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Abstract

®

CrossMark

Superconducting cables based on high temperature superconductors (HTS) are necessary for
applications requiring large currents and low inductance, such as compact fusion reactors. In
this paper, we report the proof-of-concept of a SMART Conductor on Round Core (CORC®)

wire realized via integration of optical fibers into the copper core. A SMART CORC® wire with
integrated optical fibers was manufactured and its capabilities have been experimentally
demonstrated. Results show that by interrogating the optical fibers via Rayleigh backscattering,
a Spectral Shift signal as a function of time and position along the cable can be used to detect
and locate hot-spots that are developed within the wire or its terminations. It has been found that
highly localized current injection into the terminations could initiate hot-spots within the cable
at locations where current redistribution between tapes occur. This effect is virtually eliminated

when adequate current connections are used that inject current evenly along the cable
terminations. Normal zone propagation velocities have been calculated as a function of time
using Spectral Shift data for a heater-induced quench as well as a quench induced by
overcurrent. In both cases the normal zone propagation velocity was about 6 cm s~!, but in the

heater-induced experiment it was preceded by 500 ms of slower propagation at 2.5 cm s~ ".
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1. Introduction

Since their discovery, high temperature superconductors
(HTS) caused a strong interest in the scientific community,
mostly because of their high critical temperature and large
current densities at high background fields. A few HTS
materials have evolved beyond the R&D phase, becoming
a viable conductor option for magnets. A leading option
for magnets is (RE)Ba,;Cu3O7., (REBCO) conductors [1-7].
In addition to conductor development, the last decade has
seen a rapid advancement in cable technology, especially
based on REBCO [3, 8-15]. Although some magnets can be

1361-6668/21/035026+15$33.00

successfully wound from a single REBCO conductor [4, 16],
like high field inserts for users magnets or superconduct-
ing motors and generators. The high aspect ratio and in-field
performance anisotropy of REBCO tapes causes challenges
in the design of high-field magnets. Other issues related to
using a single conductor are high magnet inductance, which
requires relatively slow charging and discharging, and poten-
tial issues at local tape defects that may cause a hotspot and
potentially conductor burnout. Many applications need to be
ramped at relatively high rates and thus require a low induct-
ance. The high operating current cannot be achieved with
a single tape and require many tapes to be bundled into a
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Figure 1. Image of conventional CORC cable and wire samples.

cable [8, 17-19]. One of the most promising REBCO cable
technologies is the Conductor on Round Core (CORC®). An
image of CORC® cables and wires can be seen in figure 1.
Other cable technologies that use REBCO conductors are the
Roebel [11, 12, 20] and twisted-stacked designs [9, 21, 22].
Advantages of CORC® cables, when compared to Roebel
and twisted-stacked approaches, include superior flexibility
and isotropic in-field performance [13, 15, 23-26]. Bundling
several tapes in parallel provides current with the ability to
bypass tape effects, potentially allowing for safer magnet oper-
ation. Several magnets wound from CORC® cables or wires
have been successfully demonstrated and allowed operation to
within the flux-flow regime without causing a quench [27-29].

Reliable and accurate quench detection is especially chal-
lenging in magnets wound from single HTS tapes where the
normal zone propagation velocity (NZPV) is several orders
in magnitude lower than in LTS [30-37] . Current sharing
between tapes in HTS cables such as CORC® may signi-
ficantly ease the quench detection challenge in HTS mag-
nets, as long as transition into the dissipative state is detec-
ted in time. Knowledge of the operating status such as local
temperature and strain state along the length of the mag-
net cable would be highly beneficial for the reliable opera-
tion of large magnet systems. Such information would allow
detection of local hotspots that may eventually develop into
a magnet quench. One potential method to obtain real-time
information about the local operating state of HTS cables is
with integrated Rayleigh-scattering interrogated optical fibers
(RIOF). The temperature and strain state is determined on a
millimeter length scale from the spectral shift in the reflec-
ted light caused by the alteration of the spatial distribution of
defects in the fiber, as explained in [38, 39]. In prior work,
the RIOF technique has been demonstrated within HTS coils
by co-winding optical fibers with conductor [40, 41] and by
embedding optical fibers into the architecture of a REBCO
conductor, yielding a ‘SMART REBCO Conductor’ [42]. In
these embodiments, the RIOF technique proved to be more
sensitive to normal zones than voltage, both temporally and
spatially. In particular, the temperature sensitivity of RIOF can

