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Abstract

A superconducting switch allows to redirect an electric current in a superconducting circuit,
designed for this project by using High Temperature Superconductors. The available HTS
conductors to date in form of tapes made of cuprate materials (ReBCO), and allow to operate
in superconducting state at higher temperatures and magnetic fields than LTS materials.

The approach used for a high-current ReBCO switch is to stack multiple ReBCO tapes
and connect them in parallel, in order to increase the total current that can be conducted.
Then, with an electrical heater the temperature can be increased, and purposely make res-
istive the switch ("open" state), so the electric current flow towards a less resistive path.

A simulation model was developed for a thermally operated ReBCO switch, to predict its
thermal and electric responses and test different operating conditions. Two designs for a 10
kA ReBCO switch are proposed, applicable to a superconducting rectifier project currently
under development by the EP-ADO group at CERN.

Experimental measurements were performed to check and tune the model with the data
obtained, from low current samples of a ReBCO switch setup developed by members of the
workgroup. Further tests are required to scale a physical setup to 10 kA.

ix



1 Introduction

1.1 Brief energy panorama

The world nowadays relies on electricity to sustain human endeavors ranging from trans-
port, lighting, housing heating or industry applications. Different energy options exist to
ultimately produce it, such as fossil fuel power plants, hydroelectric, solar, wind, geothermal,
biomass or nuclear. They are based on different principles to ultimately convert them, such
as e.g. thermal energy (combustion, nuclear reactions) or mechanical energy (hydro, wind).
This means that in order to make an objective comparison among them it is needed to con-
sider factors such as land area used per unit of energy produced, and fuel volume or weight
consumed per unit of energy output [1].

It also depends on the geographical or environment characteristics, power requirements and
even local available expertise to choose which energy source will fulfill more adequately the
power requirements for a region. Additionally, political policies in different countries usually
influence or favor which type of power generating source to be installed for economic or en-
vironmental reasons.

There are pros and cons for every type of energy source, so a well informed panorama of
these factors can lead to an adequate energy mix that suits best the particular conditions
for powering the grid [2]. As this text focuses on an application relevant to nuclear energy
sources, in the following lines some relevant points will be introduced as a background. With
the previously mentioned options, there are some advantages in making use of nuclear based
systems as an energy source to produce electricity, such as:

• No significant greenhouse gases produced
Nuclear reactions don’t rely in a chemical reaction (like the combustion process), the
atoms themselves are interacting, and the waste produced is confined on-site. The
greenhouse gas emissions are mainly produced during the construction process of a
nuclear plant.

• High energy density
A nuclear reaction produces considerably more energy per mass unit than chemical
reactions such as combustion, or by the conversion of energy that happens in wind
and solar energy. Then, the required land area per unit of power produced is small
compared to renewables such as wind and solar.

• Weather independent operation
Nuclear plants rely in on-site fuel consumed on demand, so it can function as a backload
power source that is not affected by intermittency in power generation due to weather
conditions.

The previous statements apply to the nuclear reactors that supply electricity today to the
world grid, which are based in the reaction called nuclear fission. However, there are two
types of nuclear reactions that happen in nature: fission and fusion.

Nuclear fission involves the splitting of heavy atoms into smaller elements, releasing energy
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as a result. In comparison to fusion, it is relatively easy to produce fission in a controlled way,
as the many nuclear reactors around the world relying in this reaction can testify. Unfor-
tunately, the production of highly radioactive waste is a drawback for this technology. New
nuclear reactor designs rely on using thorium or different updates to make more efficient
the burning of the fuel, as well as to reduce the half-life of the radioactive waste. Proper
management, treatment or disposal of the radioactive waste produced are important factors
to use the technology in a safe manner and continue having this high energy density source
that doesn’t produce greenhouse gases as fossil fuels do.

Nuclear fusion is the source of energy of a star, where there is a balance between the grav-
itational attraction that holds its mass together and the expanding force due to the fusion
of light elements and subsequent energy release from these reactions. In this scenario a con-
stant energy output for millions of years is the result. And, although also relying on nuclear
processes to generate energy, it produces lower grade radioactive waste than fission, which
reach background radiation levels in a reasonable amount of time, so as not to become a
problem for the future, due to the stockpiling of radioactive waste that can take thousands
of years to decay [3], unless reprocessing of the waste is done to reduce this time frame.

