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Abstract—Current sharing is an important self-protection mech-
anism in rare earth barium copper oxide (REBCO) coated conduc-
tor (CC) tapes and cables that are intended for the construction of
high field magnets. Because of the slower quench propagation rate
of such cables, we expect that cooling is also required to facilitate the
current sharing. We explored this idea by constructing FEM models
that include liquid helium cooling and inter-strand contact prop-
erties. The results showed that given metallic inter-strand contact,
a three-layer tape stack with a defective central tape could carry
at least 3.05 Ic (where Ic is defined for an individual tape). When
the inter-strand electrical contact efficiency, η (η = inter-strand
contact resistance � contact area), was adjusted to be 5400 µΩ∗cm2

and the inter-strand thermal insulance, ω (ω = inter-strand ther-
mal resistance � contact area), was 5.54 K∗m2/W, the maximum
current that could flow through the defective tape was 0.6 Ic with
negligible current sharing to neighboring tapes. After reducing η
to 10 µΩ∗cm2 and ω to 0.01 K∗m2/W respectively, current sharing
to neighboring tapes increased by 800 times, and the hot spot
temperature was reduced. However, if the inter-strand thermal
contact was insulating, regardless of the value of η, the same
tape stack exhibited thermal runaway. Hence, current sharing in
REBCO coated conductors is determined by both the inter-strand
contact resistance (ICR) and the inter-strand thermal resistance
(ITR).

Index Terms—Contact resistance, thermal conductivity,
no-insulation coils, HTS cables, HTS magnets.

I. INTRODUCTION

R EBCO coated conductors (CCs) are promising material
candidates for high field superconducting magnets. Var-

ious magnet designs with different cable/tape configurations,
such as tape-to-tape no-insulation coils [1], Roebel cables [2],
[3], conductor on round core (CORC) cables [4], [5], [6],
symmetric tape round REBCO (STAR) cables [7], [8], and
twisted stacked tape (TSTC) cables [9] have been proposed and
constructed.
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However, unlike low temperature superconductors such as
Nb3Sn which has a normal zone propagation velocity of 1-100
m/s [10], [11], REBCO CCs have slow normal zone propagation
velocities of 3-5 cm/s (driven by their higher Tc) [12], [13].
Hence, one of the biggest challenges for REBCO coated con-
ductor (CC) magnet windings is quench protection against high
current density. Quench protection is improved by increasing
current sharing between conductors by decreasing the inter-
strand contact resistance (ICR) between them. In our previous
studies, we have introduced cold pressing, hot pressing, and
metal-plating to control the inter-strand electrical contact effi-
ciency, η (η = ICR � contact area), from 5400 µΩ∗cm2 down
to 2.7 µΩ∗cm2 [14], [15], [16]. However, current sharing in
REBCO tapes/cables is controlled not only by ICR, but also by
the cooling conditions.

It is known that the critical current density (Jc) and the n-value
can vary along the length of the REBCO tape [17], [18], [19].
In addition, the tapestar system which has a resolution of ∼2
mm has been applied to perform continuous measurements and
detection of defects in long REBCO CCs [20], [21], [18], [22].
For a magnet wound with a long length of conductor, drop-outs
may be present. When in service, a magnet’s cycling may lead
to local conductor degradation and localized hot spots. Current
sharing to the adjacent layers of the cable can play a critical
role in protecting the magnets from quenching. Some interesting
work has been performed previously where current sharing
behavior has been studied with equivalent circuit models [23],
[24]. Our previous study showed that given metallic inter-tape
contact properties, a cable containing a defect can still carry
its critical current without thermal runaway under some condi-
tions [25]. Similar studies performed on no-insulation coils also
demonstrated that ICR is the determinant factor in initiating
the self-protection mechanism through current sharing and can
affect the maximum operating current in the coil [26]. However,
the aforementioned studies failed to explore in detail the effect of
cooling, both the heat transfer from the conductor to the ambient
and heat transfer within the cables/tapes. Here we describe
several different studies based on two models: (1) a single tape
conductor and (2) a 3-tape conductor (cable), using various cool-
ing conditions, inter-strand thermal contact resistance (ITR),
and ICRs as input parameters. Restricting ourselves to a time
independent model, we explore the equilibrium solution for a
conductor with imperfect or cyclically damaged strands.
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Fig. 1. Geometry of half-tape (a) Single tape model, and (b) Three-tape
stack model, with positive and ground injection sites (“terminals”) shown. For
minimization of computational time, we only modelled the positive-x direction
of the tape, assuming the y-z plane to give mirror symmetry.

