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Abstract
Advanced magnet systems for fusion applications would greatly benefit from the use of
high-temperature superconductors (HTS). These materials allow fusion magnets to operate at
higher magnetic fields, allowing for more compact fusion machines, and allow for operation at
elevated temperatures, enabling demountable coils that provide access for maintenance of the
fusion reactor. Quench detection remains a major challenge in the protection of HTS magnets
that are vulnerable to localized conductor burnout due to their low quench propagation
velocities. One of the methods explored is the use of Hall sensors that are incorporated in or
near the magnet terminations that can detect local field variations that occur as a result of
current redistribution within the conductor to bypass a hotspot within the magnet winding. This
method is potentially well suited for Cable in Conduit Conductors, such as those made from
Conductor on Round Core (CORC) cables, in which sub-cables containing HTS tapes are
connected to the terminations at a low resistance. To demonstrate the technique, a CORC®

triplet consisting of three sub-cables, rated for 4 kA operation at 77 K, was manufactured and
Hall sensors were used to measure local field variations next to the terminations due to current
redistribution between the cables. The Hall response was compared to voltages that developed
over the cables and terminations as a local hotspot was applied to different cables in the triplet.
It was found that the Hall sensors were faster and more sensitive than voltage contact
measurements and were able to reliably detect current redistribution of only a few amperes
caused by a hotspot, well before the triplet exceeded its critical current. The method also
allowed the detection of heater-induced hotspots during high ramp rates of 2 kA s−1 relevant for
fusion applications. Hall sensors have a distinct benefit of being less sensitive to inductive
pickup of AC interference compared to voltage contact measurements that make quench
detection through voltage measurements in magnets especially challenging. The method can
also be used for diagnostic measurements of current redistribution caused by other sources
such as inhomogeneous current injection from faulty joints, or localized conductor damage.
The Hall sensors are likely capable of detecting the onset of a quench that may occur a far
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distance away from the sensor location, presenting a breakthrough in HTS quench detection
that potentially removes one of the remaining barriers to reliable operation of large HTS magnet
systems.

Keywords: CORC®, HTS cable, REBCO, quench, Hall sensor, fusion magnet, CICC

(Some figures may appear in colour only in the online journal)

1. Introduction

High-temperature superconductors (HTS) such as
RE-Ba2Ca3O7-δ (REBCO, RE = rare earth) coated con-
ductors are an enabling technology for the next generation
of compact fusion machines [1–3] and high-field acceler-
ator magnets [4, 5] that could operate at magnetic fields (B)
exceeding 20 T. The present state-of-the-art superconducting
magnets for fusion such as the international thermal-nuclear
reactor (ITER) are based on low-temperature superconduct-
ors (LTS) that are limited in performance to a magnetic field
far below 20 T at conductor operating temperatures of less
than a few Kelvin. The plasma volume needed to produce net
positive energy output scales with B3 [6], with LTS-based
fusion machines requiring substantial volume and there-
fore costs to develop [1, 2, 7, 8]. High-field operation of
HTS presents an opportunity to make future fusion devices
much more compact, potentially reducing the construction
time and device cost significantly. While operation at elev-
ated temperatures of 20–30 K reduces cooling costs, it also
enables toroidal field (TF) coils with demountable joints that
would allow convenient access to the fusion device interior
for maintenance [2, 8, 9].

Magnets for fusion devices require high currents to oper-
ate at low inductances because of their large size and need
to be ramped quickly, both to charge (central solenoid) and
dynamically shape (poloidal field coils) the plasma. This is
practically achieved by using conductors with very high oper-
ating currents of several 10’s of kA. To achieve such cur-
rents using REBCO coated conductors, many tapes must
be combined or cabled together. Several REBCO cabling
approaches are currently being developed including Con-
ductor on Round Core (CORC®) [10–12], Twisted Stacked-
Tape Cable (TSTC) [13, 14], and Roebel conductors [15].
Multiple fusion cable designs incorporating bundled stacks
of REBCO tapes have been developed, including efforts at
the Paul Scherrer Institute (PSI) [16, 17], ENEA [18, 19],
the CroCo cable design at Karlsruhe Institute of Techno-
logy [20, 21] and the STARS conductor at the National Insti-
tute for Fusion Science in Japan [9, 22]. CORC® Cable
in Conduit Conductors (CICC) are also being developed to
allow operating currents exceeding 50–80 kA at 10–20 T
magnets [23, 24].

