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Current distribution monitoring
enables quench and damage
detection in superconducting
fusion magnets

Reed Teyber'™, Jeremy Weiss%3, Maxim Marchevsky?, Soren Prestemon® &
Danko van der Laan?3

Fusion magnets made from high temperature superconducting ReBCO CORC® cables are typically
protected with quench detection systems that use voltage or temperature measurements to trigger
current extraction processes. Although small coils with low inductances have been demonstrated,
magnet protection remains a challenge and magnets are typically operated with little knowledge
of the intrinsic performance parameters. We propose a protection framework based on current
distribution monitoring in fusion cables with limited inter-cable current sharing. By employing inverse
Biot-Savart techniques to distributed Hall probe arrays around CORC® Cable-In-Conduit-Conductor
(CICC) terminations, individual cable currents are recreated and used to extract the parameters of

a predictive model. These parameters are shown to be of value for detecting conductor damage

and defining safe magnet operating limits. The trained model is then used to predict cable current
distributions in real-time, and departures between predictions and inverse Biot-Savart recreated
current distributions are used to generate quench triggers. The methodology shows promise for
quality control, operational planning and real-time quench detection in bundled CORC® cables for
compact fusion reactors.

ReBCO cables are an enabling technology for compact fusion reactors'=, due to the high critical temperature,
high critical field and potential to form demountable magnets®. Commonwealth Fusion Systems are develop-
ing compact fusion reactors® based on their VIPER ReBCO cable design®. Tokamak Energy is also developing
compact fusion reactors’ based on ReBCO conductors. A magnet concept for the Fusion Nuclear Science Facil-
ity (FNSF) was recently proposed based on CORC® Cable-In-Conduit-Conductors (CICC)® that consist of
transposed CORC® cables’ around a former in a 6-around-1-like structure!®!’. A CORC® solenoid was recently
tested in a 14 T background field"? in an effort to prove the high-field capabilities of the conductor. With similar
research objectives, a separate CORC®-like solenoid was tested in a 19 T background field for the China Fusion
Engineering Test Reactor (CFETR)".

Although rapid progress is being made toward ReBCO cables for fusion reactors, quench detection and
magnet protection remain an active area of research®'*'°. In tokamaks, the large magnet inductances and fast
ramp rates complicate protection with traditional sample voltage measurements. Several efforts have shifted
toward temperature-based protection, including optical fibers'®™*°, active acoustic thermometry?, and co-wound
superconducting wires optimized to act as a thermal switch?'-?*. Marchevsky et al.** demonstrated quench
detection in a slit ReBCO tape based on magnetic field changes associated with current redistribution, that was
later demonstrated between tapes of a single CORC® wire* and between cables of a CORC® CICC?. These Hall
probe-based techniques can be highly sensitive to events that precede thermal runaway; however, the phenomena
underlying the magnetic field measurements should be resolved to make informed decisions in real time. With a
similar motivation, a recent study combined Hall sensors and sample voltages to monitor transient non-insulated
ReBCO coils in real time?’.

While these references describe technology development, there is still a need to demonstrate robust ReBCO
magnet protection under the demanding conditions found in fusion reactors; this may require a complimen-
tary portfolio of diagnostics. In this work we propose and develop a framework around current distribution
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Figure 1. Ribbon CICC (bottom) and 6-around-1 (top) wound with CORC® cables. Both are high-current
cables relevant for fusion with limited current sharing between sub-elements.

