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Abstract—Solder-impregnated high-temperature supercon-
ducting (HTS) coils inherit challenges in predicting the coil char-
acteristics due to their complex radial resistive pathways. Unlike
insulated magnets, which require active quench protection and
management schemes, non-insulated (NI) coils red benefit from
inherent quench tolerance through radial current bypass, but
require advanced thermal-electrical models to predict charging
time-constants and quench-tolerant performance under designed
operating regimes.

This research advances the electrical resistivity characteri-
zation of solder alloys at cryogenic temperatures, improving
modelling predictions of coil properties. This paper will showcase
the methodology utilized for characterizing low-temperature
solder alloys, such as InBi, InSn, BiSnAg, and InAg, which en-
able solder-impregnation at lower reflow temperatures, therefore
minimizing tape degradation. Experimental characterization data
are validated against existing studies of SnPb solder.

Solder characterization data are incorporated into finite ele-
ment method (FEM) models to accurately describe temperature-
dependent electrical resistivity characteristics between tape turns;
thus, by ignoring the HTS layer to be insulating, together with
temperature-dependent parameters, the radial resistance of coil
1A is evaluated from the model and compared against the
experimental results.

This work enhanced the understanding of solder-impregnated
HTS coils, determining the design process of our future magnet
systems.

Index Terms—Solder-impregnated coils, cryogenic solder, NI
coils, HTS Magnets

I. INTRODUCTION

PENSTAR Technologies implements REBCO coated

conductor technologies to realize a magnetic confine-
ment fusion energy system [1]. In particular, a Levitated
Dipole concept [2], investigated in the Levitated Dipole Exper-
iment (LDX) [3] and the Ring Trap 1 (RT-1) experiment [4],
has been designed using high-temperature superconductor
(HTS) technology. The Junior Core Magnet is a 1.44 kA,
5.7 T system comprising of 14 NI solder-impregnated HTS
coils connected in series. Solder-impregnated NI coils feature
complex thermal and electrical pathways [5], [6]. They offer
inherent quench tolerance [7]-[10] through radial current re-
distribution, eliminating the need for active protection circuits
required in insulated coils.

This work was funded by OpenStar Technologies Ltd. (Corresponding
author: Raymond Hu.)

Raymond Hu, Emily-Kei Brewerton, Sriharsha Venuturumilli, Konstantinos.
Bouloukakis, Kris Chappell, Nancy Zhou, Rodney A. Badcock and Ratu C.
Mataira are with OpenStar Technologies, Wellington 6035, New Zealand. (e-
mail: raymond.hu@openstar.nz). Rodney A. Badcock is also with Dodd-Walls
Centre for Photonic and Quantum Technology, Lower Hutt 5046, New Zealand
and Robinson Research Institute, Victoria University of Wellington, Lower
Hutt 5046, New Zealand

Fig. 1: An OpenStar 543 mm diameter non-insulated solder-
impregnated coil; shown in a molten solder state sitting on the hot-
plate.

This additional level of complexity in NI coils limits ex-
isting modelling approaches to rely on empirical experimental
measurements of characteristic resistance [11], [12] to estimate
radial resistance. This is typically achieved by measuring small
test coils to parametrize equivalent circuit models [8], which
are then scaled to full-sized coils with identical parameters
including winding tension, strand composition (parallel HTS
tapes and stainless-steel co-wind [13], [14]) and tape specifi-
cation.

This approach misrepresents turn-to-turn contact resistance
in NI solder-impregnated coils by defining it as the inter-
turn electrical pathway between tape faces, while in practice,
radial bypass primarily occurs through the conductive copper
edges of HTS tapes [15]. Removing NI solder-impregnated
coil faces, and hence the radial bypass, has been demonstrated
to fully transform into insulated coils, invalidating contact
resistance models predicated on turn-to-turn contact resistive
interfaces [16]. Instead, solder on the coil faces forms a
surface shunt where the uniformity and thickness determine
the turn-to-turn resistance [17], posing a key limitation for
accurate modelling of experimental coils. Fig. 1 illustrates
this limitation through the coil wetting issues producing non-
uniform solder distribution on the face of the coil.

Post-fabrication modelling validates coil performance after
construction [8], but cannot guide design decisions prior to
fabrication. This limits its value for developing magnets to
meet charge time requirements, as designers cannot predict
whether a proposed geometry or material combination will
meet targets before committing to the manufacturing of coil
prototypes.
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Unlike empirical methods, this work demonstrates a method
of predicting radial resistance using FEM bulk-resistivity
based models to enable a design-phase optimization tool,
eliminating prototype testing during design iteration. This
paper provides a comprehensive bulk electrical resistivity char-
acterization database for NI solder-impregnated coil materials,
including the copper stabilizer, stainless steel co-wind, and
previously uncharacterized 57Bi42SnlAg solder, measured
across cryogenic temperatures is presented.