be appreciated by looking at the results previously reported
in [42] as figure 11. These show that the embedded optical
fiber (in that embodiment embedded into AMSC’s REBCO
wire) is more sensitive to a temperature increase than a ther-
mocouple, with a sensitivity of about 4 GHz K~ in the range
82-86 K. Additionally, further prior work showed that cryo-
genic thermal sensitivity and response time of optical fibers
interrogated by Rayleigh backscattering can be enhanced by
dedicated fiber coatings, at temperatures as low as 4.2 K [43].

Earlier work performed on a CORC® wire containing integ-
rated optical fibers focused on measurement of strain as a func-
tion of position along a bent cable, at bending radii from 10 cm
to 6 cm, as well as the response time of the optical fiber to the
onset of a quench, compared to that of conventional voltage
wire measurements [44]. This paper focuses on all the cap-
abilities that embedded optical fibers provide by measuring a
signal, the spectral shift, that is proportional to the local tem-
perature along the conductor length and within its terminations
during normal operation and when the conductor is driven into
the dissipative state. Such dissipative state is induced by oper-
ating the CORC® wire at currents exceeding the critical cur-
rent (I.), or when a hotspot is introduced via a localized heat
1nput.

2. Experimental approach

2.1 Optical fiber integration

Commercial off the shelf single-mode telecommunication-
grade optical fibers have been integrated into the copper core
of a CORC® wire by Advanced Conductor Technologies
before winding the REBCO conductors. The copper core con-
tained three extruded grooves that allowed easy insertion of the
optical fibers, while also allow twisting of the core to introduce
a twist pitch of 38 mm. The embedded optical fibers have a
cladding of 125 pim in diameter and comprise an acrylate coat-
ing. A photograph of the copper core with integrated fibers is
shown in figure 2(a). Note that optical fiber integration into
the CORC® wire was driven by the following requirements:
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Figure 2. (a) Optical image of copper core with two integrated
optical fibers and a copper wire; (b) close-up photo of optical fibers
exiting SMART CORC® wire.

Table 1. Summary of conductor and SMART CORC® wire
specifications.

Item Value Unit
Conductor width 2 mm
Substrate thickness 30 pm
REBCO Conductors  p1 Cu stabilizer thickness 10 ym
Average I (77 K) 56 A
Cu core diameter 2.6 mm
Polyester insulation thickness 30 pum
Cable outer diameter 3 mm
SMART CORC® Wire Nominal cable I. (77 K) 48 A
Termination length 10 cm
Cable region length 24 cm
Total cable length 46 cm

the optical fibers fit into the cable architecture without major
changes to commercial CORC® cables, optical fibers do not
alter electrical and mechanical performance of conventional
CORC® cables, the manufacturing of SMART cable is scal-
able to long length. A total of 8 SuperPower REBCO tapes
of 2 mm width were wound in four layers onto the copper
core. A 30 um thick polyester heat shrink tube was applied
to the outside of the CORC® wire to hold the tapes in place
and to provide electrical insulation. Terminations consisting
of a copper tube filled with indium solder were applied to the
CORC® wire in which the optical fibers extended through the
solder, providing easy access to interrogate the fibers, while
also allowing temperature measurements within the termin-
ations. A photo of the termination and optical fibers exiting
the core can be seen in figure 2(b). More information about
the conductor specifications is included in table 1. A schem-
atic drawing of the mutual positions of the wire region, current
adapters and optical fibers is shown in figure 5.

2.2. Quench experiments

The purpose of these experiments is to evaluate the detection
capabilities of SMART CORC® wires to different types of

perturbations and normal zone initiation modes. A photograph
of the experimental setup used for these experiments is shown
in figure 3. The sample is connected to the power supply via
current adapters clamped onto the sample terminations. Both
sample and terminations are anchored to a wooden board, and
all together are submerged in a liquid nitrogen bath. Two dif-
ferent sets of current adapters have been used. Adapters cov-
ering full length of the CORC® terminations (figures 3(b) and
(c)) are made of high purity, oxygen-free copper, whereas
shorter, aluminum adapters that only cover about halve the ter-
mination inject current only locally into the CORC® termina-
tions (figures 3(a) and (d)).