Hall o (@] Terminal sC_ (@) L+M

Cable 0 +QI H
X

[f®JHall 01 & 101
" O]

o AAA A ( j : (m\
S Cable 1 +QI H
&) X

P f®JHall 12 UW 112
g 4 Fm
12] '
8 Cable 2 +Q' i
& Hall 2 (&) (€]

Figure 2. Circuit diagram for the CORC® CICC triplet of Ref.?°. Hall probe positioning and field distribution
are shown in Fig. 4. Purple arrows and circles show the direction of magnetic field produced by the current in
each cable branch.

monitoring in fusion cables with limited inter-cable current sharing, such as the 6-around-1 shown in Fig. 1,
to supplement voltage and temperature-based protection. Measurements with distributed Hall probe arrays are
coupled with an inverse Biot-Savart process to recreate individual cable currents in real time. This allows the
parameters of a dynamic network model to be extracted, including the distribution of termination resistances
and cable critical currents. This can be used to identify a poor joint or conductor damage; this is of importance
for quality control in fusion magnets. Using the previously published data of Weiss et al.?, the trained model is
then used to predict CICC current distributions, and departures between predictions and inverse Biot-Savart
recreated current distributions are used to generate quench triggers.

The manuscript is organized as follows. First, the methodology is outlined which includes a description of
CORC?® fusion cables, dynamic network modeling, calculation of the inductance matrix and the inverse Biot-
Savart technique. The process of combining these aspects into a data-driven diagnostic for quench detection is
then presented. This is followed by the results section which describes the parameter extraction process followed
by simulations using real cable parameters. Finally, the quench detection capabilities are presented using the
previously published three-cable Ribbon CICC of Ref.* at 2000 A/s.

Methods
CICC network model. The methodology relies on the ability to predict current distributions in CICC
with limited inter-cable current sharing, that applies to CORC® CICC concepts such as the ribbon CICC?* and
6-around-1'" shown in Fig. 1. The focus of this work is the three-cable Ribbon CICC (i.e., triplet) of Ref.?.
Although the 6-around-1 is symmetric, the Ribbon CICC has asymmetries in the inductance matrix that can
lead to current maldistribution during ramping. The circuit diagram for the three-cable CORC® CICC of Ref.?
is shown in Fig. 2. Each cable consists of a termination resistance (both terminal resistances together), a single
superconductor exhibiting a current-voltage (I-V) transition (entire length of all tapes lumped into a single
superconductor) and an inductor that is globally connected. There is no current sharing between cables, and four
Hall probes are illustrated near the terminations.

The inductance is evaluated with the Neumann integral, where each superconducting sub-element is simpli-
fied as a line current with no consideration of a critical state model or magnetization.
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Figure 4. Geometry and Biot-Savart field calculation of CORC® triplet CICC data in Ref.?* with 1 kA in each
cable. CICC configuration corresponds to the network schematic in Fig. 2.
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The self inductance L;; is calculated in a similar way, however the integral between any points closer than half the
cable radius are not considered and a correction term is added of tolcqp1. /87725, Although these are simplifying

approximations of CORC® inductance, general behaviours and sensitivities are captured and errors are reduced
using the semi-analytic approach described below.

Inverse Biot-Savart current recreation. The CORC® CICC configurations exhibit limited current shar-
ing, forcing the majority of current to redistribute through terminations that can be monitored with Hall probe
arrays. In contrast to individual cables that are electromagnetically complex, the fusion cable-of-cable configu-
rations are well-approximated as line currents which reduce the number of unknowns in an inverse process
to recreate current distributions. A current recreation process is developed here for the triplet experiments of
Ref.*, shown in Figs. 3 and 4, consisting of three non-transposed, 0.5 meter long CORC® cables (x = — 10, 0 and
10 mm, y = 0 mm) and four single axis commercial GaAs Hall probes (x= — 15, — 5, 5 and 15 mm, y = 0 mm)
oriented vertically along the y axis. More details on the sample, Hall probe instrumentation, measurements and
test protocols can be found in Ref..