To reduce the cost and time associated with winding mul-
tiple test coils to achieve a statistically meaningful validation
dataset for finite element method (FEM) predictions of radial
resistance, an extensive lap joint study was conducted to
determine the predictability of FEA models using purely bulk
electrical resistivity to describe the electrical behavior occur-
ring in joints [18]. The lap joint samples are geometrically
representative of inter-turn segments in full-scale NI coils.
The work is subsequently extended by scaling the lap-joint
models to full-size solder-impregnated NI coil models, and the
resulting prediction accuracy is evaluated against experimental
data.

II. EXPERIMENTAL DETAILS
A. Determining Solder Alloy Resistivities

The resistivity of the solder types were measured using
a Quantum Design Physical Property Measurement System
(PPMS) [19]. Samples of the different solder alloys were
mounted onto a standard puck [20] as shown in Fig. 2. Drawn
solder alloy wire was wound into a non-inductive spiral using a
3D-printed jig to increase the sample length while minimising
the bending radius within the constrained mounting area in
Fig. 2a. The sample was soldered to the puck using the
matching solder alloy (one wire to V+/I+, the other to V-
/I-, then coated with GE-7031 varnish for thermal contact as
shown in Fig. 2b).

Non-inductive spiral

wuw /'€l

N GE-7031
Winding jig varnish

(@) (b)
Fig. 2: Process of (a) preparing non-inductive spiral, (b) sample
mounted into the standard puck

Measurements as shown in Fig. 3 were conducted for six
different solder alloys commonly used for HTS applications:
66.3In33.7Bi, 52In48Sn, 57Bi42Sn1Ag, 97In3Ag, 99.9991n,
and 63Sn37Pb.

The resistivity measurements for 66.3In33.7Bi, 52In48Sn,
99.999In, and 63Sn37Pb, solder agree with existing litera-
ture [21]-[23] (note that 57Bi42Sn1Ag and 97In3Ag have not
been characterized in prior research, but behaves similarly to
the low and high resistivity solders in Fig. 3).

Solder alloys can be classified into two categories:
high and low electrical resistivity solder alloys. 52In48Sn,
57Bi42Sn1Ag, and 66.3In33.7Bi solder alloys fall into the
high resistivity category, as their electrical resistivities do
not decrease exponentially below 100 K (Red patch in Fig
3). These alloys can increase radial resistance in solder-
impregnated NI coils and thus shorten their charging time
constants (r = L/R). In contrast, low resistivity solder
alloys: 99.999In, 97In3Ag, and 63Sn37Pb show an exponential
decrease in electrical resistivity at temperatures below 100K
(Blue patch in Fig 3) and are preferred for producing low-
resistance tape joints.

As a result, the high resistivity solder alloys are ideal for
the coils developed at OpenStar Technologies, where high-
field magnets require faster energization to enable frequent
plasma confinement cycles. For OpenStar Technologies, mag-
nets use 57Bi42SnlAg solder to meet the desired charging
time requirement of <2 days when energized by HTS rectifiers
(also known as flux pumps [24], [25]), thereby minimizing the
turnaround time in experimental campaigns [26]-[28].
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107 H- — — 99.999In 157°C Eutectic H
57Bi42Sn1Ag 138°C Lig/140°C Sol
|——97In3Ag 143°C Eutectic
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66.3In33.7Bi 72°C Eutectic
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Fig. 3: Bulk electrical resistivity of common solder alloys used in
HTS applications

B. Lap Joint Fabrication

Two 200 mm x 12 mm wide “HERMES” HTS tapes
supplied by Faraday Factory [29] were used for each lap joint,
which was cut to length using a guillotine. The joint length
was set to 30 mm, where this section was pre-tinned on the
REBCO face of the HTS tapes.

The following hardware in Fig. 4 is used for manufacturing
HTS lap solder joints under controlled applied soldering
pressure and temperature. This included a PID temperature
controller connected to a heater block covering the lap joint,
and with a pneumatic actuator applying pressure to the block
over the lap joint. The soldering pressure and temperatures
were set according to the parameters in Table 1. All the samples
discussed in this paper were set to 1.39 MPa of applied
soldering pressure as it represents the soldering pressures

© 2026 IEEE. All rights reserved, including rights for text and data mining and training of artificial intelligence and similar technologies. Personal use is permitted,

but republication/redistribution requires IEEE permission. See https://www.ieee.org/publications/rights/index.html for more information.



