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Abstract

We present the design and first results of an assembly that enables Rare Earth Barium Copper
Oxide (REBCO) superconducting cables —the VIPER cable in this work — to be tested in the
SULTAN facility under the simultaneous application of transverse electromechanical loading
and axial mechanical strain. The objective is to emulate the loads that a REBCO cable would
experience in a three-dimensional coil but in shorter and simpler straight cables, reducing the
cost, schedule, and complexity of high-fidelity conductor qualification. The assembly uses
two methods for inducing axial strain in the cables. First, hydraulic jacks stretch the assembly
and inserted Invar shims lock in up to ~0.3% axial cable strain on the benchtop at room
temperature. Second, the different coefficients of thermal expansion between Invar clamps
and the copper cable are exploited to induce an additional ~0.3% axial strain on the cable
when the sample is cooled in the SULTAN test well from room temperature to below 50 K.
FEA modeling shows that the soldered matrix of the VIPER cable transfers approximately
50-60% of the external cable strain into the REBCO stack. The assembly was successfully
employed at SULTAN, enabling two VIPER cables to be cycled 500 times at 382 kN/m
transverse electromechanical loads with ~0.5% mechanical strain on the cable (corresponding
to ~0.3% mechanical strain in the REBCO stacks) demonstrating critical current degradation
stabilizing after 30 cycles at less than 5% and providing confidence in VIPER cables under
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realistic high-field magnet conditions.
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1. Introduction

Many high-current cable configurations utilizing rare-
earth-barium-copper-oxide (REBCO) coated conductors are
under development for large-scale, next-generation, high-field
magnet applications [1]-[7]. Magnetic confinement fusion
devices, in particular, benefit greatly from the use of REBCO-
based cables because they offer the possibility of magnets
operating in excess of 20 tesla peak field-on-coil. Such high-
field operation enhances fusion performance over moderate-
field devices using low temperature superconductor (LTS)
magnets, permitting substantial reduction in device size

because of favorable, non-linear scalings with magnetic field
strength [8], [9].

Although the strain sensitivities of individual REBCO
tapes to tension, torsion, and bending have been widely
investigated (e.g. [10]-[14]), predicting and measuring the
strain sensitivity of critical current in REBCO-based cables is
still an active area of research and development.
Electromagnetic loads on cables within a magnet typically
manifest in two orthogonal directions: (1) hoop tension along
the conductor axis (parallel to current flow) and (2) transverse
loading in the radial direction of the coil (perpendicular to
current flow). For high-field REBCO magnets, the mechanical
strains resulting from hoop tension can exceed 0.2% while the
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mechanical body loads from transverse electromagnetic
loading can approach 1000 kN/m. As such, it is highly
desirable to test cable samples with both loads applied
simultaneously during critical current measurements. Because
such tests are generally performed using straight cable
sections for practical reasons, it would be advantageous if
hoop tension could be emulated as axial strain in straight cable
samples rather than in a more complex 3D winding or full-
scale magnet. While transverse Lorentz (IxB) loading can be
achieved by placing a cable with current (I) in an external
magnetic field (B), emulating hoop tension via axial loading
has been historically more difficult to achieve.

The FBI facility at Karlsruhe Institute of Technology was
developed to evaluate whether the critical current performance
of LTS cables under axial load corresponded to that
extrapolated from individual conductor strands [15]. The
facility was recently upgraded to support similar testing of
high temperature superconductor (HTS) cables such as
REBCO [16]. Testing under controlled axial load is the focus
of the FBI measurements and conductor samples are tested
individually. The sample is connected to a static load frame in
liquid helium bath at the low end and, through a low-heat-leak
pull rod, to a room temperature hydraulic actuator at its upper
end. To maintain axial alignment between the upper and lower
sample terminals, the transverse IxB loads that invariably arise
in this configuration are reacted against a closely-spaced
lateral support. Although transverse loading of samples under
test is present, it is not a major emphasis for the facility. Due
to the facility’s limited peak current and the need to employ
flexible current connections at the top of the sample, it is
infeasible to replicate the high IxB loads expected in high-
field REBCO magnets.