One of the technical challenges of safely operating large
HTS magnets is the much lower quench propagation velo-
city in HTS conductors, compared to LTS from which con-
ventional magnet systems are currently made [25–27]. When

a normal zone develops in HTS, the dissipation remains
localized and is thus more difficult to detect with conventional
voltage measurements than in LTS magnets where the hotspot
propagates quickly. If a normal zone is not detected in time it
will lead to the burnout of the magnet system. Fast and reliable
quench detection is thus essential for safe magnet operation.
The development of quench detection and protection methods
tailored to HTS are naturally the next important steps to pro-
duce reliable HTS fusion magnet technology. In the context
of this paper, the term quench detection refers to detecting
the superconducting-to-normal transition of any portion of the
superconducting cable.

Several methods are currently being explored for quench
detection in HTS magnets, including Rayleigh scattering in
optical fibers [28, 29], stray capacitance monitoring [30], and
diffuse ultrasound thermometry [31]. While many of these
techniques are promising, none have demonstrated real-time
quench protection with the same efficacy and ease-of-use as
traditional voltage contact measurements in LTSmagnets. Fur-
thermore, many of the techniques, such as optical fibers and
co-wound voltage taps, require incorporation within the mag-
net windings and can be affected by variation of strain or elec-
tromagnetic interference. This complicates their use in fusion
magnets that will experience a wide range of current ramp-
ing conditions, high conductor strains, and various sources of
background electromagnetic noise.

A potential breakthrough in quench detection within HTS
magnet systems is the use of local magnetic field sensors
[32–34], such as Hall sensors, to determine changes in cur-
rent distribution between tapes in HTS cables caused by the
development of a local hotspot at the onset of a magnet
quench. This technique has already been demonstrated for slit
HTS tapes and single CORC® cables [35–37]. Limited cur-
rent sharing between tapes in CORC® cables in combination
with low splice resistances between the tapes and cable ter-
minations cause the majority of the current redistribution to
occur within the terminations [38], where Hall sensors can
be easily integrated. In contrast to measuring current redistri-
bution within tapes of a single CORC® cable, arrays of Hall
sensors are an extremely attractive quench detection method
for use in CICC due to higher currents within the cables of
CICC and limited current sharing between the cables in the
CICC. Here, we compare the response of Hall sensors placed
between the insulated CORC® cables in a CORC®-CICC to
the response of voltage contacts when current approaches
the critical current (Ic) and when a hotspot is induced by
a local heater on one of the cables. The results show the
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Figure 1. Overview showing current re-distribution between two CORC® cables and the vertical magnetic field component generated
between the cables when the current balance changes due to appearance of resistance at a local hotspot in one of the cables. (a) Currents are
balanced, and (b) currents are unbalanced.

Figure 2. Schematic and picture of CORC® triplet sample including location of Hall sensors (H1, H1,2, H2,3, H3), voltage taps, and heaters.

effectiveness of the localized magnetic sensor measurements
over conventional voltage measurements in CORC®-CICC,
where Hall sensors were able to detect the onset of a
quench sooner and with higher resolution than the voltage
contacts.

2. Experimental methods

2.1. Quench detection in CICC using localized Hall sensors

In a superconducting state, and with equal contact resistance
between the cables and the terminations, all sub-cables in a
CICC carry approximately the same current, and therefore the
superimposed field between parallel conducting paths tends
to cancel out. For example, figure 1 shows the cross-section
of two CORC® cables. The corresponding vertical field (By)
components of the two currents in the neighbouring cables
being measured by the Hall sensor are compensated because
they are equal in magnitude and opposite in direction. As the
critical current of one cable is reduced to below its operat-
ing current because of a local hotspot, current is redistributed
into the other cable to keep the total current constant. Such
redistribution produces an unbalanced vertical magnetic field
between the cables, as shown in figure 1(b). This change in
field is readily detectable with a 1D Hall sensor to measure By

[35] placed at a convenient point in the middle line between
the two cables, for instance near one of the current terminals.

Hall sensors placed on the outside of the cable bundle can also
detect current redistribution within the cables, as will be out-
lined in sections 3 and 4.

