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Abstract—RE-Ba-Cu-O (REBCO, where RE denotes rare earth
elements) high temperature superconducting (HTS) tapes are sus-
ceptible to uncontrolled quench events due to their slow quench
propagation velocity. The high specific heat of the materials and
the large temperature margin with respect to the critical tem-
perature (7. ) suppress rapid quench propagation, which in turn
drives the formation of local hotspots once a quench is initiated.
In addition, tape displacement during electromagnetic loading and
thermal cycling could cause defects in a HTS coil, which could
initiate quenches. To address these challenges, we have developed
a novel slot-and-fill (slot-n-fill) tape architecture, in which slots are
patterned through all structures of tapes and filled with conductive
material. This design enhances current sharing across neighboring
turns in a non-insulated coil and increases thermal conductivity
across turns. In this work, defect-triggered quench experiments
were performed at 77 K in Nitrogen vapor to evaluate quench and
recovery behavior. The results demonstrate that slot-n-fill architec-
ture significantly improves defect-tolerance in non-insulation coils,
confirming its potential for enhance the robustness and reliability
of REBCO-based superconducting magnet systems.

Index Terms—High-temperature superconductor, REBCO,
slotted tape, defect-tolerance, quench stability, hotspot
temperature.

I. INTRODUCTION

ARE-EARTH barium copper oxide (RE-Ba-Cu-O or
RREBCO, where RE denotes rare earth elements) high-
temperature superconducting (HTS) tapes are essential compo-
nents in next-generation magnet systems for applications such
as fusion energy, high-energy physics, and advanced material
science [1], [2], [3]. These tapes can carry high current in high
background field but are prone to quenches due to their slow
quench propagation velocity, which is about a thousand times
slower than that of low temperature superconductors [4], [5],

(61, [71, (81, [9].
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In coils, mechanical effects such as tape displacement during
electromagnetic loading and thermal cycling could introduce
defects. Moreover, the architecture of REBCO tapes, with a
superconducting film only 2-5 pum thick, increases sensitivity
to non-uniformities that may exacerbate defects. Although de-
fects in the superconducting film or coil structure can trigger
quenches, the slow quench propagation velocity of HTS coil,
caused by their high specific heat and large temperature margin
with respect to T , leads to the formation of localized hotspots.
In addition, the REBCO tapes’ layered structure and high-
resistivity buffer layer limits current sharing between adjacent
turns in coil assemblies, further exacerbating hotspots [10], [11],
[12].

To address these limitations, we developed the slot-and-fill
(Slot-n-Fill) tape architecture, in which slots are patterned
through all layers of tapes and filled with conductive materials
[11]. This design significantly reduces the inter-turn contact
resistivity and enhances current sharing. In our previous study
[13], we tested quench stability behavior of coils employing both
standard and slot-n-fill tapes under heat-pulse-triggered quench
conditions. The results revealed that slot-n-fill architecture sub-
stantially enhanced quench stability in non-insulation (NI) coils.

Building on that work, this study evaluates the defect-
triggered quench behavior of NI coils fabricated from both stan-
dard and slot-and-fill REBCO tapes. Defect-triggered quench
experiments were performed at 77 K in nitrogen vapor under
different discharging time constants to assess both quench de-
velopment and recovery behavior. The results highlight that the
slot-n-fill design enhances defect tolerance and improves the
overall reliability and robustness of REBCO-based supercon-
ducting magnet systems.

II. EXPERIMENTAL APPROACH
A. NI Coil Samples

In this study, we made two kinds of NI coils employing stan-
dard and slot-n-fill commercial REBCO tapes with a width of
4.0 mm. The tape structure includes copper layer (20 ym x 2),
silver layer (2 um x 2), Hastelloy layer (50 um x 1), Buffer
layer (0.3 ym x 1), REBCOlayer (2 um x 1).Theslots pattern
in slot-n-fill architecture follows a 2-2-2 slot pattern, as shown
in Fig. 1 (left), with two dashed lines of slots parallel to the
edges of tape. The slots are laser-etched through all layers of
the tape and filled with conductive material (silver and copper)
to facilitate current shunting to the substrate and stabilizer and
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Fig. 1. Slot pattern of slot-n-fill architecture.

Defect

Liguid Nitrogen

End-to-end voltage

Current leads

Fig. 2. Schematic of NI coil samples with defect (top), photograph of the NI
coil with defect for quench stability testing (bottom).

IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, VOL. 36, NO. 3, MAY 2026

10 | 1
1 | Nil-coil
~ gl8 1 |—NIl-coil-slots
g 1 |= —Straight tape
S | !
3 6F 1
= 4
o !
[5]
i 4rz2
L
= 0
5 2 80 100 120
iN]
0 .
0 50 100 150
Current (A)
Fig. 3.  Electric field—current curves for no-insulation (NI) coils employing

standard REBCO tape (NI-coil) and slot-n-fill REBCO tape (NI-coil-slots).

enhance current sharing across turns in NI coils. Each slot is a
rectangular hole (0.6 mm x 0.19 mm), with a 0.48 mm gap
between adjacent slots, as shown in Fig. 3(right). The slots
caused a critical current drop which was approximately equal
to the proportion of slot width in a 4-mm-width tape [10], [11],
as shown in Fig. 1 (right).

The NI coils were fabricated by co-winding In52Sn48 strips
with either standard or slot-n-fill REBCO tapes, the thickness of
In52Sn48 strip was 0.5 mm, and the coils were soldered in an
oven with maximum temperature of 140°C. The NI coils were
wound with two turns around a 4.0 cm diameter core, using
approximately 30.0 cm of tape for each coil. After soldering,
the core was removed.

In this study, quenches were triggered by an artificial defect,
of 1.0 mm diameter circular area, where the REBCO layer
is damaged by laser, as shown in Fig. 2. Current leads were
soldered to the terminals of coils connecting to REBCO sides
with an overlap length of 12 mm. To minimize the effects
of Joule heating from the current leads and observe quench
propagation, the current leads (bottom zone) were immersed
in liquid nitrogen, while the defect region of the sample was
exposed to nitrogen vapor, as shown in Fig. 2.

Voltage taps were attached in the defect zone (labelled as
‘voltages in defect zone’ in the following section) to monitor
quench behavior and on both sides of the current leads (labelled
as ‘voltages in current lead zone’ in the following section) to
observe current-sharing behavior during a quench, as shown in
Fig. 2.

B. Quench Testing System

The quench measurement system is designed to assess the
quench stability of the samples under controlled conditions.
Voltage data is acquired using an NI-PXIe-4309 data acquisition
system at a sampling rate of 1000 Hz, returning data every 1 milli
second. A Cernox temperature sensor monitors the defect zone,
ensuring a temperature of 77 K before quench initiation. The
TDK-GENS8-600 power supply delivers the transport current to
the sample.
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To prevent transients, that come from quench or other un-
expected status, damaged NI coil during testing, two voltage
protection methods were used:

Hardware protection: The TDK GENS8-600 power supply’s
voltage limitation features were used. Initially, the voltage (VO)
was read via the power supply, once transport current reached
the set value. Then, the voltage limit of the power supply was set
to VO + 0.1 V. If the voltage read via the power supply exceeded
this voltage limit, the power supply would reduce the current to
maintain the voltage within the limit. Once the voltage limit was
set, protection was enforced through hardware alone, without the
need for continuous voltage monitoring by the test program.

Software protection: A Keithley 2182A measured the end-to-
end voltage across the sample continuously. Once the end-to-end
voltage reached a threshold of 50 mV, the TDK power supply
was immediately shut down via software. In this test, 50 mV
threshold can balance effective quench protection with the need
to log meaningful quench behavior data.

These dual protection methods safeguard the sample during
high-current quench tests, ensuring reliable and safe data ac-
quisition. In general, the hardware protection is more sensitive
than software protection, since the voltage reading for software
protection is inside the testing loop, while the voltage used for
hardware protection is read at the power supply itself. However,
if software protection needs to be triggered earlier than hardware
protection for current gradient control, then the voltage threshold
for hardware protection should be set at a value higher than that
for software protection.

C. Measurement Protocol

In this study, we assumed that NI-coils are used in a magnet
system with a discharging time constant of 2 seconds. A defect
is assumed to appear suddenly during normal operation. There
is a delay time between defect’s appearance and quench detec-
tion. Once the quench is detected, the magnet system begins
discharging, with the current variation over time described by
the formula [14]:

I(t)= Iye /T

Where I is the operation current, and 7 is time constant. This
model simulates the current decay during a quench event, allow-
ing us to evaluate the quench behavior and recovery dynamics
under realistic operating conditions.

In NI coils, once quench in a turn is triggered by a sud-
den defect, part of current would be shared to adjacent turns,
reducing current flowing through stabilizer. This minimizes
Joule heating and hotspot temperature during discharging cycle,
thereby protecting the coil from damage.

