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Schematic for toroidal MCF devices. Left: The tokamak is the most wide-
spread design, consisting of planar set of coils to confine the plasma. Right:
The heliotron features continuous helical coils that go around the torus shape,
achieving the same plasma confinement effect. . . . . . . .. ... .. ... .
Concept of a Nuclear Fusion Power Plant connected to the electric grid, and
in line with sustainable development towards low COs emissions. While the
electricity is produced via a steam cycle extracting the heat energy from the
fusion reactions, waste heat can be recirculated towards other purposes, such
as green hydrogen generation and housing heating. . . . ... ... ... ..
Power balance schematic for a nuclear fusion power plant, in terms of the
gain factors @ and Qg . @ is significantly larger than 1, which means that
more energy is obtained from the nuclear fusion reactions than the energy
needed to start them., After the energy conversion losses, Qg should be at
least larger than 10, for a commercially viable energy source. Adapted from
[29]. . .
Fusion energy gain factor lines for tokamak devices, depending on the major
radius and magnetic field on the plasma axis. As LTS magnets are limited
to a maximum magnetic field of around 6 T at plasma center, incorporating
HTS makes available smaller fusion devices with higher gain factor (). This
gain factor scaling applies to stellarator devices as well. Adapted from [30] .
Remountable magnet concepts for tokamak and heliotron devices, to fabric-
ate large-scale power-plant size coils. The higher cryogenic stability of HTS
may allow to fabricate such magnets sections and assemble them via joints.
Apart from assembly itself, being the magnets remountable allows for faster
maintenance campaigns and fix scenarios in case of damage [35] . . . . . . .
ARC reactor, featuring modular HT'S coils, a liquid blanket, and vertical
assembly for facilitating access and maintenance, with a major radius of 3.3
m|. From [39]. . . . . . ..
FFHR-d1 heliotron reactor concept, with HT'S STARS conductors as the
main element of the magnet system. Due to the large size of the helical
magnets (major radius of 15.6 m), a once-through joint concept is foreseen
joining one helical pitch segments, connected via joints such as the bridge-
type mechanical one [45]. . . . . . ..o
Comparison of LTS filaments (left) and HTS tapes (right). The circular
cross section and relative ductility of LTS allows easy bending and trans-
position for a high-current cable with uniform current distribution. While
transposition can also be applied to HTS tapes, the planar form partially
limits the bending options and may cause degradation of the current hand-
ling capacity [30, 46]. . . . . . . ..
Schematic of magnetic field vs temperature dependence for Type I and Type
IT superconductors. The critical magnetic field B, and critical temperature
T, define transition zones between superconducting and normal conducting
states. There is a sharp transition for Type I superconductors, and a gradual
transition (mixed state) region for Type II superconductors[49]. . . . . . ..
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Type II Superconductor schematic, for the resistivity transition from super-
conducting to normal conducting states. Left: Virtually no resistance below
the 1. threshold, a mixed state between 1.y and T ,set, and normal con-
ducting state after T, ,,set [70]. Right: Resistivity vs Temperature for a LaS-
rCuO material, the transition temperature window between superconducting
and normal conducting states occurs in a temperature window of about 2 K
(73], .
Schematic of the critical surface for a Type II superconducting material
(LTS and HTS comparison), defined by the three critical interdependent val-
ues of T',B, and j.. To operate in superconducting state, the combination of
T, B and 7 must be below the critical surface threshold. HTS largely expand
the operation region of superconductivity for the three values [74]. . . . . . .
Operating point of a superconductor, plot of Current density vs Temperat-
ure, at a magnetic field value B,,. The safety margins Aj and AT from the
critical surface, allow a stable operation that may tolerate fluctuations of
temperature and current [70]. . . ... ... Lo
Electric field as a function of the current density, showing the electric field
criterion Ej, that defines the critical current density j.. This general elec-
tric field evolution trend can be observed, and fitted, both for LTS and HTS
conductors, being a much faster transition in LTS [77]. . . ... .. ... ..
Schematic for the layers that conform a REBCO tape, note the supercon-
ducting layer forms only a small fraction of the total thickness. Substrate
and stabilizer layers serving as mechanical structure and electrical path re-
spectively, compose most of the tape volume [81]. . . . ... ... ... ...
General overview of high-current HTS cables, by research groups worldwide.
(a) TSTC. (b) HTS Roebel cable. (c¢) Round Cu-core TSTC. (d) Twisted
REBCO CICC. (e) STARS. (f) HTS-CroCo. Adapted from [83]. . . . . . ..
STARS conductor designs with external cooling. They feature REBCO tapes
surrounded by a copper stabilizer, and a stainless steel jacket to withstand
electromagnetic forces. a) 100-kA-class STARS (2015) [84]. b) 20-kA-class
STARS (2022) [85]. - .« o o o
Manufacturing process for the WISE conductor. HTS tapes are bent while
contained within a flexible spiral tube, and then impregnated with a low-
melting point metal, which eliminates mechanical stresses otherwise pro-
duced during the coil shaping process [86, 87]. . . . . . . ... .. ... ...
SPARC TFMC No-Insulation No-Transposition coil, where HTS tapes form
a similar configuration to simple-stacking. The magnet is composed of 16
REBCO pancake coils connected in series. Left: Schematic of subsystems
and assembly. Right: View of the exposed REBCO tapes with no twisting
and no insulation [89]. . . . .. ..o
Schematic and prototype of the FAIR conductor. The stabilizer casing is
made with an aluminum alloy, a groove carved for the HTS tapes stack, and
twisted at a rate of 2 rotations per meter [92]. . . . .. ...
VIPER cable. Left: Schematic of the different components; including copper
former with helical grooves and joint elements between two VIPER cables.
Right: Cross section of two copper cores, with the stacks of HTS tapes vis-
ible [93]. . . . .
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HTS tapes under Roebel configuration. Left: Schematic of the Roebel as-
sembly process, including punching of the tapes for a Roebel strand, and in-
terweaving of strands showing two cross sections. Right: Roebel HTS strands
and assembled Roebel HT'S cable. [94,95]. . . . . . .. ... ... ... ...
ASTRA conductor concept. Left: ASTRA cable with a single HTS tape
stack, including a channel for internal cooling. Right: ASTRA cable design
for EU-DEMO CS coil, with multiple stack units transposed in a Roebel
configuration, as well as an internal cooling channel [96]. . . . . .. ... ..
ENEA Al-slotted HTS conductor. Left: Schematic with Al core in yellow,
and HTS following a twisted configuration around the center axis. Right:
Cut of cross-section of the cable, making visible the HTS wound around the
core [98]. . . L L
QisTac HTS conductor. Left: Schematic of two layers of copper braiding,
one for a roughly circular cross section profile, to then use a second layer of
copper wire braided around. Right: Manufacturing steps showing the braid-
ing layers and the final soldering step [102].. . . . . . . . . ... ... .. ..
HTS-CroCo conductor. Left: Schematic with cross section sample designs,
and a twisted stack of HTS tapes with two different widths. Right: Sample
cutout on three shapes [106]. . . . . . . . . . .. ... Lo
Quasi-isotropic (Q-IS) HTS cable. Left: Twisted four-stack HTS tapes quasi-
isotropic strand, with an aluminum filler and copper sheat. Top right: Cable
concept with a second outer layer of HTS tapes. Bottom right: Prototype
test sample, for cable size dimensioning [107, 108]. . . . . . . . . .. ... ..
CORC conductor. Left: Cable manufacturing of HT'S around circular cop-
per tube core, with three HTS tapes wind simultaneously, and the process
repeated for multiple layers. Right: CORC CICC sample, with 6 CORC con-
ductors in a radial configuration, and an internal cooling channel [111]. . . .
Impedance difference between two concentric conductors in electrical con-
tact. Due to smaller length and cross section area of the inner conductor

(Z1 < Z5), the larger impedance of the outer conductor causes a higher share
of the total current to flow through the inner conductor. . . . . . ... . ..
Circulation currents (Al) looping inside a simple-stacking CICC HTS cable,
after ramping down the input current, and decaying when passing through
the joint resistance (R;) between HTS tapes. Furthermore, the point where
the current returns depends on the ratio between longitudinal resistance and
contact resistance, hence it may also occur in multiple positions along the
cable longitude. . . . . . . . ...
Schematic for two concentric solenoids (S; and Sy) connected in parallel,
where circulation currents (Al) can flow from one to the other via the joint
resistances (R;). The geometry is equivalent to a simple-stacking cable being
wound in a coil shape. If the filaments are HTS tapes, large circulation cur-
rents mean large current imbalance, which may quench the (internal) HTS
tapes where the largest current share flows due to the lower impedance. . . .
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Comparison of AC losses for LTS and HTS cables when twisting is applied,
as function of the magnetic field. At high magnetic field there is a two or-
der of magnitude reduction for LTS cables, while for HTS the reduction is
within a more modest 36% for most of the magnetic field range calculated

Heat capacity for helium and metals commonly used in high-current super-
conducting cables, as function of temperature. Note the two order of mag-
nitude increase for metals, when going from 4 K to 20 K, that provides en-
hanced cryogenic stability in HT'S operating at higher temperature com-
pared to LTS [117]. . . . . . . .. oo
Quench experienced in simple-stacking HTS conductors. Left: A NUCD may
have enhanced localized heating in the current lead, rising the temperature
that led to a quench [118]. Right: For STARS conductor, a mistake in the
quench detection led to a late response when a quench was starting, that led
to damage and burning of the sample.. . . . . . . .. ... .. ... ...
DPC-U conductor transport current tests. The design values where 30 kA
and 5.29 T, however the cable consistently quenched at lower values, as in-
dicated by the black dots in the plot. The reason, attributed to the NUCD
formed in the superconducting strands, which caused the ones with lower
impedance to quench first and degrade the overall maximum current achiev-
able [128]. . . . . . .
Numerical calculations of AC losses observed in EXSIV experiment. The
continuous black line is the sum of the two dotted lines, which correspond to
coupling losses with different time constants. The black dots and triangles
correspond to punctual experimental measurements at specific frequencies,
matching along the numerical calculation [129]. . . . .. ... ... ... ..
Comparison of total AC losses, for a changing AC magnetic field at differ-
ent frequencies, in the EXSIV experiment. There was higher AC losses in
the experiment at low and high frequencies, with a better matching at mid
frequencies. Although the origin wasn’t clarified, it was speculated that mul-
tiple asymmetries in the strands winding caused them [130]. . . . . . . . ..
Experiment for stability under NUCD, of the CICC conductor used for the
SST-1 magnet system. By causing intentional NUCD via localized electric
heaters, a reduction in the quench current was more enhanced, and depend-
ent on the ramp rate that the sample was charged [131]. . . . ... ... ..
Experimental tests of the ITER PFCI coil inside the ITER CSMC module,
tested under different load factors, and compared with a numerical simula-
tion. While at low load factor (top plot) the voltage development is as ex-
pected by the calculation, at high load factor (bottom) there is a prema-
ture quench, possibly caused by the higher self field experienced by the inner
strands [132]. . . . ..
Decaying magnetic field after de-energization, produced by circulation cur-

rents during the JT-60SA CS1 module tests. The decay constants have slightly

different values depending on the position where they were measured [133]. .
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Residual magnetic field observed in ITER TFC joint samples, measured at
different positions. The varying decay constants observed, was speculated it
was caused due to variation in the joint resistance at different points, as well
as dependent on temperature and current tested [135]. . . . .. .. ... ..
Current induced by ramping a bias magnetic field (blue line) in the 100-kA-
class STARS experiment at 4.2 K. A current of 100 kA (red line) was sus-
tained for 1 h with no premature quench [136]. . . . . . .. .. ... ... ..
Voltage measurements of the Short-straight HT'S cable (1.3 m) under worst-
case scenario of NUCD. Trapezoidal input current was applied at increasing
flat-top current value, with no premature quench detected. The step-wise in-
crease of voltages in trapezoid shape indicate a step-wise transfer of current
among REBCO tapes [113]. . . . . .. ... ... .. ... .. ...
Test of the 20-kA-class STARS conductor under 100 repetition testing at 18
kA and 1 kA /s, last two pulses shown completed with no premature quench.
Voltage measurements show stable low value as expected, while the magnetic
field measurements shown a decay after the current became zero, caused by
circulation currents decay [85]. . . . . . . ...
L-RAISER solenoid, experimental test at 550 A and 2 kA /s ramp rate (top).
A stable operation for a trapezoidal input current with no premature quench
was achieved. The voltage signals momentarily rises in the ramping phases
(inductive component), and stabilizes during the flat-top current (resistive
COMPONENE). v v v v v v v ettt e e e e e e s
Short-straight HTS cable experiment, with 5 HTS tapes and worst-case
scenario of NUCD, by feeding current from the edge of one HTS tape. The
schematic shows a cross section where the HT'S tapes and the current lead
can be seen. The experiment had a copper conduit for increased thermal
stability (not shown in the schematic). From [113]. . . ... ... ... ...
Voltage measurements of the Short-straight HT'S cable (1.3 m) under worst-
case scenario of NUCD, at a trapezoidal input current of 610 A. Despite
voltage difference among REBCO, indicating different current in each, stable
operation is possible even close to the total critical current [113]. . . . . . . .
Soldering of sensors B3 and B4, used in the second experimental campaign
for 20 kA-class-STARS experiment, to further explore the residual magnetic
field detected in the first experimental campaign. . . . . . ... .. ... ..
Residual magnetic field measured in the 20-kA-class STARS experiment,
after a 1 [kA/s| ramp-down at ¢ > 80 s. The circulation currents last for up
to 100 seconds after the input current became zero, and decays at the same
rate in all measured positions. The magnitude of the residual magnetic field
is higher in the current lead (B3) compared to the coil body farther away
from there (By). From [85]. . . . . . . . ...
L-RAISER Assembly 1. Left: Dummy steel tape used for preliminary wind-
ing practice. Right: Copper tape, first tape in the stack, used as cushion and
stabilizer to protect the HTS tapes from mechanical damage by the pressure
plates. . . . .
L-RAISER Assembly 2. L-RAISER bobbin and HTS tape roll mounted on
two separate rotating structures, so the HTS tape can be wound into the
bobbin, securing the HTS tapes with spaced pressure plates. . . . . . . . ..

vil

40

41

42

43

44

46

47

48

48

20

51



ol

o2

53

54

25

o6

o7

58

29

60

61

L-RAISER Assembly 3. Left: Starting the winding of one HTS tape, wound
from top to bottom. Right: After finishing the winding of each HTS tape,
they are temporarily secured with Kapton tape, before attaching them to
the current leads. . . . . . . . . ..
L-RAISER Assembly 4. Outer copper cushion tape wound after the 5 HTS
tapes, for mechanical damage protection from pressure plates to HTS tapes.
As the copper tapes where 5 m long, unlike the 10+ m from the HTS tapes,
two copper tapes per layer were used. . . . . . . .. ...
L-RAISER Assembly 5. Left: 5 HTS tapes plus 2 copper tapes wound and
secured by pressure plates. Center: Preparation of bolts to collocate all the
pressure plates in the bobbin. Right: Finalizing process for all bolts to se-
cure and press the HT'S tapes, to reduce contact resistance and have good
current transfer among them. . . . . . .. ... 0000
L-RAISER Assembly 6. Left: Soldering of voltage taps in the superconduct-
ing layer side of each REBCO tape. Right: Voltage taps attached close to
the copper current lead. . . . . . . ... ...
L-RAISER Assembly 7. Left: Soldering of the Hall sensors cables for power
and signal acquisition. Right: Six Hall sensors prior to their installation,

two of them in each of the current leads, and two in the central region of
the solenoid. Orange lines indicate their positions. . . . . . . . . .. ... ..
L-RAISER Assembly 8. Hall sensors installed on the solenoid, blue lines in-
dicate the magnetic field created by the HTS tapes. Left: Hall sensors (B,
B2, B5, B6) in the current lead attached near the current feeding point,
where circulation currents were expected to return among HTS tapes. Right:
Hall sensors (B3, B4) installed in the center of the solenoid, on top of the
HTS tapes. . . . . . . .
L-RAISER Assembly 9. Left: Solenoid placed on steel container surrounded
with styrofoam, to decrease the evaporation rate of liquid nitrogen. Right:
Container filled with liquid nitrogen, to cool down and begin experiments.
L-RAISER Assembly 10. Styrofoam lid placed, diagnostics system set, and
power supply with controllable current plugged, to begin experiment and
data acquisition. . . . . .. ..
L-RAISER Assembly 11. Data acquisition under different trapezoidal cur-
rent waveforms, varying ramp rate and flat-top maximum current. Right:

Representative shot data collected, at 400 A current and 1000 A /s ramp rate.

Three cases tested for current feeding in the HT'S tapes. Case 1 is a worst
case scenario of NUCD, with current fed in the top-most REBCO tape.

Case 2 is for uniform current feeding, by cutting in a staircase shape the
REBCO tapes in filling the gaps with indium foil. Case 3 cuts the REBCO
tapes from the current lead, to solder BSCCO tapes along extensions on

the left, being a uniform current also facilitated by the silver matrix of the
BSCCO tapes. . . . . . . . o
L-RAISER Case 1: NUCD current feeding. Left: The current lead previous
to being closed, with the current being fed from the opposite side from the
camera point of view. Right: Current lead closed, and power supply wires in
place, where the current flows from bolts to copper current lead and then to
the REBCO tapes. . . . . . . . . . . . .
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L-RAISER Case 1, 1. Slight rise in voltage V1 (innermost HT'S tape), for
180 A and 1000 A/s. As the total current surpasses the critical current of
one HTS tape (around 120 A at 77 K), current is being transferred to other
HTS tapes despite the voltage rise. . . . . . . . . . ... ... ... .....
L-RAISER Case 1, 2. The total current is increased slowly (10 A/s) up to
200 A. Near reach and during the flat-top phase, a voltage rise is detected in
V1 (innermost HTS tape), which indicates a high-current share in that HT'S
tape, yet operating stably. . . . . . .. . ..o oL
L-RAISER Case 2. The configuration was changed from NUCD to uniform
current distribution. The REBCO tapes were cut in a staircase shape, and
the step gaps filled with indium foil. The lower resistance via the indium foil
facilitates a more uniform current distribution, by eliminating intermediate
REBCO tapes that have the more-resistive hastelloy substrate embedded. . .
L-RAISER Case 2, 1. Trapezoidal input current up to 500 A and 2000 A/s.
The voltages in all HTS tapes remain on the same low-value range during
the flat-top phase (not visible in the plot). The voltage signals are zoomed
in, and a decay in the signals can be detected for 3 s after the input current
became zero, indicating circulation currents (note the innermost tape V1 has
the opposite sign compared with the other voltages). The same decay can be
in the magnetic field data for sensor B2. . . . . ... ... ... ... ..
L-RAISER Case 3. All the REBCO tapes are cut, soldering one BSCCO
tape for each REBCO tape, with a solder area as wide as possible based on
the space between the bobbin and the current lead (around 40 mm length).
An extension of about 14 cm is left on the opposite side of the current lead,
and all the BSCCO tapes soldered. The combination of large solder area and
high mechanical pressure in the current lead, contributes for an overall lower
contact resistance. The BSCCO tapes, having a silver matrix where super-
conducting filaments are embedded, facilitate uniform current distribution.
L-RAISER Case 3, 1. Voltage remains the same in all HTS tapes during the
flat-top phase, indicating uniform current distribution, as of the previous
case, also at 500 A and 2000 A/s. A decay in the voltage taps and magnetic

field signals is detected, for up to 10 s after the input current had become zero.

L-RAISER Case 3, 2. To find the critical current of this cable configuration,
a trapezoidal input current of 550 A, 10 A /s is applied. After around 510

A, a steady voltage rise in all HTS tapes is detected, indicating a quench is
on development, so input current is shutdown. After the shutdown, a decay
in the magnetic field signal is detected for up to 10 s, caused by circulation
currents. A small decay can be slightly seen in the voltage taps zoomed out
plot. . .
L-RAISER Case 3, 3. A trapezoidal input current with 550 A and 2000

A/s is applied. In this case, stable operation is achieved during the flat-top,
likely due to the lower joule heating generated in a fast ramp rate compared
to a slow ramp rate (Q = RI?At). The decay, both in voltage taps and mag-
netic field Bs, last up to 10 s in this configuration with lower contact resist-
ance overall (zoomed-in signals). . . . . . .. ..o
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L-RAISER Case 3, 4. Same trapezoidal input current for 550 A and 2000
A/s. The signals in all the magnetic sensors is included, where a decay within
10 s can be seen, on a similar rate for all. During the ramping phases, there
is an inductive voltage rise, and during the flat-top, the cable operates stably
at a fixed voltage value for all the HTS tapes. . . . . . .. .. ... .. ...
Estimation of joint resistance (R;) between two REBCO tapes via the cur-
rent lead. Assuming equal potential in the copper bulk, the resistance in-
cludes the thickness of both indium foil and the REBCO tape copper coat-
ing, considering the area of the staircase steps. . . . . . . . .. ... ... ..
Constant Temperature RL Circuit for 2 HTS tapes plus stabilizer branch.
The superconducting resistance R is represented as a variable resistor, the
self-inductance L is set by the geometry of the strand, and R, is the joint
resistance between branches at both current lead ends. . . . . . . .. . ...
Circulation currents calculation. Comparison of analytical equations for cir-
culation currents under a constant joint resistance (orange line), versus sim-
ulation model for 2 HTS tapes (blue line) with variable superconducting res-
istance. The simulation can reproduce the analytical case, under the con-
dition that the current in the HTS tapes is low enough, to not significantly
change the superconducting resistance of the HTS tapes. . . . . . . . . . ..
R circuit model, for 5 HT'S tapes plus a stabilizer branch (lowermost branch),
making 6 mesh divisions along the longitude of the cable. The model con-
siders contact resistances between each 6 divisions was chosen as the min-
imum mesh value where a grasp of the current distribution can be observed.
Applicable for the worst-case scenario of current feeding and NUCD, as ob-
served in the Short-straight HTS conductor experiment. . . . . . . . . . . ..
RL circuit model for 5 HTS tapes, plus stabilizer branch. Applicable for
coiled cable configurations where inductance variation is present, such as the
L-RAISER experiment. Uniform current feeding is considered (no vertical
contact resistance), and joint resistance that control the circulation currents
decay rate and recirculation to other HTS tapes. . . . . . . . . ... ... ..
Simulation of the Short-straight HT'S Cable, 1. Voltage comparison between
experimental data and numerical simulation, under a worst-case NUCD cur-
rent feeding. The simulation manages to reasonably reproduce the experi-
mental measurements [137]. . . . ...
Simulation of the Short-straight HT'S Cable, 2. Current distribution for 1.3
m stacked HTS cable, considering 6 mesh divisions in the horizontal dir-
ection, at total current of 127 A. Each square corresponds to one "super-
conducting resistance" for each REBCO tape superconducting layer, and

the color indicates the current magnitude flowing through it. Once the crit-
ical current is almost reached in the HTS tape closer to the current feeding

point, then a step-wise current transfer occurs to the HTS tape right below it.