The SMART CORC® wire is instrumented with voltage
taps and a nickel-chromium wire wound around the sample,
on top of the polyester insulation, to act as a spot heater to
create the thermal perturbation that is needed to initiate a nor-
mal zone. The heater wire is partly insulated from the liquid
nitrogen bath by Kapton tape. Two different experimental pro-
cedures have been used to drive the sample into the dissipative
regime. The first procedure involves a transport current that is
increased from zero to a set-point value, and then held con-
stant over a time interval (plateau), until it is ramped back to
zero. We will refer to this type of experiment as ‘overcurrent’,
although the target current may or may not be above the critical
current of the sample (I.). The second procedure is analog-
ous to the former, with the addition of the heater firing dur-
ing the current plateau to cause a thermal runaway that ulti-
mately would lead to a quench. This type of experiment will
be referred to as ‘quench’. Figure 4 outlines the time evolu-
tion of current and heater signals as they would evolve dur-
ing the two types of experiments. In both cases, the voltage
is measured by voltage taps connected to Digital Multimeters,
while the optical fibers that are embedded in the terminations
and CORC® wire is interrogated via Rayleigh backscattering.
This leads to a Spectral Shift signal acquired as a function of
position along the sample length and time. All signals are syn-
chronized in time because they are acquired against the same
clock with a dedicated LabVIEW application. The spatial res-
olution was 2.61 mm and the temporal resolution was about
20 ms. It is worth noting that although the optical fiber is sens-
itive to both strain and temperature changes, in this work the
SMART CORC® wire is not subject to mechanical perturba-
tions or external magnetic field; for these reasons, the spec-
tral shift signal is expected to be only affected by temperature
changes. Conversely, when the SMART CORC® is only per-
turbed mechanically, as it is the case in the bending experi-
ments reported in section 3.2 of [44], the spectral shift simply
scales with strain.

3. Results and discussion

3.1. Quench experiments performed using small current
adapters

The two optical fibers have been tested for integrity and
functionality at room temperature after being embedded into
the CORC® wire. The optical tests have been repeated after
cooling the sample to 77 K and indicate that the cool-down
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Figure 3. Photos of: (a) experimental setup with straight SMART CORC® wire; (b) experimental setup with wire bent to 55 mm radius;

(c) large, copper current adapter; (d) small, aluminum current adapter.
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Figure 4. Schematic plots of transport current and heater signal time evolution for overcurrent (left) and quench (right) procedures.

did not affect the fiber integrity or functionality. The critical
current at an electric field criterion of 1 zV cm™! was 340 A
at 77 K in self-field. Since the fibers have survived the integra-
tion and CORC® wire manufacturing process unaffected, the
fiber integration method is considered successful.

The results of a quench experiment are shown in
figures 5-8. The small current adapters were used in this
experiment because they have shown significant Joule heating
[44]. For this experiment, the current was increased linearly at
10 A s~ before it was kept constant at 430 A, which is 125%
of I.; a heat pulse was released by the external heater during
the current plateau, having a gross power of 16 W for 2 s. The
Spectral Shift map for this experiment is shown in figure 5,
along with a schematic drawing illustrating the cable and cur-
rent adapters with approximate locations on the position axis.
Additionally, the time profile of the transport current is shown
next to the Spectral Shift map. The locations where current
is injected into the terminals are undergoing Joule heating,
as evidenced by the increasing Spectral Shift. In addition
to the current termination regions, the Spectral Shift clearly
shows that a normal zone is initiated by the heater and spreads
throughout the cable sample. The heater is located at 0.2 m
on the position axis. Note that in this case the color bar is

limited to 30 GHz to enhance the color contrast; this does not
mean that 30 GHz is the maximum Spectral Shift measured
throughout the experiment, but only that Spectral Shift values
of 30 GHz or greater are shown in dark red.