The scenario considered above works best when the cables
are connected at the terminals with a very low-resistance
joint while there is significantly higher resistance between the
cables in the CICC. This is the case for most HTS CICC
conductors being developed for fusion applications. Terminal
and joint resistances of less than 5 nΩ (4.5 K, 4–9 T) have
been measured in CORC®-CICC [39, 40] and TSTC-based
CICC [41]. While CORC® inter-cable resistances have not
been studied for any CICC layouts, the contact resistance
between cables is expected to be relatively high since cur-
rent would have to transverse several resistive layers to share
current from one cable to another. The contact resistance
between HTS tape bundles in one of the ENEA HTS CICC
samples was 13 000 nΩm at 4.2 K [42], while inter-petal res-
istances for ITER CICC based on LTS conductors tend to be
more than 200 nΩm and are optimized to control AC losses
[43, 44]. Multiple Hall arrays along the length of a CICC
would have to be applied for quench detection if the inter-
strand resistance is much lower than the terminal resistance,
such as would likely be the case for a completely solder
filled CICC. The technique may be less applicable to CICC
made from LTS as their low thermal stability can also lead to
other magnetic instabilities that have beenmeasured with local
magnetic sensors [33, 34].

3



Supercond. Sci. Technol. 33 (2020) 105011 J D Weiss et al

Figure 3. (a) Close-up of Hall array consisting of 4 sensors positioned besides the CORC® cables. (b) Overview of the transverse
cross-section of the CORC® triplet, showing the location of the Hall sensors relative to CORC® cables.

2.2. Sample preparation

Three CORC® cables of 5.1 mm in diameter were arranged in
a parallel configuration and terminated in two copper plates as
shown in figure 2. The sample length was 500 mm between
the terminations that each were 200 × 70 × 12 mm in size.
The tape layers in the cables were tapered and soldered within
the copper plates and current was injected into the samples
from either side. Each cable contained a total of 12 SCS4050
tapes from SuperPower Inc. wound into 6 layers onto a 4.3 mm
diameter solid copper core. The average tape Ic was 134 A at
77 K in self-field, resulting in a total Ic of about 4.8 kA for the
CORC® triplet.

Four Hall sensors of type AKM HG-106 A (H1, H1,2,
H2,3, H3) were positioned between the cables, next to one of
the terminals, with a spacing of about 5 mm from the center
of each CORC® cable as shown in figure 3. The Hall sensors
were arranged in the same plane as the CORC® cables, meas-
uring the out-of-plane component of the magnetic field. The
sensors were powered in series using a 5 V power supply
resulting in a room temperature transfer function of around
0.31–0.40mVmT−1. Wire heaters were wound around Cables
2 and 3 over a length of approximately 10 mm, at a distance
of about 350–400 mm from the Hall array. Voltage wires were
installed within the solder layer between each cable and ter-
mination to measure the voltage (V) over each CORC® cable
(VC1, VC2, VC3) as shown in figure 2. One wire from each
voltage tap pair was guided back along the length of each
cable before being twisted to minimize inductive pickup. Two
pairs of voltagewires were also installed tomeasure the overall
voltage between the terminals (VT1, and VT2). All experiments
were carried out at 76 K which is the boiling point of nitrogen
in Boulder, Colorado.

3. Results

3.1. Hall sensor and voltage response during constant
current ramp rates

Baseline measurements were performed where voltage was
measured as a function of current (V(I)) for various current
ramp rates. Figure 4 shows the sample voltages compared to
the Hall voltages (VH) for current ramp rates of 20 A s−1

and 5000 A s−1. Also plotted is the derivative of the Hall
voltages that highlights when the Hall voltages deviate from
linear behavior during the current ramp, which is a clear indic-
ation that current no is longer distributed evenly between the
CORC® cables.

If current was evenly distributed in each cable of the triplet
throughout the current ramp, the Hall measurements should
be linear with current and the derivatives constant. Figure 4
shows that at approximately 1500–2000 A, Hall sensors H2,3

and H3 start to deviate from linear behavior, suggesting that
current balance changes between the CORC® cables. This
could be caused by a non-uniform contact resistance within the
terminations or between the copper plates used to inject cur-
rent. At about 3600–4000 A, the voltage over CORC® cable
3 begins to rise as it begins its superconducting-to-normal
transition and an inflection point is observed in each Hall
sensor response as the other two cables carry a larger frac-
tion of the overall current. At about 4000 A, voltage begins
to develop over the other two cables. These measurements
show that the Hall sensor array is very well suited to monitor
current distribution within a CICC, even in the absence of a
quench.