TABLE I
DETAILS ABOUT TAPES USED IN BOTH MODES

II. MODELING DETAILS

For the single tape model, we assumed a total length of 3 cm,
with a pre-existing defect in the middle of the tape. Defects of
various sizes, ranging from 0.01 mm to 2 mm, in REBCO CCs
have been measured and studied [22], [27]. In this study, we
assumed the defect had a length of 0.1 mm, across the entire
tape width, and with a current ampacity of 0.1 Jc (Fig. 1). The
20 µm of copper stabilizer was considered to be on both the
top and bottom wide surfaces (i.e., 40 μm total) and on the side
surfaces. More details are presented in Table I.

A three-tape model “cable” was constructed by sandwiching
one tape (with one small central defect) between two tapes
without defect.

ComsolMultiphysics was used for FEM numerical modelling
of the temperature and current distributions in the models. For

Fig. 2. Liquid helium cooling curve [29], [32].

both the single-tape model and three-tape model, the wide
surface of the tape was in the x-y plane, the conductor cross
section was in the x-z plane, and a mirror symmetry plane was
assumed in the y-z plane at the half width of the conductor [25],
[28], this allowed us to reduce computational time by one half
(we calculated current distributions on the positive x-direction of
the tape only and assumed symmetry, as shown in Fig. 1). The
width, length, and thickness of the conductor were along the
x-axis, y-axis, and z-axis respectively. To capture the properties
of the buffer layers, we set the interface between REBCO layer
and the Hastelloy to be insulating. Voltages were applied at the
ends of the conductors (the conductor “terminals”), as circled in
Fig. 1, with one end corresponding to a positive voltage (current
injection site) and with the other end of the conductor, to a
“ground”, and the current flowed from the positive terminal to
the ground.

In this work, we assumed that the conductors were immersed
in liquid helium, cooling the conductor’s surface. In the lon-
gitudinal direction, heat transfer was governed by the thermal
conductivity of the respective materials, REBCO, Hastelloy and
copper, and the terminal surfaces (the cross section of the ends
of the conductor) were defined to be electrically conducting but
thermally insulating. The thermal conductivity of the Hastelloy,
copper, and REBCO were obtained from Ref. [28], [29], and [30]
respectively. The electrical conductivity of Hastelloy and copper
were obtained from Ref. [28] and [31]. Based on Ref. [29] and
[32], we used the cooling curve shown in Fig. 2. Cooling from
nucleate boiling peaks at 4.54 K, followed by a transition to film
boiling and a significant decrease in cooling power and heat
transfer. Different values of the inter-strand electrical contact
efficiency, η (η= inter-strand contact resistance � contact area),
and inter-strand thermal insulance, ω (ω = inter-strand thermal
resistance � contact area), were used as input parameters to
define contact properties, ICR and ITR. In addition, the tem-
perature dependence of Jc was taken into account, this led to
an electrical conductivity for the REBCO as defined in (1). We
performed a steady-state simulation to capture the final current
distribution and temperature profile in each model.
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III. RESULTS AND DISCUSSIONS