If a line current at cable i in the z direction (i.e., out of page) extends adequately far on either side of an ideal
single-axis Hall probe k, the measured field is:
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that is the projection of the familiar B = pol/27r onto the Hall probe measurement axis < ng y, 1z, > (see
Fig. 4). B is the field measured by the single-axis Hall probe k from the single current at cable i, I; ; is the cur-
rent in the z direction of cable i and 7 is the x-y vector between line current i and Hall probe k. The equation
is split over two lines to highlight that By is a linear function of current. For terminations with more complex
geometries, the differential Biot-Savart law can be integrated with unitary current. Following the implementa-
tion of Ref.*’, in the absence of magnetic material and sensor positioning errors the measured response at Hall
probe k is the sum of Eq. 2 over all n; cables:
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Figure 5. Methodology of this work. Cable currents are recreated from experiments using inverse Biot-Savart
techniques, which are used to extract electric circuit parameters. These parameters can be used for quality
control and test planning. The second phase compares the trained model predictions of cable currents with
inverse Biot-Savart recreated cable currents for quench detection.

n;
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i

Re-writing Eq. 3 for each of ny sensors yields a matrix system with a row for each Hall sensor and a column for
each cable current; each entry in the matrix A consists of a cable-sensor pair.
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If there are more Hall sensors than cable currents, as is the case for the triplet data in Ref.?® (four sensors for
three currents, see Fig. 4), the least squares form is considered:

ATAx = ATp 5)

This linear system AT Ax = ATb can be solved to obtain the cable current distribution, and Ref.* outlines several
techniques to improve the stability of the dense and ill-conditioned system. Previously, a similar technique based
on Singular Value Decomposition (SVD) was employed to investigate current distributions in ITER cables®,
however the high levels of current sharing did not permit the methodology employed here. It is possible to solve
the least squares problem with a net transport current constraint (see Ref.**), however this was not necessary here.

Current redistribution based quench detection. If the behavior of a CORC® CICC can be predicted
with a dynamic network model, and experimental current distributions can be recreated using the inverse Biot-
Savart process, then it is possible to detect normal zones and protect fusion magnets by monitoring current
distributions. The methodology proposed in this manuscript is outlined in Fig. 5, which exploits the ability to
monitor current distributions at cable terminations. Phase one relies on extracting the electric circuit parameters
shown in Fig. 2. The first step in phase one is to perform an I-V curve with distributed Hall probe measurements
at the magnet operating temperature, where the test is performed conservatively. By recreating the current dis-
tributions, the distribution of termination resistances and critical currents in each cable can be extracted. For
especially risk-adverse magnets, the I-V test can be performed first at 77 K and the methodology can inform
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Figure 6. Processing of I-V curve with Hall probe measurements (top plot, see Fig. 4) into recreated cable
currents with model fits (bottom plot).

protection during the first low temperature I-V curves. The ability to extract the distribution of termination
resistances and critical currents serves a role in quality control, as outlined in orange on the left of Fig. 5, where
a poor joint or damaged conductor can be addressed before more strenuous magnet operation.

This is followed by a second set of experiments aimed at characterizing the dynamic behavior, where the
cable current distributions are recreated during a fast ramp. These ramp rate tests are performed conservatively
at low currents, which assumes a linear inductance-current relationship. A purely data-driven extraction of the
inductance matrix is challenging, and the line current treatment of CORC® cables makes an analytic approach
less robust. As such, a semi-analytic procedure is implemented where the analytic inductance matrix (Eq. 1) is
polished to fit training data. In this process, small variations in the cable spacing and individual cable lengths
are used as optimization variables in a least-squares fit to match spice simulations to selected low current ramp
rate studies. By varying both the cable spacing and the cable lengths, the self and mutual inductances can be
tuned. Although a large number of inductance integrations are required, perturbing the geometry instead of the
resulting matrix entries avoids potential energy conservation issues. It should be emphasized that the training
data (data used in the parameter extraction) is separated from the test data (quench detection results presented
below); we do not fit the model to any tests used to demonstrate quench detection.