Simulation of the Short-straight HT'S Cable, 3. Current distribution for a
1.3 m stacked HTS cable, considering 6 mesh divisions in the horizontal dir-
ection, at total current of 400 A. As the critical current of one HTS tape is
closed to be reached, the superconducting resistance increases, then a step-
wise current transfer occurs successively, gradually forming the voltage steps
seen in Figure 76. From [137]. . . . . . . . ... . ...
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Abstract

Non-Uniform Current Distribution (NUCD) reduces the stability of Low-Temperature Su-
perconducting (LTS) cables, causing premature quenches and reduction in the operation
current, especially with fast ramp rate (Ramp Rate Limitation; RRL), and the reason for
which twisting and transposition of superconducting strands is necessary for stable operation.
A non-twisted simple-stacking approach for high-current High-Temperature Superconduct-
ing cables based on tapes has been investigated, taking advantage of the higher cryogenic
stability of HTS compared to LTS, where twisting and transposition may not be necessary
for stable operation, especially for DC current.

Simple-stacking is mechanically robust and low-cost to manufacture, yet since a non-uniform
current distribution gets formed among HTS tapes following parallel paths, further clarific-
ation is required to confirm stable operation under a coil shape with inductance variation
between strands. In this project three experiments confirmed stable operation of the simple-
stacking configuration under NUCD: for a short-straight cable (1.3 m long, 5 stacked REBCO
tapes), the 20-kA-class "STARS” cable coiled sample (6 m, 15 stacked REBCO tapes), and
the "L-RAISER” HTS solenoid experiment (10 m, 5 stacked REBCO tapes).

Circulation currents normally occur in superconducting cables, as they have been observed
in large LTS magnets (especially wound with cable-in-conduit conductors). They are related
with NUCD, in the sense of the different current share among superconducting strands, which
can lead to unstable operation. Similarly, circulation currents were confirmed in the 20-kA-
class STARS cable, by means of a measured residual magnetic field, dependent on the ramp
rate applied to the coiled sample. The L-RAISER solenoid investigated further by intention-
ally enhancing circulation currents, confirming stable operation in a higher self-inductance
of the strands, under a fast ramp-rate and the presence of NUCD.

Two constant-temperature numerical calculations for the current distribution in stacked HTS
cables have been developed, for straight (R circuit) and coiled (RL circuit) cable configura-
tions. The R circuit calculation takes into account the resistance of the superconducting lay-
ers according to the Power Law for HTS, while including the experimental contact resistance
between REBCO tapes. It reproduces the experimental data obtained in the voltage taps of
the 1.3 m HTS cable experiment. The RL circuit calculation considers both resistance of the
superconducting strands, and the inductance resulting from such strands following parallel
paths in a coiled configuration. The residual magnetic field decay observed in the 20-kA-class
STARS conductor was reproduced, and better insight of how the current distribution may
look in stacked HTS cables. By extending these results, an extrapolation for a double pan-
cake inside the ITER TFC magnet was done. Results suggest that stable operation may be
available for such large HT'S magnets based on simple-stacking, where inductance variation
is present, up to a few kA /s ramp-up rate.

While a zero-dimensional thermal calculation indicates negligible temperature rise for the
20-kA-class STARS experiment by ohmic losses with a NUCD, an extended thermal cal-
culation remains as future work, in order to clarify the reduction of critical current while
accounting heat propagation.

XVil



1 Introduction

1.1 Superconductivity and Nuclear Fusion

Nuclear fusion can provide a new energy source to complement the electricity generating
options available, including fossil fuels, hydroelectric, wind, solar, geothermal, biomass and
nuclear fission. What kind of energy source is used varies within regions and countries, due to
differences in available land for deployment, natural resources, energy requirements for dense
urban regions and political stances. An objective comparison of what energy source to use
considers land area used per unit of energy produced, and fuel volume or weight consumed
per unit of energy output [1]; so an energy mix based on the local conditions and resources
works best for the electricity production needs of a region [2].

For the sustainable development of the energy sector, nuclear fusion and fission are con-
sidered viable players that can contribute to the effort. In terms of the United Nations
Development Program (UNDP) and the Sustainable Development Goals (SDG) [3], they are
considered an important support pillar towards the 2030’s. It may be worth to note that pub-
lic perception may influence the preference of some energy sources over others and influence
political agendas, that may be inadvertedly hurtful by not reducing greeenhouse emissions
in the energy sector. To attain sustainability goals it is convenient to account scientific and
economic factors, as well as the industrial capability to attain the goals of the energy sector
decarbonisation as fast as possible, adjusted to the geography, resources and financial cap-
abilities of each country [4, 5].

Nuclear energy is considered able to make make contributions to all the 17 SDG’s by mul-
tiple international scientific entities. These include the International Atomic Energy Agency
(IAEA) with its program "Atoms for Peace and Development", the World Nuclear Associ-
ation; while being backed up within the United Nations Framework Classification for Re-
sources (UNFC) and the United Nations Resource Management Systems (UNRMS) to guide
policies and development of nuclear projects to contribute the energy mix of countries to-
wards reducing greenhouse gas emissions 6|

Directly in terms of SDG’s the 7th goal (Affordable and Clean Energy) and 13th goal (Cli-
mate Action) are addressed. As nuclear energy (both fission and fusion) has high energy
density, significant electricity can be produced in a low area footprint, with a baseload cap-
ability to cover the demands of large cities or industrial sites, as it is available 24 h without
being dependent on weather. Being also a low COs energy source, it can complement other
renewable energy sources to gradually replace in a joint effort fossil fuel energy sources, to
decarbonise the energy sector [7-9].

Currently no single low CO, energy source (wind, solar, geothermal, hydro, or nuclear)
has the industrial deployment capability to single-handedly replace fossil fuel energy source
fast enough to attain the United Nations 2030 decarbonisation goals (furthermore solar and
wind also require large amounts of energy storage to account fluctuation with no energy
production at night or low speed wind periods). So a joint effort of all the available low COq
energy source options may be the safest bet towards attaining the 1.5 degrees limit from the
Paris Agreement in 2015 [10].



Nuclear fission for electricity generation has been available since the late 1950’s. It can
provide a continuous energy supply with reduced CO, emissions, as the reaction can be
tuned to supply a needed energy output. High initial construction costs and nuclear waste
production and handling are concerns that difficult a widespread acceptance and use of the
technology [11]. Nonetheless, reprocessing technology of nuclear waste keeps developing, to
recover fissile resources and reduce the lifetime of nuclear waste [12, 13].

Nuclear reactions are energy dense compared to chemical reactions (e.g. burning fossil fuels
for generating thermal energy that can be converted to electricity). Nuclear fission is based
on splitting heavy atoms, such as uranium or thorium [14], which releases energy and uses
solid or liquid fuel. In the case of nuclear fusion the approach is the opposite, fusing light
atoms such as hydrogen isotopes also releases energy, but the fuel needs to be at a high
temperature, up to the plasma state of matter.

A star such as the sun, can sustain a plasma by gravitational confinement, producing fu-
sion of the atoms in it, and continuously produce heat energy. To confine a plasma and
extract energy from it on Earth, gravitational force is not available, so strong magnetic fields
are used, produced by coils in nuclear fusion reactors, in the MCF (Magnetic Confinement
Fusion) approach.

For MCF, toroidal-shaped fusion reactors there are two main designs: the tokamak and the
stellarator. They achieve the best results for confinement time, plasma density and temper-
ature; key parameters that lead to a fusion plasma that can be used as an energy source [15].

The tokamak is the most widespread MCF design, consisting of a set of planar coils in dif-
ferent orientations, able to create the helical and toroidal magnetic field required for plasma
confinement, via a plasma current and the magnetic field created by the coils. For the
stellarator family of devices, they create the helical toroidal magnetic field by coils with
more complicated geometries, without need of a plasma current. The heliotron concept is a
stellarator-like device, that uses two sets of helical coils to create the required magnetic field,
being LHD at NIFS the biggest of its kind.

While perhaps simpler to operate and with potentially less plasma instabilities by having
no plasma current, the complex manufacturing of stellarator/heliotron devices gave a time
edge to tokamaks to be developed first. Figure 1 shows a general comparison between a
tokamak and heliotron fusion devices.



Figure 1: Schematic for toroidal MCF devices. Left: The tokamak is the most widespread
design, consisting of planar set of coils to confine the plasma. Right: The heliotron features
continuous helical coils that go around the torus shape, achieving the same plasma confine-
ment effect.

Increasing the magnitude of the magnetic field results in a better confinement of the plasma,
holding in closer proximity the atoms that can interact and ultimately fuse to generate en-
ergy. As such, a high magnetic field is desirable to be increased, which may be more clearly
explained by looking into the related equations.

In toroidal MCF devices, the toroidal beta is a parameter to describe the plasma (Sr),
defined as the ratio of the kinetic plasma pressure to the magnetic pressure:

p

o= B3 /2u0

with p the volume averaged plasma pressure and By the toroidal magnetic field on the plasma
axis, defined by the torus’ major radius Ry. The fusion power density per volume unit (5—::)
scales with the square of the kinetic pressure, then replacing the previous equation for the
definition of toroidal beta results in:
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Then we can clearly see the advantage of increasing the magnetic field strength in a fu-
sion device, because of this fourth power dependence (considering a constant (r). While
increasing the volume of the machine helps to get more fusion power output, comparatively,
increasing the magnetic field has a stronger effect for the energy produced in a fusion reactor,
which can then be converted to usable electricity. In other words, it also means that the size
of fusion reactor can be reduced for the same power output, reducing the total cost of the
device [16, 17|, or the power production increased for a given reactor size with a stronger
magnetic field.

While increasing the reactor size may be a straightforward solution, total cost rises and
manufacturability becomes more difficult, with larger and heavier pieces that conform the



reactor, with tolerances and possible assembly accidents becoming a more serious issue. Still,
it is necessary to keep a minimum size in the reactor, to shield neutrons produced in the fu-
sion reactors, while extracting their thermal energy into a wide volume.

In short, a fusion reactor as of mid-term may provide a low COs emissions controlled source
of thermal energy, that can then converted into electricity via a steam cycle [18]. The steam
cycle process is the same approach that is done in nuclear fission reactors or fossil fuel power
plants, shown in Figure 2. The availability of nuclear fusion as another energy option may be
incorporated with future long-term sustainable energy planning scenarios [19-21], and linked
to other efforts to reduce CO, emissions, such as the transition towards a green hydrogen
society [22-28|.

While there are alternative fusion reactor concepts that may skip the steam cycle into directly
generating electricity, the focus of this text is for MCF reactors that produce thermal energy
that is then converted to electricity, and specifically about the superconducting cables used
in the magnet system.

Fusion Reactor

Tritium Breeder
2nd Loop

Turbine

Cooling (Gl
Water
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Electricity
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(Electricity & Hydrogen)
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Pure Water Liquid Hydrogen . Veicled Hydrogen Storage
Figure 2: Concept of a Nuclear Fusion Power Plant connected to the electric grid, and in
line with sustainable development towards low CO, emissions. While the electricity is pro-
duced via a steam cycle extracting the heat energy from the fusion reactions, waste heat
can be recirculated towards other purposes, such as green hydrogen generation and housing
heating.

The magnet system of most fusion reactors up to now is made with Low-Temperature Super-
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conductors (LTS), which have been commercially available in kilometer-length quantities for
more time than High-Temperature Superconductors (HTS), making LTS relatively cheaper
than HTS. However, HTS can achieve higher current density, which leads to stronger mag-
netic field and better performance for the plasma confinement, and as such it would be the
preferred magnet technology for a fusion reactor.

There is a push in the fusion community to transition towards HTS magnet systems, as
overall the better plasma confinement performance with a higher magnetic field, can increase
the fusion energy produced in the reactor. The fusion energy gain factor () is a parameter
ratio that accounts the various power sources and sinks occurring in a fusion reactor [17],
which can be seen as:

Q- net thermal power out  total thermal power out — heating power in
~ heating power in heating power in
— Pout - -PZ (1)
P,

The gain factor has to be larger than one (@) > 1), which implies that more energy is pro-
duced in the fusion reaction, than the energy required to initiate the fusion reactor in the
first place. In reality the gain factor is further reduced by the energy conversion from thermal
energy to electricity.

The engineering gain factor Qr shows the real energy gain value in terms of total electric

power used to produced the fusion reactions (Pl(nE)), and electric power obtained from the

fusion reactions after conversion by the thermal steam cycle (Pg(qﬁ)), both gain factors shown

in Figure 3. Q may be roughly estimated as 30% of @, for the average energy conversion
efficiency of a steam cycle:

T
Qp = p® (2)
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Figure 3: Power balance schematic for a nuclear fusion power plant, in terms of the gain
factors () and Qg . @ is significantly larger than 1, which means that more energy is ob-
tained from the nuclear fusion reactions than the energy needed to start them., After the
energy conversion losses, Qg should be at least larger than 10, for a commercially viable
energy source. Adapted from [29].



As such, for a fusion reactor for electricity generating purposes, a gain factor of (Q = 10)
is deemed as a minimum value to aim for a power plant, with at least (¢ > 20) considered
a more economically viable electricity generating source. Figure 4 shows for different fusion
reactor designs, a comparison for size, magnetic field in the plasma region and gain factor;
including the magnetic field strength regions attainable with LTS and HTS.
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Figure 4: Fusion energy gain factor lines for tokamak devices, depending on the major ra-
dius and magnetic field on the plasma axis. As LTS magnets are limited to a maximum
magnetic field of around 6 T at plasma center, incorporating HTS makes available smal-
ler fusion devices with higher gain factor (). This gain factor scaling applies to stellarator
devices as well. Adapted from [30] .

1.2 Fusion Reactor Concepts with HT'S

An advantage by using HTS is the higher temperature that they can be operated, which
allows a larger heat capacity of the materials, so they can be more resilient to heat disturb-
ances with a lesser temperature rise.

The higher critical temperature also allows using other coolants, besides helium which is
compulsory for the operation of LTS. As coolants such as liquid hydrogen or liquid nitrogen
become available, the cryogenic cooling system can be significantly cheaper. This may allow
the development of smaller fusion reactor concepts to be explored with HT'S magnets and
more limited budgets [31-33], as e.g. liquid nitrogen can enable a significantly higher current
density in an HTS cable compared to a copper cable.

In the case of nuclear fusion magnets for power plant scale, as previously mentioned, the

fusion power output scales with the magnetic field strength and size of the machine. Consid-
ering that the magnetic field strength is fixed for a given material performance, increasing the

6



size can give a further performance boost, yet precision manufacturing of large scale pieces
weighing tonnes becomes the limitation factor.

A solution, to manufacturing large scale magnets, is to section them in pieces, assemble
them together, and electrically connect their joints via solder or mechanical pressure. In
LTS this process is usually not available, as the materials have a lower heat capacity by
operating at temperatures around 4 K, and joints may produce too much joule heating and
the superconducting state lost. On the other hand, HTS can operate at higher temperatures,
e.g. at 20 K, where materials have higher heat capacity and cryogenic stability, so they may
be able to withstand slightly more joule heat generation by joints, while extracting this heat
and remain at the operating temperature in the superconducting state [34].

Figure 5 shows schematics for large superconducting DC magnets where demountability
could be used: toroidal field coils for the case of a tokamak, and helical coil in the case of a
heliotron fusion reactor configuration.

segments

joint
Heliotron reactor Tokamak reactor

Figure 5: Remountable magnet concepts for tokamak and heliotron devices, to fabricate
large-scale power-plant size coils. The higher cryogenic stability of HT'S may allow to fab-
ricate such magnets sections and assemble them via joints. Apart from assembly itself, be-
ing the magnets remountable allows for faster maintenance campaigns and fix scenarios in
case of damage [35] .

The resistance of a joint for a large reactor size magnet is at the nf2 level, despite this being
a low value, the total joule heating can add up depending on the number of joints, whose
generated joule heating has to be extracted by a cooling system. Nevertheless, some estima-
tions indicate that for a large tokamak with HTS toroidal field coils made with REBCO tapes
and soldered joints would add a few percent of heat load to the cryogenic cooling system,
considered to be feasible to implement and still operate stably [35].

Thanks to the increase in availability and consistent high-quality of HTS conductors, as



well as the decrease in cost, makes a case to explore the possibilities of even estimating oper-
ation prices of a power plant. An EURATOM/CCFE study made a comparison of the Cost
of Electricity (CoE), estimating a slight decrease in price when using HTS instead of LTS for
a demountable TFC system, while reducing the machine size and increasing the operating
temperature [34].

By making magnets with demountable joints, faster modular construction as well as periodic
maintenance may become available [36]. It allows to more easily disassemble the reactor,
enabling access to internal regions for maintenance and replacement of damaged pieces, if
or when there is the need to do so. Or if there is some damage in one section of a magnet
for any reason, only the corresponding section can be replaced, instead of the whole magnet.
Then if shut-down time for maintenance periods can be reduced, the total availability of a
fusion reactor operation time can be increased. Such concept while optimal is a big chal-
lenge, which would need developing consistent techniques for low-resistance joints in multiple
assembling /disassembling campaigns.

The idea of demountable magnets has been applied formerly for copper coils and earlier
fusion devices, often in the Toroidal Field Coil (TFC) system. Examples of demountable
coils include NSTX tokamak and TJ-IT heliac device; as well as Alcator C-Mod tokamak [37].
With the availability of HT'S the concept has been revised again to explore its applicability
in large DC magnets based on HTS; such as the TFC for ARIES-I and ARC conceptual
reactors |38, 39|, and FFHR-d1 helical reactor [40].

The high-field ARC tokamak has been planned with modularity in mind, featuring a vertical
assembly approach, where pieces may be replaced as units in case maintenance or replacing
is required. By using HTS in the TFC system, it was estimated that the total power needed
to cool the joints in the TFC was small and affordable compared to the total power balance
of the reactor [39]. Figure 6 shows a schematic of the vertical assembly approach.

ARC Reactor

Magnet joints allow
Inboard-side vertical maintenance

RF launch

Fusion power: Vacuum vessel: single,

525 MW replaceable component
: =) S Z FLiBe liquid

TF coils: / : -

By = 9.2T 2 immersion blanket

Major radius: 3.3 m

Figure 6: ARC reactor, featuring modular HTS coils, a liquid blanket, and vertical as-
sembly for facilitating access and maintenance, with a major radius of 3.3 [m|. From [39].

The FFHR-d1 studies explore the feasibility of building a large scale magnet system, com-



posed of two helical coils made of HT'S with a major radius of 15.6 m. Due to the large size of
the coil, a "joint-winding" approach was explored, by considering one helical-pitch segments
as a basic unit, joined by a total of 3900 bridge-type mechanical joints. Experiments and
estimations for the total joule heating by all joints, suggest that said heat is low enough to
be permissible, being a a small fraction of the available cooling power [41-44].

NITA Coil

Main
Helical
Coil
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Mechanical
Lap Joint
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Figure 7: FFHR-d1 heliotron reactor concept, with HT'S STARS conductors as the main
element of the magnet system. Due to the large size of the helical magnets (major radius
of 15.6 m), a once-through joint concept is foreseen joining one helical pitch segments, con-
nected via joints such as the bridge-type mechanical one [45].

1.3 Research Question: Simple-stacking for large DC magnets

As described so far, there are a number of advantages of developing magnet systems in fusion
reactors by using HTS. There are multitude of options to develop a high-current HTS cable,
due to the geometries that different research groups around the world have proposed, with
the availability of HTS conductors in the last 15 years or so.

The focus of this project is to explore if one of these cable concepts, called simple-stacking,
can operate stably to be reliably used as the cable that conforms a HTS fusion magnet,
operating in DC current. While LTS conductors come in the form of circular filaments, HTS
conductors (especially the REBCO) have a planar tape form, as shown in Figure 8.



