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Demonstration of kA-Class Rutherford Cables using
MgB, Wires for an Energy Storage Device Suitable
for a Liquid Hydrogen Indirect Cooling
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Abstract—Superconducting Magnetic Energy Storage (SMES)
has been a promising option amongst potential other storage devices
to support world-wide demands for introducing more renewables
into the utility grid. If MgB: strands are used for SMES, liquid hy-
drogen, one of the renewables, could be used not only as a clean en-
ergy source but also as a coolant for the superconducting device. For
large-scale coil design, mechanically fragile multi-filament strands
should be used for their low AC loss feature considering that the
transport current inside the coil would be always changing. To real-
ize such a design, we designed and fabricated the large current ca-
pacity for AC-use Rutherford cable, together with experimental
tests for its feasibility assessment. Based on the latest test results and
development of commercial MgB: strands with high mechanical
strength, and this research and development of kA-class cable at liq-
uid helium temperature for extrapolating the critical current (/) at
hydrogen temperature, we believe this approach has the potential to
make a practical SMES device with MJ capacity. In this paper, the
world’s largest-capacity AC cable design and test results including
critical current evaluation under several background field strengths
are shown, and the stability and current re-distribution are also dis-
cussed.

Index Terms—Superconducting Magnetic Energy Storage,
MgB2, liquid hydrogen temperature, large-scale Rutherford Ca-
ble.

I. INTRODUCTION

ECENTLY, energy storage devices have been drawing

technological attention due to the rapid increase in power
generation from renewable energy sources into utility grids [1].
As demonstrated over 50,000 times load-leveling field test, Su-
perconducting Magnetic Energy Storage (SMES) with several
M]J capacity is still one of the most promising devices for stabi-
lizing the power grid [2] [3]. Alongside the rapid development
of liquid hydrogen supply chain, the SMES made of a super-
conducting commercial wire attracts both scientific and com-
mercial interests because liquid hydrogen can be used not only
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as an energy source without emitting carbon into atmosphere
when it’s burned, but as a coolant for superconducting materials.
In terms of the critical temperature, T, of the material, MgB,
round wires with a T, around 39 K seems suitable. Another op-
tion might be REBCO tape, which has much higher T, however,
making large-scale coils with the tape reportedly causes serious
critical current degradation of the coil due to de-lamination be-
tween the substrate and the superconducting layer [4].
Compared to REBCO tapes going with delamination issue
and being hard to produce with long-length, MgB; round wire
has been rapidly commercialized and become affordable during
the last decade. Not only the cost reduction of the large-scale
coils, but easier handling in the winding process based on its
circular cross-section, are big advantages for coil applications.
As for coil applications, these should be classified into DC
and AC ones. In terms of the DC applications, the coils for Mag-
netic Resonance Imaging (MRI) have been making progress be-
cause the applied background field strength was at most several
tesla, which is below the critical field of MgB». To ensure me-
chanical strength and avoiding degradation of I, fine, mono-
filament strand types have been chosen for some studies and
showed good performance in Rutherford cables [5]. Focusing
on a mechanical strength of multifilament MgB, wires for han-
dling, a multi-filament strand was also introduced by A. A.
Amin, which had a rectangular cross-section, for making sin-
gle-wire coil winding, which would not suffer from complex
bending and deformation [6]. There are some works accom-
plished making multi-stranded, Rutherford cables without seri-
ous /. degradation by using thin wires (almost half diameter of
our wire), with less-number of strands [5]. As for the availabil-
ity of the strands to Rutherford cables, a demonstration has been
made by L. Kopera. The cables have made using multi and sin-
gle filament and the cable critical currents were showed in both
20 K and 4.2 K, in which the cable with multifilament one had
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less Ic and seemed to be not optimum for applications need
large current capacity cables [7].

To introduce the wire into large coils with continually chang-
ing current flow, the assembled cable with multi-filamented
strands would be the best to lowering AC losses during opera-
tion. Our project named ASPCS to develop SMES coils with
stacked Double Pancake (DP) coils has almost been completed
[8]-[10]. A demonstration of a three-DP device with 10 kJ
stored energy, indirectly cooled by liquid hydrogen will be per-
formed by the end of 2021. The DP coils were wound with sev-
eral types of thin Rutherford cable, by both Wind and React
(W&R) and React and Wind (R&W) methods. We decided to
adopt the latter for larger-scale cable and coil fabrication
through several tests and the ease of handling [11], [12]

On the other hand, the issue of introducing multi-filament
strand has been investigated in the last project, in which the ca-
bles with 600 A rated current in 10 kJ coil system showed un-
predictable deterioration [13]. Through that project, it was ob-
served that strands made with Continuous Tube Filling and
Forming (CTFF) [14] were seriously damaged due to defor-
mation in its cross-section, even when the applied bending
strain was well below the permissible one. During the research
activity, new strands have been developed by SamDong Co. Ltd,
consisting of Nb seamless tubes for Mg and B packing, making
it stronger against cross-sectional deformation [15]. In this pa-
per, we will report test results of basic performance, stability
and current re-distribution of newly developed kA-class Ruth-
erford cable for changing current use, aiming for applying fu-
ture MgB, SMES with MJ capacity.