The result is a data-driven network model that has been tuned to the magnet being protected. This model
can then be used to run planning cases and identify hazardous operating conditions. This trained model also
serves as the groundwork for the magnet protection phase (phase 2 in Fig. 5). The quench detection scheme is
based on real-time differences between recreated and model-predicted cable currents for each incoming meas-
urement. Both the magnitude of error and the rate of change of error are monitored. The results presented here
use error thresholds of 50 A and 250 A/s, however these will be specific to the magnet and current profile being
tested. Although prediction errors will always exist, a rapid departure of model accuracy (i.e., error rate in A/s)
is characteristic of current redistribution arising from a cable quench. In addition to a cable current decreas-
ing until the error threshold is met, there must be an increase in current in the remaining cables. This criteria
substantially decreases false positive quench signals, along with requiring the thresholds to be violated for a set
number of measurements (five here).

Results

Parameter extraction and quality control. The process in Fig. 5 of training a model is presented here
using the previously published data of Weiss et al.?®. The sample consists of three non-transposed cables in
a ribbon CICC formation, with a cable spacing of 10 mm and a total CICC length of 0.5 m (see Fig. 3). The
experimental dataset includes I-V curves, measurements at various ramp rates and heater-induced quenches at
76 K (liquid nitrogen bath in Boulder, Colorado). The top plot in Fig. 6 shows an I-V measurement, where the
total sample voltage and four Hall probes in Fig. 4 are measured as a function of the transport current. This total
sample voltage is upstream of the cables and consists of a resistive voltage from the copper bus.
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Cable TiresnlAl R, [n2] R, [n9]
Cable 0 320 1.63 1.93
Cable 1 377 1.30 1.64
Cable 2 313 2.07 2.50

Table 1. Extracted termination resistances for triplet fit shown in Fig. 6. A bi-linear fit is implemented,
resulting in different resistances before (<) and after (>) the threshold current Iyjes;[A]. These resistances are
based on the sample voltage, which is the upstream voltage of the cables and includes a substantial resistive

voltage from the copper bus.

Cable Ic[A] n[—]
Cable 0 963 5.0
Cable 1 1146 4.8
Cable 2 1385 16.4

Table 2. Extracted critical current parameters for the triplet fit shown in Fig. 6, where a slow and early
superconducting transition is seen in cables 0 and 1. A 0.5 mV critical current criteria (10p. V/cm) is

considered; this is less conservative than the typical 1in V/cm electric field criterion.

Co C1 Cc2
Co 0.53 |0.37 |0.29
C1 0.52 | 0.35
C2 0.51

Table 3. Semi-analytic inductance Matrix [i. H] of the triplet CICC in Ref.?.

The data in the top plot of Fig. 6 is processed into the data in the bottom plot; the total sample voltage (same
across three parallel cables) is shown on the y axis as a function of the recreated current in each cable on the x
axis. This disaggregates the individual cable I-V characteristics from the bulk CICC measurement, and allows
all termination resistances and cable critical currents to be extracted from a single measurement. The curve fit
is shown in black behind the colored lines and is summarized in Tables 1, 2. A piecewise linear (i.e., bi-linear)
terminal resistance fit improved the prediction accuracy of these experiments. From a single I-V curve and the
methodology presented thus far, cable damage from winding can be recognized and terminal resistance maldis-
tribution can be identified. This information can be used to motivate repairs, and the parameter extraction can
be repeated on a maintenance schedule to track changes in performance with time. Although the model training
should be performed with experiments at the same magnet temperature as the intended operation, this quality
control information can be obtained from a single 77 KI-V curve.

The next step is to characterize the dynamic behavior using the previously described semi-analytic treat-
ment. The inductance matrix polishing is performed here using a single low-current 5000 A/s up-and-down
ramp, and the resulting inductance matrix is shown in Table 3. For the short straight sample investigated here,
the analytic calculation was acceptable and polishing made only a marginal improvement; however, polishing
is expected to be required with longer, more complex winding geometries. The inductance polishing process
here considers only the current distributions and not the measured sample voltage, as the measured sample
voltage used in the termination resistance fit above does not consider the integrated resistance through cables
and through the copper bus bars. In other words, induced current loops that flow through the terminations and
copper bus bars and then back through CORC® cables are not perfectly captured by the CICC sample voltage
measurement, and hence the dynamic performance of the individual cables in the CICC can only be captured
by fitting the current distributions.

