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Measurements of Quench Propagation Velocity in
HTS Cable for Fusion Applications Using

Optical Fiber Sensors
M. De Stasio , G. Colombo , A. Masi , M. Breschi , Senior Member, IEEE, M. A. Caponero ,

G. Celentano , M. Marchetti, L. Muzzi , Senior Member, IEEE, A. Polimadei , A. Trotta , F. Zanon , G. De
Marzi , and L. Savoldi , Senior Member, IEEE

Abstract—Low quench propagation velocity (QPV) in high-
temperature superconductors (HTS) undermines conventional
voltage-based quench detection, since damaging temperatures can
develop locally before appreciable voltages appear. This work
investigates an ENEA aluminum slotted-core cable featuring a
BRAided STack (BRAST) of REBCO tapes, instrumented with
capillary-mounted fiber Bragg gratings (FBGs) in direct thermal
contact with the stack, alongside conventional voltage taps. Quench
experiments were carried out in liquid nitrogen flow at 77 K, with
the current held constant at about 500 A. Electrical and optical
signals were processed with a standardized pipeline for the onset
quench: statistical thresholds for electric field, and temperature-
based arrivals at FBGs. From arrival times at known positions,
QPV is estimated via two independent methods based on resistive
front and thermal front, respectively. Both methods yield consistent
values in the range of 20–60 mm/s. Downstream, where the front
is fully developed, the two estimates converge within uncertainty.
These results demonstrate that embedded optical fibers provide
local temperature tracking, electromagnetically immune, and mini-
mally invasive complement to voltage taps for quench detection and
QPV estimation in HTS cables for fusion-magnet applications.

Index Terms—Fusion magnet, HTS magnets, quench protection,
quench propagation, temperature measurement.
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I. INTRODUCTION

H IGH-TEMPERATURE superconducting (HTS) REBCO
tapes are enabling compact, high-field magnets for fusion

and other applications. Recent demonstrations and roadmaps
underscore the rapidly maturing HTS magnet technology for
fusion applications [1], [2], [3].

In HTS conductors, the quench propagation velocity (QPV) is
typically 2–3 orders of magnitude lower than in low temperature
superconductors (LTS) [4], making magnet protection a chal-
lenging task. Resistive voltages develop slowly and may remain
below detection thresholds while local temperatures rise to dam-
aging levels [5], [6]. This problem complicates the use of conven-
tional voltage-tap schemes, especially in multi-tape, multi-layer
windings [7]. Quantitative studies on REBCO tapes and cables
confirm low QPV both at 77 K and at low-temperature, high-field
conditions, with values sensitive to architecture, stabilization,
and interfacial resistance [8], [9]. Analytical and semi-empirical
formulations for normal zone propagation velocity NZPV in
REBCO further clarify material and operating-point dependen-
cies relevant to magnet design [10]. Against this backdrop,
alternative or complementary diagnostics to voltage taps are
increasingly explored: current-distribution monitoring in CORC
cables [11]; point or quasi-continuous fiber-optic sensing [12],
[13]; Distributed Fiber-Optic Sensing (DFOS) [14] through
both the use Rayleigh-backscattering Interrogated Optical Fiber
(RIOS) [15], and other interrogation techniques focusing on
enhancing sensitivity at low temperatures [16].

Fiber-Optic Sensors (FOS and DFOS) offer electromagnetic
immunity, minimal invasive method and tight spatial footprints,
and have been demonstrated for cryogenic strain/temperature
monitoring and quench detection in superconducting cable mag-
nets [17], [18]. Their cryogenic behavior and sensitivity have
been characterized from 300 K down to a few kelvins, includ-
ing metal-coated and packaged designs that enhance thermo-
mechanical coupling, key for fast detection [19], [20].

Within this context, this work investigates quench detection
and quench propagation velocity in an ENEA aluminum slotted-
core cable with a BRAided STack (BRAST) of REBCO tapes
[21], [22] using voltage taps and capillary-mounted Fiber Bragg
Gratings (FBGs), cross-validating electrical and thermal fronts.
The results add to the growing experimental literature on QPV in
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Fig. 2. The sample cable with the quench experiments equipment.

Fig. 1. Schematic of the quench test loop.

REBCO conductors and cables and inform protection strategies
for next-generation HTS fusion magnets.

II. EXPERIMENTAL SETUP

This section describes the quench experimental setup, shown
in Fig. 2, used to measure the QPV. The sample was positioned
in the ENEA 20 kA facility and tested in liquid nitrogen flow at
the operational temperature of 77 K. Fig. 1depicts the equipment
and the schematic of the systems. The cable had two different
terminations named A (left) and B (right).

A dewar filled with liquid nitrogen (77 K) was connected
to the termination B copper plate via a flexible stainless-steel
pipeline. Following the flow path within the hollow copper
plate, the coolant cooled the cable via its central channel from
termination B to termination A. At the end of the flow path,
the liquid nitrogen was collected in an empty dewar. To reduce
the thermal dispersion with the ambience along the cable, an
insulating hollow sleeve was applied on the cable.