A. Model 1: Single Tape Model

In a real physical scenario, a power supply can operate in
either voltage control mode or current control mode. However, in
either mode, in actuality the power supply accomplishes this task
by manipulating the voltage drop (potential) across the sample.
Thus, to model a scenario similar to the physical case where a
power supply attempts to maintain a fixed current through a con-
ductor (a power supply in current control mode), we defined the
cross sectional surface of the entire tape end (including YBCO,
buffer layers, substrate, and stabilizer), circled in Fig. 1(a), to
be an equipotential surface. There was one such equipotential
surface at the positive terminal, and another at the ground, and
the voltage drop across the tape (positive terminal to ground)
was set by the (FEM) program to result in a given current (and
thus current density) through the tape. In this manner we ran
simulations at a series of defined current densities ranging from
0.5 Jc to 0.96 Jc, with the simulation showing the resulting
distribution of current density and temperature throughout the
sample (tape) at each value of current density. Our goal was to
see, for a given set of electrical and thermal condition, at what
current density thermal runaway would occur.

As noted above, the defect (0.1 mm long) had a critical current
density of 10% of Jc, and the tape was immersed in liquid helium.
The current density limit was 0.95 Jc, i.e., above 0.95 Jc, the
tape exhibited thermal runaway. The current distribution and
temperature profile of the single tape model at J = 0.95 Jc are
presented in Fig. 3. As indicated by the red arrows in Fig. 3(a),
current was carried by the REBCO layer before and after the
defect (i.e., at value along the y-axis closer to the positive or
negative end of the tape), while this current redistributed into the
top copper stabilizer at y-positions near the defect region. The
highest temperature of the tape was found near the defect, and
was 4.6 K; near here the current was redistributed into the copper
stabilizer. The power dissipated in the defect due to resistive
heating was 4.824 mW. We see that the tape could carry 95% of
the nominal Jc with minimal ΔT. Near the defect, the current
was shared into the matrix, and some local temperature rise was
seen. Nevertheless, even with a spatially small defect with only
10% of the nominal Jc, the excellent liquid cooling enabled
minimal temperature rise.

B. Model 2: Three-Tape Model (no Contact Resistance)

The first three-tape model assumed zero inter-strand electrical
and thermal contact resistance. The defect (0.1 Jc, where Jc is
single tape Jc, and 0.1 mm long) is present in the central tape
only. In an approach similar to that for the single tape, for the
three-tape stacks, the cross sectional area of the ends of the three
tapes, at for example the positive terminal, were set to be at one
equipotential, and the cross section of the ends of the three tapes
at the ground side of the cable were set to a second equipotential

Fig. 3. Model 1: Single tape model (a) Current profile (red arrows indicate the
direction of current flow and relative magnitude of current density). Note that
we are looking at the y-z plane where the symmetry plane is inserted and the top
surface x-y plane. The tape length along y, width along x, and thickness along
z. The defect is in the REBCO layer at a particular value of y. (b) Temperature
profile.

(zero in this case). Again, the whole of the tape (and cable)
cross section was set to these equipotentials, including REBCO,
buffer layers, substrate, and stabilizer. The voltage drop across
the cable was chosen to achieve a set current density of 3.05 Ic.
As presented in Fig 4(a) and (c), the current density in each tape
changes along the length of the cable, as we might expect in the
presence of a defect. At the positive terminal end of the cable,
the top and bottom tapes carried 1.05 Ic, with the middle tape
carrying 0.95 Ic and currents were carried by the REBCO layer
within each tape. As we travel towards the defect, the current in
the REBCO layer of themiddle tape was redistributed away from
the defect, into the top and bottom tapes as well as a small amount
into the copper stabilizer. Halfway between the two terminals
(the longitudinal location of the defect), the current density in
the REBCO layer of the top and bottom tapes became 1.28 Ic (of
the tape), while the current density in the REBCO layer of the
central tape was 0.16 Ic. Here Ic always refers to single tape Ic for
the undamaged tape. The result was consistent with our previous
study [27]. Moreover, from the temperature profile, Fig. 4(b), the
temperature at the defective spot was near 4.37 K, which was still
below the nucleate boiling peak temperature. Hence, even 3.05
Ic does not appear to be the limiting current. Compared with
Model 1, given two additional neighboring tapes, a defective
cable (3-layer tape stack) can carry a current density (3.05 Ic)
that is greater than the nominal critical current density (3 Ic),
while a single defective tape can only carry 0.95 Ic. In addition,
because the current in the middle defective tape can be shared
into its neighboring tapes, the power dissipated in the defect due
to joule heating is reduced.
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Fig. 4. Model 2: Three-tape stack model (no contact resistance) and we are
looking at y-z plane (the middle tape is marked by the two green dashed line);
(a) Current profile (red arrows indicate the direction of current flow and relative
magnitude of current density), (b) Temperature profile, (c) Current distribution
in the REBCO layers along tape length.