II. STRAND SELECTION AND CABLE PREPARATION

A. Strand Choice for a Rutherford Cable with large-current
capacity

The strand specifications that we chose for making kA-class
Rutherford cable is shown in Table I. The diameter is 0.83 mm,
identical to that by HyperTech Research Inc. fabricated with the
CTFF method. While the MgB; fractions are almost identical,
the Cu fraction, 30% in the SamDong wire, is much larger than
the 12% for HyperTech 30-NM strand. The critical current den-
sity Jc provided by the supplier is 900 A/mm? at 2 T, 20 K,
which is preferable for our cable design. The remarkable feature
of the strand is very high permissible bending strain before heat
treatment, as high as 6 %, which is much larger than that of
HyperTech strand of 4 %. This allows us to make a wider cable
containing a large number of strands to achieve high transport
current [10], [11], [13].

B.  Conductor design considering bending strain distribution

As for the twist pitch decision, we firstly consider the thermal
stability of the cable in the worst situation of full quench for all
strands. We already published how to design a thermally -stable
cable assembly, see [10]. As a consequence, we decided to
make 24-strand Rutherford cable.

Next, we calculated the relation between maximum bending
strain and cable twist pitch. The result is shown in Fig. 1. The

Twist pitch = 110 mm

Fig. 1. Rutherford cable design result and the photo of the cable (after heat
treatment). Maximum strain is around 4.5 % which is below the permissible

one.

RUTHERFORD CABLE DESIGN PARAMETERS

Items Values
Twist pitch 110 mm
Cable width 10.2 mm
Cable thickness 1.55 mm
Length produced 20 m
Max. strain 4.54 % before heat treatment
Cable length 625 mm
Heat treatment straight
Insulation None
Expected Icat 2 T, 20 K 1.9 kA

strain distribution was estimated by spatial curve theory that we
already introduced for the cable design work [10], [11]. The
maximum strain is around 4.5%, which is below the permissible
limit. After adjusting the cable compaction, the resultant cable
width and the thickness were 10.2 mm and 1.55 mm, respec-
tively. Total length of the cable for demonstration was around
20 m, which depended on the purchased wire length. The spec-
ifications of the designed cable are summarized in Table II.

III. EXPERIMENTAL SETUP

A. The kA-class Cable Demonstration settings

The conductor tests were performed in the device at the Na-
tional Institute for Fusion Science. The SULTAN-like but much
smaller device is shown in Fig. 2. A pair of conductors, the

TABLEI
SPECIFICATION OF MGB2 ROUND WIRE

ITEMS Values
Strand Diameter 0.83 mm
Number of filaments 18 +1 Cu
Jcat20K,2T 900 A/mm?
Ratios of MgB2 16 %
constituents Nb 22 %
Cu 30 %
Monel 32%
Permissible Before heat >6%
strain treatment
After heat 0.24 %
treatment
Heat treatment condition 650°C, 1 hr, Ar
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Fig. 2. The test device of Rutherford cable performance at NIFS.

Rutherford test sample through which the transport current is
supplied and a Nb-Ti Rutherford cable for return current are
soldered at the bottom joint. The lengths of the conductors are
around 625 mm, being held between a pair of stainless steel
plates 3 mm in thickness and fastened with four GFRP blocks
to endure against electromagnetic forces under the background
magnetic field.

The background field is applied by Nb-Ti split coil located at
around the center of the conductors, that has around 100 mm
uniform field region, with a maximum 8 T. The liquid helium
pool cooled device is connected to power supply which can pro-
vide up to 10 kA transport current.

B. Measurement setup

To conduct the evaluation of cable performance, and voltage
taps, a Cernox temperature sensor and Hall-effect sensor arrays
using HG-166A are settled on the cable as shown in Fig. 3. A
heater is located at the background field center to allow straight-
forward quench initiation. The voltage taps are equipped at the
down-stream side of the transport current flow direction, sepa-
rated by a distance of 106 mm, which is almost equivalent to
the twist pitch. The strands that the taps equipped are the adja-
cent two strands on which the heater was attached, so that the
transport current would be promptly shut down with the shortest
time lag of voltage runaway. In addition to the voltage meas-
urement, a well-calibrated temperature sensor was glued on the
other side of the heater and thermally insulated from the coolant
by epoxy to detect the cable temperature elevation. The re-
sistance of the heater is estimated as 2.75 Q at 4.2 K, and a ther-
mal equilibrium calculation showed the heater would reach
temperature of 150 K when a heater current of 2.5 A was ap-
plied for 0.5 s.