During the past decade, the principal focus of the SULTAN
facility at Paul Scherrer Institut has been the qualification of
ITER NbsSn conductors and joints [17]. SULTAN employs a
hairpin sample configuration (e.g. two parallel straight cables
connected by a “U” shaped bottom joint), rigidly connected at
its upper end to a high-current capacity superconducting
transformer. This configuration is ideally suited to provide
moderate- and high-field magnet relevant transverse IxB
loading via an external magnetic field. High transverse
loading on one sample leg is reacted against that on the other,
with no net transverse loading on the sample. The SULTAN
facility also serves as a general purpose LTS [18] and HTS
[19] cable test facility.

The axial strain achieved in LTS cable samples generally
arises due to thermal contraction mismatch between the cable
and its structural jacket. A representative case study is the
testing of NbsSn cables for the ITER toroidal field (TF) and
central solenoid (CS) magnets. In early tests, however, the
unanticipated relaxation of axial cool-down strains due to
cable slippage inside cable-in-conduit (CIC) samples towards
the SULTAN high-field zone resulted generally poor
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Figure 1: An example of a joint between VIPER cables as tested
in SULTAN: A copper saddle joint between two VIPER cables
(left); A cross section of a single VIPER cable, showing the VPI
soldered stacks within channels in the copper former
surrounding a central cooling channel

extrapolation of SULTAN sample data to in-coil performance
[20], [21]. The introduction of crimp rings in the jacket of
SULTAN samples, which mechanically interlock the cable
axial strains in place, was implemented to preserve the proper
strain and has since vyielded significant improvement in
predicted performance [22]; however, there remain concerns
about the fidelity and extent to which straight cable samples
can emulate the strain magnitude and distribution that occur in
a coiled cable as a result of hoop tension [17]. The authors are
aware of only a single experimental effort to induce strain in
straight cables — NbsSn in this case — that were tested in
SULTAN; however, in this case the samples were strained at
room temperature before IxB loading with the experiment
yielding inconclusive results that were never published [23].
Clearly, as shown here, careful attention to detail as well as
the design of the cables and structural assembly for SULTAN
must be shown in order to properly produce the axial strain
necessary to emulate the hoop tension in straight cable tests.
In this paper, we present an experimental method to
characterize the critical current performance of VIPER
(Vacuum pressure solder impregnated, Insulated, Partially
transposed, and Roll-formed) REBCO cable-in-conduit (CIC)
cable in the SULTAN facility under simultaneous, controlled,
mechanically-applied axial strain and electromechanically
applied transverse load at relevant magnitudes for high-field
VIPER-based magnets operating in excess of 20 tesla. The
method relies on two features: (1) the design of the cable
assembly to enable the application of axial strain approaching
~0.6% of the external jacket of the VIPER cables and (2) the
unique soldered nature of the VIPER cable, which
mechanically bonds the REBCO stack and effectively
transfers the external strain on the jacket to the individual
REBCO tapes. The paper is laid out as follows: Section 2
reviews the VIPER cable design; Section 3 presents the design
of the cable test assembly for SULTAN; Section 4 presents the
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experimental tests results for the test at SULTAN; and Section
5 concludes with a summary. Helium lines —f—> i

I | I (cable 1) §°4h I (cable 2)

2. Overview of VIPER cable

VIPER cable is based on the high-temperature
superconductor cable architecture known as Twisted Stacked
Tape Conductor (TSTC) first proposed by Takayasu et al.
[24]. In the TSTC configuration, REBCO tapes are stacked to
jointly handle the large electrical currents required for
superconducting magnets and twisted to provide partial
transposition to mitigate AC losses. Bending the twisted cable
prior to the solder process permits magnet fabrication with
minimal strain accumulation within the REBCO tapes. A cut-
away schematic of a VIPER cable and cable-to-cable electrical
joint developed specifically for superconducting tests at the
SULTAN facility [18] is shown in Figure 1.

