
the twist on the strands to stabilize is typically a few times the
path length between the payout and the Turkshead.)

Transverse cross section micrographs on W100L1301 sam-
ples reveal that the extent of sheared damage of subelements in
the triplet position is not significant (Figure 5)—comparable to
the AUP (MQXFA) cable samples, which are made from the
same wire design at a smaller (0.85 mm) diameter. Sheared
subelements are typically along 45° lines, crossing the wire like
an “X”. Our rule-of-thumb criterion is not more than 15% of
sheared subelements, corresponding to 16 sheared subelements
in the 108/127 wire design (i.e. shearing each subelement across
the four rings at the four diagonal positions) or 24 sheared sub-
elements in the 162/169 wire design (which has six rings of sub-
elements). We counted the number of sheared subelement in
18 wires at six triplets of samples from W100L1301: 12 of
them had no sheared subelements, and the worst of the remain-
ing six had seven out of 108 subelements sheared. Scoring per
triplet gives an average of 1.5% sheared subelements with a
standard deviation of 1.2%. This compares favourably to AUP
cables which have an average score of 4% and a standard devi-
ation of 1.9%.

Since AUP cables’ extracted strand RRR agrees well with
Bruker OST’s 15% rolled strand QC [12] and the TFD will like-
wise use Bruker OST’s RRP® strand with the same subelement

Figure 5 An example transverse cross section micrograph showing lit-
tle sheared damage to the subelements at the triplet position (i.e. at the
cable edge mid-length of the facet). This is the “positive-x” edge from
sample W100L13014A00A.

design, it is expected that the TFD cable’s extracted strand RRR
can be likewise predicted. The early indication is that the facet
size and number of sheared subelements behave similarly to
AUP, although further evaluation will be needed to improve the
statistics.

Most of the samples were made at < 1 m per minute. How-
ever, in order to test the Turkshead motor and power supply ca-
pability, during the fabrication of two of the longer pieces, we
accelerated up to about 3 m per minute. This did not overload
the upgraded Turkshead motor system.

In fact, our cabling experience shows that the most straining
part of the fabrication (requiring the highest torque to be deliv-
ered by the Turkshead) is not during acceleration or top speed
fabrication but during startup, when there are crossover defects
to be passed through the Turkshead aperture.

During W120L 1302 startup, our operator heard an unusual
sound near the Turkshead. At the time, the Turkshead setting
was at target thickness and procedural distance from the man-
drel pinch point. After the cable run was completed and the
rollers taken out, we found the keyway slot of both vertical roll-
ers were cracked (Figure 6). After consultation with an expert
machinist, it is believed that an improved design with a radiused
keyway machined before hardening heat treatment could pre-
vent stress concentration effectively. From the operation pro-
cedure point of view, it may also help limit the required torque
and may give better control to start at a fraction of a mm over-
size in thickness to allow crossovers to pass before closing on
to target thickness.

Another challenge caused by the high total strand tension and
high torque required is that the equal and opposite reaction force
to that delivered by the motors pulls the lathe bridge on which
the Turkshead is mounted upstream towards the rotating bay.
While slippage during cable fabrication can be prevented by
locking down the bridge, it makes startup alignment adjustment
(“pinch point checking”) difficult and more prone to damaging
hardware components.
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Figure 6 Photograph showing one of the ruptured roller axle key way
slots discovered after cabling during Turkshead disassembly. The
joint is partially disassembled with the coupler joint exposed to reveal
the rupture next to the roller axle key way slot.

VI. CONCLUSION

The development cable fabrication showed promising results
and provided assuring experience, which bode well for the pro-
ject. Pre-cabling annealing proved to be an appropriate choice
to minimize residual twist and the Turkshead motor upgrade
was crucial to deliver the necessary power to fabricate cable of
this size. The high torque and high tension gave challenges and
may require roller design modification. From the project point
of view, acquiring a spare mandrel and set of rollers could mit-
igate a schedule risk due to hardware components suffering un-
expected damage. Extrapolating from AUP experience, the
facet size and transverse cross section metallography suggest
cable (extracted strand) RRR may be plausibly predictable from
rolled wire QC during wire acceptance. This will be validated
in future experiments and the next phase of the project.
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