However, achieving controlled nuclear fusion on earth is not a straightforward process, it
has been tried by researchers around the world for the last 70 years or so. The challenge
nowadays is to produce a machine with an energy gain factor greater than one, i.e. to produce
more energy from the fusion reactions than the energy that is invested to produce these reac-
tions in the first place. Succeeding in this endeavor will mean to have a nearly inexhaustible
source of energy to contribute to the energy production to power mankind, as a high energy
density alternative to fossil fuels, considering that the fuel, deuterium, is not region specific
as fossil fuel deposits, since it can be extracted from water.

Some of the most successful designs so far for a nuclear fusion reactor are both the toka-
mak and the stellarator, that confine a plasma by magnetic fields in a toroidal configuration.
Research is ongoing around the world to improve the overall performance of these types of
machines, ranging from understanding of the plasma physics, control systems or plasma-wall
interaction to extract and transform the thermal energy of the system. Magnetic confinement
devices rely in high magnetic fields to contain the plasma in a vessel, so in order to achieve
such fields the use of superconducting materials become a must, considering that they can
reach current densities higher than the best conductors, such as copper or silver, which result
in a higher electric current running through them that produce higher magnetic fields.

1.2 Superconductivity

Heike Kamerlingh Onnes in 1911 discovered superconductivity by measuring the resistivity
of mercury at very low temperatures, cooling samples with liquid helium (which has a boiling
point of about 4.2 K at atmospheric pressure) and observed that below a critical temper-
ature the material loses all resistivity. Different superconducting materials have been found
through the years since then [4], giving further insights in the phenomenon, although there is
yet to find an accurate explanation of the reason why it happens, Bardeen–Cooper–Schrieffer
(BCS) theory being the most accepted one.
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Nevertheless, technology has been developed to exploit this material behavior, since it is
more energy efficient using superconductors for high current applications. While a regu-
lar conductor such as copper would produce a high amount of heat by joule effect, which
needs to be extracted by a cooling system, an equivalent rated superconducting device would
produce no joule effect, and the energy investment in cooling the device is lower than an
equivalent regular conductor case. In other words, regular conductors can produce high
magnetic fields, but the cooling power required increases with the current running through
the conductor, whereas for superconductor the only power needed is the one for cooling the
device below is critical temperature, as long as the current remains below the critical current.

Superconductors have already been used commercially since the early 1960’s in different
industries. Compared to normal conductors they can carry electric current at considerably
higher magnitudes with no Joule power dissipation.

In 1986 high-temperature superconductivity was discovered in cuprates [5]. Since then there
has been significant research, and different varieties of materials with a critical temperature
above liquid nitrogen have been described.

HTS to date have only been found in brittle materials, hence there is a fundamental limita-
tion to make flexible wires as is the case with LTS such as NbTi. However, manufacturing
techniques were developed starting in the 90s to make tapes of superconducting material with
different layers, which can be bended slightly while mostly conserving their superconducting
properties, along with the capacity to manufacture them in industrial scale, which allows the
production of both cables and coils with them.

Different superconductor cable designs have been proposed to handle high currents and high
magnetic fields. For this reason there are factors taken into account such as reduction of
total material used for the tapes, loss optimization or maximizing the current density.

Low Temperature Superconductors (LTS) such as niobium–titanium (NbTi) and niobium–tin
(Nb3Sn) are the workhorses of superconductor technology, however they need to be cooled at
liquid helium temperature at about 4.2 K or lower, depending on the application. High Tem-
perature Superconductors (HTS), nowadays mostly ReBaCuO-based (Rare Earth Barium
Copper Oxide or ReBCO), can potentially work at temperatures closer to liquid nitrogen
(boiling point at about 77 K, operation at about 30-50 K). It is is considerably cheaper as
a coolant and widely available, while increasing the attainable magnetic fields and current
densities compared to LTS [6].

Magnetic Resonance Imaging (MRI) and Nuclear Magnetic Resonance (NMR), in the med-
ical industry, are among the largest commercial applications of superconductivity, while there
are some emerging applications such as levitating systems for transportation; lossless power
distribution systems for the electric grid; and lighter, smaller and more energy efficient elec-
tric or electronic devices. Superconducting magnets are also used in large physics experiments
related to plasma and particle physics in research laboratories around the world, both for
magnetic confinement and highly sensitive detection equipment like the Relativistic Heavy
Ion Collider (RHIC) in the United States, the Accelerating and Storage Complex (UNK)
project in Russia, the electron–proton collider Hadron Electron Ring Accelerator (HERA) in
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Germany, and most recently the Large Hadron Collider (LHC) at the European Organization
for Nuclear Research (CERN) [7].