The cable comprises a central leak-tight channel carrying
cryogenic coolant in a copper core. Rectangular channels on
the perimeter helically twist around the central channel at a
twist pitch of 20 cm and support the HTS stacks. A copper
jacket extending axially over the cable and joint regions is
compacted around the central assembly, providing mechanical
support for the internal HTS stacks, an electrically conductive
shell for current transfer, and a vacuum tight seal for a vacuum
pressure impregnation (VPI) solder process, which
mechanically, thermally, and electrically bonds all
components of the cable together. To achieve additional
mechanical support against IxB loading, the copper-jacketed
cable can either be inserted directly into a steel radial plate or
can have a steel jacket compacted around the copper jacket as
shown in Figure 1. Strong, low resistance termination joints or
cable-to-cable joints are easily created by clamping around the
copper jacket, removing a short section of stainless-steel
jacket if necessary. An overview of fabrication, cryostability,
and mechanical and thermal cycling performance of VIPER
cable can be found in [1] while an overview of voltage and
fiber optic quench detection on VIPER cable can be found in
[25].

The cable VPI soldering is especially germane to creating
axial strain in straight VIPER cables. The solder process
creates a uniform metal matrix of all components in the cable,
mechanically bonding the REBCO tapes, the copper core, and
the copper jacket together. As a result, externally applied
stress to the copper jacket along the cable axis is transferred to
the REBCO stack, inducing uniform axial strain in the
individual REBCO tapes that is approximately 50-60% of the
axial strain induced on the exterior cable copper jacket, as
shown in Section 3. Thus, if a method can be developed to
ensure constant applied stress to the copper jacket of VIPER
cables during testing in SULTAN, testing on straight cables
will include both the IxB transverse loading as well as the
axial strain to emulate hoop tension.
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Figure 2: The cable assembly enclosing two VIPER cables for
testing at SULTAN. The top-right inset describes the IxB and
strain directions on the cables; the bottom-right inset shows
how the strained assembly with hydraulic jacks is assembled.

Two VIPER cables were fabricated for the test at SULTAN
under axial strain, which was denoted the “Charlie” test. The
cables were fabricated with one stack of 96 REBCO tapes in
a channel in the copper former. This was done to (1) match the
cable current in the previous unstrained cable test at SULTAN
denoted “Bravo” for a direct comparison [1] and (2) to keep
the cable critical currents at a practical level (<60 kA) for
flexible experiments at SULTAN. The remaining three
channels were filled with identical stacks of SS304 “dummy”
tape, which was required to enable the REBCO stack to
experience uniform axial strain. The stainless-steel jacket
shown in Figure 1 was omitted to reduce axial strain forces.

3. Design and qualification of the assembly

This section describes the design of the cable assembly,
both the standard SULTAN assembly features and the
innovations to enable the application of axial strain to the
REBCO stacks, as well as the instrumentation scheme and
initial benchtop tests.

3.1 Overview of the assembly design

The overall design of the cable test assembly, which is
shown in Figure 2, hews closely to the “standard” assembly
that has been developed over many years at SULTAN for
ITER NbsSn and NDbTi cables. The following “standard”
features enable transverse IxB loading of the two cables within
the SULTAN test well:
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e Cables: Two cables measuring approximately 2.95 m
length are oriented in a parallel configuration, referred
to as the “right” and “left” leg.

e Joints: There are two types of joints composed of
oxygen free high conductivity (OFHC) copper (e.g.
C101): (1) the top terminals connecting the cables to
the SULTAN facility’s HTS adapter; and (2) the
bottom cable-to-cable joint.

e Cooling lines: External brazed copper cooling lines
transfer supercritical helium between 4 and 50 K at 10
bar between the cables and the SULTAN cryogenic
system.

e Clamps: Machined stainless-steel (e.g. SS316) clamps
extending the length of the assembly that compress the
cables and react the large IxB forces.

e Insulation: Cables are separated from each other, the
steel clamps, and the SULTAN test well walls using
high-strength cryogenic insulator materials (e.g. G10-
CR or G11-CR) in the shape of saddles and shims.

e Hardware: Silver-plated stainless-steel (e.g. SS316)
nuts, washers, bolts, etc. that compress the cables and
insulation and rigidly supports electromagnetic loads
during testing.