Simulated cable performance. The dynamic performance of the CORC® triplet is simulated in Fig. 7
using the extracted parameters in Tables 1, 2, 3. A trapezoidal ramp to 3,900 A is simulated with a fast ramp rate
0£10,000 A/s. The top plot shows the current, the second plot shows the termination voltage, the third plot shows
the superconductor voltage, and the bottom plot shows the inductive voltage of each cable. With this fast ramp
rate, inductive voltages drive over-critical current that can lead to cable damage. Fig. 7 shows an L/R decay at the
constant current flat top (0.39-0.78 s) and the zero current region at the end of the ramp (1.17-1.56 s). In the
zero current region (1.17-1.56 s), current is induced in the outer cables that oppose the direction of the transport
current; this inductively driven current is a magnetization effect that is analogous to single ReBCO tapes®**. At
the constant current flat top (0.39-0.78 s), the R in the L/R decay consists of both flux-flow resistive voltage from
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Figure 7. Simulated performance of the triplet cable during a fast trapezoidal ramp to 3900 A at 10,000 A/s
using the extracted parameters in Tables 1, 2, 3. The top plot shows the current, the second plot shows the
termination voltage, the third plot shows the superconductor voltage, and the bottom plot shows the inductive
voltage of each cable (see Fig. 2).

the superconductor and termination resistances and, hence, the decay is quite rapid. At low current (1.17-1.56
s), only the termination resistances cause the induced current to decay and a longer time constant is observed.

Quench detection via current redistribution monitoring. The quench detection scheme of Fig. 5 is
shown in this section, which is based on the real-time differences between recreated and model-predicted cable
currents for each incoming measurement. Both the magnitude of error and the rate of change of error are moni-
tored using fixed error thresholds of 50 A and 250 A/s. As mentioned above, the number of false positive quench
signals is greatly reduced by searching for signs of redistribution; in addition to a cable current decreasing until
the error threshold is met, there must be an increase in current in the remaining cables.

Figure 8 shows the triplet sample with no quench during a dynamic ramp of 2000 A/s to 3900 A where exist-
ing protection methodologies are less robust. All experiments are performed at 76 K. The top left plot (two blue
curves) shows the inverse Biot-Savart recreated current and the model-predicted current in cable 0 (see Fig. 4),
and the two plots below show central cable 1 (two yellow curves) and right cable 2 (two red curves). The right
column shows the recreation error (black) and recreation error rate (blue) for each cable. The bottom plot shows
the measured sample voltage (black) and quench heater (red). The error rates exceed the thresholds defined by
the horizontal blue lines, even though no quench trigger (no vertical blue or black line) is produced; this demon-
strates the effectiveness of a current redistribution-identifying algorithm, as all errors are in the same direction.

Figures 9 and 10 show a similar 3900 A current ramp at 2000 A/s, however with heater induced quenches on
C1 (middle cable) and C2 (right cable), respectively. The departure between experimental and simulated cable
currents after firing the quench heater is shown in the right column, and the simulated quench trigger (vertical
black, blue lines) is generated when the errors cross the thresholds (horizontal lines) and satisfy the redistribu-
tion criteria for five consecutive measurements. Note that the quenching cables have a different error direction,
that is a signature of current redistribution.
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Figure 8. Current redistribution-based quench detection in CORC® triplet test with dynamic ramp of 2000
A/s. No quench is induced in this case; this is correctly identified.

Discussion

The proposed methodology applied to the triplet sample in Ref.?® is shown to be a promising diagnostic for
quality control, test planning and quench detection. There are downsides, as with any protection technique, and
current distribution monitoring would likely supplement alternative detection methodologies such as voltage
and temperature monitoring. In the limit of very large magnets with very fast ramp rates, inductive voltages will
dominate resistive voltages from transitioning CORC® cables and current redistribution will be minimal. In this
limit, temperature monitoring may be a more viable quench detection technology**, however the current distri-
bution monitoring methodology can still provide value in the quality control and test planning stages discussed
earlier (Fig. 5). Having said this, Toroidal Field (TF) coils with demountable joints* will consist of shorter coil
segments with reduced inductance that will facilitate current distribution monitoring.