From the plotin figure 5 it is also possible to appreciate that
the normal zone development is not symmetric. Some regions
generate more Spectral Shift than others, and the time to recov-
ery also differs for different regions. On the left of the nor-
mal zone initiation spot, the Spectral Shift appears stronger
and recovers more slowly after the current is brought to zero.
Moreover, even within this left region, or within the right
region from the heater, the Spectral Shift spatial distribution
is not uniform.

A more detailed view of these results is shown in figure 6,
where the Spectral Shift is presented as a function of posi-
tion, at different times before, during and after the heat pulse
is applied. The inset shows transport current and heat pulse
as a function of time during the same experiment. The Spec-
tral Shift and thus temperature in the regions of the current
adapters (0-0.05 m and 0.35-0.4 m) is constant during the time
45-49 s, consistent with the transport current being constant
in this time period. The initiation by the heater is also clearly
seen, centered at 0.2 m. The time evolution of the different
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Figure 6. Evolution of Spectral Shift spatial profiles during the instability.

signals is better seen in figure 7, where the Spectral Shift is
plotted as a function of time at three positions: within the
region of the left current adapter (0.033 m), at the center of
the heater region (0.2 m), and within the region of the right
current adapter (0.373 m). Along with the Spectral Shift, the
plot includes the transport current and heater signals. Note that
the transport current is the actual current flowing into the cable,
measured with a shunt resistor, and is plotted to scale, whereas
the heater signal, although it is also a measured signal, is not

to scale. The Spectral Shifts at locations 0.033 m and 0.373 m
follow the time profile of the transport current closely, con-
sistent with a temperature increase caused by Joule heating
at the resistive connections. The temperature increase levels
off when the current is constant and the temperature decreases
slowly when the current is brought to zero. A slower decay
than the current signal is an additional confirmation of the
nature of the signal; when the source is turned off (transport
current in this case) the temperature (Spectral Shift) will decay
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Figure 7. Time evolution of Spectral Shift throughout the experiment, at different locations including current adapters and heater regions,

along with transport current and heater signals.
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Figure 8. Comparison of the functions of time of signals from end-to-end voltage tap (right axis) and optical fiber (left axis).

gradually because of the time constant for heat transfer away
from the source.

Another interesting aspect highlighted by these results can
be seen in figure 7. The Spectral Shift measured at the heater
location tends to level off towards the end of the current plat-
eau, indicating a local equilibrium is being attained between
heat source and cooling; however, as soon as the transport cur-
rent is reduced, beginning at r = 54 s, the slope of the Spec-
tral Shift versus time increases again. The comparison with
the voltage signal measured by the end-to-end voltage tap is
shown, on a shorter time scale, in figure 8. From the data
in figure 5 it can be noted that the two regions between the
central cable section and each current adapter (approximately
0.05-0.07 m and 0.34-0.36 m) experience no increase in tem-
perature and show almost no variation in Spectral Shift. This

is due to the increased copper cross-section of the terminations
that prevents further propagation of the normal zone.

3.2. Quench experiments performed using two different
current adapters

Another set of experiments has been carried out using a
slightly different setup: a straight cable sample equipped with
two different current adapters. The small, aluminum adapter
was used to inject current into the left termination whereas
the larger, cylindrical copper adapter was used to inject cur-
rent into the termination on the right side of the sample. In
this setup, the right current connection offers a lower over-
all resistance than the one on the left. Also, due to a larger
contact area, it can be assumed that all REBCO tapes within
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used in this experiment.
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Figure 10. Spectral shift map of a quench experiment with the mixed current adapters approach.

the CORC® wire termination are interfacing with the copper
current adapter with an equivalent resistive path, whereas this
is not the case when using the smaller aluminum adapter. A
schematic illustration of this approach is included as a sketch
as part of figure 9.

The first experiment with the new connections setup is of
the type ‘overcurrent’, so no heat is introduced with the heater
and the transport current is linearly increased up to a plateau
of 430 A, or 125% of I, and then quickly brought to zero.
Results of this experiment are shown, in the form of a Spectral
Shift map, in figure 9. It can be clearly noticed that the Spec-
tral Shift increase in the left terminal where the small current
adapter is used is still present, although reduced in magnitude
compared to the previous setup when small current adapters
were used at both terminations. The right current termination

no longer shows an increase in Spectral Shift, indicating that
the temperature of the termination remains constant.