Figure 8: Comparison of LTS filaments (left) and HTS tapes (right). The circular cross
section and relative ductility of LTS allows easy bending and transposition for a high-
current cable with uniform current distribution. While transposition can also be applied

to HTS tapes, the planar form partially limits the bending options and may cause degrada-
tion of the current handling capacity [30, 46].

By twisting and transposing filaments a uniform current distribution can be obtained in a
cable. While for LTS the process is easily done due to the filament geometry, for HT'S the pro-
cess is slightly more complicated due to the limited bending of a planar tape. Simple-stacking
avoids any twisting or transposition, with easier manufacturing and better mechanical prop-
erties against electromagnetic forces, at the cost of having a slight impedance variation among
the HTS tapes.

A Non-Uniform Current Distribution NUCD is formed when impedance variation is present
in the filaments of any cable, and is a source of diminished performance that has been his-
torically observed in LTS cables. Simple-stacking is a concept mainly aimed to be applied
for DC magnets made of HTS, aided by the better cryogenic stability of these materials
compared to LTS. Further details are presented for the simple-stacking current distribution
among HTS tapes in a high-current HTS cable.

So, this leads to the following research question, for application of simple-stacking in large
HTS DC magnets:

Can a stmple-stacking large-current HTS cable, operate stably in a coil shape
for DC current, when inductance variation among the tapes is present?

In the next section, superconductivity concepts are introduced, and a number of high-current
HTS cables are shown, to have a better grasp of the different approaches that are on research
around the world, to contrast with the simple-stacking design. Later, a historical review is
presented for LTS cable and unstable operation under NUCD, contrasted with stable opera-
tion in HT'S while the NUCD was still present.

Later, experimental results from 3 HTS cables are shown, that confirm stable operation
is possible so far in the conditions tested, while numerical simulations give additional in-
sights into how the current may distribute along the cable in this geometry. Finally, a
discussion for future work is presented, and key aspects to keep clarifying the applicability
of simple-stacking for large HT'S DC fusion magnets.
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2 Superconductivity and HTS Technology

We start by introducing concepts that allow reaching a superconducting state in materials,
in order to develop high-current cables to develop magnets for fusion applications, with a
focus on High-Temperature Superconductors (HTS).

2.1 Superconductivity Concepts

2.1.1 Type I and Type II Superconductors

Shortly after the achievement of liquefying helium in 1908 by Heike Kamerlingh Onnes’ re-
search team, exploring material properties at temperatures close to 4 K became available.
Three years later, the phenomenon of superconductivity in mercury was discovered, and later
found in a number of materials at near zero Kelvin temperatures [47]. As such, expectation
within the scientific community started for developing high-current cables for high-field mag-
nets, surpassing the limitations of copper magnets and joule heating.

Eventually, by listing the superconducting material experimental observations, they were
classified in Type I and Type II superconductors. When the materials are cooled below their
critical temperature, magnetic field lines may partially penetrate into the material, or they
are shielded and its propagation is impeded through it.

In superconducting materials this phenomenon is known as the Meissner effect. At low
external magnetic field, the magnetic field lines are completely blocked from the material’s
interior, until reaching a critical magnetic field B,, point after the superconducting state dis-
appears [48| (sharply for Type I superconductors and gradually for Type II superconductors).
The transitions regions of Type I and Type II superconductors are described in Figure 9:
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Figure 9: Schematic of magnetic field vs temperature dependence for Type I and Type II
superconductors. The critical magnetic field B, and critical temperature 7T, define trans-
ition zones between superconducting and normal conducting states. There is a sharp trans-
ition for Type I superconductors, and a gradual transition (mixed state) region for Type II
superconductors|49].
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For Type I superconductors, the superconducting state disappears suddenly after the crit-
ical magnetic field is surpassed, point at which the magnetic field lines completely penetrate
through the material. The maximum magnetic field tends to be relatively low, on the order
of 0.1 T, and at the surface for a few micrometers depth, a current can flow as the critical
temperature is not surpassed neither. As such, the low critical magnetic field, and small area
where a current can flow, make Type I superconductors not practical for making wires and
cables. Most of superconductors consisting of a single element are Type 1.

For Type II superconductors, the behavior is different, as there is a transition zone from
superconducting to normal conducting state, when the material is exposed between lower
critical magnetic field B.; and a higher critical magnetic field B.. Below B,.; the material
is fully superconducting. Between B, and B. the magnetic field can partially penetrate
the material at localized points as discrete flux lines, having then both superconducting and
normal conducting regions. After surpassing B, the superconducting states disappears com-
pletely and the material behaves as a normal conductor. Some elements such as Nb, V and
Mo are Type II superconductors; yet materials practical for fabrication of high-current wires
and cables are alloys and compound materials such as NbTi and NbsSn. [50, 51].

2.1.2 LTS, MTS and HTS

Superconductors have been historically classified in function of its critical temperature T,
threshold at which the superconducting state disappears, as described before. The focus of
the superconducting materials mentioned here, is for those ones practical for the fabrication
of high-current wires and cables.

Low-Temperature Superconductors (LTS) are now the materials which have more industrial
maturity (such as NbTi and Nb3Sn), and widely used for the manufacturing of high-field
applications such as MRI, particle accelerator magnets or fusion magnets. The mechanical
properties of the wires and circular cross section, allow winding and bending in different
directions.

High-Temperature Superconductors (HTS) were discovered in 1986 [52, 53|, which have the
advantage of significantly higher critical temperature and critical magnetic field compared
to LTS. Practical materials currently available for high-current applications include REBCO
and BSCCO. They gradually have been decreasing in price, and become practical for ap-
plications were LTS haven’t been widely used, including transformers, generators, motors
for electric aircraft and outer space applications [54-62]. They usually come in the form of
planar tapes due to their manufacturing process, which restricts bending in some directions
as it may reduce their performance, yet manufacturing of high-current cables is available.

Mid Temperature Superconductors (MTS) are a class in-between the critical temperature
of LTS and HTS, being MgB, one of the materials with higher prominence in this category.
While their development and industrial availability is relatively recent compared to LTS or
HTS, they have an interest to fill gaps in technology, on the meantime that prices in HTS
keep decreasing to catch up and become widely adopted. They have better mechanical prop-
erties than HTS, and can serve as a stepping stone to reach better performance compared to
LTS in applications such as MRI applications, while the price of HTS decreases to be more
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widely adopted [63, 64].

We can see in Table 1 a compilation of superconducting materials for high-current cable
applications, including their critical temperature and critical magnetic field |52, 64-69].

Table 1: Commercially available superconducting materials, along their critical parameters
of temperature and magnetic field, as well as usual applications |70].

material T.(0) /K Beo(0) /T application area
NbTi 9.3 12-15 medium field: magnets upto 9T
Nb3Sn 18.3 25-29 high field: magnetsupto 15-20T
BSCCO 2212 95 175 - 225 highest field: inserts for magnets above 20T
BSCCO 2223 107 107 medium field: e.g. power cables and current leads
ReBCO 92-95 120 - 250 highest field: inserts for magnets above 20T
MgB, 35-39 14 - 40 low to medium field: e.g. wiring in satellites

With the continuous increase in the availability of HT'S and MTS, as well as technological pro-
gress in the last decades, new applications are envisioned, that may have not been available
with LTS materials alone. While superconducting versions of an electrical (copper) machine
can be made, with increases in performance and efficiency, other kind of applications are
possible.

Superconductivity can then improve multitude of areas, to contribute with solutions on the
lines of the Sustainable Development Goals (SDG) from the United Nations Development
Program (UNDP) agenda [3]. Identified areas where superconductivity can make a direct
contribution, in terms of the outlined SDG’s [71], include:

e ) Clean Water and Sanitation

e 7) Affordable and Clean Energy

9) Industry, Innovation and Infrastructure

e 11) Sustainable Cities and Communities

12) Responsible Consumption and Production

13) Climate Action
The Superconductivity Global Alliance (ScGA) is a recently founded consortium, aiming to

partner of universities, research institutes and industry [72]. The aim is to expand the scope
of superconductivity to areas where there is potential to enable new technologies towards
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a sustainable society development. Additional examples for potential technology develop-
ment include transportation (Maglev transport, zero-emission vehicles), quantum computing,

power electronics, improved healthcare magnets (MRI, NMR, Proton Beam Therapy), and
power transmission cables.

2.1.3 Resistivity and Critical Temperature

From this point on, the focus of the text is for Type II superconductors, and there may be

some overlap in the concepts applicable to LTS, MTS or HTS, yet the focus will be done for
HTS materials and cable concepts.

The critical temperature is a parameter that depends on the material composition. Similarly
to the magnetic field vs temperature transition zones, also a transition zone exists within

a narrow temperature window around the critical temperature (7,) threshold, as shown in
Figure 10:
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Figure 10: Type II Superconductor schematic, for the resistivity transition from supercon-
ducting to normal conducting states. Left: Virtually no resistance below the T, threshold,
a mixed state between Ti.o and T, ,nset, and normal conducting state after T, ,nse [70).
Right: Resistivity vs Temperature for a LaSrCuO material, the transition temperature

window between superconducting and normal conducting states occurs in a temperature
window of about 2 K [73].

As previously mentioned, additional to the temperature, a magnetic field (self-produced
or external) can further reduce the superconducting state. A high pressure is yet another
parameter that can enable the existence of a superconducting phase, whose description is

omitted in the present work, as such superconducting materials are not practical for high-
current cable applications.

2.1.4 Operating in superconducting conditions

In this section it is explained how the parameters of temperature, magnetic field and internal
current density inter-depend on each other, and define the region where superconductivity
occurs, from now on for Type II superconductors. These three parameters, if plotted in a
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three-axis plot define the so called critical surface, which is the threshold of values (temper-
ature, magnetic field, current density) that should not be surpassed in order to operate into
the superconducting state [53|, as shown in Figure 11, including a comparison for the critical
surface of LTS and HTS:
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Figure 11: Schematic of the critical surface for a Type II superconducting material (LTS
and HTS comparison), defined by the three critical interdependent values of 7', B, and j..
To operate in superconducting state, the combination of 7, B and j must be below the
critical surface threshold. HTS largely expand the operation region of superconductivity
for the three values |74].

Now, speaking about cables, in order to have a stable operation condition, the current dens-
ity has to have a margin window from the critical current density value. This margin of
safety allows to account fluctuations on the current, required to have a good performance
and reduce the risk of losing the superconducting state. Similarly, a window temperature
margin allows higher stability, hence a lower operating temperature may be beneficial.

For a high-current superconducting cable, the interest is to achieve a high current density,
considering that the current by itself generates a magnetic field, and requires to be operating
below the critical current. Hence these three values need to be reasonably set to have both
a high-current value, that can be resilient if perturbations arise.

In general terms, outlining an operating current in a wire or sample always depends both on
the temperature and surrounding magnetic field, as j. = f(7, B). It can be understood as
follows:

e By setting an operating temperature 7,, below the critical temperature T,, a critical
magnetic field B, is defined at the temperature 7.

e Feeding a current, the critical magnetic field B, is reduced due to the self magnetic
field B,),, generated by the current itself, to a value of B, .

e The attainable operating current density point has a specific value j,,, formed by the
combination of T;, and B, .
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e A safety margin window both for j,, and Ty, is set, to maintain stable operation and
endure possible fluctuation or perturbations.

A graphical description of a current operation point, considering the safety margins of
operation for temperature AT and current density Aj, is shown in Figure 12:
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Figure 12: Operating point of a superconductor, plot of Current density vs Temperature,
at a magnetic field value B,,. The safety margins Aj and AT from the critical surface,
allow a stable operation that may tolerate fluctuations of temperature and current [70].

2.1.5 Power Law Equation for HTS

In the case of Type II superconductors HTS for high-current applications, considering a
superconducting filament, it can conduct current up to a specific value. If this current is sur-
passed, the material starts to develop a resistance, which implies that ohmic heating starts
happening too, and may lead to a temperature rise and the superconducting state being lost.

The resistance can be then measured from the voltage that is developed in the terminals
of the filament. Based on experimental observations, an empirical equation has been out-
lined, that describes the electric field as a function of the current density. This is the so
called "Power Law" shown in Equation 3, that applies to REBCO and other commercially

available HTS:
E=E, (‘7—> (3)

[

where FE is the electric field measured between two terminals, j,. is the current density in
the superconducting region, .J. is the critical current density at the operating values of tem-
perature and magnetic field, n is an material-dependent exponent fitting value that sets how
fast the electric field changes with increasing current, and Ej is the electric field criterion [75].

The electric field criterion is defined by the IEC International Standard 61788-1 as 1 uV'/em,
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value often used for defining critical current density safety limit for high-current supercon-
ducting applications [76]|. Hence, it is a value that has been practically found to be measurable
by diagnostic voltage system, while being small enough so action can be taken to reduce or
shutdown the current and avoid losing the superconducting state by joule heating. This is
shown graphically in Figure 13.
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Figure 13: Electric field as a function of the current density, showing the electric field cri-
terion Ey, that defines the critical current density j.. This general electric field evolution
trend can be observed, and fitted, both for LTS and HTS conductors, being a much faster
transition in LTS [77].

2.2 High-current HTS cables

The manufacturing process for LTS has been developed since the 1960’s and its industrial
maturity has allowed the development of a variety of high-field applications for years [78§].
As the discovery of HTS is relatively recent in comparison to LTS, "only" in 1986 [52], the
commercial availability is comparatively more limited as of now, yet continuously increasing
with the demands of HTS in high-magnetic field applications.

Manufacturing of LTS rely on extrusion and other mechanical processes, thanks to the ductil-
ity of the materials such as Niobium Titanium (NbT%), where long wires can be manufactured
at long scale nowadays. In comparison, fabrication of HTS being more recent, using differ-
ent manufacturing methods, and with still a relatively low demand, makes as of now HTS
conductors more expensive than LTS.

HTS conductors generally come into the form of planar tapes, being Rare-Earth Barium
Copper Oxide (REBCO) and Bismuth Strontium Calcium Copper Oxide (BSCCO) [79] the
options that are commercially available more widely. The "Rare-Earth" of REBCO can be
chosen among the 15 elements in the lanthanide family of the periodic table, being Yttrium
and Gadolinium (Y,Gd) the ones more widely used.

REBCO is the HTS conductor variety with better performance at high-field applications,
and its manufacturing process is significantly different than its LTS counterpart. REBCO
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tapes are fabricated by atomic layer deposition process, growing up layer by layer the dif-
ferent materials necessary to form both the superconducting layer, and stabilizer coating,
that ensure mechanical integrity and superconducting properties. A nickel alloy (hastelloy)
is commonly used as the substrate and mechanical support to the tape, with different man-
ufacturers slightly modifying the composition [80]. A schematic of the different layers than
a REBCO tape is composed can be seen in Figure 14:

Copper Stabilizer

Silver Overlayer
(RE)BCO - HTS (epitaxial)
Buffer Stack
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Figure 14: Schematic for the layers that conform a REBCO tape, note the superconduct-
ing layer forms only a small fraction of the total thickness. Substrate and stabilizer layers
serving as mechanical structure and electrical path respectively, compose most of the tape
volume [81].

In LTS filaments, a stabilizer material is added in electrical contact with the superconductor,
to conduct the current in case the superconducting state is lost. On the same idea, REBCO
tapes include a copper coating, and a silver layer , for the same purpose of protecting the
superconductor in case of a transition to a normal conducting state.

Further testing can determine its adequacy depending on the type of application in mind,
considering fusion, health care, particle accelerators, or fundamental physics research.

High-current HT'S cables come in a variety of shapes, as they are designed by different research
groups around the world, each one having a specific focus or criteria, in what parameters
to optimize. However, perhaps most high-current HTS cable designs consider some form of
twisting or transposition, that facilitates a uniform current distribution. This is an approach
that may be necessary for AC operation, given the AC losses derived from the current profile
of the operation itself.

Due to the planar form of HTS tapes, careful handling is required to produce transposi-
tion or twisting. Although the process might slightly reduce the HTS tapes performance,
due to slight damage that may be produced in their superconducting layer, it is possible
to develop good performance high-current cables. In high-current HTS cables, mechanical
fatigue due to transient electromagnetic forces and as thermal cycling, can gradually degrade
the performance of the cable, which adds to the design process research [82].
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As AC losses are a lesser problem in DC operation, twisting and transposition is skipped
for the simple-stacking concept. The higher cryogenic stability of HTS and proven stability
of high-current experiments in simple-stacking, confirm that a high-current HTS cable is
feasible with no twisting nor transposition. Furthermore, by eliminating the manufacturing
step for twisting and transposition, a more cost effective cable can be produced.

A high-performance HTS cable is possible by using multitude of different cable configura-
tions, using twisting/transposition or not, however, factors such as manufacturing robustness
and costs are also important. There is no practical engineering benefit for a complex cable
configuration, if the same performance can be obtained with a simpler geometry, where less
manufacturing steps may reduce both costs and possibility of errors along the process.

Next is a brief overview of high-current HTS cable concepts potentially applicable to fusion
magnets. The purpose is to better grasp the variety of approaches in the applied supercon-
ductivity community, divided between simple-stacking (DC operation) and twisted/trans-
posed (AC operation) configurations. The examples also show where available, pictures of
real samples, to get a better feel on the sizes and manufacturing of such cables.

The list is not exhaustive, updated cable versions may have been already disclosed and
new proposals may be developed often, yet the purpose is to grasp different high-current
cable approaches while using HT'S tapes. Figure 15 shows a few examples as an introduction,
while additional details are expanded afterwards.

Figure 15: General overview of high-current HTS cables, by research groups worldwide. (a)
TSTC. (b) HTS Roebel cable. (¢) Round Cu-core TSTC. (d) Twisted REBCO CICC. (e)
STARS. (f) HTS-CroCo. Adapted from [83].

2.2.1 Simple-stacking Concepts

e STARS (NIFS, Japan) |84, 85]
The Stacked Tapes Assembled in Rigid Structure (STARS), is a collaboration project
of the National Institute for Fusion Science (NIFS), Graduate University for Advanced
Studies and Tohoku University. The HTS tapes are stacked, surrounded by a copper
casing as stabilizer, and contained within a stainless steel jacket for mechanical support.
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Figure 16: STARS conductor designs with external cooling. They feature REBCO tapes
surrounded by a copper stabilizer, and a stainless steel jacket to withstand electromagnetic
forces. a) 100-kA-class STARS (2015) [84]. b) 20-kA-class STARS (2022) [85].

e WISE (NIFS, Japan) [86, 87|
The Wound and Impregnated Stacked Elastic tapes (WISE) is developed at NIFS. It

features dry winding process, with the HTS tapes confined within a flexible spiral tube,
that is then bent to the desired curvature of the coil. After, the tapes are impregnated
with a low-melting point metal (U-alloy 60), so mechanical stresses in the HTS tapes

are eliminated from the manufacturing process.
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Figure 17: Manufacturing process for the WISE conductor. HTS tapes are bent while con-
tained within a flexible spiral tube, and then impregnated with a low-melting point metal,
which eliminates mechanical stresses otherwise produced during the coil shaping process

186, 87].

e SPARC TFMC (CFS/MIT, United States) [88, 89|
The Toroidal Field Model Coil (TFMC) was a project to test the No-Insulation No-
Twist (NINT) coil concept with REBCO tapes. It is on the lines of the SPARC reactor
development, for a TFC made with HTS. NINT is a similar approach to simple-stacking,
in the sense of using parallel HTS tapes with no twisting. It confirmed reaching at the
HTS tape stack center, a peak of 20+ T at 20 K and 40 KA.
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Figure 18: SPARC TFMC No-Insulation No-Transposition coil, where HTS tapes form a

similar configuration to simple-stacking. The magnet is composed of 16 REBCO pancake
coils connected in series. Left: Schematic of subsystems and assembly. Right: View of the
exposed REBCO tapes with no twisting and no insulation [89].

2.2.2 Twisted/Transposed Concepts

e TSTC (MIT,United States) [90]
The Twisted stacked-tape conductor (TSTC), developed at the Massachusetts Institute
of Technology (MIT) and Tufts University. The HTS tapes are stacked, and afterwards
twisted along their longitudinal axis. A number of later large-current HTS cable con-
cepts are derived from this idea, such as [91].

e FAIR (NIFS, Japan) [92]
Standing for Friction stir welding, Aluminum alloy jacket, Indirect cooling, and REBCO
tapes (FAIR), meant to be used as large-current cable for fusion magnets. Concept
derived from the TSTC configuration, it includes a stabilizer body made of an aluminum
alloy, which has similar resistivity than copper at cryogenic temperatures. Once the
stack of HTS tapes is finished, the cable is twisted, to facilitate a uniform current
distribution in the HT'S tapes.
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Figure 19: Schematic and prototype of the FAIR conductor. The stabilizer casing is made
with an aluminum alloy, a groove carved for the HTS tapes stack, and twisted at a rate of
2 rotations per meter [92].

e VIPER (MIT/CFS, United States) [93]
The Vacuum pressure impregnated, Insulated, Partially transposed, Extruded, and
Roll-formed (VIPER) is a collaboration between MIT and CFS. Four stacks of HTS
tapes are placed in a twisted copper former with a cooling channel inside. Finally, a
copper jacket and a stainless steel jacket contain the assembly.
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Figure 20: VIPER cable. Left: Schematic of the different components; including copper
former with helical grooves and joint elements between two VIPER cables. Right: Cross
section of two copper cores, with the stacks of HT'S tapes visible [93].

e REBCO Roebel cable (KIT, Germany) [94]
Manufactured first by Karlsruhe Institute of Technology and the Slovak Academy of
Sciences. Roebel is a concept originally used in copper cables that reduces AC losses,
achieved on HTS tapes by dividing in interlocking segments and twisting together
the strands of HTS tapes. The flat squared cross section of the cable also makes it
advantageous for racetrack coils and accelerator magnets.