3.2. Hall sensor and voltage tap response to a heater
induced hotspot during constant current operation

Static heat pulse experiments were carried out on the CORC®

triplet where current was ramped to a given value and held con-
stant while heaters were then used to initiate a hotspot on either
cable 2 or cable 3. Voltages across each CORC® cable and
between terminations were monitored and compared to Hall
sensor readings. Figures 5(a) and (c) show the voltage out-
put of the Hall sensors and the voltage measured over the ter-
minations when current was ramped to 3 kA and when a heat
pulse was applied to cable 2 or 3, respectively, once the cur-
rent plateau was reached. Current was then ramped back down
to 0 A. With current equally distributed, the voltages of Hall
sensors H1 and H3, as well as H1,2 and H2,3, should be equal
and opposite at a given current. However, measured voltages
tend to be shifted towards a positive value for all sensors.
This could be an indicator of uneven current distribution
or due to the limited Hall sensor positioning tolerance of
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Figure 4. CORC® sample voltages (bottom), Hall voltages (middle), and derivative of Hall voltages (top) at 76 K as a function of current
measured at current ramp rates of (a) 20 A s−1 and (b) 5000 A s−1.

Figure 5. Hall sensor voltages and voltage over the terminations measured as a function of time at 76 K for a current ramp to 3000 A,
followed by a 5 W heat pulse applied to (a) cable 2 and (c) cable 3. Current was then ramped back down. (b), (d) Comparison of voltages
from (a) and (c), respectively, after subtracting the initial voltage measured before the heater pulse. Time = 0 corresponds to when the
heater is turned on.

about 1 mm (see figure 3(b)), as will be discussed in
section 4.

While the self-field of the cables results in a significant
Hall signal that varies with current, the self-fields generated
between adjacent cables are opposing, resulting in a lower

field measured between cables (Hall sensors H1,2 and H2,3).
A linear component that varies with current is also meas-
ured over the terminations (blue dotted lines in figures 5(a)
and (c)), which is associated with their resistance, though
the magnitude is much lower than the voltage output of the
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Figure 6. Change in Hall sensor voltage and voltage measured over the CORC® triplet at 76 K as a function of time, following a 5 W heat
pulse applied to cable 2 at a constant current of (a) 3.0 kA and (b) 3.6 kA.

Figure 7. Change in Hall sensor voltage and voltage measured over the CORC® triplet at 76 K, as a function of time following a 5 W heat
pulse applied to cable 3 at a constant current of (a) 3.0 kA and (b) 3.6 kA.

Hall sensors. In either case, it is relatively straightforward
to subtract the initial voltage at constant current to obtain
the change in voltage (∆V). Figures 5(b) and (d) show a
comparison of ∆V for Hall sensor and voltage tap measure-
ments taken from the data shown in figures 5(a) and (c). In
these figures, Time = 0 is when the heater is turned on. For
clarity, all voltages are shown as a positive value. The Hall
sensor voltage rise precedes that measured with the voltage
contacts by about 0.2–0.5 s. In addition, the noise floor is
10 times lower for the Hall sensor measurements than for
the voltage measured over the terminations, where significant
inductive voltage noise remained. The tendency of the induct-
ive voltage noise to increase with sample length is what makes

quench detection using voltage contacts such a challenge in
HTS coils.

Data is compared while focusing on the noise floor of each
data set to explore the limitations of the Hall sensors compared
to traditional voltage contacts to detect a quench in the CORC®

triplet. It should be reiterated that great care was taken to min-
imize inductive pickup for the voltage measurements taken
over the cables. For this short sample, it was thus possible to
achieve a noise floor around 1 µV while Ic would be determ-
ined at 50 µV when using a 1 µV cm−1 voltage criterion and
a 50 cm sample length. The voltage at which Ic is reached at
the location of the hotspot is most likely much lower because
the hotspot only covers a fraction of the conductor length.
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Figure 8. CORC® sample voltages (bottom), Hall voltages (middle), and derivatives of Hall voltages (top) as a function of current
measured at 76 K at a current ramp rate of 500 A s−1 while a hotspot is initiated by applying a heater to (a) cable 2 and (b) cable 3.