A quench experiment similar to the one performed with
the two small current adapters has been carried out with this
second setup, where current is increased at 10 A s~ ! and held
constant at 430 A, or 125% of I., at which time the heater
was activated at 16 W for 2 s. The results of this experiment
are shown as a Spectral Shift map in figure 10. Note that the
normal zone is indeed initiated at the heater location, and that
the second location where a higher increase in temperature is
measured (around 0.125 m) remained. The second hotspot is
seen even more clearly from plots of Spectral Shift versus time
at 0.125 m and 0.2 m as well as Spectral Shift versus position
at several time intervals before and during the transient. These
plots are shown in figures 11 and 12.
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Figure 12. Time evolution of spatial profile of Spectral Shift spanning times before, during, and after the heat pulse. Note the locations with
prior hot-spots that are enhanced and grow following the heat pulse (marked with red arrows). The heat input during this run is 16 W for 2 s.

The Spectral Shift at location 0.125 m, which is where
the ‘secondary’ hot-spot appears, starts to increase noticeably
a few seconds after the Spectral Shift at the heater region
increased (locations 0.19 m, 0.20 m, and 0.21 m, also shown
on the same graph). Although the Spectral Shift at location
0.125 m, which is where the secondary hot-spot appears, starts
to increase approximately at the same time as the heater loca-
tion (0.19-0.21 m), the two locations have very different time
evolutions, indicating that the secondary hot spot is not simply
related to the heater spot via heat transfer, but they are sus-
tained by different heat sources. Also, location 0.125 m shows
a small but noticeable increase in Spectral Shift prior to the
heat pulse. The potential mechanism causing the secondary
hotspot could be related to the small current adapter used to
inject current into the terminal on the left. The adapter is only
in close contact with a limited number of tapes in the CORC®

wire, forcing the current to redistribute between tapes along
the cable. It is therefore highly likely that some of the tapes
carry a much higher share of the current than others, therefore
operating close to their /.. Any increase in temperature would
force these tapes into their dissipative state, causing them to
increase in temperature, which his than measured by the fiber.
The plots in figure 12 show that after the heat pulse ends,
the location along the sample with the highest temperature,
being the most likely to fail, is the secondary hotspot located
at 0.125 m, not the spot where the heater is attached. In other
words, if an external perturbation hits the cable (here simu-
lated with the heat pulse), the regions that are most affected
can be different from the location where the perturbation hits.
These results suggest that these locations that generate hot-
spots depend not only on the cable itself (i.e. I. of single
wires, manufacturing history of the particular batch, current
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Figure 14. Spectral Shift map of overcurrent experiment when two types of current adapters are used. Current is increased to 520 A,

or 150% of I..

connections, etc.), but also on the current distribution between
tapes in the sample.

The experiment was repeated using a reduced heater power
of 14 W instead of 16 W. The results are analogous to those
obtained with the higher heater power, confirming the repeat-
ability of the results. Furthermore, by comparing the results of
these two runs that differ only in heater power, another import-
ant phenomenon is noticed: although the resulting response of
the sample is similar and the peak Spectral Shift at the heater
spot (0.2 m) scales with the heater power (decreasing from
38.76 GHz to 34.78 GHz), the maximum Spectral Shift meas-
ured at the strongest secondary hotspot, centered at 0.125 m,
is independent of the heater power (figure 13). This suggests
that the secondary hot-spot is due to the inability to effectively

redistribute current between tapes, caused by the inadequate
current adapter, and that the heat input only forces the current
to redistribute.