C. Model 2.1: Three-Tape Model (η = 5400 µΩ∗cm2, ω =
5.54 K∗m2/W)

In Model 2.1, η (η = ICR � contact area), was set at 5400
µΩ∗cm2 [15]. We assumed that the thickness of the native oxide
on the copper surface is 4 nm, and calculated a resistivity based
onη. Then we calculated the ratio between theη-based resistivity
and the resistivity of copper, and used the same ratio to conclude
that the inter-strand thermal insulance, ω (ω = ITR � contact
area), was 5.54 K∗m2/W.

Some models have demonstrated that at steady-state condi-
tion, current sharing was determined by the termination resis-
tances [33], [34], [35], [36], [37]. Therefore, to better capture the
essence of current sharing around a defect, we ran a simulation
where we only “applied current” to the middle tape (the one

Fig. 5. Model 2.1: Three-tape stack model and we are looking at yz plane
(η = 5400 µΩ∗cm2, ω = 5.54 K∗m2/W) (the middle tape is marked by the
two green dashed line); (a) Current profile (red arrows indicate the direction of
current flow and relative magnitude of current density), (b) Temperature profile,
(c) Current distribution in the REBCO layers along tape length.

with the defect); more precisely we defined the positive terminal
equipotential to only be on the cross section of the end of the
central tape (the one with the defect), and the ground terminal
was defined only at the other end of the central tape (REBCO
layer, buffer, substrate, and stabilizer). The central tape was in
electrical and thermal contact (with defined interfacial values)
with both the tapes above and below it via the tape surfaces, but
not the ends.

The voltage drop across the cable was chosen to achieve
set currents of up to 0.6 Ic (single tape Ic) flowing in the
cable. The current redistributed as it neared the middle point
between the terminations (near the defect); here the REBCO
layer of the central tape only carried 0.17 Ic. The maximum
temperature at the defect was 6 K (Fig. 5(b)). The current was
redistributed around the defect mainly into the copper stabilizer.
As demonstrated in Fig. 5(c), due to the high ICR and ITR, the
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Fig. 6. Model 2.2: Three-tape stack model and we are looking at yz plane
(η= 10 µΩ∗cm2,ω= 0.01 K∗m2/W) the middle tape is marked by the two green
dashed line); (a) Current profile (red arrows indicate the direction of current flow
and relative magnitude of current density), (b) Temperature profile. (c) Current
distribution along tape length.

REBCO layer in the lower and upper tapes carried only a small
amount of the redistributed current, 5∗10-6 Ic (1.5∗105 A/m2) in
each tape, and the majority of the current was shared into the Cu
stabilizer. As the current bypassed the defect, the redistributed
current in the Cu stabilizer and the REBCO layers of the top and
bottom tapes went back into the REBCO layer of the middle
tape, and transported to the ground terminal via the lest resistive
path.

In this case, a high inter-strand electrical contact resistance
(ICR) and inter-strand thermal contact resistance (ITR) kept the
level of current sharing small. In comparison with model 1, as
a result of reduced cooling and minimal current sharing, the
maximum allowed power dissipated in the defect (2.601 mW)
of the 3-tape cable is smaller than that in the single tape.

Fig. 7. Temperature profile of Model 2.3: Three-tape stack model (η =5400
µΩ∗cm2 and insulating thermal contact) and we are looking at yz plane.