The noise floor of the voltage measurement is independent
of hotspot size and will likely scale with conductor length,
highlighting the difficulty of detection a local hotspot in
a long HTS conductor.

Figure 6 shows Hall sensor and voltage contact measure-
ments as a function of time following a 5 W heater applied
to the middle cable (cable 2) at two static currents: 3 kA, and
3.6 kA, corresponding to about 75%, and 90% of the sample Ic.
These values were chosen to represent expected normal oper-
ating currents of the conductor considering margin. Figure 7
shows the same measurements repeated with a heater applied
to one of the side cables (cable 3).

3.3. Hall sensor and voltage contact response to a heater
induced hotspot during current ramping

Measurements were performed using heaters to initiate a hot-
spot on a given cable of the CORC® triplet while increasing
current to determine whether the Hall array could be used to
detect a quench while ramping current, as would be a frequent
occurrence in fusion magnets. Figure 8 compares Hall sensor
voltage and the voltage measured over the sample as a func-
tion of current ramped at 500 A s−1, while a hotspot is ini-
tiated on either cable 2 or cable 3 using the heaters. Similar
data is plotted in figure 9 for a ramp rate of 2000 A s−1. Since
it takes some time to initiate the quench, the heater is fired at
a lower current during the faster ramp. For both ramp rates,
the Hall signals detect the onset of a quench before or as soon
as a detectable voltage is measured over any of the cables in
the triplet. This is clearer in figure 10, where the derivatives
of both the Hall sensor voltage, as well as the voltage contact
data are plot together on the same scale. This is a good way
to compare the temporal response of the two quench detection
methods since it shows their relative sensitivity in mV/A. It
also highlights the additional noise that appears in the voltage
measured over the terminations since the voltage wires form

a larger inductive pickup loop than for the individual cable
voltage measurements.

4. Discussion

A large signal can be measured with the Hall sensors con-
current with the first detectable voltage rise across the sample
due to a hotspot using the same data acquisition (DAQ), and
with no additional signal conditioning or amplification. For
measurements on longer samples such as coils, the noise floor
in the voltage contact measurements is expected to increase
significantly while that of the Hall sensors will likely remain
the same, allowing them to detect the development of a
hotspot well before voltage tap measurements. In a fusion
device, this additional time is valuable to de-energize mag-
nets prior to thermal runaway and protect against potential
magnet burn-out. Another important benefit of Hall sensor
arrays is that the measurement is performed locally, near the
cable termination, instead of requiring voltage wires to be co-
wound with the cable. Hall sensors could be readily replaced
in case of failure, while it is almost impossible to replace
or repair a broken voltage wire that’s co-wound with the
magnet windings.

Placing Hall sensors between cables in the CORC® triplet
is advantageous because the self-field of cables on either
side tends to cancel out. This is demonstrated by the Biot-
Savart calculations presented in figure 11, where the mag-
netic field distribution due to the triplet’s self-field is calcu-
lated by adding the contributions of each cable. The calcula-
tions were validated by comparing to Finite Element modeling
performed in Opera. Three cases are presented. In figure 11(a),
the case is presented where each cable carries a current of
1 kA, representing normal triplet operation at about 75% of
Ic. In figure 11(b), the current in the middle cable (cable 2) is
reduced to 600 A while keeping the total current constant by
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Figure 9. CORC® sample voltages (bottom), Hall voltages (middle), and derivative of Hall voltages (top) as a function of current measured
at 76 K at a current ramp rate of 2000 A s−1 while a hotspot is initiated by applying a heater to (a) cable 2 and (b) cable 3.