An ‘overcurrent’ experiment is carried out with a current
plateau at 520 A, or 150% of I.; results are seen in figure 14.
The quench initiation spot is no longer the heater spot, as
expected, but is located at about 0.25 m, which is also dif-
ferent from the location of the secondary hotspot defined pre-
viously. To understand how the spatial distribution of the
Spectral Shift evolves with time, and how different spots ini-
tiate and evolve temporally, the Spectral Shift at locations
0.13 m, 0.24 m and 0.25 m are plotted as a function of time
in figure 15, along with current and voltage signals. The Spec-
tral Shift at location 0.13 m shows a slight but clear increase
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Figure 17. Spectral Shift map of current ramp with cable bent to a radius of 55 mm.

before runaway (during the current ramp, see especially the
time window from 23 s to 28 s). The unexpected part, how-
ever, is that a different spot, at about 0.25 m, shows a much
faster increase in Spectral Shift upon runaway, although it
was ‘healthier’ during the current ramp. This suggests that a
quench initiation spot is not uniquely defined, since each spot
seems to have a distinct evolution.

To further shed light on the behavior, a set of Spectral Shift
maps is shown in figure 16, where a Spectral Shift threshold is
used to divide the space-time into regions where the Spectral
Shift is higher or lower than the threshold. The contour repres-
ents the points, in space and time coordinates, that crossed the
threshold, i.e. the boundary between the regions. These plots
show that if we consider weak normal zones, for example those
that create a Spectral Shift of 2 GHz, then it would appear
that the ‘stable’ hot spot at 0.125 m is the initiation spot.
If we consider stronger normal zones, however, for example
6 or 7 GHz, the initiation point would be at 0.25 m. This
is because the ‘stable’ hot spots evidenced during the cur-
rent ramp (e.g. 0.13 m), although they are the first ones to
appear, run away at a lower rate than spots that were colder
during the ramp (e.g. the spot at 0.25 m, which is colder
during the ramp, but runs away at a much faster rate). The
maps in figure 16 provide another point of view of the same
finding that can be appreciated from the functions of time in
figure 15.

3.3. Quench experiments performed using two large current
adapters

Another experimental setup has been used for experiments
consisting of the same cable bent at a radius of 55 mm, after
undergoing bend tests. Results and detailed analysis of the
bending experiments can be found in [44]. In this case, the
larger, cylindrical, copper adapters are used for current con-
nections at both ends (see figure 3). The same experiments
shown so far have been performed again with the large current

adapters. Figure 17 shows the Spectral Shift map of the current
ramp. The limits on the color bar are kept the same as the color
map shown previously. With this new setup, the ‘stable’ hot-
spots that were generated previously are now absent, as can
be seen in figure 17. However, a small Spectral Shift build up
remains around the 0.25-0.27 m region. These results indicate
that the hotspots were primarily related to the limited current
redistribution due to the use of small current leads.

A quench run with the same conditions and procedure para-
meters as shown in figure 5 was carried out with the larger cur-
rent adapters; the results are included in figure 18 as a Spectral
Shift map. Note that the absence of ‘stable’ hotspots initiated
during the ramp made the propagation front smoother com-
pared to the equivalent run with the smaller current adapters
(figure 5), with the exception of a relatively small ‘secondary’
hot spot at about 0.125 m.

The results of an ‘overcurrent’ with setup comprising bent
cable and large current leads are shown in figure 19. With
this setup, as evidenced already by the quench experiment, the
‘stable’ hotspots are almost completely absent, and therefore
the only initiation point remains at about 0.255 m. Because of
its twist pitch, the fiber follows a helical path along the wire
length. Thus, a smooth, straight propagation front is associated
with a thermal transient of cylindrical symmetry propagating
at constant speed. In the overcurrent experiment, however, the
propagation front shows ‘fringes’ superimposed to a smooth,
straight line propagation. This is a strong indication that the
normal zone is initiated and propagates in a non-cylindrical
symmetry. The propagation initiated by the heater (figure 18)
shows the normal zone propagating in cylindrical symmetry,
consistent with the fact that the heater is practically a cylin-
der that surrounds the cable, 1 cm in length. The propaga-
tion initiated by the overcurrent (figure 19) shows fringes
in the propagation front, superimposed to straight lines. The
periodic, quasi-sinusoidal fringe associated with the propaga-
tion front suggests that the normal zone does not initiate in
cylindrical symmetry, consistent with the fact that, without
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Figure 18. Spectral Shift map of quench induced by a heater with cable bent to a radius of 55 mm.
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Figure 19. Spectral Shift map of quench induced by an overcurrent with cable bent to a radius of 55 mm.

the aid of a heater, the initiation spot will not have cylindrical
symmetry.

