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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,
increasing the magnetic field and improving the magnetic confinement performance of

fusion plasmas.

Non-uniform current distribution (NUCD) and fast ramp rates are both causes of
unstable operation in LTS magnets. It is required to use twisting and transposition of
superconducting strands to ensure a more uniform current distribution among them.
Slow ramp rates allow the current to redistribute, so each superconducting strand carries
a similar 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.

For superconducting strands, the formation of NUCD is equivalent to the generation of
circulation currents flowing across the strands, since there is no resistance along the
strands, except in the terminals usually connected through normal-conducting parts. The
phenomenon associated with NUCD / circulation currents was widely observed and
investigated in LTS Cable-in-Conduit (CIC) Conductors in the 1990s and 2000s. A
number of big magnet experiments, such as Demo Poloidal Coil (1994), LHD poloidal
coils (1998, 2003), and JT60-SA CS coils (2018), have explored NUCD / circulation

current effects on the cryogenic stability and AC losses of CIC conductors.

A circulation current might develop among superconducting strands to cause a large
imbalance of current among them, and if the critical current of any strand is surpassed,
a normal-transition may occur. Understanding the phenomenon in HTS, accounting for
their higher cryogenic stability compared to LTS, will help understand to which
threshold it might be a concern for stable operation of large-current HTS magnets based
on simple-stacking under DC operation. We here note that the higher cryogenic stability
of HTS due to the increased heat capacity operating at a temperature of 20 K or higher
suggests that twisting and transposition might not be required for HTS magnets
operating especially in a DC current mode. The HTS, especially its second-generation
REBCO, generally has the form of a planar tape and may lose part of its current handling



capacity if deformed. Reducing the deformation steps in the manufacturing of a large-
current HTS cable also reduces the chances of degrading the total current handling

capacity.

When bending a simple-stacking cable into a coil shape, there is a concern about
unstable operation caused by the formation of NUCD because of the non-uniform
distribution of self-inductances among the combined tapes, and current may not timely
redistribute in all the HTS tapes before the superconducting state is lost. Due to the
length and confined area differences between inner and outer HTS tapes, the inductance

varies among them, and a NUCD gets formed.

At National Institute for Fusion Science (NIFS), high-current HTS cables have been
explored, based on the simple-stacking concept from the beginning, to operate
especially in DC current mode to be applied to the helical fusion reactor. These are the
STARS and WISE conductors. The goal of this thesis research is to determine if there
are threshold values of high-inductance and/or fast ramp rate, after which the operation
becomes unstable, and a twisted or transposed HTS cable would be required.

In recent years, three experiments have been performed at NIFS, to further clarify the
viability of simple-stacking for high-current HTS magnet, in addition to the non-
observation of RRL for short conductor samples in the early development phase. One
experiment was done for a straight cable, and two experiments for a coil shape. They
confirm that simple-stacking HTS conductors have high stability for NUCD (despite the
inductance difference of simple-stacking in a coil shape), and no RRL was found below
a fast ramp-up rate of 2000 [A/s].

In parallel, numerical calculations have been developed, to clarify the current
distribution in both straight conductors (R circuit with terminals) and coil conductors
(RL circuit), which consider the superconducting characteristics of HTS 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 second experiment by M. Morbey
et al. showed that the contact resistance among HTS tapes was about two orders of

magnitude higher than the expected value.

A numerical calculation was then developed based on the resistance of superconducting
and copper current paths (R circuit), to understand the current distribution among
stacked tapes, accounting for the experimental contact resistance. The results indicate

along with the experimental data, that a stepwise transfer of current between tapes



occurs after reaching the critical current in each tape, and the process continues as the

total 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 more than 100 cycles.
There was a clear observation of the residual magnetic field after the transport current
reached zero for ramping down, and it was considered as circulation currents among the
15 REBCO tapes. The time constant of the decay of the residual magnetic field was
evaluated to be ~10 s with a condition of 20 K temperature and 8 T of background

magnetic field.