Figure 10. Comparison of CORC® Hall sensor (solid lines) and voltage tap (dashed lines) responses at 76 K as a function of current during
current ramping, with 5 W heater applied to (a) cable 2 at 500 A s−1, (b) cable 3 at 500 A s−1, (c) cable 2 at 2000 A s−1, and (d) cable 3 at
2000 A s−1. For a clear comparison, Hall voltage responses are always shown to trend towards a positive value as the cables quench.

routing the excess current to the outer cables. This is similar to
the experiment shown in figures 5(a) and (b) where a hotspot
was initiated in the central cable at a total operating current
of 3 kA. Similarly, figure 11 shows the case where current is
reduced to 600 A in cable 3, reminiscent of the experiment

in figures 5(c) and (d). Although the triplet sample allowed
placement of Hall probes between the cables, initial modeling
has shown that Hall probes would also be able to detect minute
changes in current distribution in a 6-around-1 CICC, where
the Hall probes are placed around the bundle of cables. These
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Figure 11. Magnetic flux density contours around the CORC® triplet calculated for (a) normal operation at 1 kA per cable, (b) the case
where 400 A is redistributed from cable 2 to cables 1 and 3, and (c) where 400 A is redistributed from cable 3 to cables 1 and 2. Dashed
lines at x = − 5 and x = 5 mm show the location of Hall sensors H1,2 and H2,3.
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Figure 12. Vertical component of magnetic flux density as a function of position through the midplane of CORC® triplet at various
operating currents with (a) even current distribution between cables (b) case where cable 2 is quenched, and (c) case where cable 3 is
quenched, while overall current is kept constant. Dashed lines show the locations of the Hall sensors.

results and their experimental verification will be published
elsewhere.

Figure 12(a) shows the calculated magnetic field perpen-
dicular to the cable plane (By) through the midplane of the
CORC® triplet with respect to the placement of the Hall
sensors at various operating currents when current is distrib-
uted evenly between cables. Figure 12(b) shows how the field
profile changes as current is redistributed from cable 2 into
the other two cables while keeping the total current constant
due to a normal zone developing. Similarly, figure 12(c) shows
how the field profile changes as current is redistributed from
cable 3. Another way to show this data is to plot By as a

function of the reduced current in cable 2 (∆I2) or cable 3
(∆I3) for each sensor location (figures 13(a) and (b). When
starting from the left of the plots (I1 = I2 = I3 = 1000 A)
and then moving to the right (increasing ∆I), the trends
show the expected Hall sensor response of the experiments
shown in figures 6(a) and 7(a), as current is reduced in
cable 2 or cable 3, respectively.

In figure 6, the difference in Hall sensor voltage (∆VH)
for sensors H1,2 and H2,3 was ±50 µV before any voltage
was measured using the voltage contacts. Considering the
approximate transfer function of the Hall sensors used for the
CORC® triplet of about 0.36 mV mT−1 at room temperature,

10
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Figure 13. Magnetic flux density at each Hall sensor location taken from figure 12 as a function of reduced current of (a) cable 2 or (b)
cable 3, while keeping the total current constant.

∆VH = 50 µV corresponds to only 0.14 mT. The slope of
the response of Hall sensors H1,2 and H2,3 from figure 13(a)
is ±0.05 mT A−1, meaning we were able to clearly measure
the effect of current redistribution of just 3 A, or only 0.1%
of the operating current, at the onset of a hotspot causing a
voltage to develop locally over cable 2 that was below the res-
olution of our voltage contact measurements. The peak ∆VH

measured during the heat-pulse experiment in figure 5(a) using
Hall sensors H1,2 and H2,3 was about 10 mV, corresponding to
approximately 750 A in cable 2, while the remaining 2250 A
was divided between cables 1 and 3.

In figure 7, ∆VH for Hall sensors H2,3 was −50 µV at the
same time that 10 µV (0.2 µV cm−1) was measured with the
voltage contacts over cable 3, while no voltage was detectable
over cables 1 and 2. The slope of the response of Hall sensor
H2,3 from figure 13(b) is 0.07 mT A−1, meaning we were able
to clearly measure the effect of current redistribution of just
2 A as cable 3 barely exceeded Ic. A voltage of 10 µV does
not develop over cable 2 until ∆VH of Hall sensor H2,3 was
about 5 mV, corresponding to approximately 800 A in cable
3. Cable 1 only just started to develop voltage after the heater
was switched off at a ∆VH of 10 mV measured with Hall
sensor H2,3.