Coated conductor taie

Punched Roebel strand

Figure 21: HTS tapes under Roebel configuration. Left: Schematic of the Roebel assembly
process, including punching of the tapes for a Roebel strand, and interweaving of strands
showing two cross sections. Right: Roebel HTS strands and assembled Roebel HT'S cable.
[94, 95].
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e ASTRA (ENEA/EPFL/KIT/EUROfusion, Europe) [96]
Concept devised as a collaboration project for EUROfusion, including ENEA, EPFL,
KIT, and others; for the EU-DEMO Magnet System (specifically Central Solenoid AC
operated magnet). Consists on an internally cooled CICC cable, with stacks of HT'S
tapes with separate stabilizers units, then joined together in a Roebel configuration. A
single ASTRA CICC unit was tested in [97].

stack of = Strand design (1% stage):
tapes « Rectangular copper profile
with rounded comers
copper * Open soldering channel
profile -3 » Non-twisted soldered tapes
; /
cooling /

= Cable design (2" stage):
* Roebel cabling
= Jacket pre-compression
« Separate cooling channel
* Impregnation of cable space

channel

Figure 22: ASTRA conductor concept. Left: ASTRA cable with a single HTS tape stack,
including a channel for internal cooling. Right: ASTRA cable design for EU-DEMO CS
coil, with multiple stack units transposed in a Roebel configuration, as well as an internal
cooling channel [96].

e Al slotted-core HT'S conductor (ENEA, Italy) [98-100]
Project developed by ENEA, within its Superconducting Laboratory. It features a
cylindrical aluminum core with helical carved grooves, where HTS tapes are wounded.
Meant to be operated at 20 K as of the HTS trend. Following on these steps, the
SECAS CICC HTS cable concept is currently under development, while BRAST is a
notable mention of a non-twisted concept of braided HTS tapes [101].

30-tape stack

Cu spacers

wrapping

jacket

Figure 23: ENEA Al-slotted HTS conductor. Left: Schematic with Al core in yellow, and
HTS following a twisted configuration around the center axis. Right: Cut of cross-section
of the cable, making visible the HTS wound around the core [98].
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e QisTac HTS conductor (ASIPP, China) [102]
Concept proposed by ASIPP based on the TSTC approach, and to use a braiding of
copper wire layers around the HTS tapes, for mechanical sturdiness. Thicker copper
cables are wound around the twisted HTS tapes, while a second layer of braided copper
wires surround the assemble, and is then soldered together. This circular HTS cable
unit may be then used for e.g. a CICC cable to use in fusion magnets.

Stacking =

%

Pipe with spiral
_~copper wires

Twisting — .~
o e — 3

Copper stiffeners

.~ YBCO tapes
Tin solder

Jacketing with
spiral copper wires

QisTac after
soldered

Figure 24: QisTac HTS conductor. Left: Schematic of two layers of copper braiding,

one for a roughly circular cross section profile, to then use a second layer of copper wire
braided around. Right: Manufacturing steps showing the braiding layers and the final sol-
dering step [102].

e HTS-CroCo (KIT, Germany) [103-106]
The HTS-CrossConductor (HT'S-CroCo) concept was developed at Karlsruhe Institute
of Technology (KIT), meant for DC current applications, including power transmission
and fusion magnets. It uses stacks of HTS tapes using different tape widths, which
increases the total cross section area for the superconductor region, filled with solder
surrounding the HTS tapes, while being surrounded by a circular copper casing.

@@

Sample Type A Sample Type B
mm == REBCO tape
= Copper tape / tube
s Solder

Figure 25: HTS-CroCo conductor. Left: Schematic with cross section sample designs, and
a twisted stack of HTS tapes with two different widths. Right: Sample cutout on three
shapes [106].

e Quasi-isotropic HTS cable (North China Electric Power University, China) [107, 108|
Based on the quasi-isotropic HTS strand concept [109], to reduce the effects of critical
current reduction due to the magnetic field anisotropy in HTS tapes. HTS tapes are
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then arranged in four stack groups with perpendicular orientations, making the mag-
netic field lines parallel to the HTS tape width dimension in some of the strands. The
cable at [110] is based on the same concept.

oM
YBCO

Substrate

Twisted Q-1S Cable Layer

Cu sheath

Al filler

‘ Al foil

REBCO

1 '
20 HTS Wires  Filler Sheath  2G HTS Wires

Figure 26: Quasi-isotropic (Q-IS) HTS cable. Left: Twisted four-stack HTS tapes quasi-
isotropic strand, with an aluminum filler and copper sheat. Top right: Cable concept with
a second outer layer of HTS tapes. Bottom right: Prototype test sample, for cable size di-
mensioning [107, 108|.

e CORC (ACT/CERN/UTwente, United States/Switzerland/Netherlands) [111, 112]
The Conductor on Round Core (CORC), consists on winding in a helical manner HTS
tapes on a circular core, with a number of layers to increase the current handling
capacity. The circular CORC cables allow some bending with marginal critical current
degradation, up to the point of a minimum bending radius.

Figure 27: CORC conductor. Left: Cable manufacturing of HTS around circular copper
tube core, with three HTS tapes wind simultaneously, and the process repeated for mul-
tiple layers. Right: CORC CICC sample, with 6 CORC conductors in a radial configura-
tion, and an internal cooling channel [111].
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3 Stable operation aspects of simple-stacking SC magnets

3.1 Non-Uniform Current Distribution (NUCD)

For a qualitative description, let’s think what happens in normal conductors. Let’s assume
the case of 2 concentric circular conductors, with the same cross section, and different radius,
they are in electric contact all along the surface contact, so current can be transferred. As
the outer conductor has a larger circumference, it results in a higher resistance across its
length (R; < Ry). Additionally, the larger radius also defines a larger self-inductance for the
outer conductor (L; < Ls).

Hence, higher resistance and higher self-inductance result in a higher impedance for the
outer conductor (Z; < Z,). Then, if these conductors are in physical contact, as is the
case in stacked HTS tapes, a higher share of the total current will low through the inner
conductor (either AC or DC current).

I=1+1

Figure 28: Impedance difference between two concentric conductors in electrical contact.
Due to smaller length and cross section area of the inner conductor (Z; < Z5), the larger
impedance of the outer conductor causes a higher share of the total current to flow through
the inner conductor.

In the case of high-current superconducting cables based on HTS tapes, twisting and trans-
position diminish this problem by equalizing the impedance of all the HT'S tapes across the
length of the cable, as all the tapes have roughly the same length along the cable.

As confirmed in [113], for a straight simple-stacking HTS cable, current can flow from one
HTS tape to the other in a worst-case non-uniform fed DC current. As the total current
gradually increases, the current share towards tapes lower in the stack occurs, when the crit-
ical current of one HTS tape is approached, and other superconducting paths nearby start
conducting the excess current.

For DC current, or low-frequency AC current, a simple-stacking HT'S cable wound in a coil,
may be able to operate stably. Unavoidably, different impedance paths are produced across
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different tapes in simple-stacking, a margin of ramp rate values (or operating frequencies in
AC) up to a threshold may be achievable, the so called Ramp-Rate Limitation (RRL).

3.2 Circulation currents

Circulation currents can get formed into a superconducting cable, when current redistributes
internally with any change in the input current. They can be understood as looping currents
formed in order to balance the current in each strand or HT'S tape towards, evolving towards
the more stable current distribution according to the strands resistance and inductance.

The focus of the study here is analyze circulation currents that get formed and decay, either
in trapezoidal input current, or ramp-down and decay after a constant current input. AC
current behavior (when input current changes direction periodically) is not covered in the
scope of the present project, yet a few mentions may be done when necessary.

Circulation currents have been observed often in large LTS magnets and HTS, as it will
be mentioned later. First, a qualitative explanation is presented here in order to give a bet-
ter grasp of how they get formed.

Assuming any SC cable or magnet, its superconducting strands may be connected at the
endpoints in the current lead section, defined as a joint resistance. Additionally these strands
may be electrically connected by an internal contact resistance through the stabilizer. As
such, assuming a constant input current, any change in this constant current may form a
redistribution of current between strands, causing heat losses when current passes through a
non-superconducting path.

In Figure 29 it is shown a schematic of how circulation currents may form, assuming a
cross-section of a straight HT'S CICC cable. Circulation currents similarly get formed in
coiled cables, where the decay time is longer due to the self-inductance of the cable itself.

Figure 29: Circulation currents (A7) looping inside a simple-stacking CICC HTS cable,
after ramping down the input current, and decaying when passing through the joint resist-
ance (R;) between HTS tapes. Furthermore, the point where the current returns depends
on the ratio between longitudinal resistance and contact resistance, hence it may also occur
in multiple positions along the cable longitude.

Hence, if circulation currents enhance the current in some superconducting strands, the
critical current may be surpassed and a quench provoked. Twisted and/or transposed cable
designs diminish the formation of circulation currents, due to the similar inductance of the
superconducting strands, yet on simple-stacking their magnitude may be higher given the
inductance variation between HTS tapes is always present.
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Circulating currrent (Al)

Figure 30: Schematic for two concentric solenoids (S; and S3) connected in parallel, where
circulation currents (AI) can flow from one to the other via the joint resistances (R;). The
geometry is equivalent to a simple-stacking cable being wound in a coil shape. If the fila-
ments are HTS tapes, large circulation currents mean large current imbalance, which may
quench the (internal) HT'S tapes where the largest current share flows due to the lower im-
pedance.

3.3 Ramp Rate Limitation (RRL)

Early on, it was observed that large LTS magnets needed to be charged slowly, in order to
achieve nominal current and operate stably. This limitation of charging speed, may have also
been due to early LTS cable designs didn’t equalize the impedance in the SC strands, making
that the ones with lower impedance quenched first, and the effect propagated to quench the
whole magnet. The low heat capacity of materials operating at 4 K, also imply that small
heat disturbances can easily rise the temperature and provoke quenching.

Once going towards Cable-In-Conduit Conductors (CICC) and manufacturing high-current
magnets, despite AC operation is available, a large margin of stability is needed and equal

impedance between strands, to ensure stable operation. Even so, fast ramp rate has a limit,
threshold known as Ramp Rate Limitation (RRL) [114].

3.4 AC losses

While AC losses analysis is relevant for superconducting magnets, DC operated magnets in
principle mainly experience AC losses during the charging phase, and in the cases nearby
magnets may induce currents into it.

While AC losses exploration is not the focus of this work, we may briefly mention the situ-
ation that happens when stacked HTS tapes are twisted, which is an approach that slightly

reduce the inductance variation between them.

As explored in [115, 116], a comparison via numerical calculation was done, to observe the
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AC losses reduction that may be attained when twisting a superconducting cable, comparing
the cases for LTS cables with circular strands, and stacked HTS tape cables. A comparison
for these cables is shown in Figure 31:
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Figure 31: Comparison of AC losses for LTS and HTS cables when twisting is applied, as
function of the magnetic field. At high magnetic field there is a two order of magnitude
reduction for LTS cables, while for HTS the reduction is within a more modest 36% for
most of the magnetic field range calculated [116].

The AC loss reduction may be up to two orders of magnitude in the LTS cable case, rather
significant for stable operation. In the case of HTS twisted stacked cables, the AC loss re-
duction is modest, of around 36%.

Furthermore, thanks to their higher critical temperature, HT'S have the advantage of be-
ing able to operate at higher temperature compared to LTS. For example, if choosing an
temperature operating temperature of 20 K, it gives a two order of magnitude increase in
the heat capacity of e.g. copper, used as a stabilizer (see Figure 32).
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Figure 32: Heat capacity for helium and metals commonly used in high-current supercon-
ducting cables, as function of temperature. Note the two order of magnitude increase for
metals, when going from 4 K to 20 K, that provides enhanced cryogenic stability in HT'S
operating at higher temperature compared to LTS [117].

The increased heat capacity implies that for the same amount of energy, temperature rise
of materials is lower by operating at higher temperature, as it will be shown in a numerical
calculation later. This in a simplified zero-dimensional heat calculation, as the increased heat
capacity may cause localized heating, that requires for a more detailed thermal calculation
to describe it.

3.5 Quench and Damage

A quench in a superconductor means that the superconducting state is lost, when any of the
three critical parameters is surpassed: temperature, magnetic field or current density. As
the material becomes a normal conductor, a resistance is formed in the material, which may
pose a significant problem if a high-current is at the moment flowing through it.

Then, if a superconducting strand quenches while carrying current, the resulting resistance
starts generating joule heating, which may rapidly start increasing the temperature, perman-
ently damaging the strand. That is the reason why superconducting cables need the use of
a stabilizer, which is a conducting path where current can flow in the case of a quench, to
protect the superconducting strands of damage. Figure 33 shows quench damage observed in
two simple-stacking HT'S cables, due to mistakes in the detection and current feeding design:
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Figure 33: Quench experienced in simple-stacking HT'S conductors. Left: A NUCD may
have enhanced localized heating in the current lead, rising the temperature that led to a
quench [118]. Right: For STARS conductor, a mistake in the quench detection led to a late
response when a quench was starting, that led to damage and burning of the sample.

In the case of NUCD, precisely the current imbalance may cause a quench, if the current
in some strands becomes higher than the critical value, and it can not timely propagate to
other superconducting strands or the stabilizer. If there is inductance variation among the
strands, it is necessary that the contact resistance between strands to be low, so the current
can flow through the stabilizer and perhaps transfer to other superconducting strands that
are still superconducting.

While the example here shows a case for quench damage in HTS, this was deemed because
of mistakes in the operation of the experiments and current lead connections, rather than
fundamental limitations in the materials. On these lines, in the next section, it is shown a
list of historical examples where premature quench was caused by NUCD or other reasons,
and how HTS experiments have achieved more stable operation, compared to a number of
LTS experiments.
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4 Historical examples regarding stability in SC magnets

A SC cable may be more stable if the current in all the strands is the same, which implies
that each SC strand carries an equal share of the current, so they all remain with enough
margin from the critical current.

The gradual development of large SC magnets, initially from LTS, has allowed to determine
that in order to achieve a same current share, twisting and transposition of the strands is
necessary. This makes for the strands to have equal impedance and diminishes NUCD, which
facilitates a stable operation [119].

Conveniently, for HTS operating at higher temperatures (< 20 K), there is a larger heat
capacity and overall cryogenic stability available [117], meaning that the conductor can be
more resilient to heat disturbances. This is a significant difference with LTS, where a low
heat capacity implies that temperature can easily rise, plus the lower critical temperature
means a margin of about 2 K for LTS, where for HT'S can be about 10 K.

For large current HT'S cables made with HTS tapes, twisting and transposition is commonly
used [93, 115, 120-122], yet seems to be less of a need and more of an option in HT'S, as twist-
ing gives a marginal reduction in AC losses [116]. Additionally, a number of bending steps
may degrade the critical current of an HTS tape if surpassing the tolerable bending radius
(as of now on the range of 10 mm for a number of manufacturers for a single HTS tape [123]).

The inductance variation among stacked HT'S tapes was evaluated in [124], remaining within
a 5% margin, deemed a minor concern for the NUCD, while a number of simple-stacking ex-
periments have confirmed stable operation even in a NUCD condition. However, how stable a
simple-stacking HT'S under NUCD and inductance variation is still uncertain experimentally
for large magnets. A number of examples follow for experiments related with unstable (in
LTS) or stable (in HTS) operation of previous experiments.

For the aim of this project, the HTS simple-stacking approach is explored, which means
the HTS tapes are not twisted nor transposed, meant for DC current large magnets. By
reducing the number of manufacturing steps through the assembly of the conductor, the
overall cost may be reduced, which is beneficial to large budget projects such as fusion re-
actor applications. There is a growing interest to explore non-twisted HTS cable concepts
for DC current magnets [125-127].

4.1 LTS

The following examples overview cases for large Cable-In-Conduit Conductors (CICC) exper-
iments. The earlier examples, (before 2010 or so) show unstable operation, lessons learned
from the research allowed to improve the CICC designs, to be able to have a more uniform
current distribution in the cable.

While circulation currents, it has been found, are unavoidable in a superconducting cable
in CICC configuration, stable operation can still be achieved both with LTS and HTS.
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e 1994 - Demo Poloidal Coil conductor (DPC-U)
The conductor had electrical insulation between the superconducting strands, in order
to reduce coupling losses. During the charging process it was observed premature
quench, even at slow charging rate. It was determined that NUCD caused the premature
quench, as the strands that lost the superconducting state couldn’t easily transfer the
current to nearby strands due to the insulation. By applying heat it was determined
that by making normal state the strands that were taking higher current a more uniform
current distribution was possible. Figure 34 shows charging events and the point where
premature quench was detected, at currents lower than the design value of 30 kA and

5.29 T [128].
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Figure 34: DPC-U conductor transport current tests. The design values where 30 kA

and 5.29 T, however the cable consistently quenched at lower values, as indicated by the
black dots in the plot. The reason, attributed to the NUCD formed in the superconducting
strands, which caused the ones with lower impedance to quench first and degrade the over-
all maximum current achievable [128].

e 1998-2003 - LHD Poloidal Coils [129, 130|
During the qualification testing for LHD magnet system, a test was done, named Ex-
periments on a Single Inner Vertical coil (EXSIV). Extra AC losses were detected,
compared with the expected value, and different scenarios considered for its possible
causes. It was determined that slight asymmetry in the winding of the filaments, caused
by the periodic NUCD in the cable, may have produced local coupling losses in some
filaments that added to the total AC losses. Figure 35, shows numerical calculation of
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the AC losses matching with experimental measurements.
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Figure 35: Numerical calculations of AC losses observed in EXSIV experiment. The con-
tinuous black line is the sum of the two dotted lines, which correspond to coupling losses
with different time constants. The black dots and triangles correspond to punctual exper-
imental measurements at specific frequencies, matching along the numerical calculation

[129].
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For a second experiment, a changing AC was applied to the sample in order to measure
the AC losses. The experimental observations showed higher values than the theoretical
prediction, which couldn’t be completely clarified the reason why, but it was speculated
that a higher number of asymmetries in the strands caused more coupling losses than
the original expectation, as shown in Figure 36.
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Figure 36: Comparison of total AC losses, for a changing AC magnetic field at different
frequencies, in the EXSIV experiment. There was higher AC losses in the experiment at
low and high frequencies, with a better matching at mid frequencies. Although the origin
wasn’t clarified, it was speculated that multiple asymmetries in the strands winding caused

them [130].

2006 - SST-1 CICC [131]

A CICC was prepared for qualification tests, in order to be used in the Steady State
Tokamak 1 (SST-1) magnet system. The sample was tested under different conditions,
including the resilience in the case of the formation of a NUCD. A reduction of the
quench current was observed, when intentionally producing a NUCD by heating some
of the strands, and applying increasingly faster ramp rate. As a representative case, it
was observed that when a NUCD was about 40%, the quench current was reduced by

about 5% at 500 A/s.
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Figure 37: Experiment for stability under NUCD, of the CICC conductor used for the
SST-1 magnet system. By causing intentional NUCD via localized electric heaters, a re-
duction in the quench current was more enhanced, and dependent on the ramp rate that
the sample was charged [131].

2009 - ITER PFCI [132]

The ITER Poloidal Field Conductor Insert (PFCI) experiment which was tested inside
the ITER Central Solenoid Model Coil (CSMC). The PFCI was made with NbTi, as
a relatively low magnetic field was expected (B< 6 T). A test at different load factor
was performed, (which is the ratio between operating current and critical current of
the cable (I/I.), to observe the current sharing temperature T.s . While the low load
factor case (Iprpcr=6 kA, Besyo= 5.9 T) developed a voltage as expected, the high
load factor case (Iprpcr=55 kA, Besye= 5.15 T) experienced a fast voltage rise and
quench. The reason was deemed due to the NUCD formed by the inner strands of the
PFCI experiencing a high field and quenching earlier, which can be seen in Figure 38:
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Figure 38: Experimental tests of the ITER PFCI coil inside the ITER CSMC module,
tested under different load factors, and compared with a numerical simulation. While at
low load factor (top plot) the voltage development is as expected by the calculation, at
high load factor (bottom) there is a premature quench, possibly caused by the higher self
field experienced by the inner strands [132].

2018 - JT-60SA CS1 module [133]

During the testing of one of the modules of JT-60SA, the CS 1, circulation currents
detected via decaying magnetic fields, with different decay constants. As circulation
currents are caused by superconductors connected by an electric path, it was confirmed
with a second experiment that, although an unintended effect, they can appear both
in long-coiled and short-straight CICC samples.
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Figure 39: Decaying magnetic field after de-energization, produced by circulation currents
during the JT-60SA CS1 module tests. The decay constants have slightly different values
depending on the position where they were measured [133].

2021-2022 ITER TFC joint samples [134,

135

During the testing of ITER TFC joint samples, residual magnetic field was similarly
observed with slightly different decay constants, for a twin-box joint configuration. The
difference in decay constants was speculated due to some of the strands having lower
joint resistance than others, via a numerical calculation comparison.
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Figure 40: Residual magnetic field observed in ITER TFC joint samples, measured at dif-
ferent positions. The varying decay constants observed, was speculated it was caused due

to variation in the joint resistance at different points, as well as dependent on temperature
and current tested [135].