Cernox
(the other side)

Hall sensor array No.2

)
Transport { L
Current 206 mm : Heater 106 mm
1
Background Field center
Fig. 3. Schematic of measurement setting. A heater for quench initiation is

located at the background field center. One of two Hall-sensor arrays was
equipped at 206 mm from a heater and close to a heater The sensor HG-166A
is 1.5 mm square, 0.6 mm in thickness.
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Fig. 4. Typical wave form of voltage runaway as a functions of transport
current. A solid horizontal line shown here is the temperature around the field
center, which indicates the voltage occurrence was caused by over current under
the field of 3.5 T.
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Fig. 5. . of the cable at various background fields. The curves at 20 K are the
numerical estimations assuming the same deterioration observed at 4.2 K.
Larger than 1 kA in 2 T field would be successfully expected.

IV. EXPERIMENTAL RESULTS

A. Ic-B Characteristics

A typical wave-form of the measured relation between
transport current and voltage is shown in Fig. 4. A background
field of 3.5 T is applied. The dashed line parallel to the horizon-
tal axis indicates the electric field criterion of 1uV/cm applied.
The electric field trend (blue solid curve) is obtained by digital
smoothing of the noisy dashed curve. The solid line parallel to
the horizontal axis is the temperature, which shows a constant
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Fig. 6. Testresult of quench initiation by heater current. The current re-distri-
bution is observed by two hall-sensor arrays after normal zone appears.

4.2 K around the center of the background field. The estimated
1. based on the criterion is around 3.7 kA.

Figure 5 indicates the /. dependence on the background mag-
netic field. The points in Fig. 5 are derived from the I-V curves,
an example of which is as shown in Fig. 4. The curves in Fig.5
are calculated based on the J. characteristics of the strand pro-
vided by SamDong, multiplying by a deterioration factor to be
chosen for experimental data fit. A deterioration of 25 percent
seems to provide a good fit. Assuming that the deterioration
would not change at other operating temperatures, the expected
cable /. at 20 K from a database provided by SamDong would
be around 1.5 kA [15][16], which is enough to achieve the de-
sign current in liquid hydrogen cooled condition.

B. Stability Test

In addition to the I test, a stability test was also performed.
The heater of 0.27 Q resistance at 4.2 K is able to induce a 145
K temperature elevation on the strand surface when a 2.5 A cur-
rent is applied for 0.5 s, in accordance with the thermal equilib-
rium calculation. The background field strength 3.5 T is se-
lected for this test, because a temperature elevation of just a few
Kelvin at this field is sufficient to cause a transition to the nor-
mal state, causing the voltage to increase rapidly under the con-
stant transport current around 3 kA, which indicates nearly 100
percent load factor of the conductor.

The upper part in Fig. 6 shows the wave forms when square-
waves heater current is applied with monotonically increasing
durations until quench (shown as a dashed line). The line with
triangle markers represents the constant transport current of
around 3.2 kA, and the solid bumpy line in orange shows the
temperature detected by the Cernox sensor. An additional hori-
zontal line indicates the temperature corresponding to a 100
percent load condition, which is about 6.3 K under the operating

condition of around 3.2 kA transport current in 3.5 T. The last
heat pulse, with a duration around 1.1 s, apparently initiated a
quench, with the temperature rapidly increasing even after the
heater pulse ended. The lower part of Fig. 6 is an enlargement
around the time 58 s, just showing voltage elevation and self-
magnetic field variations detected with the Hall sensor array
catching the field component across the conductor width pro-
duced by the current along the conductor axis. The solid lines
show the field variation measured by a set of sensors at a loca-
tion 200 mm away from the heat source, and dashed lines with
marks indicates the variation at the location close to the heat
source. The field change detected by the sensors far from the
heater (solid lines) shows less amplitude than that close to the
heater. The field change at the center of the conductor, on which
the heater is installed, showed 20-mT field strength reduction
from the field around the conductor with constant and uniform
current distribution. The reduction is estimated to be equivalent
to one-fifth of the original current of two adjacent strands
caused by the quench initiation. On the other hand, the sensor
near the conductor edge detected a 40 mT increment of the field
strength, for which we couldn’t give any quantitative explana-
tion so far. It might be the current concentration, proportional
to the distance between the quench point and the strands that
carry excess current transferred from the temporarily degraded
strands. And the maximum amplitude of variations at the loca-
tion far from the heater showed a 20 mT field strength rising,
suggesting the current distribution might be more complex. We
think further investigation must be done through thermal equi-
librium simulation for estimating the temperature profile across
the width and along the conductor length, together with precise
measurements of magnetic field variation with higher spatial
resolution.

V. CONCLUSION

As commercially-available MgB, wires have been improving
a mechanical strength and superconducting characteristics, a
kA-class Rutherford cable for one order larger capacity than
current SMES systems was designed and fabricated. The
straight cable successfully demonstrated its high performance
at the NIFS test facility, under the condition of 4.2 K liquid he-
lium pool cooling with up to 5 T background field. Although
the small deterioration of /. was observed, the cable /. in 20 K
liquid hydrogen temperature with 2 T background field was es-
timated around 1.5 kA, much larger than the /. of 10 kJ SMES
coils, which will be demonstrated within this year. The stability
test has indicated 1.5 J was the minimum quench energy. Cur-
rent re-distribution has also been observed, but quantifying the
phenomenon to assess the stability of the large-scale cable will
require further study.
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