3.2 Assembly modifications to enable axial strain

To emulate the magnitude of hoop-tension-induced strain
in cables found in high-field REBCO coils (typically 0.3% or
less), the following enhancements to the standard test
assembly were made to enable axial strains approaching 0.6%:

1. Enhanced friction coatings in clamps: The machined
inner grooves of the clamps, which contact the cables
in the joint regions, were tungsten carbonite spray
coated to increase the coefficient of static friction
between the cable jacket and steel clamps from 0.2
(steel clamp on steel jacket) to 0.8 (steel clamp on
copper jacket), ensuring axial strains approaching 1%
could be reached without slippage.

2. Extended bottom joint: To further increase the
retaining force on the cables as they are strained, the
bottom joint was elongated from the 400 mm joints
used for other VIPER tests at SULTAN to 580 mm to
maximize the tungsten carbonite spray coated area in
contact with the cables. While this places the bottom
joint closer to the high-field test region, adding
magnetoresistance, the higher contact area for current
transfer largely offsets this effect. [1]

3. Hydraulic jack and shim compatibility: The clamps
were modified to enable the connection of one pair of
steel brackets on each side of the assembly. In between
each bracket pair, an Enerpac SRS500TB hydraulic
jack rated for 50 tons can be placed. The jacks expand
in the axial direction, straining the cables through the
clamps and creating gaps between the clamps near the
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Figure 3: FEA results for differential CTE-induced strain in a
VIPER cable when cooled from 297 K to 20 K. The x axis of
the figure corresponds to horizontal line shown on the cross
section. The axial strain is into/out of the page.

center of the assembly. Custom machined Invar shims
can then be inserted between neighboring clamps to
retain the desired strain after the jacks and brackets are
removed for insertion into the SULTAN test well. The
hydraulic method, applied first in the assembly
process, provided approximately 0.3% external axial
strain on the benchtop before insertion of the assembly
into the SULTAN test well.

4. Selective use of Invar for clamps: The difference in the
cumulative coefficients of thermal expansion (CTE)
between the copper cable (0.33% from 293 K to 20 K)
and Invar (0.04% from 293 K to 20 K) was exploited
to provide an additional axial strain when the test
assembly is cooled from room to cryogenic
temperatures. The central set of clamps (labeled in
Figure 2 and shaded light grey in Figure 4) were made
of Invar while the clamps on each end nearest the top
and bottom joints were made of SS316, the CTE of
which largely matches copper. The differential CTE
strain remains essentially constant below 50 K.

Figure 3 shows the results of a Finite Element Analysis
(FEA) model of straining a VIPER cable via the differential
CTE of the clamps in the assembly. In this model, a single
cable is fixed in position at both ends and the model is cooled
from 297 K to 20 K. As described in Figure 2, the VPI solder
process creates a solid metal matrix which transfers the
external strain on the jacket to strain on the REBCO stack;
however, the REBCO stacks only accumulate approximately
half of the external axial strain on the jacket. All interfaces are
assumed bonded, which has been confirmed visually with
destructive tests of previous cable samples. In this model,
isotropic material properties of the REBCO stack were used
for simplicity. Inclusion of anisotropic effects, which derive
from the decreased stiffness in the radial direction of the stack
due to the copper and solder components of the REBCO stack,
would result in shear leading to slightly non-uniform strain
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Figure 4: The instrumentation map for the strained cable assembly at SULTAN

distribution in the radial direction of the tape stack. For the
purposes of these experiments, the differential strain across
the tape stack is negligible compared to the total strain and was
not necessary in the analysis.

3.3 Instrumentation scheme

Similar to the assembly itself, the instrumentation applied
to the right and left cables was extended beyond the standard
set of temperature and voltage sensors to properly verify the
axial strain of the cables during assembly and testing. Figure
4 provides a graphical overview of the instrumentation
scheme. Sensors of a given type are labelled sequentially
along the sample, starting from the bottom joint. Odd-
numbered sensors denote the left cable while even-numbered
sensors were applied to the right cable.