Then, the second experiment was done for the 20-kA-class STARS conductor, where I
contributed placing additional magnetic (Hall) sensors to track closer the circulation
currents. An additional 100 cycles were performed at 18 kA and 1 kA/s, and a maximum
ramp rate of 2 kA/s were also achieved. Via the Hall sensors, it was observed that the
circulation currents have the same decay rate at different points of the conductor, and

their magnitude was higher close to the current lead section of the coil.

For the third experiment, the L-RAISER experiment was designed and developed, a
HTS solenoid coil of a 10m total length with 30 turns and 100 mm diameter, using 5
REBCO tapes of 4-mm width on a simple-stacking configuration, operating at liquid
nitrogen temperature (77 K). 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 in two operating
scenarios, both under the worst-case scenario of current feeding (by feeding the current
through the innermost HTS tape in the stack) and on a better case scenario of uniform
current feeding. We tried to observe if good stability was also possible in the worst-case

scenario for a coil shape.

For the worst-case scenario of current feeding, a current above the critical current of
one REBCO tape at self-magnetic field (200 A) was achieved at a ramp-up rate of 700
A/s. There were no indications of RRL being reached, and a faster ramp rate was deemed
possible, yet due to issues with the input current controller, no higher ramp rate was
tested. A voltage rose only in the innermost REBCO tape, indicated that it was
conducting most of the total current, so to avoid any damage to the tape stack, no higher

input current was tested.



Then, the REBCO tapes were cut in the terminals into a staircase-like shape to go to the
second test scenario, forming a better case-scenario of uniform current distribution,
where a maximum current of 500 (A) and a ramp rate up to 2 (kA/s) were achieved. In

this case, the circulation currents were observed with a time constant of ~1 (s).

For a third test scenario, the 5 REBCO tapes were cut before the current lead region,
and 5 BSCCO tapes were soldered in each, increasing the contact resistance area by
also adding soldered extension on the opposite side of the current lead. The silver matrix
in the BSCCO tapes allow for a uniform current feeding, same as the second scenario,
A maximum current of 550 A and 2 kA/s were achieved, and the decay time constant of

~3 s, with no indication of a RRL threshold being reached.

An analytical derivation of the circulation currents, for a simplified model of 2 HTS
tapes, allows to make comparisons with the experimental data obtained both for the
second (20-kA-class STARS) and third experiments (L-RAISER). Observing the
evolution of circulating currents over time, help to determine how close where the

circulation currents to add up reaching the critical current in a superconducting strand.

Additionally, I developed a constant-temperature numerical calculation, with a circuit
considering both the resistance and inductance of the HTS tapes due to their geometry
(RL circuit), allowing to get some additional insights regarding the effect of inductance,
mutual inductance and contact resistance; into the current transfer between HTS tapes.

Then, obtaining the current distribution per HTS tape becomes available for analysis.

Inductance difference among strands, and ramp rate, define the circulation current
magnitude that may flow inside the HTS cable. No RRL value has been observed in
high-current HTS cables based on simple-stacking so far, from the experiments
described. However, when increasing the size towards a bigger coil, the increase in
inductance may result in a lower RRL.

The RL numerical calculation was done for both the 20-kA-class STARS and L-RAISER
conductors, adapted for a 5 HTS tapes model in both cases, where a similar decay time
was obtained to the value observed experimentally. An additional numerical calculation
was done, extrapolating for a bigger HTS magnet for DC operation was done, choosing
as analysis case a double-pancake (DP) inside ITER Toroidal Field Coil (TFC). The
inductance and conductor longitude parameters 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 numerical calculation was also done for a 5 HTS tape simplified scenario. The



result indicates that for these ITER TFC DP coil parameters, a ramp-rate of a few kA/s
(<8 kA/s) would be available, while reaching at that threshold “only” 95% of the critical
current threshold in the innermost HTS tape. Then this 8 kA/s threshold value is deemed
a first estimate of what a RRL may be for a large HTS 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 temperature rise may occur (<0.1 K for the stabilizer available volume), even

with no cooling 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 before, 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 available, and the high cryogenic stability of HTS operating
(available by operating at e.g. 20 K) causes marginal temperature rise, that can 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
cooling and heat exhaust conditions for a large fusion-size HTS magnet based on
simple-stacking.
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