III. RESULT

The initial critical current of the 4 mm-wide REBCO tape
used for fabricating NI coils is approximately 160 A. After
slotting, the critical current decreases to 145 A. Introducing an
artificial defect further reduces the critical current by approxi-
mately 30%. As shown in Fig. 3, the critical current values of
NI-coil-slots (made by slot-n-fill REBCO tape) with defect and
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NI-coil (made by standard tape) with defectare 100 Aand 115 A,
respectively.

Fig. 3 presents the electric field—current curves for the NI
coils, indicating a decrease in the n-value for the NI-coil com-
pared to the straight tape, with a further reduction observed
in the Nl-coil-slots. In a straight tape, when current exceeds
critical current, a portion of current, which is excess part than
critical current, is carried by stabilizer. While, in a NI coil, the
excess current will flow radially across turns from one current
lead to another, due to high current sharing performance across
turns. Moreover, the slots filled with silver and copper in the
NI-coil-slots reduce the inter-turn resistance compared to NI-
coil without slots, as evidenced by the shallower slope of linear
portion in Fig. 3. Consequently, the NI-coil-slots exhibit higher
current sharing performance across turns than NI-coil without
slots. Therefore, the observed decrease in n-value does not reflect
an actual degradation in the intrinsic n-value of the REBCO tape
itself. Rather, the radial current flowing across turns mitigates
the voltage rise, giving the appearance of an n-value decrease.
This effect is more pronounced in the NI-coil-slots than NI-coil
due to better current sharing efficiency across turns of slot-n-fill
architecture.

During testing, an initial transport current of 16 A was applied,
well below the critical current of coils to prevent quench-induced
damage before data acquisition. The transport current was then
increased to 144 A and maintained for delay times of 0.5 s or
2.0 s. At the end of the delay time, the current began to decrease
with a time constant of 2.0 s, until reaching zero.

As shown in Fig. 4(a) (c), when the current abruptly increased
to 144 A and held during the delay time, voltage spikes were
observed in both defect zone and current leads zone. Voltage
jumps in defect zone caused by a defect-triggered quench, while
voltage jumps in current leads zone caused by current sharing
across turns. At the moment of current reaching 144 A, voltages
in both current lead and defect zones reached the highest value
and then gradually stabilized during delay time. At the end of
delay time, voltage of V30 and V40 in the defect zone of outer
turn, as well as V1L and V2L in current lead zone, as shown in
Fig. 2, were reversed due to discharging and induction of coil.
After delay time, the amplitude of voltages in both defect and
current lead zone reduced progressively and eventually dropped
to zero when the transport current becomes lower than critical
current of the coil.

For the 2.0 second delay time configuration, as shown in
Fig. 4(b) (d), after the transport current stabilized at 144 A,
voltages presented in current lead zone across turns, caused by
a defect-triggered quench, indicated current sharing between
turns. The voltages in both defect zone and current leads zone
of NI-coil-slots were around 30 pV, which is significantly
lower than that in the NI-coil with a voltage value of 160
1V, Although hotspot temperature was not measured directly,
the lower voltages suggest a lower hotspot temperature during
discharging process [15], [16], [17]. This indicates that the
slot-n-fill architecture enhances defect tolerance of NI coils due
to improved current sharing performance. The slots, filled with
highly conductive material such as silver and copper, facilitate
this improvement.
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Fig. 4.

Additional tests were made at higher transport current: 160
A and 180 A, which is significantly higher than critical current
of REBCO tapes. In both configurations, the quench recovered
without critical current degradation, which demonstrates that
the current-sharing capability of the coils provides an overcur-
rent protection, allowing them to handle transient overcurrent
conditions without sustaining permanent damage.

IV. CONCLUSION

This study investigated the defect-triggered quench behavior
and defect tolerance of non-insulated (NI) coils fabricated from
both standard and slot-n-fill REBCO tapes. The NI coil with slots
(NI-coil-slots) exhibited significantly lower voltages in both the
defect and current lead zones compared to the standard NI coil,
indicating reduced hotspot temperatures during the discharge
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process and enhanced defect tolerance. This improvement stems
from the superior current-sharing performance enabled by the
conductive materials filling the slots in the slot-n-fill archi-
tecture, which enable efficient current sharing transfer from
REBCO film to the stabilizer and adjacent turns. These results
confirm that the slot-n-fill design substantially enhances the
defect tolerance of NI coils, improving their reliability for super-
conducting magnet applications, even though the slots reduced
the critical current.
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