4.2 HTS

In NIFS there are three HTS cable designs in development, as it was introduced in the previ-
ous section for HT'S cable designs: STARS and WISE for simple-stacking configuration [45,
85, 87|; and FAIR conductor for a twisted stack configuration [92].

While there are several HTS cable configurations that have confirmed stable operation at
large current for twisted or transposed configurations at AC operation, the examples below
focus on simple-stacking HTS cables. These are meant to be operated on DC current, tested
under trapezoidal current input or by induction, so input current flows in the same direction.

The last three examples mentioned in this section, are the ones described within the scope
of this thesis, using the simple-stacking approach. They are included here with the purpose
to track historically these more recent developments, and an example of experimental data
is shown for each. While for LTS cable quench current starts noticeably degrading at ramp
rates of around 800 A /s and more, on HTS cables the ramp rate can consistently go up to 2
kA /s with no reduction in the quench current [131].
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A direct comparison cannot be made between earlier LTS examples and the following HTS
examples. Operation conditions, impedance difference between strands, cooling capacity for
heat extraction or safety margin from operating to critical current is different among earlier
LTS cables compared to the simple-stacking concepts with HTS shown here. Decades of re-
search experience and operation of large-current LTS cable have allowed to reach robust and
stable operation concepts either on AC or DC current. The point is to briefly illustrate that
stable operation is available with HT'S under NUCD and fast ramp rates, where a premature
quench may have likely been reached if such cables were LTS conductors operating with those
same conditions.

e 2014 - 100-kA-class STARS conductor [136]

A 3 m racetrack coil sample high-current HT'S conductor, which was an earlier valid-
ation for the simple-stacking concept in a coil shape with inductance variation. The
sample also included a low-resistance bridge-type mechanical joint, to explore stability
of interconnected HTS segments. A current was induced in the conductor by ramping
the bias magnetic field, stable operation up to 1 kA/s achieved with no premature
quench. Peak obtained current in the sample were 118 kA at 4.2 K, while a current of
100 kA was sustained stably for 1 hour.
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Figure 41: Current induced by ramping a bias magnetic field (blue line) in the 100-kA-
class STARS experiment at 4.2 K. A current of 100 kA (red line) was sustained for 1 h
with no premature quench [136].

e 2019 Short-straight HTS cable (1.3 m) [113]
Experiment to test the resilience of 5 REBCO tapes (4 mm) under a worst-case scenario
of NUCD, produced by feeding the current from the edge of one REBCO tape only.
Stable operation and current transfer between stacked REBCO tapes is observed in
the voltage measurements, while a numerical calculation reasonably reproduced the
experimental observations [137].
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Figure 42: Voltage measurements of the Short-straight HT'S cable (1.3 m) under worst-case
scenario of NUCD. Trapezoidal input current was applied at increasing flat-top current
value, with no premature quench detected. The step-wise increase of voltages in trapezoid
shape indicate a step-wise transfer of current among REBCO tapes [113].

e 2022-2024 - 20-kA-class STARS coiled sample (6 m) [85]
High-current HTS cable 20-kA-class STARS experiment, coil with 3-turn and 15 HTS
tapes of 12 mm width. After trapezoidal input current, a residual magnetic field lasting
for up to 100 s was detected, indicating circulation currents. Stable operation at 18 kA
(load factor of 90%), 1 kA/s, 20 K, 8 T; and stable operation up to 2 kA /s with no
premature quench [85].
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Figure 43: Test of the 20-kA-class STARS conductor under 100 repetition testing at 18 kA
and 1 kA /s, last two pulses shown completed with no premature quench. Voltage measure-
ments show stable low value as expected, while the magnetic field measurements shown a
decay after the current became zero, caused by circulation currents decay [85].

e 2023 - L-RAISER HTS solenoid
The Inductance (L) RAISing ExpeRiment (L-RAISER) solenoid experiment is part of
the explorations done for this projects, regarding stability of HT'S under fast ramp rate
and inductance variation. 30-turn and 5 HT'S tapes 4 mm width. Stable operation with
no RRL nor premature quench was obtained at 550 A, 77K , 2 kA /s. In the following
chapters a detailed description of the experiment is presented
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Figure 44: L-RAISER solenoid, experimental test at 550 A and 2 kA /s ramp rate (top). A
stable operation for a trapezoidal input current with no premature quench was achieved.
The voltage signals momentarily rises in the ramping phases (inductive component), and
stabilizes during the flat-top current (resistive component).
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5 Simple-stacking experiments

5.1 Short-straight HTS cable 1.3 m

This experiment was done in 2018 by Meulenbroeks et al. [113], in order to explore the
stability of stacked HT'S (ReBCO) tapes in direct electric contact though the copper layers
under a NUCD. The experiment was performed submerged in liquid nitrogen and tested with
a maximum current of around 600 A.

Recall that ReBCO tapes have an hastelloy layer serving as mechanical structural support to
the tape, yet by having a high resistivity compared to copper, they also difficult the current
transfer between HTS tapes, at the cost of better mechanical properties of the tape. Still,
current may transfer through the copper coating that is in contact between ReBCO tapes.

The five REBCO tapes used in the cable were placed inside a copper conduit, in order
to increase the available stabilizer of the cable. Then the current was fed only through the
edge of the topmost ReBCO tape, to purposefully produce the worst-case scenario of NUCD.
The HT'S cable managed to operate stably, and current to transfer between HT'S tapes under
a trapezoidal input current up to 600 A. A schematic of the cable and experiment is shown
in Figure 45.

Table 2: Technical specifications for short straight HTS cable (1.3 m). Being a straight
sample, no inductive component is considered, operating at 77 K.

HTS tapes length 1.3 [m]
Inductance variation No
Operating Temperature 77 K]
Ramp Rate up to 1000 [A/s]
Maximum current tested 600 [A]
External magnetic field No
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Figure 45: Short-straight HTS cable experiment, with 5 HT'S tapes and worst-case scenario
of NUCD, by feeding current from the edge of one HTS tape. The schematic shows a cross
section where the HTS tapes and the current lead can be seen. The experiment had a cop-
per conduit for increased thermal stability (not shown in the schematic). From [113].
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The experiment included a copper conduit to serve as an additional stabilizer to the five
HTS tapes, while mechanical clamps were used to press the HTS tapes to reduce the contact
resistance among them.

It was confirmed that stable operation is possible even in the worst-case scenario of NUCD,
as voltages did not rise significantly from the mV level up to the flat-top phase, which oth-
erwise would indicate a quench. The cooling was provided by directly submerging in liquid
nitrogen, so stability conditions were thought could be different, if e.g. using liquid helium
or gas helium. Experimental data can be seen in Figure 77:
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Figure 46: Voltage measurements of the Short-straight HT'S cable (1.3 m) under worst-
case scenario of NUCD, at a trapezoidal input current of 610 A. Despite voltage difference
among REBCO, indicating different current in each, stable operation is possible even close
to the total critical current [113].

5.2 20-kA-class STARS 6 m conductor sample

The 20-kA-class conductor is a 6 m coiled sample in a CICC configuration, with a stainless-
steel jacket meant to withstand electromagnetic forces intrinsic of a large current magnet.
Table 3 shows some of the technical specifications:

Table 3: Technical specifications for 20-kA-class STARS (6 m) coiled sample experiment.
Three temperatures (20 K, 40 K, 77 K) where tested during two experimental campaigns.

HTS tapes length 6 [m]
Self-inductance 10.6 |pH]|
Operating Temperature 20, 40, 77 [K|
Ramp Rate up to 2000 [A/s]
Maximum current tested 18 [kA]
External magnetic field Up to 8 [T

On the first experimental campaign in March 2022, it was first observed a residual mag-
netic field after the input current became zero, indicating the presence of circulating currents
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(sensors By and Bs). Hence, in the second experimental campaign in February 2023, two
additional Hall sensors were placed close to the current lead and on an intermediate position,
to further explore the circulation currents decay location (Figure 47).

Figure 47: Soldering of sensors B3 and B4, used in the second experimental campaign for

20 kA-class-STARS experiment, to further explore the residual magnetic field detected in
the first experimental campaign.

The residual magnetic field was confirmed to be higher in magnitude close to the current
lead region (Bs), compared to the position farther away from it By. The measured residual

magnetic field, for a representative trapezoidal current input with ramp rate of 1 kA/s, is
shown in Figure 48:
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Figure 48: Residual magnetic field measured in the 20-kA-class STARS experiment, after a
1 [kA/s| ramp-down at ¢ > 80 s. The circulation currents last for up to 100 seconds after
the input current became zero, and decays at the same rate in all measured positions. The

magnitude of the residual magnetic field is higher in the current lead (B3) compared to the
coil body farther away from there (B,). From [85].
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5.3 L-RAISER 10 m solenoid coil sample

The Inductance (L) RAISing ExpeRiment (L-RAISER) experiment was designed in order to
further clarify if stable operation is possible, even with higher self-inductance of a simple-
stacking HT'S magnet, while inductance variation exists among HTS tapes. The resulting
self-inductance is 60% higher than that of the 20-kA-class STARS experiment.

we can see in Table 4 the general technical specifications of the experiment, and the fol-
lowing sections describe the assembly process.

Table 4: L-RAISER (10 m) technical specifications. The HTS tapes where surrounded by
two copper tapes, while being hold by a GFRP case, and submerged in liquid nitrogen for
testing at 77 K.

HTS tapes length 10 [m]
HTS tapes width 4 [mm]
Self-inductance 16 [uH]
Operating Temperature 77 K]
Ramp Rate up to 2000 [A/s]
Maximum current tested 550 [A]
Bobbin material GFRP

The bobbin of the L-RAISER solenoid was manufactured from GFRP, which can be used
in cryogenic temperatures, and have a similar coefficient of thermal expansion than that of
copper and other metals. As such, when submerged in liquid nitrogen as it was the case of
this experiment, the thermal shrinking remains in the same range as of copper and other
metallic mechanical structures.

The current flows into the HTS tapes through copper current leads, where it can be fed
in the worst-case scenario of NUCD, such as what was done on the first experiment with a
straight cable. Later, by changing the configuration of the HTS tapes, two additional cases
were tested with uniform current distribution.

From here on, it follows a more detailed explanation of the preparation and manufactur-
ing of the experiment, which hopefully may serve of guideline into the development of similar
kind of experiments, based on HTS tapes.

5.3.1 Assembly

e Preparation and dummy tape

The whole cable of L-RAISER is composed of 5 HT'S tapes, surrounded by two copper
tapes as the innermost and outermost tapes. The copper tapes work as stabilizer, to
help conduct the current in case of a quench, while also serving as a cushion to protect
the HTS tapes from mechanical damage from the pressure plates.

As practice before start winding the solenoid with HTS tapes, a winding test is made
with steel tape, to have a feeling of the process, and be able later to better handle the
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HTS tapes without damaging them in the winding process.

Figure 49 shows the trial winding process with the steel dummy tape. Afterwards,
a copper tape was wound in the bobbin to serve as the first cushion layer before the
winding of the HTS tapes.

PR e
—

Figure 49: L-RAISER Assembly 1. Left: Dummy steel tape used for preliminary winding
practice. Right: Copper tape, first tape in the stack, used as cushion and stabilizer to pro-
tect the HT'S tapes from mechanical damage by the pressure plates.

e HTS tapes winding

Once the first copper tape is wound, the winding of the HTS tapes begins, the cable
consists of 5 HTS tapes of 10 m length, hence 50 m in total, plus around 0.3 m in each
end, to make the connection with the current leads. A HTS tape roll contained enough
length for the total of 53 m, hence to form the simple-stacking cable configuration, the
winding process was repeated five times for each HTS tape.

To transfer the HTS tape to the bobbin, the HTS tape roll and the bobbin were placed
in two independent rotating stands. Once mounted, by rotating both stands at the
same time, the HTS tape is transferred to the bobbin, as shown in Figure 50. Pressure
plates are gradually mounted and dismounted, in order to keep the HTS tape in place
while the next HTS tape layer was wound.
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Figure 50: L-RAISER Assembly 2. L-RAISER bobbin and HTS tape roll mounted on two
separate rotating structures, so the HTS tape can be wound into the bobbin, securing the
HTS tapes with spaced pressure plates.

Figure 51: L-RAISER Assembly 3. Left: Starting the winding of one HTS tape, wound
from top to bottom. Right: After finishing the winding of each HT'S tape, they are tem-
porarily secured with Kapton tape, before attaching them to the current leads.
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When one 10.6 m HTS tape was finished to be wound, the endpoints were temporarily
secured with Kapton tape, to allow the connection with the current leads later.

Figure 52: L-RAISER Assembly 4. Outer copper cushion tape wound after the 5 HTS
tapes, for mechanical damage protection from pressure plates to HT'S tapes. As the copper
tapes where 5 m long, unlike the 10+ m from the HTS tapes, two copper tapes per layer
were used.

After finishing the 5 HT'S tapes winding, another copper tape was wound on top of the
stack, as the outermost tape, again, as stabilizer cushion to reduce possible damage to
the HTS tapes, shown in Figure 53.

Figure 53: L-RAISER Assembly 5. Left: 5 HTS tapes plus 2 copper tapes wound and se-
cured by pressure plates. Center: Preparation of bolts to collocate all the pressure plates
in the bobbin. Right: Finalizing process for all bolts to secure and press the HTS tapes, to
reduce contact resistance and have good current transfer among them.

When the stack of 5 HT'S tapes plus two copper tapes were finished, the pressure plates
all around the bobbin were placed, to reduce the contact resistance between HTS tapes
that could facilitate current transfer between them. As they surround and press the
HTS tapes along their length, it would be expected that the contact resistance would
be roughly the same along the length as well.
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Voltage taps

Once the tape stack is finalized and the pressure plates put in place, the attachment
of the sensors began, starting with voltage measurement across each HTS tape. The
endpoints of the HTS tapes were loosened and voltage taps were soldered in the su-
perconducting layer side of the REBCO tapes (with a prior cleaning with liquid flux
to remove the local oxide layer in the HTS tapes), to measure as close as possible the
voltage appearing across the length in the superconducting layer itself, shown in the
left side of Figure 54.

(N

Figure 54: L-RAISER Assembly 6. Left: Soldering of voltage taps in the superconducting
layer side of each REBCO tape. Right: Voltage taps attached close to the copper current

lead.

Once the five voltage taps had been soldered, the tape stack was placed into the copper
current lead, closed down and bolted, to complete the electrical connection. Three
cases of current feeding were tested, which will be explained afterwards. For the first
case, the closed current lead with the soldered voltage taps can be seen in the right side
of Figure 54.

Magnetic (Hall) Sensors

Similarly as what was observed on the 20-kA-class STARS, magnetic (Hall) sensors
were installed on L-RAISER to observe the decay of the circulating currents via the
decaying residual magnetic field. Six Hall sensors were prepared and installed in pairs,
at three different positions in the bobbin, two on the center, and two pairs on each
current lead next to the connection between the tapes and the current lead (Figure 55).

Each Hall sensor had the four required cables soldered, and they were all powered
in series to the same power source, to ensure the same current in each of them, and the
same rate of increase or decrease in the magnetic field. Additionally, they were covered
in Kapton tape to facilitate removal later on, so they could be reused in this or other
experiments.
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Figure 55: L-RAISER Assembly 7. Left: Soldering of the Hall sensors cables for power and
signal acquisition. Right: Six Hall sensors prior to their installation, two of them in each of
the current leads, and two in the central region of the solenoid. Orange lines indicate their
positions.

Figure 56 shows the Hall sensors attached in one of the current leads (left side), and
on the center of the bobbin (right side).

On the bobbin center, two Hall sensors (labeled B3 and B,) were placed as a redund-
ancy, as the magnetic field may behave similarly. Due to space limitations, they were
placed directly on top of the tape stack and as close as possible, so the magnetic field
could be more easily measured.

In case the magnetic shielding produced in the HTS tapes could reduce the meas-
ured magnetic field parallel to the HTS tape, and thanks to the available space, two
measuring positions both perpendicular (B and Bs) and parallel (Bs and Bg) to the
magnetic field lines direction were placed.
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Figure 56: L-RAISER Assembly 8. Hall sensors installed on the solenoid, blue lines indic-
ate the magnetic field created by the HTS tapes. Left: Hall sensors (B1, B2, B5, B6) in
the current lead attached near the current feeding point, where circulation currents were
expected to return among HTS tapes. Right: Hall sensors (B3, B4) installed in the center
of the solenoid, on top of the HTS tapes.

The Hall sensors were meant to detect the residual magnetic field evolution and its
total decay time. As such, the measured magnetic field magnitude was less relevant,
and rather it was roughly estimated based on an analytical calculation, to confirm that
a measurable signal was going to be obtained under their chosen location.

Finally, the L-RAISER solenoid was placed on a steel container surrounded by styrofoam,
to have a good thermal insulation from the environment. The current source cables were
connected to the current leads, the cables for recording voltage tap and magnetic hall sensor
signals were connected to the data acquisition system. Then, once the setup was completed,
liquid nitrogen could be poured into the vessel to start the experiment, covered with a
styrofoam lid to reduce liquid nitrogen evaporation rate. The final setup is shown in Figure
57:
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Figure 57: L-RAISER Assembly 9. Left: Solenoid placed on steel container surrounded
with styrofoam, to decrease the evaporation rate of liquid nitrogen. Right: Container filled
with liquid nitrogen, to cool down and begin experiments.

Figure 58: L-RAISER Assembly 10. Styrofoam lid placed, diagnostics system set, and
power supply with controllable current plugged, to begin experiment and data acquisition.
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Figure 59: L-RAISER Assembly 11. Data acquisition under different trapezoidal current
waveforms, varying ramp rate and flat-top maximum current. Right: Representative shot
data collected, at 400 A current and 1000 A /s ramp rate.

5.3.2 Experimental results

Once both the voltage taps and Hall sensors were attached, the planned three cases were
performed, as it is described next. The current was fed via six bolts attached to the current
lead, while the configuration of the HTS tapes could be modified to test different current
input scenarios.

Three current feeding cases were outlined, which gradually increased the uniformity of the
current that was fed into the HTS tapes, while decreasing the joint resistance between them,
which could enhance the circulation currents magnitude and decay time. For each of these
three cases the current lead was opened, the connection between HTS tapes modified, and
then closed again, to test the next defined case. Figure 60 shows each of these three cases
which were respectively:

e Non-uniform current feeding
Initially the tape stack was connected while the current was fed through the topmost
HTS tape, to replicate the condition of worst-case scenario of NUCD tested on the
short-straight HTS cable experiment.

e Staircase Indium foil connection
The HTS tapes are cut in a staircase shape, while the voids are filled with indium (In)
foil, that facilitates a uniform current distribution.

e BSCCO tape joint
The REBCO tapes are cut in the current lead section, and a BSCCO tape extension is
soldered to each one, further reducing the joint resistance.
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Figure 60: Three cases tested for current feeding in the HTS tapes. Case 1 is a worst case
scenario of NUCD, with current fed in the top-most REBCO tape. Case 2 is for uniform
current feeding, by cutting in a staircase shape the REBCO tapes in filling the gaps with
indium foil. Case 3 cuts the REBCO tapes from the current lead, to solder BSCCO tapes
along extensions on the left, being a uniform current also facilitated by the silver matrix of
the BSCCO tapes.

e Case 1: Worst-case NUCD
The HTS tapes are directly placed along the current lead canal, while removing the
outermost wound copper tape from the current lead region, to directly feed the current
to the outermost HTS tape.

The copper current lead connections were treated with liquid flux, to remove the oxide
layer in the current lead, as well as the whole connecting region in each HTS tape,
finally cleaning with isopropyl alcohol to remove flux remnants and stop continuous
chemical interaction within the copper region. Once the surfaces were clean, the cur-
rent lead was closed, bolts tightened, and the current source cables connected. The
final connection is shown on the right side of Figure 61:
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CASE 1

Figure 61: L-RAISER Case 1: NUCD current feeding. Left: The current lead previous to
being closed, with the current being fed from the opposite side from the camera point of
view. Right: Current lead closed, and power supply wires in place, where the current flows
from bolts to copper current lead and then to the REBCO tapes.

Then after submerging the sample in liquid nitrogen (LN5) the experiment began. The
solenoid was tested at 100 A and a slow ramp rate, to confirm the superconducting
state of the HTS tapes.

Then the solenoid was tested at higher current, reaching a maximum current of 180 A

and 1 kA /s stably, condition at which a slight voltage rise was detected in V;, which
corresponds to the innermost HTS tape. This is shown in Figure 62:
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Figure 62: L-RAISER Case 1, 1. Slight rise in voltage V1 (innermost HTS tape), for 180 A
and 1000 A/s. As the total current surpasses the critical current of one HTS tape (around
120 A at 77 K), current is being transferred to other HTS tapes despite the voltage rise.

From this point, the current was slightly increased up to a trapezoidal input current of
200 A at slow ramp rate, to carefully observe if the voltage rise in V4. The flat-top value
of 200 A was reached, with a noticeable increase of the V; voltage, shown in Figure 63:
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Figure 63: L-RAISER Case 1, 2. The total current is increased slowly (10 A/s) up to 200
A. Near reach and during the flat-top phase, a voltage rise is detected in V1 (innermost
HTS tape), which indicates a high-current share in that HTS tape, yet operating stably.