This article has been accepted for publication in IEEE Transactions on Applied Superconductivity. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TASC.2026.3678257

experienced when fabricating NI solder-impregnated coils at
OpenStar Technologies. The heating duration was determined
by visual inspection: once excess molten solder extruded from
the lap joint, heating was stopped and pressure was maintained
until solidification.

Table T outlines the solder alloys tested for average resis-
tance across five repeated samples for each alloy

TABLE I: Fabrication parameters of HTS lap joint samples: sample
groups, compositions, applied soldering pressures (P, MPa), alloy
liquidus temperature (T;,°C), heater set-point temperatures (T#,°C).

Sample Alloy P MPa) | T} (°C) | T (°C)
Al to A5 66.3In33.7Bi 1.387 72 92
Bl to BS | 57Bi42SnlAg 1.387 138 158
Cl to C5 97In3Ag 1.387 143 163
D1 to D5 99.999In 1.387 157 177
El to ES 63Sn37Pb 1.387 183 203

Temperature =
Controller

Fig. 4: Hardware for manufacturing HTS lap solder joints under
controlled applied soldering pressure and temperature. This includes
the temperature controller, heater block, and pneumatic ram assembly.

C. Measuring Lap Joint Resistances

The jig measures HTS lap joint resistance at 77 K using
the four-wire Kelvin method [30]-[32] when submerged in
LN, for accurate cryogenic testing (see Fig. 5). Five identical
tape samples per batch are mounted in parallel on the copper
bus terminals (see Table I for each sample group) — each
sample tested independently by rewiring the power supply
negative lead to their corresponding sample. The lead cables
on the right-hand side of Fig. 5 are manually disconnected for
samples not under test, so only the selected sample remains
electrically connected to the current supply. This prevents
parallel current paths through the other mounted samples and
ensures the measured voltage corresponds to the sample being
tested.

The ends of the tapes were soldered onto the copper bus
terminals of the jig for [+/I- using 66.3In33.7Bi solder. Voltage
taps for V+/V- were then soldered using 63Sn37Pb onto the
tapes on either side of the joint, on the REBCO face, and
across the entire width of the tape at a spacing of 200 mm.

D. Lap Joint Simulations

A 3D FEM model was constructed in COMSOL® Multi-
physics [33] to predict the resistance of the lap joints. The
geometry is shown in Fig. 6. To save computation time, the

o= S —— ~——
Electrical Contacts

TN \

Fig. 5: Joint resistance measurement jig showing five 12 mm wide
Faraday Factory superconducting tape lap joints prior to testing in
LN,

HTS tapes modelled only consist of the layers that are in
contact with the solder up until the REBCO, as it is assumed
that these are the only layers through which the current passes
through. The Electric Currents module was used, with terminal
and ground applied to the end faces of the bottom and top
tapes, respectively, and the bulk resistivity results from Fig. 3
at 77 K were used as the electrical resistivity of the solder
layer.

Layers:

« REBCO

« Silver overlayer

« Copper stabilizer 3 Grczll/md
. x

Terminal ——==

Fig. 6: COMSOL model of lap joint with inset showing the current
path and meshing structure of the joint. The end faces where terminal
and ground are set are highlighted in green.
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Fig. 7: Sideview of the COMSOL lap joint model with REBCO layers
arranged face-to-face (not to scale), showing the different layers, and
surfaces where interfacial resistance was added.

The thicknesses of the layers were scaled up by a factor of
20 to help further reduce computation time [34]. As a result,
the resistivities of the materials were scaled down by a factor
of 20, following the formula [18]:

paolualtactual = pmodeltmodel (1)

The experimental and scaled dimensions used in the model
are shown in Table II. The experimental thicknesses of the
HTS tape layers were taken from the tape manufacturer’s
data sheets, and the average solder thicknesses were mea-
sured using a micrometer. Interfacial resistances were included
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TABLE II: Dimensions and resistivities of the layers in the lap joint.
Resistivities in the “Experimental” column are the values at 77 K.