LTS superconducting magnets often quench while their
currents are ramped due to additional dissipation associated
with AC losses or conductor movement under Lorentz forces.
In fusion machines, dynamic poloidal and central solenoidal
fields are required, meaning conductors need to be ramped
rapidly and often. For this reason, it is pertinent that quench
detection approaches take ramping current conditions into
account. For the dynamic measurements presented in fig-
ures 9 and 10, the Hall sensors proved to be effective at
measuring current redistribution due to the heater-induced
normal zone that developed well before the cables reached
their Ic.

Variation of inductance or differences in AC loss between
different cables in CICC could cause current imbalance for
sufficiently long conductors at high ramp rates. While cables
in the CORC® triplet were separated, effectively eliminating
current sharing between cables, the contact resistance between

cables installed in a copper jacket, for instance, could provide
a path for current to redistribute outside the terminations. The
contact resistance between CORC® cables within the CICC
could be increased if needed to reduce current sharing between
cables, as is done for ITER conductors in which metal foils
limit current sharing between sub-cables to decrease coupling
losses [43]. Another option to minimize differences in strand
inductance would be to use the technique for quench detection
in demountable TF coils, where each magnet turn is broken up
into short sections of CICC with the sub-cables shorted at the
joints.

Local current sensing has been demonstrated in LTS CICC
using Hall sensors and pickup coils [33, 34]. Current nonuni-
formities have been observed, particularly in ramping condi-
tions, that have been attributed to conductor movement and/or
large induced current loops, but not necessarily due to quench.
We expect these phenomena to be absent or less pronounced in
HTS coils that benefit from higher thermal stability. Scale-up
of the quench detection technique to longer coils may there-
fore be more viable for protecting HTS magnet systems since
LTS magnets can be more susceptible to current redistribution
from other sources.

The quench experiments (ex. Figure 5) performed on
the CORC® triplet and the simulations shown in figure 11
highlight a key advantage of using Hall sensor arrays not
only for quench detection, but for diagnostics as well. Cur-
rent redistribution, or uneven current distribution between
CORC® cables, is immediately measurable and the cable(s)
affected can be identified. This requires very little instrument-
ation and wiring, as a relatively small array consisting of 1
sensor per sub-cable can be used. Sensors do not have to be
placed between sub-cables as demonstrated here but could
be arranged at other strategic locations within or around a
CICC, as the self-field of the sub-cables is significant for
high-current conductors. Such optimizations are an area of
future work. One could also consider connecting the output
of sensor pairs on either side of each sub-cable using a dif-
ferential amplifier such that their voltages cancel out in nor-
mal operation but are amplified when there is a current imbal-
ance. This configuration would result in a signal only when
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current flows unevenly between cables. It would also eliminate
errors due to common mode background fields within a fusion
device and could be used directly to trigger quench protection
hardware.

5. Conclusion

The effectiveness of using Hall sensors to measure current
redistribution between cables and detect the onset of a quench
in a CORC® triplet was determined in liquid nitrogen. The
Hall sensor voltages were compared to voltagesmeasured over
each cable with voltage wires as a normal zone developed
within one of the cables due to a heater-induced hotspot for
both constant current and ramping current conditions. Uneven
current distribution was measured with the Hall sensors dur-
ing current ramping at the onset of any measurable resist-
ance. It was determined both experimentally and numerically
that the magnetic field distribution around cables in the triplet
changes significantly when current is redistributed between
cables due to formation of a hotspot. The resolution of the
Hall sensors was high enough to identify current redistribu-
tion on the order of a few amperes for a triplet carrying sev-
eral kilo-amperes of current, or about 0.1% of the operating
current. A hotspot that developed in one of the cables could
be identified when current redistributed to the other cables
in the triplet, well before a detectable voltage developed over
the cable. Furthermore, an array of Hall sensors enabled act-
ive monitoring of current distribution between cables and will
therefore be a valuable diagnostic tool for assessing the qual-
ity of terminations and joints in, for instance, demountable TF
coils. Quench detection using Hall sensors located at the ter-
minations of CORC®-CICC is a highly valuable method that
can potentially detect the formation of a hotspot deep within a
winding, at a far distance away from the sensor. While future
tests on longer cables are warranted, the results demonstrate
the value of this low-cost and easily implemented methodo-
logy for both quench detection and probing current dynamics
in future HTS magnets being developed for fusion and other
applications.
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