The current leads were bolted to the copper terminations and
connected via large copper braids to the first 4 kA module of the
power supply, monitored by the control station.

The PC control station was capable of acquiring current and
voltage data with a Keithley 2000 multichannel multimeter
with a shunt resistor and SCXI-1120 analog-to-digital module.
The optical fibers (OFs) were interrogated with an 8 channel
SENTEA DM-8125 interrogator connected to a different PC.
The voltage data acquisition system and the optical interrogator
were not synchronized, as they were controlled by distinct PCs.
However, since the QPV is calculated using relative time inter-
vals (time of flight) recorded within each individual system, the
absolute temporal offset is irrelevant for the velocity estimation.

Fig. 3. Detail view of the optical fiber inside the stainless-steel capillaries
(a) and the section sketch of the BRAST structure (b).

Fig. 4. Position of the OFs sensors and VTs along the cable.

A. Optical Fiber and Voltage Tap Instrumentation

The two optical fibers (OF) were accurately pre-installed in
their corresponding stainless-steel capillaries directly in contact
with the REBCO stack (Fig. 3(b)): the left optical fiber contained
a 10 mm long FBG sensor named S, whereas the right optical
fiber contained an array with three different 3 mm FBGs spaced
1 cm apart, and labeled A, B and C.

Previous quench experiments [13] have confirmed the pres-
ence of a physical defect on one or more tapes at approximately
10 cm from the center of the cable, towards termination B.
The pre-identified defect was exploited as the source of quench
initiation.

The S-FBG was placed at the defect location, to monitor the
local temperature, while the OF array in the other capillary
was set 1.5 cm from the S-FBG, to track the thermal front
quench propagation (Fig. 4). Because the two optical fibers
used FBGs with assorted designs (i.e., with different acrylate
coating thicknesses), their temperature responses differed. The
calibration curve, measured in situ with respect to a calibrated
thermometer, allowed to set the 77 K sensitivity to 12 pm·K−1

for the S-FBG and 4.8 pm·K−1 for the array.
The voltage taps (VTs) were directly soldered to the bottom

of the HTS stack during the cable manufacturing, as thoroughly
described in [13]. In these quench experiments, the most relevant
VTs were the 2B-1B, the portion of cable containing the defect,
and the VTs placed near the center of the cable (1A-2A, 2A-3A,
3A-4A, each ∼2 cm) which were used to track the resistive front
quench propagation (Fig. 4).

III. METHODOLOGY

The estimation of QPV was carried out through standardized
steps in which raw signals were filtered, and quench onsets
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and arrivals were identified on predefined criteria. To cross-
validate the QPV, two independent procedures were applied:
one based on voltage taps electric fields and one based on FBGs
temperatures. The resulting velocities were compared to assess
consistency and uncertainty.

A. QPV From Voltage Tap Electric Field

For each voltage taps segment i of length Li, the longitudinal
electric field is computed as:

Ei (t) =
Vi (t)

Li
(1)

A statistical threshold is derived from a pre quench window
W at the beginning of the run, where the electric field is ap-
proximately constant, lasting about 60–70 s. Let Ni denote the
number of the time samples in W , with a sampling interval of
100 ms. The mean and the standard deviation are:

Ēi =
1

Ni
·
∑

k∈W Ei (tk) (2)

σĒi
=

√
1

Ni − 1
·
∑

k∈W
[
Ei (tk)− Ēi

]2
(3)

The electric field threshold is then:

Ethr,i = Ēi +NE · σĒi
(4)

with NE = 3 the multiplier for the standard deviation, the cri-
terion provides high confidence (low false positive probability)
onset detection.

To suppress spurious triggers, the electric field time derivative
is also considered. Using the central difference scheme with the
sampling period ΔtN :

Ėi (tk) =
Ei (tk+1)− Ei (tk−1)

2ΔtN
≈ dEi (t)

dt
(5)

From the same pre-quench window W , the mean and the
standard derivation are computed using the electric field time
derivative and substituting it in (2), (3) and (4) and obtaining the

same
·
Ethr form of (4), with N ·

E
= 5, a conservative choice to

minimize false alarms.
Global thresholds Ethr,

·
Ethr are taken as the mean across

segments. To be sure to measure the well-developed front of
the quench, a factor of 4 of the Ethr is set, with the final
threshold value of approximately 40 μV/cm. Next, the arrival
time tquench,i at which the segment i satisfies the threshold
criteria are recorded. The quench propagation velocity for the
segment i is then estimated from the time of flight between the
signal onsets of two consecutive, adjacent sensors:

QP Vi =
Li

Δtquench,i
(6)

B. QPV From FBGs Temperature Transient

The temperature threshold is set at 93 K, corresponding to
the nominal zero field superconductor-to-normal transition of
these tapes [23]; above this value the conductor is considered
resistive. This yields a simpler, more linear procedure: once
each FBG sensor meets the prescribed temperature criterion,

Fig. 5. Time evolution of the electric field measured by the voltage tap within
the defect zone (orange) and the temperature rise detected by the single FBG
sensor on the defect (violet) during Run 1.

its arrival time tquench,i is recorded. The quench-propagation
velocity is computed with the same (6).