Variable Experimental Model (scaled)
Tape Width 1.2x 102 m 1.2x10 2 m
tREBCO 1.0x 1076 m 2.0x107%m
tag 2.0x 10" %m 4.0x107°m
tcu 1.0x 105 m 2.0x107%m
Average t63sn37pb 478 x 107 % m 9.56 x 1074 m
Average to7maag 3.54x107° m 7.08 x 104 m
Average t99 991 5.48 x 1075 m 10.96 x 10~* m
Average t57Bi42Sn1Ag 474 x 1075 m 948 x 10~% m
Average e6m33Bi 4.06 x 107° m 8.12x 1074 m
PREBCO N/A 1.0 x 1078 Om
Pag 30x107% Om | 1.5x107!0 Om
PCu 4.0 x 1072 Om 2.0 x 10710 Om
0635137Pb 3.12 x 10~ Om 1.56 x 1079 Qm
POTI3Ag 1.88 x 1078 Om | 9.41 x 10~ 10 Om
£99.99Tn 1.91 x 1078 Om | 9.55 x 10710 Om
Ps5TBi42Sn1 Ag 1.16 x 1077 Qm 5.78 x 1072 Qm
P66In33Bi 1.25 x 1077 Qm 6.24 x 1072 Qm

between the layers (see Fig. 7) by applying the “Contact
Impedance” boundary condition under the “Physics toolbar”
in COMSOL, and using the interfacial resistivities obtained
by Z. Huang et al [18].

III. LAP JOINT EXPERIMENT RESULTS
A. Lap-joint model predictions against experimental data

The experimental results for the lap-joint resistances are
shown in Fig. 8 and are compared to model predictions with
varying degrees of contact resistivity implementation. The
“Model Result A” data points are calculated after applying
interfacial resistances to each face between the layers. The
“Model Result B” data points are calculated with interfacial
resistances added only on the interfaces between the solder
and stabilizer layers, and the “Model Result C” data points
are calculated with no interfacial resistances at all, using only
the bulk resistivities of the materials (assuming perfect contact
between layers). It can be seen that 63Sn37Pb solder had the
lowest spread in contact resistance, and potentially the lowest
joint resistance in measurements of joints. The InAg solder
should have the lowest resistivity, but in practice it gave a large
variation in lap joints; the spread seen in measurements for all
the Bi and In based solders could be due to wetting variation.
It is worth noting that the modelled resistance shows a similar
trend to the measurements, with the difference expected to
be due to contact variations and potentially the interfacial
resistivity at the REBCO/silver interface [35].

Fig. 8 reveals that models based solely on bulk solder
resistivity and neglecting interfacial resistances consistently
underpredict joint resistances across all five alloys. Incor-
porating contact impedances at tape layers and solder-tape
interfaces progressively aligns predictions with experiments,
most evidently for In and Bi-based solders, where wettability
variations dominate. This refinement bring model predictions
closer to experimental error bars. Models using bulk resistivity
data alone achieve predictions of the same order of magnitude
as experimental measurements. To obtain higher prediction ac-
curacies, models require additional implementations of contact
impedance.
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Fig. 8: Experimental data compared with model predictions for
different assumptions regarding interfacial resistivity: (Model Result
A) interfacial resistivities applied at all layer interfaces; (Model
Result B) interfacial resistivities applied only at the solder—stabilizer
interfaces; and (Model Result C) no interfacial resistivities applied,
using bulk resistivities only.

IV. NI SOLDER-IMPREGNATED COIL

The lap joint studies in Sections II and III provide key
insights into the predictability of joint resistance using FEA
models based solely on bulk electrical resistivity data from
solder alloys, without explicit interfacial resistivities. These
small-scale lap joints represent segments of the turn-to-turn
radial pathways in larger solder-impregnated NI HTS coils,
enabling scalable modelling that is more efficient than fabri-
cating numerous full coils for predicting radial resistance.

Coil 1A was one of the coils built to be assembled into the
Junior Core Magnet. The following radial resistance test was
conducted on Coil 1A at 77 K in LNs.

Coil 1A (see Fig. 1) comprise of four continuous parallel
strands of untinned HTS tapes arranged in two pairs such that
the REBCO layers in each pair face each other. The HTS
strands are co-wound in parallel with two stainless-steel tape
strands for increasing inter-turn resistance [13], [36], [37].
The coil was wet-wound using 57Bi42Sn1Ag solder paste and
reflowed via vacuum-oven solder impregnation to fill inter-turn
spaces, ensuring continuous radial pathways.