D. Model 2.2: Three-Tape Model (η = 10 µΩ∗cm2, ω = 0.01
K∗m2/W)

In contrast to Model 2 (metallic contact) and Model 2.1 (High
ICR and ITR), model 4 has low ICR and ITR. We assumed an
η of 10 µΩ∗cm2 [14] and used the same method as described
in Model 2.1 to calculate the inter-strand thermal insulance, ω,
which turned out to be 0.01 K∗m2/W.

As shown in Fig. 6(b), compared to Model 2.1, given the same
current input (0.6 Ic of one tape), due to reduced ICR and ITR,
the maximum temperature at the defect spot decreased from 6
K to 4.8 K, and the power dissipated in the defect (2.564 mW)
also decreased. Based on the current profile, Fig. 6(a) and (c), a
current of 0.004 Ic (Jc = 1.2∗108 A/m2) became redistributed to
each of the REBCO layer of the upper and lower tapes. After the
defect, current redistributed into the adjacent tapes went back to
the REBCO layer of the middle tape, because only the cross
section surface of the end of the middle tape was set to be the
equipotential ground terminal and the REBCO layer was the
lest resistive path for current transferring through the tape. The
current sharing to the adjacent REBCO CC tapes increased about
800 times due to the reduction of ICR and ITR. In addition, 0.6
Ic is apparently not the limiting current in this three-strand cable,
given the lower temperature and reduced power loss in the defect.

E. Model 2.3: Three-Tape Model (η = 5400 µΩ∗cm2and
Insulating Thermal Contact)

To further demonstrate the significance of inter-strand thermal
contact to current sharing and quench prevention, we made
Model 2.3, which had the same η as Model 2.1 (η = 5400
µΩ∗cm2) but an insulating inter-strand thermal contact. We
used the same current as in Model 2.1 (0.7 Ic of one tape).
As presented in Fig. 7, the insulating thermal contact led to
a thermal runaway. Clearly, ITR as well as ICR are needed to
define the level of current sharing in this quasistatic condition.

F. Model 2.4: Three-Tape Model (η = 10 µΩ∗cm2, and
Insulating Thermal Contact)

Model 2.4 was made by setting η to be the same as Model
2.2 (η = 10 µΩ∗cm2), but with insulating inter-strand thermal
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Fig. 8. Temperature profile of Model 2.4 and we are looking at yz plane:
Three-tape stack model (ICR = 10 µΩ∗cm2, and insulating thermal contact).

contact. The simulation result, Fig. 8, showed that regardless of
the reduced η, thermal runaway still happened in this scenario
as a result of insulating inter-strand thermal contact.

Comparing the five different scenarios simulated with the
three-tape model, we can conclude that the allowable cable cur-
rent density before thermal runaway is determined both by ICR
as well as the cooling condition and inter-tape contact properties.
Reduction in ITR leads to a bigger margin of energy dissipation
in a local defect, while reduced ICR can result in smaller energy
dissipation in a local defect. A resistive inter-strand contact and
reduced cooling power, such as conduction cooling versus liquid
cooling would lead to a lower Jc of a cable.

IV. CONCLUSION

In this study, we investigated the limiting factors to current
sharing in REBCO CC tape stacks/ cables by performing FEM
analysis for six different scenarios with two models, single tape
model, three-tape stack with zero contact resistance, three-tape
stack given η= 5400 µΩ∗cm2 andω= 5.54 K∗m2/W, three-tape
stack given η = 10 µΩ∗cm2 and ω = 0.01 K∗m2/W, three-
tape stack given η = 5400 µΩ∗cm2 and insulating inter-strand
thermal contact, and three-tape stack given η = 10 µΩ∗cm2

and insulating inter-strand thermal contact. We concluded that
both the cooling condition and inter-strand contact properties
were determining factors for current sharing. Further efforts are
required to understand the systematics of the behavior, and to
potentially formulate an analytical expression to describe this
phenomenon.
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