Sensors beginning with “VH” are voltage taps applied at
25 mm to 100 mm intervals along the high field test region to
monitor the effect on measured critical current of the
orientation of the REBCO tape stack with respect to the
background field. The voltage taps labelled “VT” and “V”
confirm the lack of anomalous voltages elsewhere along the
sample and help to measure the resistance of the joints from
the facility current terminals to the upper ends of the sample
legs. Sensors beginning with “TS” are Cernox® temperature
sensors located below and above the high field test region that
monitor the sample temperature during critical current and
temperature sharing measurements. They can be used to
calorimetrically confirm power generation during these
measurements. The “(x4)” notation indicates that four sensors
were placed at this axial location but spread evenly around the
azimuth of the cable at 90° intervals.

All voltage taps and temperature sensors were installed by
the SULTAN technical staff following arrival of the cables
and test assembly at the facility. Confirmation of sensor
integrity was performed during cooldown and the initial zero
current tests before the test campaign began.

Sensors beginning with “SG” are strain gauge half bridges
that monitored the strain state of the cables during pre-test
benchtop mechanical loading and during intra-test cooldown
cycles. Each half bridge contained one active and one dummy
gauge. Templates were used to position the

MicroMeasurement 125 BZ gauges within +/- 6 mm at a
nominal distance of 1608 mm from the bottom of the sample,
avoiding both the sample’s clamps and the Teflon spacers that
were used to set the distance between the centerlines of the
sample conductors. The gauges were mounted using
MicroMeasurement AE-15 adhesive, which was cured using
resistive heaters mounted to either side of the instrumented
section.

The strain gauges were mounted to the outer surface of the
conductor’s copper jacket. Two of the active gauges on each
cable (denoted SG1 and SG5 for the left cable, SG2 and SG6
for the right cable) were nominally centered over and aligned
angularly to follow the twist pitch of the REBCO stack. The
third strain gauge on each cable (denoted SG3 on the left cable
and SG4 on the right cable) was mounted above the copper
former and aligned parallel to the conductor axis. This was
done to measure the different axial strains induced in the
copper jacket when over solid copper cable former and over
the groove in the cable former which the REBCO stack was
soldered. The dummy gauges were mounted to a 150 mm long
section of spare VIPER cable using the same arrangement
relative to the tape stack as the corresponding active gauge.
The dummy conductor was loosely held between the two
active conductors and was free to thermally contract.

Upon completion of the sample assembly at MIT, the
performance of the strain loading and strain monitoring
systems were verified by straining the cables on the bench top.
The sample, with clamps and hydraulic jacks installed, was
placed on supports, with the cabling to the strain gauge bridges
connected to a MicroMeasurements® MMB8000 strain gauge
readout for continuous monitoring during hydraulic loading.

3.4 Initial benchtop strain results

The overall displacement of the conductor legs was
monitored both by dial indicators located at both ends of the
sample, as well as optically, by measuring the displacement of
lines scribed onto the surfaces of the conductor jackets near
the friction clamps. The displacement of the scribed lines
divided by the distance between verified the recorded strain
gauge readings. The displacement of the scribe lines relative
to the friction clamps confirmed analysis which showed that
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Figure 5: Measurements for the initial three room-temperature
strains of the cable assembly with the hydraulic jacks at MIT.

as the frictional force on the cable builds up, the cable
gradually displaces approaching the leading edge as it is
strained to its final value over a length of ~200 mm. This
slippage can reduce average cable strain by ~0.1% compared
to a case with bonded ends.

Figure 5 shows the measured stress-strain curve during the
first three hydraulic loading cycles of the sample. The vertical
axis was obtained from the recorded hydraulic pressure in the
jacks, multiplied by their piston areas and divided by the
cross-sectional areas of the conductor legs. The first loading
cycle, from 0% to ~0.4% strain, resulted in plastic deformation
of conductors, primarily due to annealing of the copper former
and jacket during the VPI solder process. It is important to
note that plasticity is present because stainless-steel jackets
were not used on this sample. This was done to reduce the
loading required to strain the cable and to ensure proper load
transfer between the friction clamps and cable. Cables to be
used in high field magnets would employ either stainless steel
jackets or radial plates to reduce or eliminate this plasticity.
Strain gauges SG1 and SG2 were lost and positional
inaccuracy of the gauges can explain the ~0.05% difference in
measured strains seen.