The inverse Biot-Savart procedure lies at the core of both the parameter extraction and real-time monitoring
techniques, however this requires that cable current distributions are invariant of cable length. This applies to
CICC with limited current sharing, such as the CORC® 6-around-1'*!! where the inter-strand current sharing
is a free design parameter that can be controlled by soldering CORC® cables to a conductive support structure
or by insulating CORC® cables from each other. Care must be taken to position Hall probes such that the line
current approximation is valid and single tape effects are minimized. It should be mentioned that alternative
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Figure 9. Current redistribution-based quench detection in CORC?® triplet test with dynamic ramp of 2000
A/s. Heater on C1 (middle cable) induces a quench that is correctly identified.

current sensing techniques are available. Although inter-tape current redistribution can be sensed in individual
CORCS cables?, it is more difficult to extract parameters and use a model to predict global current distributions
based on measurements at the terminals.

A simplified electric circuit model may be required to protect magnets in real time without predefined current
waveforms (i.e., coil currents are the output of a control loop®>*, that cannot be simulated in advance). If the
magnet operating limit is redefined as the onset of superconducting voltage in any cable, the superconductor and
resulting power law behavior can be removed from the circuit simulation (see Fig. 2). This can then be efficiently
solved as a matrix system using finite difference approximations and measurements of the cable transport current.
We prototyped this simplified dynamic network simulation on an inexpensive microcontroller with an ARM
Cortex M7 processor, and the simulation process (single time step) took a fraction of a millisecond for the cable
in Fig. 4. Future work will explore accelerating the full network simulation. The inverse Biot-Savart process was
also prototyped with the same microcontroller and cable configuration, and the current recreation process was
found to take a fraction of a millisecond. This was enabled by calculating the inverse AT A’ (Eq. 5) in advance.
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Figure 10. Current redistribution-based quench detection in CORC® triplet test with dynamic ramp of 2000
Al/s. Heater on C2 (right cable) induces a quench that is correctly identified.
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All data generated or analyzed during this study are included in the supplementary information files of this
manuscript.

Received: 26 July 2022; Accepted: 16 December 2022
Published online: 28 December 2022

References

1.
2.

3.

10.

Bruzzone, P. et al. High temperature superconductors for fusion magnets. Nucl. Fusion 58, 103001 (2018).

Mitchell, N. et al. Superconductors for fusion: a roadmap. Supercond. Sci. Technol. 34, 103001. https://doi.org/10.1088/1361-6668/
ac0992 (2021).

Molodyk, A. et al. Development and large volume production of extremely high current density yba2cu307 superconducting wires
for fusion. Sci. Rep. 11(1), 1-11 (2021).

. Ito, S., Tamura, H., Yanagi, N. & Hashizume, H. Low-resistance joint development for segment-fabrication of high-temperature

superconducting fusion magnets. Nucl. Fusion 61, 115002 (2021).

. Sorbom, B. et al. Arc: A compact, high-field, fusion nuclear science facility and demonstration power plant with demountable

magnets. Fusion Eng. Des. 100, 378-405 (2015).

. Hartwig, Z. S. et al. Viper: An industrially scalable high-current high-temperature superconductor cable. Supercond. Sci. Technol.

33, 11LTO1 (2020).

. Sykes, A. et al. Compact fusion energy based on the spherical tokamak. Nucl. Fusion 58, 016039 (2017).
. Zhai, Y., van der Laan, D., Connolly, P. & Kessel, C. Conceptual design of HTS magnets for fusion nuclear science facility. Fusion

Eng. Des. 168, 112611 https://doi.org/10.1016/j.fusengdes.2021.112611 (2021).