At this point, since the maximum current was already higher than the critical current
of a single HT'S tape, it indicates that current was being transfered to other tapes, and
higher current values might be achievable.

However despite the apparent stability and current transfer between HTS tapes, as
what was observed in the short-straight HTS cable, in order to reduce the risk of
damaging the HTS tapes under a worst-case NUCD, the experiment was stopped to
continue with the next case.

e Case 2: Staircase joint with Indium foil
The main aim of the L-RAISER experiment was to test the stability of a coiled cable
under a fast ramp rate. For this, a uniform current feeding facilitates stability, as cur-
rent can distribute more equally between the HTS tapes, even if current redistribution
starts occurring due to the inductance variation between HTS tapes.

As such, the current lead was opened and the HTS tapes were cut in a staircase shape,
then indium foil was cut to fill the remaining gaps in the staircase shape, as shown in
Figure 64. The copper sections that make the electrical connection were treated again
with liquid flux and cleaned with isopropyl alcohol. Then the current lead was closed
and bolted again to finalize the electric connection.

61



Figure 64: L-RAISER Case 2. The configuration was changed from NUCD to uniform cur-
rent distribution. The REBCO tapes were cut in a staircase shape, and the step gaps filled
with indium foil. The lower resistance via the indium foil facilitates a more uniform cur-
rent distribution, by eliminating intermediate REBCO tapes that have the more-resistive
hastelloy substrate embedded.

Under the improved joint condition, the current feeding was uniform, and a current up
to 500 A could be reached without a measurable voltage increase across the HTS tapes.
Fast ramp rates were tested to see if a quench could occur in the sample, reaching up
to 2 kA /s ramp rate with no apparent indication of instability or quench, besides the
inductive voltage formed during the ramping phases.
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Figure 65: L-RAISER Case 2, 1. Trapezoidal input current up to 500 A and 2000 A /s.
The voltages in all HTS tapes remain on the same low-value range during the flat-top
phase (not visible in the plot). The voltage signals are zoomed in, and a decay in the
signals can be detected for 3 s after the input current became zero, indicating circula-
tion currents (note the innermost tape V1 has the opposite sign compared with the other
voltages). The same decay can be in the magnetic field data for sensor B2.
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This time, the reduced joint resistance also allowed to observe a residual magnetic field,
as formerly observed in the 20-kA-class STARS experiment, with a decay up to 3 s.
Furthermore, by zooming in the voltage tap signals after the input current had become
zero, a decay in each voltage tap was visible, indication of the circulation currents
decaying on the sample.

Case 3: BSCCO tape soldered to REBCO

For the next step, the goal was to find a way in which the joint resistance between HTS
tapes could be further reduced, while having a uniform current feeding. Then it was
decided to use BSCCO tape extensions for each REBCO tape.

The REBCO tapes were cut as close as possible to the edge of the current lead, and a
BSCCO tape soldered in each REBCO tape with a solder area as long as possible. The
BSCCO tapes, having a silver matrix connecting the superconducting filaments, also
facilitate a uniform current distribution to flow through the REBCO tapes. Clamps
were placed to increase the mechanical pressure additional to the bolts that make the
electrical connection, that may help reduce the joint resistance between the BSCCO
tapes.

The BSCCO tapes cover the whole length of the current lead and furthermore, an
extra length was extended on the opposite side, and all the BSCCO tapes soldered in
that side. This allows reducing the joint resistance by increasing the total joint area
where circulating currents can flow back among the REBCO tapes. Figure 66 shows
the BSCCO tape extensions schematic, and how they were attached into the current
lead.
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Figure 66: L-RAISER Case 3. All the REBCO tapes are cut, soldering one BSCCO tape
for each REBCO tape, with a solder area as wide as possible based on the space between
the bobbin and the current lead (around 40 mm length). An extension of about 14 cm is
left on the opposite side of the current lead, and all the BSCCO tapes soldered. The com-
bination of large solder area and high mechanical pressure in the current lead, contributes
for an overall lower contact resistance. The BSCCO tapes, having a silver matrix where su-
perconducting filaments are embedded, facilitate uniform current distribution.

Under the BSCCO tape configuration, the attained current was also available for 500
A, while the residual magnetic field by the circulation current lasted for up to 10 s, as
it can be seen in Figure 67.
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Figure 67: L-RAISER Case 3, 1. Voltage remains the same in all HTS tapes during the
flat-top phase, indicating uniform current distribution, as of the previous case, also at 500
A and 2000 A/s. A decay in the voltage taps and magnetic field signals is detected, for up
to 10 s after the input current had become zero.

The experiment was pushed further to determine what may be the critical current of
the L-RAISER solenoid, and a slow ramp rate of 10 s was applied to find out. The
critical current was determined around 550 A, where a gradual increase of the voltage
was observed in all tapes, heading towards a quench. The current source was shut
down to avoid damaging the HTS tapes, and similarly the decaying magnetic field was
present for around 10 s.
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Figure 68: L-RAISER Case 3, 2. To find the critical current of this cable configuration, a
trapezoidal input current of 550 A, 10 A /s is applied. After around 510 A, a steady voltage
rise in all HTS tapes is detected, indicating a quench is on development, so input current

is shutdown. After the shutdown, a decay in the magnetic field signal is detected for up to
10 s, caused by circulation currents. A small decay can be slightly seen in the voltage taps
zoomed out plot.

Once establishing that the critical current was around 550 A, faster ramp rates were
tested, where it was observed that HTS tapes could withstand a fast charging up to
2 kA /s without quenching, as shown in Figure 69. Perhaps the lower ramping time
produced less AC losses that were leading to a quench in the slow ramping-up case.
Given the joule heating is the the total heat energy produced in a time window, a fast
ramp rate may produce less heating, compared to a slow ramp rate where joule heating
is produced during a longer time.
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Figure 69: L-RAISER Case 3, 3. A trapezoidal input current with 550 A and 2000 A /s

is applied. In this case, stable operation is achieved during the flat-top, likely due to the
lower joule heating generated in a fast ramp rate compared to a slow ramp rate (Q =
RI?At). The decay, both in voltage taps and magnetic field By, last up to 10 s in this con-
figuration with lower contact resistance overall (zoomed-in signals).

All the figures for the magnetic measurements so far, show only the measured value
at By, which was located in the current lead region, and which showed the clearest
magnetic field decay for more of the shots.

Sensors Bs and Bg failed, so it was not possible to obtain data for their positions.
On the other hand, sensors from B; to B, showed all the decaying magnetic field at a
similar rate. The residual magnetic field magnitude was slightly higher on the current

lead locations, compared to the central region, similar to what was observed in the
20-kA-class STARS experiment.

It is expected that faster ramp rates may have been possible according to the ex-

perimental results observed, however the current source controller only allowed a ramp
rate up to 2 kA/s.
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Figure 70 shows the highest current and ramp rate attained for the experiment, 550
A and 2 kA/s. The voltage taps show a similar signal for all tapes, with the peak
inductive voltages that are produced during the ramping phases. The magnetic sensors
data shows how the residual magnetic field decays at the same rate in all positions.
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Figure 70: L-RAISER Case 3, 4. Same trapezoidal input current for 550 A and 2000 A/s.
The signals in all the magnetic sensors is included, where a decay within 10 s can be seen,
on a similar rate for all. During the ramping phases, there is an inductive voltage rise, and
during the flat-top, the cable operates stably at a fixed voltage value for all the HTS tapes.
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6 Numerical calculation for current distribution in HTS

6.1 Formulation and general assumptions

A numerical simulation was developed, in order to predict the operation of a simple-stacking
HTS cables, accounting the superconducting properties of REBCO. Afterwards, comparison
between experiment and simulation is done.

Better understanding how current gets distributed, under both a constant and changing
input current, is convenient to clarify the reason of the stable operation that has been ob-
served so far in HTS conductors, unlike what was observed in the past with LTS conductors.

General conditions for the numerical calculations are:

o Temperature
Considered constant for the model, presently for ranges from 20 K to 77 K. Given the
operation conditions below the critical current, the joule heating generated is assumed
low enough to be exhausted by a cooling system, plus the high cryogenic stability of
HTS and increased heat capacity of materials at temperatures above 20 K (compared
to lower heat capacity of LTS at 4 K).

e C'ritical Current and Magnetic Field
Three scenarios are considered at a constant temperature. The critical current case is
specified later for each numerical calculation.

— Constant critical current
Considered as a constant value, 20% higher of the value obtained at the operation
current of a given cable

— Critical current dependent on total current (1. = f(Liotar))
The critical current decreases linearly as a function of the input current, to account
for the effect of the self magnetic field.

— Critical surface
A surface fit for the critical current I.(7, B) was made, based on publicly avail-
able experimental data from Robinson Research Institute of Victoria Wellington
University, for Fujikura FESC 2G HTS tapes [138, 139, to extrapolate to high-
current and high magnetic field scenarios. BSMag code [140] was used to compute
the magnetic field distribution, and compared with the publicly available CryoSoft
Solids suite for YBCO [141].

The models presented here aim to make a description of how current may get distributed
among HTS tapes in a conductor, considering the superconducting behavior, plus the share
of currents between strands due to electric (resistance) and magnetic (mutual inductance)
interaction.

Other aspects of a large magnet operation are simplified as much as possible, yet they may
need to be taken into account for a comprehensive modelling of all phenomena involved. To
name a few of these effects, they include electromagnetic forces, hysteresis and coupling AC
losses, cooling thermal analysis, and nuclear heating in the case of fusion magnets [142, 143].
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6.2 Constant Temperature RL circuit

For the simple-straight cable experiment, the first scenario is where mostly the resistance
(R) is involved in the redistribution of current among the HTS tapes, inductance (L) effects
are negligible. When going from a straight to a coil configuration, the inductance needs to
be taken into account.

Once the operating temperature is defined, the copper resistance is defined by the geometry
of the conductor, and the other parameters can be defined as follow:

e Superconducting resistance (Rs.)
Computed with the Power Law (Equation 3), dependant on length (Az), critical current
(I.), instantaneous current (I,), critical electric field criterion (E. = 1074[V/m]), and
n-value for HTS (typically given as n = 25). E. and n value are fixed for all the
numerical calculations in this work.

Ee o Loy,

e Joint Resistance (R;)
Defined in the connection of the HTS tapes with the current lead. Defining a joint
resistance is tricky, given the circulation currents may return via multiple paths in the
current lead region. Although a fixed value may not be ensured, an estimate for the
order of magnitude is done.

The scenario considered is for a staircase configuration with indium foil connecting
the REBCO tapes with the current lead. Considering uniform potential due to a uni-
form current feeding, the resistance of the bulk copper is assumed negligible. The
connection of two superconducting layers of two contiguous HT'S tapes, is done via the
path including the thickness of both the HTS tapes copper coating, and the indium
foil, as shown in Figure 71:

REBCO
tapes

Figure 71: Estimation of joint resistance (R;) between two REBCO tapes via the current
lead. Assuming equal potential in the copper bulk, the resistance includes the thickness of
both indium foil and the REBCO tape copper coating, considering the area of the staircase
steps.

Under those assumptions, the joint resistance is the result of adding both indium foil

and copper coating from both REBCO tapes, considering the resistivity [144] and
dimensions of each material, as:

R; = 2(Rcunts + Rin)
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where p is the electrical resistivity as a function of temperature, h is the thickness of
the layer, w is the width of the REBCO tape, and [ is the length of the staircase step.
Table 5 shows the values for 20-kA-class STARS and L-RAISER geometries:

Table 5: Staircase geometry values for 20-kA-class STARS and L-RAISER, to estimate
joint resistance R;

20-kA-class STARS | L-RAISER
Width [mm]| 12 4
Staircase step length [mm)| 18 32
Temperature [K] 20 77
Joint resistance [nf}] 1.5 30

While this is an estimation based on bulk material geometry and assuming a good
bonding between different materials, in reality, an experimental resistance may be sev-
eral times higher than the theoretical expectation, due to microscopic irregularities
that bond the two surfaces. Larger experimental joint resistances where observed in
the 100-kA-class STARS conductor [42, 43|, as well as significantly larger contact res-
istance between REBCO tapes than expected in the short-straight HTS cable [113,
137].

e Mutual inductance (M)
Computed in function of the coupling factor k, defined as the ratio of the areas between
the inner (L;) and outer conductor (L;). Also note that, given the geometry with
concentric and coaxial circular coils with the same turns, the maximum theoretical
value of mutual inductance is that of the inner conductor (M < L;). The relationship
between the mutual inductance M and coupling factor k are given by:

M:]{?\/LiLj , l{f:% , LZ>L] (6)
j

e Coupling factor (k)
As it is related with the amount of power that may be transferred from one HTS tape
to the other, it is considered within two possibilities:

— Geometric
It is the ratio of inner and outer areas as described in the mutual inductance. It
assumes that all the magnetic field lines in common are perpendicular to the cross
sectional area of the coils, as an ideal coupling based on the geometric alignment
between two coaxial coils.

— Reduced
In a real conductor there are changes of magnetic permeability (e.g. air, cop-
per, stainless steel jacket, surrounding ferromagnetic structures, etc.), which may
change the direction of magnetic field lines in space. Eddy current losses and
hysteresis losses may also be produced in surrounding materials, that reduce the
power transfer from one HTS tape to the other, which is reflected as a reduced
coupling factor, lower than the geometric case.
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e Contact resistance (R,)

The contact resistance between HTS tapes may depend on the mechanical pressure
between them, the thickness of the solder material with which they are bonded, or
both (as by using Indium foil) . A low contact resistance facilitates the share of the
current across HT'S tapes, which is important for stability when there is a non-uniform
current distribution present. For this model, as there are only contact resistances at
the edges next to the current feeder, they are considered to be zero to set a uniform
current feeding.

The full formulation of the equations is included in Appendix A.

The smallest circuit scenario is to include two HTS tapes to define the circulation current
between them, while adding a stabilizer branch allows to grasp the induced current in the
stabilizer during the ramping phases. This 2 HTS tapes circuit is shown in Figure 72:

HTS R;

R .
tapes 121 R, L 122
AN ’\}K}\ LI AAAY
stabilizer ___ Rj31 Rsww Lo Rjgz
AN ANN—TR——AW

Figure 72: Constant Temperature RL Circuit for 2 HTS tapes plus stabilizer branch. The
superconducting resistance R is represented as a variable resistor, the self-inductance L is
set by the geometry of the strand, and R; is the joint resistance between branches at both
current lead ends.

The RL circuit model reproduces the current distribution among a given number of HTS
tapes. In the case of having 2 HTS tapes, a direct comparison can be made with the circu-
lation currents analytical model for two filaments derived in [85], given as:

 Ly+Ly—2M
T= R (7)

Ly — Ly dl t

where AT is the circulation current, L; and L, the smaller and larger inductance of each
filament, dI,/dt the value of the ramp rate applied (not the time derivative of the input cur-
rent), M the mutual inductance, R the joint resistance between filaments, and 7 the decay
time constant.

Note that the analytical circulation current model is derived for the condition of a trapezoidal
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input current. Then we can directly observe from Equation 8 that the magnitude of the cir-
culation current A/ increases with the inductance difference Ly — Ly (scaling with the size of
the coil) and the ramp rate dIy/dt applied. At first glance, although the inductance difference
term may suggest that the size increase becomes increasingly prohibitive, other phenomena is
involved in the limitation of the circulation currents magnitude, and how the current evolves
while accounting superconducting current paths.

In order to validate the simulation model, a comparison was done with the analytical equa-
tions for circulation currents, in a 2 HTS tapes case. The analytical equations were derived
for a constant joint resistance value, so when running simulation with a low load factor of
the HTS tapes, where the resistance in a branch remains roughly constant, the simulation
matches the analytical equations, shown in Figure 73 for a representative trapezoidal current
waveform:

Analytical comparison delta | , RR =1000 [A/s], flat top = 5 [s]
L =~10.6 [uH], M =10.5 [uH], L2-L1 = ~38 [nH]
Rjoint =10 [nQ], 7= 13 [s]

T
—e—delta | sim

400 —delta | analytical| |

200

IA]

-200

0 10 20 30 40 50 60 70 80
tis]

Figure 73: Circulation currents calculation. Comparison of analytical equations for circu-

lation currents under a constant joint resistance (orange line), versus simulation model for
2 HTS tapes (blue line) with variable superconducting resistance. The simulation can re-

produce the analytical case, under the condition that the current in the HTS tapes is low
enough, to not significantly change the superconducting resistance of the HTS tapes.

To grasp better the comparison between the analytical equation and the simulation, is con-
venient to add a clarification. The circulation current analytical equation (8) for 2 HT'S tapes
is defined on a loop that connects them via a joint resistances with a fixed value.

For the simulation, additional to the joint resistances, there is the additional term of "su-
perconducting" resistances in the loop, depending on the load factor (I/1., ratio between
the current in the branch to the critical current of the branch). As such, overlap with the
analytical equation happens when the load factor is low, while at high load factor the simu-
lation accounts the additional variation of overall resistance in the loop where the circulation
currents flow.
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6.3 Constant Temperature R circuit

On the other hand, to evaluate how the current distributes in a straight simple-stacking HTS
cable, a resistance (R) only model was developed. The R circuit model does not consider
inductance terms, as they are negligible in a straight cable configuration, yet it allows to
subdivide the cable in the longitudinal direction of the cable, to account the effect of the
contact resistance into the current redistribution.

The equations of the model are derived via Kirchhoft’s Voltage Law (KVL), to define the
loop currents along the defined resistance grid, that includes superconducting resistances Ry,
stabilizer resistances R, and contact resistance R,.

Similarly, the superconducting resistances R,. are computed based on the Equation 4 as
given by the Power Law. The contact resistance R. is defined by the contact area and
geometrical dimensions of the copper that connects the superconducting layers between the
HTS tapes. The stabilizer resistance R,; accounts the equivalent resistance obtained by the
cross-sectional area and length of all the copper present in the HT'S tapes and copper conduit.

A resistor grid for five HT'S tapes, a stabilizer branch, and contact resistances between HTS
tapes, is shown in Figure 74:
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Figure 74: R circuit model, for 5 HT'S tapes plus a stabilizer branch (lowermost branch),
making 6 mesh divisions along the longitude of the cable. The model considers contact res-
istances between each 6 divisions was chosen as the minimum mesh value where a grasp of
the current distribution can be observed. Applicable for the worst-case scenario of current
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feeding and NUCD, as observed in the Short-straight HT'S conductor experiment.



By dividing the cable in six meshes in the longitudinal direction, is considered adequate to
be able to grasp the current redistribution that may occur in the HTS tapes, while keeping
a small mesh size, reasonable computing time and convergence of the numerical solver.

6.4 Simulations for experiments

In this section the numerical calculation results are shown for both models, comparing the
simulation results with experimental data, for the three experiments (short-straight HTS
cable, 20-kA-class STARS, L-RAISER). Additionally, based on the insights and results, an
extrapolation is done to how current distribution may look in a large simple-stacking HTS
magnet, in this case the double pancake inside the ITER Toroidal Field Coil (TFC).

The calculations are based on a five HT'S tape model, which was the number of tapes used
in the short-straight HTS cable and L-RAISER experiments. For the case of the 20-kA-class
STARS, as it used 15 HTS tapes in total, a simplified 5 HTS tape model is also used, by
assuming proportionality in the calculation conditions, so one HTS tape in this model ver-
sion represents the added effect of 3 HTS tapes. The general model for 5 HT'S tapes plus a
stabilizer branch, as what was used in the coiled cable calculations, is shown in Figure 75:
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Figure 75: RL circuit model for 5 HTS tapes, plus stabilizer branch. Applicable for coiled
cable configurations where inductance variation is present, such as the L-RAISER exper-
iment. Uniform current feeding is considered (no vertical contact resistance), and joint
resistance that control the circulation currents decay rate and recirculation to other HTS
tapes.
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6.4.1 Short-straight HTS cable

The R circuit shown in Figure 74 was used to compute the current distribution and measured

voltages for the straight sample.

While the evolution of voltages was as expected, the voltage values were found to be two
orders of magnitude lower to what was obtained in the experiment. The reason was the
contact resistance value, which was higher in the experiment than the theoretical value ini-
tially used in the calculation, which was measured and indeed resulted to be two orders of
magnitude higher in the experiment. Once using the experimental contact resistance, the
voltages obtained for the simulation and the measured experimental data were found on close

agreement, as shown in Figure 76:
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Figure 76: Simulation of the Short-straight HT'S Cable, 1. Voltage comparison between
experimental data and numerical simulation, under a worst-case NUCD current feeding.
The simulation manages to reasonably reproduce the experimental measurements [137].

The current distribution could not be directly measured from the experiment, but it was
derived from the numerical calculation based on the voltages and tape length, according to

the Ohm’s Law (V = RI).
For a better visualization, a two dimensional representation was performed in a square grid,
where the colors indicate the amount of current that flow in each superconducting resistance,

considering that each HTS tape was divided in 6 segments. The current distribution of the
superconducting layers is shown in Figure 77, for the time instant where the current in the

sample reached 127 A:
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Figure 77: Simulation of the Short-straight HTS Cable, 2. Current distribution for 1.3 m
stacked HT'S cable, considering 6 mesh divisions in the horizontal direction, at total cur-
rent of 127 A. Each square corresponds to one "superconducting resistance" for each RE-
BCO tape superconducting layer, and the color indicates the current magnitude flowing
through it. Once the critical current is almost reached in the HT'S tape closer to the cur-
rent feeding point, then a step-wise current transfer occurs to the HTS tape right below it.
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We can see that, under a worst-case scenario of NUCD, and current fed through the edge
of the tape stack, the current in the closest HTS tape is saturated before the current starts
flowing into the next HTS tape. Hence, when reaching close to the critical current value,
there is a transfer of current towards the immediate HTS tape below.