In preparation for shipping to SULTAN, the stress was
removed from the cables by removing the Invar shims.
Analysis indicates that approximately ~0.3% and ~0.1%
residual axial strain remained in the jacket and REBCO stacks,
respectively, due to the plastic deformation that occurred in
the unintentional overstressing that occurred on the first
benchtop test. This is evident in Figure 5, which shows the
first loading to ~0.4% followed by a relaxation of the stress
and two subsequent stress cycles.

4. Experimental results at SULTAN

Upon arrival at SULTAN, instrumentation (e.g. voltage
taps, Cernox sensors, etc.) was added to the cables. Multiple

low strain cycles were then carried out to verify the assembly
was ready for installation in SULTAN. During the final cycle,
Invar shims were installed to ensure no gaps were present
between invar clamps in the axial direction. The hydraulic
jacks and brackets were then removed and the sample was
installed into the SULTAN test well.

The primary testing objective was to evaluate the potential
for critical current degradation resulting from the combination
of transverse lateral loads and axial strain. To isolate the effect
from strain, results from strained test (named “Charlie” test)
could be compared to an identical set of unstrained cables
tested under identical electromagnetic conditions (named
“Bravo” test). The SULTAN testing program was structured
as follows:

Cool down to 5 K and strain gauge verification
Instrumentation check and current ramps at B=0 T
Baseline DC characterization (B=10.9 T, T=10 K)
IXB cycling to 100 cycles (35 kA x 10.9 T =382 kN/m)
Reference DC characterization (B=10.9 T, T=10 K)
Intentional quench of sample

Reference DC characterization (B=10.9 T, T=10 K)
IXB cycling to 500 cycles (35 kA x 10.9 T =382 kN/m)
Reference DC characterization (B=10.9 T, T=10 K)

10 Reverse IxB cycle (-35 kA x 10.9 T =382 kN/m)

11. Final DC measurement (B=10.9 T, T=10 K)

During the initial cooldown (Step 1), the cables were
expected to accumulate an additional ~0.2% axial strain due
to the CTE differences in the special Invar clamps and the
primarily copper cables as described in Section 3. Figure 6
shows experimental strain gauge data from the cooldown from
room temperature to 5 K. The initial ~0.3% axial strain results
from the invar shims inserted with the hydraulic jacks before
installation in the SULTAN test well at room temperature. As
the cables cool within the assembly to 5 K, an additional
~0.2% external axial strain is accumulated. Because the strain
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Figure 6: The measured increase in axial strain on the left
cable (SG3, SG5) and right cable (SG4, SG6) during assembly
cooldown in the SULTAN facility. The cable temperature is
plotted on the right axis in magenta.
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Figure 7: Measured axial strain on the left cable (SG3, SG5) and
right cable (SG4, SG6) during one of the final current ramps
after 500 IxB mechanical cycles. The cable current is plotted on
the right axis in dark purple.

reference is on a small section of identical dummy cable,
which is poorly thermally coupled to the rest of the assembly
due to Teflon brackets, there is a slight time delay in the strain
magnitude relative to cable temperature. This measurement
confirms (1) that the dummy cable axially shrinks while the
two clamped cables cannot, resulting in measured axial strain
on the half bridges and (2) that the combination of mechanical
and CTE strain combine to achieve an external axial strain of
~0.5% on the copper jacket.

We note that the measured strain increase due to CTE
differences was ~0.1% less than the expected ~0.3% from
calculations with perfect non-slip conditions and from the
FEA simulations presented in Figure 3. This is explained by
the frictional slip described in Section 3, which reduces the
total effective strain on the cable when cooling down.
However, once both the CTE-induced and hydraulic-induced
strains are accounted for — and utilizing the FEA model
presented in Section 3 to translate axial strain from the cable
jacket to the REBCO stack — the measured ~0.5% jacket axial
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Figure 8: Critical current degradation for unstrained cables
(Bravo) compared to 0.5% externally strained cables (Charlie).
All 4 cables were identical with the exception of applied axial
strain and IxB cycled at 382 kN/m at 5 K.

strain results in ~0.3% tape axial strain during the SULTAN
test campaign. This is on the order of the maximum strain
expected in high-field REBCO magnets, which are typically
designed to be stress limited with axial strains on the
conductor kept below 0.2%.