3.4. Estimation of normal zone propagation velocity

The NZPV can be extracted from the results of quench and
overcurrent measurements. Due to the very high spatial resol-
ution of the RIOF technique, the NZPV can be accurately cal-
culated as a function of time during propagation. The approach
used, which is not possible with voltage taps, is based on
the Spectral Shift data as a function of position and time. A
propagation front is defined, using a Spectral Shift criterion
of 5 GHz; the position of the boundary of the normal region
is then mapped as a function of time. The derivative of the
boundary position with respect to time is, by definition, the
normal zone propagation velocity.

The NZPV as a function of time is estimated for a quench
experiment, with a normal zone initiated by the heat pulse,
and an overcurrent experiment, where the normal zone is
initiated by heating in the superconducting tapes. The pos-
ition of the propagation front versus time for the quench
case is shown in figure 20. The position has been determ-
ined and plotted with 200 ms time intervals. Note that the
experimental data points are not well fitted with a linear
function over the entire time interval. Initially, the slope is
lower to then increase and settle to a fairly constant speed.
Since the NZPV is not constant throughout the propagation,
two regions are identified and fitted separately. The slope
of the first time region, from 47.4 s to 47.8 s, is calcu-
lated to be 2.5 cm s~!, whereas the second region shows
an NZPV of 6.2 cm s~ !, measured along the length of the
fiber.
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Figure 21. Position of the normal zone propagation front as a
function of time for the overcurrent case. Unlike the quench case,
only one regime can be identified here, with a constant propagation
velocity. The slope of the line is the normal zone propagation
velocity.

Using the same approach, the position of the propagation
front for the overcurrent case is plotted as a function of time
and can be seen in figure 21, from the beginning of the
propagation. In this case, the propagation velocity is fairly con-
stant throughout and does not show two different time win-
dows with different speeds. The graph in figure 21 includes a
linear fit of the experimental points and shows that the NZPV
is about 6.1 cm s~ !, also defined along the length of the fiber.
Because the fiber is wound at a pitch of about 38 mm at a radius
of only 1.24 mm, the fiber is about 2% longer than the sample.
The NZPV measured along the length of the sample is thus
about 98% of the NZPV measured along the fiber.

The two regimes with two different NZPV showed by the
quench initiated by the heater, compared to the unique regime
showed by the overcurrent case, suggest that the mechan-
ism that initiates the transition is responsible for the propaga-
tion behavior. In fact, in the first case, the material trans-
itions because of an increase in temperature, as opposed to
an increase in current density. An increase in temperature

will have to exceed the current sharing temperature of each
tape to cause the maximum resistive heating that drives the
propagation. This could explain the slow initial propagation
of the quench induced by the heater.

4. Conclusion

A SMART CORC® wire has been designed and manufactured
by integrating optical fibers into groves extruded into the cop-
per core. The optical fiber showed its ability to detect and
locate the development of local hotspots induced by overcur-
rent or when a heater induced a local hotspot. The importance
of cable terminations and the adapters to inject current into
the terminations in preventing hot spots has been highlighted
via the use of different terminal adapter configurations. Local
heating was within the terminations and in the CORC® wire
near one of the terminations could clearly be measured with
the fiber when small current adapters that were inadequate to
inject current evenly into each tape were used.

The normal zone propagation velocity has been calculated
using experimental Spectral Shift data when a heat pulse initi-
ated a quench and when the quench was initiated by overcur-
rent. The NZPV measured during the heater induced transient
was about 2.5 cm s~ ! over the first 500 ms and then increased
to 6.2 cm s~ as all the tapes became normal. The NZPV was
measured to be 6.1 cm s~! for the normal zone driven by an
overcurrent.

Integrated optical fibers in multi-tape HTS cables that
allow operation to within the current sharing regime, such
as CORC® wires, are a valuable tool to determine pos-
sible origins of local dissipation during normal operation and
when driven into a dissipative mode where significant heat-
ing occurs. The method allows for monitoring of the operat-
ing state of the conductor, but also allows improvements that
result in a minimization of resistive loss in the cable system.
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