. van der Laan, D., Weiss, ]. & McRae, D. Status of CORC® cables and wires for use in high-field magnets and power systems a decade

after their introduction. Supercond. Sci. Technol. 32, 033001 (2019).
Mulder, T. et al. Design and manufacturing of a 45 kA at 10 T rebco-corc cable-in-conduit conductor for large-scale magnets. IEEE
Trans. Appl. Supercond. 26, 1-5 https://doi.org/10.1109/TASC.2016.2527241 (2016).

Scientific Reports |

(2022) 12:22503 |

https://doi.org/10.1038/s41598-022-26592-2 nature portfolio


https://doi.org/10.1088/1361-6668/ac0992
https://doi.org/10.1088/1361-6668/ac0992
https://doi.org/10.1016/j.fusengdes.2021.112611
https://doi.org/10.1109/TASC.2016.2527241

www.nature.com/scientificreports/

11.
12.
13.
14.

15.
. van der Laan, D., Weiss, ., Scurti, . & Schwartz, J. CORC® wires containing integrated optical fibers for temperature and strain

17.
18.
19.
20.
21.

22.

23.
24.
25.
26.
27.
28.
29.
30.
31.

32.
33.

34,

35.
36.

Mulder, T., Weiss, J., van der Laan, D., Dudarev, A. & Kate, H. T. Recent progress in the development of CORC® cable-in-conduit
conductors. IEEE Trans. Appl. Supercond. 30, 1-5 https://doi.org/10.1109/TASC.2020.2968251 (2020).

van der Laan, D. et al. A CORC® cable insert solenoid: the first high-temperature superconducting insert magnet tested at currents
exceeding 4 kA in 14 T background magnetic field. Supercond. Sci. Technol. 33, 05LT03 (2020).

Jin, H. et al. The performance of first CORC® cable solenoid insert for development of CFETR high-field magnet. Nucl. Fusion 60,
096028 (2020).

Marchevsky, M. Quench detection and protection for high-temperature superconductor accelerator magnets. Instruments 5, 27
(2021).

Marchevsky, M. et al. Advancing superconducting magnet diagnostics for future colliders. arXiv preprint arXiv:2203.08869 (2022).

monitoring and voltage wires for reliable quench detection. Supercond. Sci. Technol. 33, 085010 (2020).

Chen, B. et al. Distributed optical fiber sensor for investigation of normal zone propagation and hot spot location in rebco cables.
Fusion Eng. Des. 156, 111569 (2020).

Salazar, E. E. et al. Fiber optic quench detection for large-scale HT'S magnets demonstrated on VIPER cable during high-fidelity
testing at the sultan facility. Supercond. Sci. Technol. 34, 035027 (2021).

Luo, L. et al. Distributed fiber optic sensing to identify locations of resistive transitions in rebco conductors and magnets. IEEE
Trans. Appl. Supercond. 32, 1-6 (2022).

Marchevsky, M., Hershkovitz, E., Wang, X., Gourlay, S. A. & Prestemon, S. Quench detection for high-temperature superconductor
conductors using acoustic thermometry. IEEE Trans. Appl. Supercond. 28, 1-5 (2018).

Dudareyv, A. et al. New fast response thin film-based superconducting quench detectors. IEEE Trans. Appl. Supercond. 24, 1-4.
https://doi.org/10.1109/TASC.2013.2286813 (2014).

Gao, J., Auchmann, B., Hug, C., Pautz, A. & Sanfilippo, S. Study of a current-based quench detection method for CCT magnets
via a co-wound superconducting sensing wire. IEEE Trans. Appl. Supercond. 31, 1-5 https://doi.org/10.1109/TASC.2021.3059602
(2021).

Bykovskiy, N., Uglietti, D., Bruzzone, P. & Sedlak, K. Co-wound superconducting wire for quench detection in fusion magnets.
IEEE Trans. Appl. Supercond. 32, 1-5. https://doi.org/10.1109/TASC.2022.3140706 (2022).