A. Radial Resistance Testing

Testing the coil involved cooling it to 100 K with gaseous
N, at an average rate of 1 K/min to prevent thermal shock,
then submerging it in LN». Following cooling, an input step
current of 20 A was applied at a rate of 0.2 A/ms using a TDK
Lambda GSP10-1500 [38]. A Keithley 2182A Nanovoltmeter
[39] was used to measure the coil voltage and the radial
resistance of the coil was calculated using Ohm’s Law [16].
Several resistance measurements were also taken during the
gaseous cooling stage using a step current of 5 A. A Lakeshore
224 [40] and Zirnox [41] cryogenic temperature sensors was
used to monitor the coil temperature.
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B. Coil Model Predictions Against Experimental Data

A 2D axisymmetric model was developed in COMSOL,
again using the Electric Currents module, to predict the radial
resistance of Coil 1A, as seen in Fig. 9. Each turn of the coil
was constructed to match the winding process and includes
separate geometries for each of the tapes, both stainless steel
and HTS, as well as separate geometries for the substrate,
overlayer, and stabilizer layers within the HTS tape. The
REBCO and buffer layers are assumed to be insulating in this
scenario, so are represented by a bulk layer and assigned a
resistivity of 1 Qm, to ensure the current passes primarily
through the remaining layers within the HTS tapes. The
electrical resistivities of the remaining layers are the same as
the values listed in the “Experimental” column of Table II. The
Contact Impedance boundary condition was not applied to the
interfaces to reduce computation time, and because reliable
contact resistivity values for the specific material pairings and
surface conditions used were not available.

(TR
I Current path
(AR

Fig. 9: Coil 1A FEA Model, showing the cross-section view of the
solder-impregnated REBCO tapes and solder between. The edges
where terminal and ground are applied are highlighted in green.

Terminal

Experimental results from Coil 1A’s radial resistance mea-
surements are compared with the model predictions using bulk
resistivity data.
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Fig. 10: Coil 1A experimental result against FEA model prediction
using only bulk-resistivity data.

The model captures the expected monotonic increase in
resistance with temperature; however, the experimental values
are systematically higher than the modelled values at all
measured points, and the magnitude of the discrepancy grows
with temperature. This bias is consistent with the simplifying

assumption in the model that neglected electrical contact
resistance between turns of the coil. The increasing diver-
gence at higher temperature suggests that contact resistance
is not constant with temperature, potentially due to thermally
driven changes in contact microstructure, differential thermal
expansion, or evolving interface conductivity.

Similar to the prediction behavior of lap solder joints in
Fig. 8, modelling Coil 1A purely with bulk electrical resis-
tivity data under-predicts the measured radial resistance, but
achieves the same order of magnitude. It further supports the
need for creating an extensive database of interfacial contact
resistivities to refine this method of predicting joint resistance.

At 77 K, the radial resistance of Coil 1A was measured
to be 6.02 uf). In standardised units, this corresponds to
16.70 £ cm?. This value is consistent with prior reported
measurements for comparable NI coils at 77 K [42], suggest-
ing that Coil 1A exhibits typical inter-turn electrical behaviour.

V. CONCLUSIONS

This paper presented design-phase modelling techniques
aimed towards predicting the radial resistance of solder-
impregnated HTS coils. This proposed method challenges pre-
vious studies based on experimental results, requiring proto-
type coils for any changes to the coil design or manufacturing
process.

It is assumed that the radial resistance of the coils arises
primarily from the bulk resistivity of all materials along the
radial current path. This physics is the same as for lap joint
resistance. Thus, lap joints are used for model verification,
mainly because they enable the generation of a large experi-
mental dataset, thereby reducing error. Characterisation data
for solders are fundamental for predicting joint and radial
resistances; a comprehensive dataset was measured using the
Quantum Design PPMS.

Lap joint resistance measurements indicated a large vari-
ation, signifying the dataset size being crucial and sensitiv-
ity to the sample fabrication process. Nevertheless, models
that use bulk resistivity alone consistently underpredicted the
experimental values. Inspired by literature, upon considering
contact resistances in the model, both results demonstrated
convergence towards experimental results. This concluded that
contact resistance is a real phenomenon that cannot be ignored
when predicting joint resistances.

Unlike lap joint resistance, the radial resistive path in the
non-insulated solder impregnated coils consists of several
interfaces, for which data for the distinct interfacial contact
resistivities were unavailable. Considering this limitation, an
attempt is made to predict the radial resistance with bulk
resistivity alone. Similar to lap joint resistance, the modelling
results are shown to underpredict the experimental values.
Nevertheless, the models can predict to within the same order
of magnitude (u€2) as the experimental results, indicating that
the approach is physically reasonable for predicting the radial
resistance.

Any future work requires the characterisation of all elec-
trical interfaces within the coil, and a larger dataset of radial
resistance measurements to quantify the deviation.
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