The step-wise current transfer keeps occurring in a stable manner, as the total current keeps
increasing. Figure 78 shows how the current distribution may look at the time-step where
the current was 400 A:
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Figure 78: Simulation of the Short-straight HT'S Cable, 3. Current distribution for a 1.3 m
stacked HTS cable, considering 6 mesh divisions in the horizontal direction, at total cur-
rent of 400 A. As the critical current of one HTS tape is closed to be reached, the super-
conducting resistance increases, then a stepwise current transfer occurs successively, gradu-
ally forming the voltage steps seen in Figure 76. From [137].

It was confirmed that stable current transfer between HTS tapes in a simple-stacking ap-
proach is available, even when the current initially flows in a non-uniform manner. The fol-
lowing numerical calculations explored the behavior of the simple-stacking concept in coiled
cable configurations.

6.4.2 20-kA-class STARS

Now for a coiled configuration, and to continue with the comparison with the experiments
so far, we look into the 20-kA-class STARS case. Figure 79 shows the schematic of the coil
and isometric view, while the tracing of the HTS tapes as single filaments is done by BSMag
Matlab library [140].
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Figure 79: 20-kA-class STARS 6 m coiled sample. Left: Top-view schematic. Center: Iso-
metric view of 20-kA-class coiled sample plus current lead extensions. Right: Filament tra-
cing for the HTS tapes length.

From the filament tracing, the self-inductance of each HTS tape is computed via the Neu-
mann’s equation for mutual inductance, by dividing each filament into a mesh, and computing
within the same filament the mutual inductance of the mesh elements. The calculation results
in an average value of 10.6 pH, with slight inductance variation from innermost to outermost
filaments. For the stabilizer filament, it is considered to be towards the central axis of the
coil, at the center of the inner stabilizer region.

The joint resistance between REBCO tapes was estimated to be on the range of 1 nf,
considering the staircase connection between tapes with Indium foil, and the mechanical
pressure applied to the HT'S tapes with bolts in the current lead section. The critical current
was estimated by considering the 15 HTS tapes used and operating at 20 K, for a value
of around 54 kA with self magnetic field. The coupling factor k between HTS tapes was
adjusted accordingly, within a smaller but close value to the theoretical value.

A numerical calculation was then performed, considering no background magnetic field, and
using as input for the calculation the same current waveform, that was recorded experi-
mentally. Figure 80 shows the calculation of the current distribution for a simplified 5 HTS
tapes model, showing on top the decaying residual magnetic field produced by circulation
currents, and on bottom the current per HTS tape, where they overall reproduce the same
experimental decay time.
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Figure 80: Simulation of the 20-kA-class STARS, 1. Top: Experimental data for magnetic
field measurements, under a trapezoidal input current of 18 kA and 1 kA /s. Bottom: Nu-
merical calculation using a 5 HTS tapes RL simplified model, obtaining the current distri-
bution per HTS tape. The decay time between experiment and simulation matches, while
there is a current evolution influenced by the joint resistance and mutual inductance.
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6.4.3 L-RAISER

The Inductance (L) RAISing ExpeRiment (L-RAISER), aimed to further test the stability
of a simple-stacking HTS coil with a fast ramp-rate. Figure 81 shows the schematic of the
solenoid and the tracing of the filaments for the HT'S tapes contained within the main body
of the solenoid.
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Figure 81: L-RAISER 10 m solenoid. Left: Isometric view schematic, with HTS tapes hid-
den by pressure plates, that surround them along the length of the solenoid. Right: Fila-
ment tracing for the 5 HTS tapes within the bobbin region. Coil leads are omitted

A similar procedure was done for the 20-kA-class STARS calculation. The self-inductance
is calculated via the Neumann’s equation for an average value per tape of 16 uH, and the
critical current is assumed as constant at 600 A as the threshold at self-magnetic field. The
coupling factor k is assumed by the geometric value obtained by the area ratio between the
HTS tapes according to Equation (6), for which a joint resistance would be expected to be
higher than what was obtained .
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Figure 82: Simulation for L-RAISER, 1. Top: Experimental data for 500 A and 1500 A /s,
corresponding to the Case 2 of REBCO with a staircase shape (voltage taps decay within
3 s). Bottom: RL circuit simulation for 5 HT'S tapes, for a direct comparison with experi-

ment. After the input current becomes zero, the decay is within 3 seconds, as observed in
the experiment.
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6.5 Calculation for special cases

While there is agreement between the decay time in the experiments and the one obtained via
numerical simulations, there are additional factors that need to be taken into account. The
following section delves into exploring changing some of the calculation assumptions, which
modify the waveform, and may have implications on a simple-stacking HTS cable stability
operation range, besides matching the decay time between experiment and simulation.

6.5.1 Slow ramp rate in the 20-kA-class STARS conductor

The 20-kA-class STARS conductor was only tested on ramp rates equal or above 200 A/s.
As known, when there is a fast ramp-rate while charging a coil, the NUCD is enhanced if
there is impedance difference in the filaments. A numerical calculation was performed at
slow ramp-rate, where the current distribution would be expected to be more uniform, the
result is shown in Figure 83.

The current variation between HTS tapes is significantly lower when applying a trapezoidal
input current under a slow ramp-rate, computed for 10 A/s. We may observe the current
evolution in each phase that:

e Ramp-up: Currents evolve closely to each other in magnitude.

e Flat-top: Currents stabilize to a constant value (slightly different between each other
due to the different length of the filaments).

e Ramp-down: Currents gradually decrease while being close to each other in magnitude.

e After ramp-down: Circulation currents decay according to the effective inductance of
the coil, which accounts the mutual inductance of the HTS tapes (for a 2 HTS tapes

case, as described previously, with 7 = %ﬂ) The decay time is on the range of
J

100 s, as observed experimentally in the 1 kA /s case.
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20-kA-class STARS, 5 HTS tapes, 10 [A/s], k = 0.9984, Rjoint = 1 [n2]
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Figure 83: Simulation of the 20-kA-class STARS conductor under trapezoidal input cur-
rent at 10 A /s ramp-rate. Currents evolve close in value to each other during the ramp-up,
stabilize to a constant value in the flat-top, and decrease with lower variation among them.
After the input current becomes zero, currents decay to zero according to the effective in-
ductance and overall joint resistance (e.g. 7= W in a 2 HT'S tapes case).
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6.5.2 Coupling factor comparison

In the modelling of the equations for the resistance inductance (RL) model, the mutual in-
ductance between HTS tapes define how strongly HTS tapes magnetically interact with each
other, and the amount of current that they induce between them. A stainless steel jacket
and surrounding materials (ferromagnetic or not) may slightly modify the mutual inductance
(coupling factor) between HT'S tapes, and consequently, the decay time. This can be seen in
the Equation 7 for the circulation currents time constant, where the decay depends both on
self-inductance and mutual inductance.

Neumann’s equation may be used to obtain the mutual inductance between current fila-
ments, solely based on geometry of these filament respect to each other, and assuming they
are under a vacuum environment. However, whereas this mutual inductance may be defined
on geometry alone, in reality, interactions and energy losses with the environment may ef-
fectively reduce how strongly the filaments interact magnetically between each other.

Assuming the joint resistance is known, having a fixed value due to the geometry mater-
ials and temperature, coupling factor £ may be slightly modified depending on the overall
configuration of surrounding materials. A slight change in the coupling factor modifies the
evolution of the current waveforms in each HTS tapes, and notably, the overall decay time
of all the currents.

This mutual inductance change may be not so negligible in the 20-kA-class STARS conductor
sample. Instead of SS316 (non-magnetic), a SS304 (slightly magnetic) stainless steel alloy
was used for the conductor jacket and surrounding electromagnetic supporting ring. While
experimentally, observing the coupling factor change effect would need adding or changing
structural materials, a simulation can show the effect of a slight change in the coupling factor,
shown in Figure 84.

A similar situation may be expected in larger magnets, where there may be a larger volume of
materials nearby, where energy may be dissipated when current is changing in the HT'S tapes,
shown in Figure 85. These explorations aim to give elements to point out what could be a
more realistic current distribution happening in a real simple-stacking cable, more details are
outlined in the Discussion section afterwards.
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Figure 84: Coupling factor variation for 20-kA-class STARS conductor. Top: With a geo-
metric coupling factor (K = 0.99967), the current decays within 40 s after ramp-down fin-
ishes. Bottom: With a reduced coupling factor (k = 0.9984), the overall current distribu-
tion matches better the 100 s decay observed experimentally.
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Figure 85: Coupling factor variation for ITER TFC model. Top: With a geometric coup-
ling factor (k = 0.99997), the current decays within 1 h after ramp-down finishes. Bottom:
With a reduced coupling factor (k = 0.9999), the current decays within 3 h, and the mar-
gin of the currents respect to the critical current is larger.
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6.5.3 Changing critical current

The numerical calculations shown so far make the assumption that the total critical current
remains constant for the whole process, with a 20% higher value than what the cable would
have at the nominal operating current.

While the constant critical current assumption was token as a representative case, the critical
current from a HTS tape depends on the temperature and surrounding magnetic field (both
external and self-field). So for a trapezoidal input current, the critical current would similarly
change as a function of time. The effects of changing the critical current assumption, either
constant or as a function of magnetic field, can be observed on Figure 86.

For a trapezoidal current input, the critical current decreases as the absolute value of the
input current increases, due to both the current limit intrinsic to the superconductor, as well
as the self magnetic field generated. Still, the current is limited by the critical current, as
the resistance of the superconducting layer increases as function of the power law.

Overall, the behavior remains similar for both cases. If the critical current changes as func-
tion of time, the critical current still limits the current in each branch during the ramp-up
or ramp-down phases. On the other hand, it is worth to note that the critical current in the
innermost strands could still be surpassed with a sufficiently fast ramp-rate.
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Figure 86: Comparison of critical current variation for L-RAISER. Top: A constant critical
current leads to a faster stabilization of currents during the flat-top phase after the ramp-
up. Bottom: A changing critical current may slow down the stabilization time for the ramp
up, yet during the ramp-down the behavior is practically the same.
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6.5.4 Thermal estimations for the 20-kA-class STARS conductor

Two zero-dimensional thermal estimations are presented here, assuming an adiabatic tem-
perature rise with no cooling, to present the increased cryogenic stability by operating HTS
at 20 K, thanks to gaining up to two orders of magnitude in the heat capacity of materials,
compared to 4 K operation in LTS.

While there are different losses that would contribute to raise the temperature in a conductor
(AC losses, hysteresis losses), the focus for this calculation looks only into ohmic losses (de-
pendent on resistance and current, i.e. P = RI?), produced by the flux-flow resistance when
getting close to the critical current.

e One HTS tape in quench-threshold condition during ramp-up phase

Recall the heat equation, defined for a material heated via joule effect:

Q = pV,C, AT 9)
P= AQ =VI (10)

where p is the density and Vj is the volume of the sample, C,, the specific heat capacity,
AT the temperature rise, () the heat energy input. The power P generated as heat,
is the heat energy input ) over the time period At where it is applied. For the heat
generation terms, V' is the voltage, I is the current, assuming they are both constant
during the heat generation phase.

Looking into the 18 kA and 1 kA /s case, we make an estimation of what could happen
into the innermost HTS tape, by reaching a condition in the flux-flow region, which
is the quench threshold region where the tape current is equal to the critical current.
Then, considering that the heating is produced constantly during the 18 s that it takes
from 0 A to 18 kA, while being on the critical electric field threshold, and the heat be
propagated to the whole copper stabilizer of the 20-kA-class STARS conductor. Hence,
the zero-dimensional thermal calculation is:

V.IAL
AT = € 11
pVeu O (11)
V.= FE. (12)

where F, is the critical electric field and [ the average length of the HTS tapes in the
20-kA-class STARS conductor, for the critical voltage V.. I considers taking an equal
share of the total current for 15 HTS tapes, on the time ¢ of 18 s where the heat is
applied. p is the density of the (copper) stabilizer, V., is the volume of the copper in
the conductor including the HTS tapes coating, and C,, is the specific heat as a function
of temperature.

The temperature is calculated for two scenarios, starting from 4 K and from 20 K,
for the increased specific heat capacity available in HTS operating at 20 K, compared
to what happens with materials at LTS temperature conditions. The result is shown
in Figure 87:
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20-kA-class STARS: Temperature of copper stabilizer under 18[s] ramp-up heating
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Figure 87: Temperature rise of copper stabilizer in 20-kA-class STARS, under two initial
temperature cases, 4 K and 20 K. Assuming that heat is continuously produced during the
18 s ramp-up phase, starting from 20 K temperature rise is around 0.3 K, while starting
from 4 K the temperature rise is 5.9 K.

As it can be seen, for the same heat input, the temperature rise is around 5.9 K when
starting from an initial temperature of 4 K. In the case of an initial temperature of 20
K, the temperature rise is marginal, within 0.3 K.

e Ohmic losses for computed current distribution
The previous calculation considers a constant heat generation during the whole dura-
tion of the ramp-up rate. In reality, as current distribution evolves differently in each
HTS tape, some of them are closer to the critical current threshold while others have
a wider margin, so the corresponding heat generation differs.

By using the equation P = RI?, for the instantaneous power generated at each timestep,
the ohmic losses per HT'S tape are calculated, and the total temperature rise computed.
The resulting equation for the heat generation produced in each current branch (both
superconductor and stabilizer), is:

At
AT = f

- 1
PVeuCp (13)

where R is the instantaneous resistance in each branch (superconducting or stabilizer),
I is the instantaneous current, At is the time step of the calculation. p is the density
of the (copper) stabilizer, V,, is the volume of the copper in the conductor including
the HT'S tapes coating, and C), is the specific heat in function of temperature.
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By taking the computed current distribution in the 20-kA-class STARS conductor from
Figure 80, the flux-flow ohmic losses and temperature rise is calculated, at an initial
temperature of 20 K. The result is shown in Figure 88:

20-kA-class STARS, 5 HTS tapes, 1000 [A/s], k = 0.998, Rjoint = 1 [n(]
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Figure 88: Temperature rise by ohmic losses in 20-kA-class STARS conductor, as produced
by each HTS tape, and propagated to the copper stabilizer. Thanks to the higher heat
capacity of copper at 20 K compared to 4 K, temperature rise is negligible, even with no
cooling.

For the 20-kA-class STARS coiled sample, under a ramp rate of 1 kA /s, the numerical
calculation shows still some margin of the current in each HTS tape, relative to the
critical current. The first calculation considers only one HTS tape in the critical current
threshold for 18 s, while the second calculation includes the instantaneous current in
all HTS tapes during the total duration of the input current.

Given the wider margin of the current in some HT'S tapes, compared to the critical cur-
rent, the heat generation resulted lower than the first estimation. The innermost and
outermost HT'S tapes are the ones that approach closer to the critical current threshold,
while the tapes in between generate less ohmic losses by having a wider critical current
margin. The resulting temperature rise is still not significant, less than 0.1 K.
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7 Discussion

7.1 Extrapolation to large HTS magnet: ITER TFC DP

What might happen in a large inductance magnet? Is simple-stacking enough for stable DC
operation? As a first step to check the feasibility, we can extrapolate the current numerical
calculation for a reactor-size HT'S magnet. As a test case it was chosen the ITER Toroidal
Field Coil (TFC), which is a large superconducting magnet meant to operate in DC current,
where a numerical calculation for a simple-stacking geometry with HTS tapes may be applied.

8 —

Figure 89: ITER TFC. Left: Schematic of ITER TF coil [145], including the mechanical
support structure (dimensions of 16.5 m height, 9 m width). Right: Simplified filament tra-
cing for the D-shaped magnet (accurate dimensions can be found in [146, 147]).

A single filament was traced in Figure 89 to exemplify the process, as it was done with the
previous 2 coiled samples. In reality, the detailed geometry of how a ITER-TFC magnet
made with HTS would be, is yet to be defined. It could include a double pancake approach
as of the current ITER-TFC design does, however the higher current density of an HTS cable
compared with the current LTS cable design may imply less turns in a different geometry.

A calculation is done based on the design operation values of ITER-TFC magnet system
[145-149|, assuming 7 double-pancakes inside one ITER-TFC, similar to the current TFC
magnet design based on LTS. Then, an estimate of the self-inductance of a single double-
pancake segment is obtained, to make a current distribution calculation.

A double pancake (DP) coil consists on two spiral coils formed by the same filament. We
can understand the geometry by using a tape as filament, which can be seen in Figure 90.
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Figure 90: Schematic of a Double Pancake (DP) coil, visualized with a planar tape [150].
The coil starts being wound from the bottom, in a spiral shape inwards. When reaching
the inner radius, the tape is shifted one tape width, and the second coil is wound in a
spiral shape outwards. The same approach is used when making double pancake geomet-
ries in big magnets, with cables that have a square or circular cross section.

Initially the tape is wound in a spiral inwards until reaching the inner radius, from there it’s
shifted one tape width on top, and the winding continues to form the second coil from the
inner towards the outer radius, and finalized until the same turns as the first coil are reached.
If a current is fed through one end of the double pancake coil, the current follows the spiral
in both coils in the same direction, so the resulting on-axis magnetic field points in the same
direction, similar to a single circular coil, yet with more turns the magnetic field magnitude
is higher.

In that same idea, the ITER-TFC magnet system is composed of 18 coils, where each coil
internally has 5 DP coils plus 2 side DP coils, and these 7 DP coils are connected in series,
outlining ultimately the filament that conforms a single TFC unit. We can see the inner
assembly on Figure 91:
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Figure 91: Schematic of ITER-TFC assembly configuration [147]. Each TFC is composed
of 5 DP coils plus 2 side DP coils. The DP coils are connected in series, making the cur-
rent flow in the same direction, adding to the magnetic field strength in the bore of the
coil.

The ITER-TFC design uses LTS large-current CICC made of Nb3Sn [151], so switching to
HTS materials may significantly change the geometry, given the different current density and
perhaps cross-sectional area, in the case using a STARS-like conductor with a squared cross
section.

Based on some of the available technical specifications of the [ITER-TFC magnet design,

various design parameters are taken and treated to determine the values used in the present
numerical calculation.
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Table 6: ITER-TFC technical specifications. Data publicly available, that considers the
values as of now, with a TFC coil made of LTS conductors.

ITER-TFC magnet system stored energy 41 [GJ]
Operating Current 68 |kA]

Double Pancake (DP) coils 5 DP coils + 2 side DP coil
Conductor Length for DP coil 760 [m]

We know that the stored magnetic energy in a coil is %Ll 2 and that the stored energy scales
with the square of turns E oc N2. Then dividing the total energy by one of the 18 TFC, and
scaling with the turns factor, assuming that each DP is one turn (averaging for N = 7 turns)

we determine the self-inductance value of one DP coil, with an operational current of I = 68
kA, as:

41[GJ]
B == =46 (W]
2F

The conductor length is used for the calculation of the superconducting resistance as of the
Power Law (Equation 4). A 20 HTS tapes stack is considered, to distribute the separation
between HT'S tapes for a 5 HT'S tapes model, so the length and inductance variation per HTS
tape is proportionally adjusted. The critical current is considered as constant, 20% higher
than the value of the operating current.

Table 7: ITER-TFC DP calculation parameters for HTS. Estimations are done based on
the ITER-TFC available data, to have values of all the required parameters to perform a
numerical calculation.

Self-inductance 20 [mH]|
Average HTS tape length || 760 |m)]
Operating current 68 [kA]
Total critical current 81.6 [kA|

7.1.1 Fast ramp-rate

A concern for large HT'S magnets is that, as the self-inductance of HT'S tapes and the induct-
ance difference between them both increase, it may become detrimental for stable operation.
Similarly, as with the previous simulations, a trapezoidal input current is used as a test scen-
ario to explore what happens on the ITER-TFC DP magnet.

Under a fast ramp rate, the innermost strands or HTS tapes in a coiled cable, having less
resistance and inductance, can start conducting the current initially during the ramp-up
phase. Then, the current in the outer strands start to catch up afterwards, given the mutual
inductance and circulation currents balancing the current distribution. Eventually, all HTS
tapes have an almost same (but not precisely equal given the different length of the filaments)
DC current share.
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Figure 92: ITER-TFC DP simulation for 5 HTS tapes, trapezoidal current of 68 [kA| and
8000 [A/s]. In a) the overall current distribution is shown. In b) there is a zoom of the
ramp-up phase, where the lower impedance branch reaches 95% of I..
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7.1.2 Slow ramp-rate

Note that testing the behavior under trapezoidal input current, is to estimate if such large
magnet can be charged and reach nominal current without quenching.

However, in reality, there is no need to charge to such fast ramp rate a DC operated HTS
magnet. For large LTS magnets is customary to charge them within several hours, precisely
to ensure that the nominal current is reached stably without risking a premature quench.

5 HTS tapes model, L =20 [mH], 10 [A/s], k = 0.99997, Rjoint = 1 [nQ2]
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Figure 93: ITER TFC DP simulation for 5 HTS tapes, trapezoidal current of 68 |[kA| and
10 [A/s]. The currents per branch have a large window margin from the critical current,
and gradually stabilize on the flat-top section of the input current.