Marchevsky, M., Xie, Y. & Selvamanickam, V. Quench detection method for 2g HTS wire. Supercond. Sci. Technol. 23, 034016
(2010).

Teyber, R., Marchevsky, M., Prestemon, S., Weiss, . & van der Laan, D. CORC® cable terminations with integrated Hall arrays for
quench detection. Supercond. Sci. Technol. 33, 095009 (2020).

Weiss, J., Teyber, R., Marchevsky, M. & van der Laan, D. Quench detection using Hall sensors in high-temperature superconducting
CORC®-based cable-in-conduit-conductors for fusion applications. Supercond. Sci. Technol. 33, 105011 (2020).

Bang, J. et al. A real-time monitoring system for investigating electromagnetic behaviors of an HTS coil. IEEE Trans. Appl. Super-
cond. https://doi.org/10.1109/TASC.2022.3169996 (2022).

Tominaka, T. Inductance calculation of twisted conductors by the broken line approximation. Cryogenics 49, 94-102 (2009).
Dengler, R. Self inductance of a wire loop as a curve integral. arXiv preprint arXiv:1204.1486 (2012).

Teyber, R., Brouwer, L., Qiang, ]. & Prestemon, S. Inverse Biot-Savart optimization for superconducting accelerator magnets. IEEE
Trans. Magn. 57, 1-7 https://doi.org/10.1109/TMAG.2021.3092527 (2021).

Ilyin, Y. & Nijhuis, A. Review of current distribution measurements and reconstruction in cable-in-conduit conductors for ITER.
IEEE Trans. Appl. Supercond. 17, 1465-1468 https://doi.org/10.1109/TASC.2007.898163 (2007).

Bean, C. P. Magnetization of high-field superconductors. Rev. Mod. Phys. 36, 31 (1964).

Brandt, E. H. & Indenbom, M. Type-ii-superconductor strip with current in a perpendicular magnetic field. Phys. Rev. B 48, 12893
(1993).

Uglietti, D. A review of commercial high temperature superconducting materials for large magnets: from wires and tapes to cables
and conductors. Supercond. Sci. Technol. 32, 053001 (2019).

Yuan, Q. et al. Plasma current, position and shape feedback control on EAST. Nucl. Fusion 53, 043009 (2013).

Degrave, J. et al. Magnetic control of tokamak plasmas through deep reinforcement learning. Nature 602, 414-419 (2022).

Acknowledgements

This work was supported by the US Department of Energy under Contract No. DE-AC02-05CH11231, the US
Department of Energy Office of Fusion Energy Sciences under grant number DE-SC0019934 and the US Depart-
ment of Energy Office of High Energy Physics under grant number DE-SC0014009.

Author contributions
R.T. and M. M. conceived the methodology, ].W. and D.L. performed the experiments. All authors wrote and
reviewed the manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to R.T.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2022) 12:22503 | https://doi.org/10.1038/s41598-022-26592-2 nature portfolio


https://doi.org/10.1109/TASC.2020.2968251
http://arxiv.org/abs/2203.08869
https://doi.org/10.1109/TASC.2013.2286813
https://doi.org/10.1109/TASC.2021.3059602
https://doi.org/10.1109/TASC.2022.3140706
https://doi.org/10.1109/TASC.2022.3169996
http://arxiv.org/abs/1204.1486
https://doi.org/10.1109/TMAG.2021.3092527
https://doi.org/10.1109/TASC.2007.898163
www.nature.com/reprints

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022

Scientific Reports|  (2022) 12:22503 | https://doi.org/10.1038/s41598-022-26592-2 nature portfolio


http://creativecommons.org/licenses/by/4.0/

	Current distribution monitoring enables quench and damage detection in superconducting fusion magnets
	Methods
	CICC network model. 
	Inverse Biot-Savart current recreation. 
	Current redistribution based quench detection. 

	Results
	Parameter extraction and quality control. 
	Simulated cable performance. 
	Quench detection via current redistribution monitoring. 

	Discussion
	References
	Acknowledgements