IV. RESULTS AND DISCUSSION

This section reports experimental observation and interpre-
tations. Both diagnostics capture a coherent propagation of the
normal zone. The QPV estimates from VT electric fields and
from the FBG temperature transient agree within the stated
uncertainties.

Two runs were performed with the same current ramp of about
10 A/s up to steady state of roughly 520 A, both starting after
an initial step to approximately 240 A.

Fig. 5 illustrates the time evolution of the temperature rise
detected by the single FBG positioned on the defect, alongside
the electric field measured by the E1B2B voltage tap. Upon
current injection, the onset of resistive behavior is immediately
observable due to the localized reduction of the critical current at
the defect site; consequently, the electric field mirrors the current
ramp. As expected, the FBG located in the defect zone registers
a temperature increase caused by Joule heating resulting from
local current redistribution, following the same trend as the
electric field.

As can be seen in Fig. 6, voltage taps and FBG sensors confirm
similar trends in the other parts of the cable. The voltage taps
are stable up to approximately 60 s. Subsequently, a pre-quench
precursor phenomenon appears, anticipating the quench onset
in probes 1A-2A (in black), while the other two probes, which
react later to the trigger, show values close to noise. In the
bottom panel, the thermal response of FBG A (black) shows an
increase from the initial value due to its closer proximity to the
defect, while FBG B and FBG C remain approximately constant
until the onset of thermal runaway. The quench event, therefore,
starts from the defective area and propagates towards the center.
Fig. 7 zooms in on the quench onset with the selected thresholds
overlaid. In the electric field panel, the signal across the defect
(E2B1B , in purple) grows first, while among the short spans the
1A-2A trace (black) crosses the threshold earliest, followed by
2A-3A (red) and 3A-4A (blue), as the quench propagates.

Similarly, the single FBG at the defect rises sharply, staying
at 3 K during the ramp, and FBG A, the nearest of the array to
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Fig. 6. Trends of the voltage taps (upper) and FBG sensors (lower) of the
Run 1.

Fig. 7. Detail of the quench onset of the voltage taps (upper) and FBG sensors
(lower) of the run 1.

the defect, shows the first local temperature increase; FBG B
and FBG C stay near baseline until the approach of the thermal
runaway.

The QPV values obtained from the two runs are summarized
in Fig. 8. Green symbols refer to the voltage taps measurements,
red symbols to the FBG sensor measurements. All values fall in
the range of tens of mm/s (20–60 mm/s), as expected in literature
[6], [24].

Fig. 8. Quench-propagation velocity (QPV) from electrical (green) vs thermal
(red) methods.

The central region (1A2A-2A3A) shows the largest velocity,
which is consistent with the development of a fast resistive front
once the defect-initiated zone reaches the cable center.

Thermal estimates of S-A are lower than 1A2A-2A3A by
roughly a factor of 2, reflecting the different nature of the two
fronts. The two procedures deliver consistent QPV values while
providing complementary information of the scenario.

However, the response times depend strongly on the chosen
thresholds and are not relevant for the scope of this work. For
clarity, a threshold-sensitivity study is therefore needed to quan-
tify how, and by how much, the inferred timings change with the
selection criteria. Thresholds were intentionally set to prioritize
propagation tracking over onset detection. Further experiments
may be devoted to understanding how physical effects such
as thermal inertia, thermal capacity of the materials and local
cooling contribute to adding to the delay after the quench onset
between the methods. It is equally important to note that such a
low voltage threshold would be impractical inside a tokamak due
to significant inductive noise; in such environments, fiber-optic
sensing may play a crucial role in tracking small temperature
variations. However, while point sensors such as the FBGs
employed here are effective for local QPV measurement, we
acknowledge that practical magnet protection would require
Quasi-Distributed or Distributed Fiber Optic Sensing to monitor
the full conductor length.

V. CONCLUSION

This work presents the experimental setup, methodology and
analysis used to determine QPV. An ENEA aluminum slotted
core cable with a BRAST of REBCO tapes has been subjected
to different quench run in LN2 flow at 77 K and 500 A ap-
proximately. Capillary-mounted optical fiber with FBG array,
integrated into the BRAST structure, were used to monitor
local temperature rise of the stack and track the thermal front
propagation, while the resistive front was monitored though
conventional voltage taps. The QPV was computed for both
runs using both procedures and the results were compared: the
measured values reflect the range accepted in literature of tens of
mm/s, specifically 20–60 mm/s. Where the fronts are fully estab-
lished, the electrical and thermal estimates seem to converge, and
may support the view that, under ideal conditions, the resistive
and thermal fronts propagate essentially the same speed.
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