A slow charging of the same magnet is shown in Figure 93. There is a larger margin of the
current in each branch compared to the critical current. As such current can redistribute
within the strands with enough margin as to make less likely a quench of any HTS tape.

7.2 Contact Resistance and longitudinal subdivision

In the present calculation it is assumed that the circulation currents only return through
current lead. This is a simplification, in reality, if contact resistance between HTS tapes has
a low enough value compared to the joint resistance, circulation currents may return inside
the cable, and not only in the current lead section.

Hence, the path where the circulation currents return depends on the ratio between lon-
gitudinal and contact resistance, as well as the value of the joint resistance. For long cables,
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contact area between HTS tapes increases, and may account for a higher ratio of current
circulating inside the cable, compared with shorter cables.

Further subdivision along the longitude of the cable, to account the contact resistance between
HTS tapes, may give a better picture of current distribution, and whether the current still
returns mostly in the current lead, or a significant fraction also returns inside the cable. The
numerical calculation done for the short-straight HTS cable assume a constant contact resist-
ance between HT'S tapes along the length of the cable, yet variation in the contact resistance
may enhance circulation currents in localized regions inside a cable.

It is worth pointing out that adding contact resistance into the numerical model implies
additional sources of joule heating, as they are resistive paths where current may flow, and
add up to the total ohmic losses produced. Nevertheless, it may be desirable that the contact
resistance is also as low as possible in a HT'S cable, which may allow current redistribution in
case the superconducting state is reduced or lost somewhere, while keeping the ohmic losses
low and use more effectively the stabilizer as a whole.

Building on a similar circuit configuration as shown in the RL model from Figure 75, Figure
94 shows an updated configuration that could be explored in the future, by adding subdivi-
sions in the longitudinal direction of the cable. Joint resistance in the current lead, contact
resistance by the subdivision, and inductance terms may allow to give a more detailed de-
scription of the current in a high-current coiled simple-stacking HT'S cable.

~
’}‘

AN

Figure 94: LR circuit model for current distribution in a coiled simple-stacking configur-
ation, accounting joint resistance, internal contact resistance between HTS tapes, and in-
ductance effects. Labels are omitted, as comparison from the single longitudinal inductance
case.
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7.3 Mutual Inductance and Coupling Factor

Coupling factor between filaments may slightly change in real cables wound in a coil shape,
compared to a purely geometrical value. Ferromagnetic structures and different materials
that surround the HTS tapes, imply slight changes of magnetic permeability throughout
space. This is the case of CICC and large magnets in general.

Let us look the case of the 20-kA-class STARS conductor experiment. The stainless-steel
jacket surrounds the HTS tapes along their total length, defining in the three dimensional
space a region with different magnetic permeability than that of vacuum, which may slightly
modify how the magnetic field lines between two coils are set into the three dimensional space
around.

Also, a number of mechanical structures made of SS304 stainless steel, steel alloys and other
materials, are present in the sample. These include the outer steel ring that serve as mech-
anical support, the long screws that support the weight of the sample, bolts in multiple
locations that hold pieces in place, steel plates in the current lead rectangular piece, pipes
for coolant flow, and semicircular steel plates partially covering the inner cross section of
the coil. Additionally, a copper tube in a parallel path to the turns of the coil was used for
coolant flow, in contact with copper blocks serving as heat sink for conduction cooling.

Then, when a current is fed into the sample, a magnetic field is produced that interacts
with all these materials. In stainless steel structures there may be hysteresis losses by the
changing magnetic field and how it interacts with the lattice of the material, while in copper
structures there may be induced eddy currents that then decay without directly interacting
with the HTS tapes inside the cable itself.

These effects may be not so significant at low-frequency current applications. Still, over-
all, these energy losses may be understood as a power loss, and it is useful to make an
analogy as if the HTS tapes were the coils of a transformer. A small part of the power that
could be transferred from one HT'S tape to the other, gets instead lost into surrounding ma-
terials, which can be then translated as effectively reducing the coupling factor between them.

Figure 95 shows pictures of neodymium magnets attached to some of the stainless steel
structures present in the 20-kA-class STARS. For the purpose of this discussion, these en-
ergy losses may have a slight effect into the coupling and current distribution in the HTS
tapes, which experimentally can be observed as changes in the overall decay time. It needs
further analysis to clarify for real conductors with a stainless steel jacket, whether a slight
change in the coupling factor may significantly modify the current distribution, taking into
account the role of the joint resistance in suppressing the circulation currents.
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Figure 95: Confirmation of slight ferromagnetic parts in 20-kA-class STARS. The steel
conduit and supporting mechanical structures are made with SS304 and other steel alloys,
which may slightly affect the direction of magnetic field line, while producing eddy currents
and hysteresis losses, that effectively reduce the coupling factor between HTS tapes in the
cable.

Regarding the constant-temperature numerical calculations for the current distribution, spe-
cifically for the RL circuit model, the mutual inductance among HTS tapes is defined as
function of the coupling factor, according to Equation 6.

On the "geometric" coupling factor case, the coupling factor depends on the area ratio
between the radius defined by the HTS tapes along the solenoid defined, as the distance to
its central axis, and as such it changes for each combination of mutual inductance among
two given HTS tapes.

For the "reduced" coupling factor case, the achieved match of the residual magnetic field
decay is by setting a single coupling factor value for all combinations of mutual inductance
among HTS tapes. Note that the mutual inductance also depends on the values of the self-
inductance of two given HTS tapes.

Despite this difference between the "geometric" coupling factor with multiple values, and
for the "reduced" coupling factor case with a single value, the mutual inductance may not
significantly deviate given the scale between the radius of the coil itself and the thickness of
the HTS tapes.

For the 20-kA-class STARS and L-RAISER solenoids, the radius of the innermost REBCO
tape is much larger than the separation between the superconducting layers of e.g 2 contigu-
ous tapes (100 mm >> 100 pm). The radius ratio then becomes more closer to unity at
increasing coil radius, hence the variation of the coupling factor between different REBCO
tapes combinations becomes lower as the radius of the coil increases.

Nonetheless, the present assumptions for the coupling factor are a simplification, given the

amount of unknown factors at hand, which may not deviate much given the closeness of the
HTS tapes, forming paths of parallel solenoids with the same number of turns.
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Still, with a more detailed analysis and calculation of mutual inductance, based on the mag-
netic permeability changes throughout space given the different materials, a more accurate
description of the current distribution may be available.

7.4 Critical current in numerical calculation

For the coiled samples, in the case of 20-kA-class STARS the total critical current was cal-
culated to be around 54 kA (or 10.8 kA per HTS tape in the 5 HTS tapes model). For
L-RAISER this was defined to be 600 A.

The calculations done by considering a changing critical current, were to observe the ef-
fect in the waveforms of the current in each HTS tape, to confirm if significant difference
may happen for either critical current assumption.

While the waveforms may change noticeably with a time-changing critical current, a sim-
ilar trend to the constant critical current assumption is observed. If the current in a HTS
tape is close to the critical current threshold, the resistance in that branch increases and
decay becomes locally faster, while having a wider critical current margin makes the decay
last for longer.

Noticeably, the overall decay time of circulation currents after the current ramp-down re-
mains roughly the same, and the currents follow in parallel the path of the critical current
threshold, both if the critical current is constant or not.

7.5 Magnetic Field Modelling

By tracing the filaments that each HT'S tape defines, (with their three dimensional coordin-
ates, as shown for the analysis of each coil explored within this project), it suggests for a
Biot-Savart calculation, to reproduce the magnetic field produced by the current waveforms
obtained from the electric circuit numerical calculation.

While available, let us recall that for a large-current superconducting cable with a stainless
steel jacket or otherwise large coil, multitude of materials are present around the filaments,
which may slightly deviate the direction of magnetic field line depending on their magnetic
permeability. As such, a numerical calculation with Finite Element Method (FEM) or similar
approaches may give a more accurate reproduction of the three dimensional magnetic field
distribution.

As a preliminary calculation, taking the case of the 20-kA-class STARS conductor, and us-
ing the waveforms for the current distribution obtained from Figure 80, a Biot-Savart three
dimensional magnetic field calculation is done, shown in Figure 96. The aim is to confirm
the traceability of the magnetic field decay, as what can be observed from the current decay
from each HTS tape.
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Figure 96: Biot-Savart preliminary 3D calculation for 20-kA-class STARS conductor, with
a 5 HTS tapes model. Top: Tracing of filaments for the 6 m length of the HTS tapes, in-
dicating direction of magnetic fields with current distribution from Figure 80. Bottom:
Comparison for experimental (green line) and calculation (yellow line) in sensors B3 and
B4, where accurate positioning and deviated magnetic field lines by other materials might
affect matching.
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During the development of the three dimensional Biot-Savart calculation, it was noticed that
accurate positioning of calculation points is also necessary, which may make the magnetic
field decay less visible with a different orientation in space of the magnetic sensor.

However, a possible limitation is that the computed currents assume that the recirculation
only occurs in the current lead section. In reality, circulation currents in the experiment may
have occurred in the inner region of the HTS tapes as well via the contact resistance, and
even more, contact resistance may vary along the longitude of the cable.

Depending where the currents recirculate and return, and to which rate, the situation changes.
If circulation currents mostly return at the current lead, the magnetic field calculation could
make a closer match, but if there are significant fractions also returning via the contact res-
istance, this changes the overall current distribution in the three dimensional space. So in
order to have a better reproduction of the magnetic field decay via a numerical calculation,
an accurate description of the currents is needed, as mentioned in the Contact Resistance
segment (subsection 7.2) of this Discussion chapter.

7.6 Scalability for large simple-stacking HTS conductor magnets
Coming back to the research question:

Can a stmple-stacking large-current HTS cable, operate stably in a coil shape
for DC current, when inductance variation among the tapes is present?

Let us have some concluding remarks.

The simple-stacking HTS experiments so far confirm stable operation with fast ramp rates,
for trapezoidal input current or DC current. While stable operation was achieved, it remains
unclear how close or far the HTS conductor experiments were to an unstable condition.

The 1.3 m HTS cable experiment showed that current transfer between the REBCO tapes
is available. When any REBCO tapes starts developing a higher flux-flow resistance due to
a large current in it, current transfer occurs to other REBCO tapes via the contact resistance.

Additional sensoring, specifically for the 20-kA-class STARS could provide extra inform-
ation of the conditions inside the cable in high-current and high-field conditions, such as
internal voltage taps and temperature sensors. Being a conductor with an internal electrical
insulation and stainless steel jacket, access to inner sections is challenging and may have com-
promised mechanical robustness or electrical insulation, reason for which it was not pursued
for the current experimental phases.

The L-RAISER experiment gave, along with the numerical calculations, gave further insights
regarding the current distribution for the simple-stacking configuration. Results indicate that
inductance variation increase may not be a prohibitive factor for scaling to larger magnets,
as current in any HTS tape is limited by the critical current, and current transfer may occur
via the contact resistance while the mutual inductance aids the power transfer among the
HTS tapes when the conductor is in a coil shape.
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The experimental results of the three HTS conductor experiments rely on the fact that
cooling power may have been sufficient for all of them, to operate stably under the condi-
tions tested. Especially for larger magnets operating at high current, if operating close to
the critical current threshold, could a thermal runaway occur?

Thanks to the higher heat capacity available by operating at 20 K with HTS, although
temperature rise may be lower than LTS for the same energy input, heat generation can also
be localized. Then, the maximum temperature that materials reach also depends on how
fast the generated heat can propagate throughout the material, and eventually be exhausted
by the cooling system. Then local damage by overheating is a possibility.

For the ITER-TFC scenario, and any fusion magnet, the ohmic losses produced during op-
eration are one of a few sources of heating, even if these losses are relatively low in a DC
magnet compared to a magnet with AC operation.

Additional heat disturbances include nuclear heating produced by the neutrons produced
in the plasma, possible plasma disruptions that may induce large currents in the magnet,
and even changing currents in other magnets that may disturb the DC current. Towards the
engineering side, point-wise defects for HTS tapes in the range of kilometers, could locally
reduce the critical current and ohmic losses increase while the current redistribution around
the defect takes place.

By having enough stabilizer in the HTS cable, the overall volume would be able to ab-
sorb all the heat disturbance sources, while being cooled and keeping the same operating
temperature, to maintain the operation stable. An extensive thermal analysis is needed to
further clarify if the present large-current simple-stacking cable designs can withstand all the
expected heat disturbances, and remain stable under the operating conditions of a fusion
reactor.
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8 Summary

Magnets based on High-Temperature Superconductors (HTS) are a promising option for
the next-generation fusion devices. HTS can achieve higher current density than Low-
Temperature Superconductors (LTS), which results in a more compact magnet geometry,
while increasing the magnetic field and improving the magnetic confinement performance of
fusion plasmas.

Simple-stacking is the cable approach explored within this project, a mechanically strong
configuration for HTS tapes which has an easy manufacturing process, and facilitates the
fabrication of low resistance joints enabling modular coils. The higher cryogenic stability of
HTS, due to the increased heat capacity when operating at a temperature of 20 K or higher,
suggests that twisting and transposition may not be required for HT'S magnets. Furthermore,
experiments second that stable operation is available.

To clarify the feasibility of applying this configuration to large-current HT'S magnets (due to
the inductance difference formed between HT'S tapes), it was explored the way current redis-
tributes among HTS tapes, under input current conditions that would lead towards stable
operation on DC current mode. As a magnet is gradually charged up to its operating DC
current design, it is needed to be understood whether the current distribution among the
strands can reach the operating current while remaining in the superconducting state.

Non-uniform current distribution (NUCD) and fast ramp rates are both causes of unstable
operation in LTS magnets. It is then required to use twisting and transposition of supercon-
ducting strands, which facilitates a uniform current distribution among them. Slow ramp
rates also facilitate the current to redistribute, so each superconducting strand carries a sim-
ilar amount of current during the charging process of a magnet, defining the threshold for
a Ramp Rate Limitation (RRL), above which the current handling capability of an LTS
magnet deteriorates.

A circulation current can also develop among superconducting strands with a fast ramp
rate, causing a large imbalance of current among them during a charging process. If the
critical current of any strand is surpassed, a transition to the normal conduction state may
occur, which may lead to a quench. So understanding the phenomenon in HTS contributes
the clarification to which ramp rate threshold might be for stable operation of large-current
HTS magnets based on simple-stacking.

At National Institute for Fusion Science (NIFS), large-current HTS cables have been ex-
plored, based on the simple-stacking concept from the beginning, especially for DC current
operation and to be applied to the helical fusion reactor concept. Three experiments have
been performed, one experiment for a straight cable, and two experiments for a coil shape.
They confirm that simple-stacking HT'S conductors have high stability for NUCD (despite
the inductance difference formed with simple-stacking), and no RRL was found below a fast
ramp-up rate of 2000 A /s. In parallel, constant-temperature numerical calculations were de-
veloped, to clarify the current distribution in both straight conductors (R circuit, accounting
resistance) and coiled conductors (RL circuit, accounting resistance and inductance), which

108



consider the superconducting characteristics of HT'S conductors.

The first experiment by T. Meulenbroeks et al. confirmed, for a short-straight cable of
1.3 m and 5 HTS tapes, stable operation under the worst-case scenario of NUCD, by feeding
the current only through the topmost tape. A numerical calculation supported the experi-
mental observation, that indicates a stepwise transfer of current between HTS tapes occurs
while the critical current in each tape is being reached, and the process continues as the total
input current increases.

The second experiment is the 20-kA-class STARS conductor, for a 6 m total length, solenoid
coil shape with 3 turns and 600 mm in diameter, operating between 20 K and 40 K. The
nominal current of 18 kA achieved with 1 kA /s ramp up and down tests, confirmed stable
operation and no discernible degradation for up to 200 cycles in total and a maximum of 2
kA /s was attained with no premature quench due to a RRL. The observation of a residual
magnetic field after the input current became zero confirmed the formation of circulation cur-
rents, and by magnetic measurements by sensors at different positions of the coiled sample,
it was clarified the return path of the circulation currents being higher near the current lead
region.

The third experiment is the L-RAISER solenoid designed and developed as part of this
project. It has a length of 10 m, using 5 REBCO tapes of 4 mm width on a simple-stacking
configuration. By decreasing the diameter of the solenoid and increasing the number of
turns, a higher self-inductance per HTS tape stack was obtained, compared to the 20-kA-
class STARS conductor. L-RAISER was tested both under the worst-case scenario of current
feeding and uniform current feeding. While the worst-case scenario of current feeding showed
that current redistribution was available, uniform current feeding allowed stable operation
up to 2 kA /s and high load factor (ratio between operating current and total critical current).

The constant-temperature (RL circuit) numerical calculations were done for both the 20-
kA-class STARS and L-RAISER coiled samples, adapted for a 5 HTS tapes model in both
cases, where a similar decay time was obtained to the values observed experimentally. An
additional numerical calculation was done, extrapolating for a bigger HTS magnet for DC
operation, choosing as analysis case a double-pancake (DP) inside ITER Toroidal Field Coil
(TFC), under the same 5 HTS tapes model. The inductance and conductor longitude para-
meters were estimated, based on the current design of ITER TFC DP with LTS materials,
and switching the conditions to a simple-stacking case with HTS materials.

The result indicates that for these ITER TFC DP coil parameters, a ramp-rate of a few
kA /s (<8 kA/s) may be available, while reaching at that threshold “only” 95% of the critical
current threshold in the innermost HT'S tape. Then, this 8 kA /s threshold value is deemed a
first estimate of what a RRL may be for a large HT'S DC magnet based on simple-stacking.
In reality, a magnet of such dimensions would be charged at a slow ramp-rate (e.g. 10 A/s
or less) and as such, operation would be expected more stable.

As detailed thermal analysis for simple-stacking conductors remains as future work, a zero-

dimensional thermal estimation was done for the 20-kA-class conductor. It was determined
that under the current distribution from the numerical calculation at 1 kA /s, a marginal
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temperature rise may occur (<0.1 K for the stabilizer available volume), even with no cool-
ing during the process.

By scanning different combinations of variables in a calculation, it may be possible to keep
estimating quantitatively the operation response of bigger coils. Related to experiments, a
coil with small inductance and fast ramp rate, as the two coiled experiments described be-
fore, may provide a similar circulation current fraction than a big inductance coil with a slow
ramp rate, and give a comparable performance for stable operation.

Experimental results so far suggest that there is further room for constructing longer length
high-current HTS conductors, with similar stable operation. Numerical calculations suggest
that even if inductance variation if present among the HTS tapes, stable operation is avail-
able, and the high cryogenic stability of HT'S operating (available by operating at e.g. 20 K)
causes negligible temperature rise, that may be exhausted by the cooling system. Detailed
thermal analysis remains as future work, to further explore how much the critical current
and RRL may be reduced, depending on the geometry, heat propagation and heat exhaust
conditions for a large fusion-size HT'S magnet based on simple-stacking.
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Appendix A: Constant Temperature RL Model

As introduced in the main text, a resistance-inductance (RL) circuit model is defined, ac-
counting the slightly different values present among stacked HTS tapes wound in a coil
shape, for the simple-stacking configuration. The model is derived from Kirchhoft’s Voltage
and Current Laws (KVL, KCL).

This model assumes that the temperature remains constant during the process, while the
current in each HT'S tape is limited by the critical current of the HTS superconducting layer.
Figure 97 shows the RL circuit for the case of 5 HTS tapes:
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Figure 97: Complete RL circuit model for 5 HT'S tapes, accounting length and inductance
variation of the strands. The joint resistances (R;) and contact resistances (R.) imply a
worst-case scenario of current feeding. By setting all R. equal to zero, it corresponds to the
uniform current feeding condition from Figure 75.

This circuit form considers also contact resistances (R.). Given there is only "one" division
longitudinally for each row in the circuit, it implies a worst-case scenario of current feeding,
done only through the edge of one HTS tape. Accounting inner contact resistances requires
a subdivision longitudinally, as mentioned in the Discussion section.

By setting all R. equal to zero, the model corresponds to the uniform current feeding con-
dition from Figure 75. The general form for a m number of HTS tapes, with stabilizer and

contact resistance is then:

113



m+1

2 2 2
Li(Ry+ Y Rjin) — (R + Y Rijan + Y Rer) — Z Z Rep,) + Z My, — My,) L, = 0
n=1 n=1

n=1

2 2 2
]me(Rmf2 + Z R](m—Q)n) - Imfl(Rmfl + Z R](m—l)n + Z RC(m—Q)n)
n=1 n=1

n=1
m+1 m+1
S S R+ 3 = Ml =0
n=m-+1
m+1
y - 1( m1+ZR](m 1)n m m+ZR,]mn+ZRC(m 1)n Z (m—-1)n — mn)]nzo
n=1
m—+1
Ips — (Z I) =
n=1
(14)
M:]{,‘\/LiLj, k:AZ/A], A; >Aj (15)
where:
Ips Input current
-1, Current in each superconducting branch
y Current in stabilizer branch
Ry-R,, Resistance of superconducting layer of HT'S tape (power law)
Ry Stabilizer resistance
R; Joint resistance between HTS tapes
R. Contact resistance (in non-uniform current feeding case)
M;; Self-inductance of the branch
M;; (i # j) Mutual inductance between branches
k Coupling factor (area ratio between strands)
The power law equation for the superconducting resistance calculation is:
E I
Rye = —Ax(=2)" 16
() (16

where:

Critical electric field criterion (1z107°[V/cm])
Length of the superconducting branch
Current in the superconducting branch

Critical current
n-value

3 || B
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