An example of strain gauge readouts during the final DC
characterization (Step 11) is shown in Figure 7. This result is
important for two reasons. First, strains remain effectively
constant throughout the current ramp profile and subsequent
IXB loading of the cable, with slight increase caused by
electromagnetic forces on the lower cable-to-cable joint
pulling the sample downward. Second, the initial axial strain
was maintained throughout the entire test campaign, ensuring
the IxB loading and strain were present simultaneously.

Critical current degradation as a function of IxB cycle
number is shown for two unstrained (“Bravo” test) and two
strained (“Charlie” test) VIPER cables in Figure 8. All four
cables are identical in fabrication and were cycled identically
at 10.9 T x 35 kA =382 kN/m at 5 K. The initial reference
critical currents for the “Charlie” test were 29.2 kA and 29.1
kA for cable A and B, respectively, as measured at 10.9 T and
10 K; the final critical currents at the end of the test campaign
were 28.2 kA for both cables under the same magnetic field
and temperature. The small initial degradation stabilized at
less than 5% within approximately the first 30 IxB cycles.
Importantly, there is no discernable difference in degradation
between unstrained and strained cables, confirming the results
obtained on single REBCO tapes (e.g. [12]) in a full-scale
representative 96 tape per channel stacked and soldered cable.
The results indicate that VIPER cables are robust to the
realistic application of transverse loading and axial strain that
would be experienced in high-field REBCO magnets.

Despite operating further into the SULTAN high-field
region than is typical, due to the need for longer friction
clamps in the joint region to ensure axial strain, the bottom
cable-to-cable electrical joint achieved low resistance,
measuring between 1.9 nQ (5 K, 30 kA, 0 T) and 3.7 nQ (10
K, 21 kA, 4.3 T average on joint). This corresponds to a
normalized resistance per unit area of only 20-45 pQm?.

After the test campaign was concluded, the sample was
warmed up and removed from the facility. Inspection of the
sample shows that the Invar shims, which were tight at room
temperature upon assembly installation in SULTAN, were
now slightly loose. This indicates some further plastic
deformation of the cables occurred during the initial stressing,
which was expected from elastic-plastic FEA modeling of the
cables in the assembly.

5. Conclusion

A novel method was demonstrated at the SULTAN
facility to enable critical current testing of VIPER cables
under simultaneous transverse IxB loading and axial
mechanical strain on the REBCO stacks. The approach
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required a specially designed test assembly that combined
stress from hydraulic jacks implemented at room-temperature
on the benchtop and from differential CTE between the Invar
clamps and copper cable during sample cooldown in the
SULTAN test well. Strain gauge measurements were
consistent with detailed FEA modeling of the cables under
axial load although implementation of anisotropic REBCO
stack models as well as multiple elastic-plastic cycles could
increase the model fidelity. Despite careful design, a small
amount of friction slip occurred at the highest stress states in
SULTAN, reducing the axial strain on the REBCO stacks
from the target ~0.4% to ~0.3% during experiments. Reducing
the friction clamp length in a future assembly would reduce
this issue by extending the strained cable length.

Through the use of this assembly, VIPER cables were
shown to be robust against critical current degradation from
simultaneous transverse loading cycles at 382 kN/m and axial
mechanical strain of ~0.3% in the REBCO stacks, in excess of
the conditions expected in a high-field VIPER magnet. This
approach allows relatively simple straight cables in existing
test facilities such as SULTAN to achieve realistic high-field
magnet test conditions that previously required testing single-
layer 3D insert coils at rare and extensive facilities such as the
ITER Test Facility (Naka, Japan) [26] or the NIFS 13 T large
bore magnet facility (Toki City, Japan) [27]. The method
described here results in faster superconducting cable and
magnet development timelines with significantly reduced
engineering resources.
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