A summary of commercially available superconducting materials and their critical parameters
is shown in Table 1 [8–14]:

Table 1: Commercially available superconducting materials and critical parameters of tem-
perature and magnetic field. From [4].

1.3 Relevance of Superconductivity in Nuclear Fusion

In the case of nuclear fusion research, high magnetic fields are required in order to confine the
plasma, and the development and implementation of HTS magnets will allow to improve the
performance of the new generation of fusion experiments, increasing the attainable magnetic
field that results in a better confinement of the plasma inside the vessel, and consequently
impacting directly on the fusion reactions produced.

In a tokamak and other types of toroidal magnetic confinement devices, an important para-
meter to describe the plasma is the toroidal beta (βT ), defined as the ratio of the kinetic
plasma pressure to the magnetic pressure:

βT =
p̄
B2

0

2µ0

with p̄ the volume averaged plasma pressure and B0 the toroidal magnetic field on the plasma
axis, defined by the torus’ major radius R0.

The power density (Pf

Vp
, fusion power over volume) scales with the square of the kinetic

pressure, so replacing the previous equation for the definition of toroidal beta this results in:

Pf
Vp
∝ p̄2

Pf ∝ β2
TB

4
0Vp
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This proportionality highlights the advantage of increasing the magnetic field in a fusion
device because of this fourth power dependence (considering a constant βT ), i.e. obtaining a
16 times multiplication of the fusion energy produced by duplicating the magnetic field, or
reducing the volume of the machine for the same power output, with its associated economic
benefit [15, 16]. It is also worth to note the linear increase in fusion power with the volume
of the machine, that although for one it increases the total cost and lead an increase in
manufacture difficulty, on the other hand it has advantages such as neutron shielding from
the fusion reactions and higher area and volume to exhaust heat and neutron loads.

In order to produce a high magnetic field, a high electric current runs through the super-
conducting coils of the fusion reactor. If there is an unexpected loss of superconductivity,
the high stored energy needs to be dissipated in an external resistor in order not to damage
the coil. Additionally, it is possible to implement devices that can slowly charge or discharge
a superconducting coil without needing a high current source. These applications, quench
protection and superconducting rectifier respectively, will be explained in the next chapter,
and make use of the so called superconducting switch.

1.4 Project Definition and Research Question

A superconducting switch is a device that allows to redirect the current in a superconduct-
ing circuit, e.g. in superconducting magnet applications. They are based on a change of
resistivity to change its state: high resistivity ("open" state) and zero resistivity ("closed"
state), which can be controlled by modifying its parameters, so threshold values of either
temperature (T ), magnetic field (B) or current density (j ) are surpassed, after which the
material loses superconductivity and enters to a normal conducting state.

The use of HTS materials for a superconducting switch is expected to provide a better
performance than a LTS based one, because of a wider operational window. HTS con-
ductors commercially available come in the form of planar tapes of superconducting and
stabilizer layers, technology used for developing the HTS switch (from now on referred as
ReBCO switch) in this project, specifically making use of ReBCO tapes.

Using a heat source to control the temperature (and hence the superconducting state) is
also the chosen approach for this project because of the simplicity in its implementation.
Then a thermally activated superconducting switch is defined, considering that a successful
design was tested before with LTS technology [17]. There are also tests for low current
HTS switches operated by inducing a high magnetic field, but require additional parts and
considerations [18].

Superconducting coils in fusion devices have currents in the order of one to tens of kilo
amperes, to then produce the desired magnetic fields. So, as a goal for this project, a 10
kA ReBCO switch is the design objective, being rated in a magnitude of electric current
relevant for superconducting magnets used both in nuclear fusion and other applications.
The reason is that the current that flows through the superconducting coil also flows through
the superconducting switch, i.e. they are connected in series in a superconducting circuit.

Stacking ReBCO tapes is the simplest approach for a high current conducting line, so they
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are connected in parallel to increase the current carrying capacity, so in joint effort they
conduct the total superconducting current flowing through the ReBCO switch. The heat
source for the thermal control is produced by means of a resistive steel strip in close contact
with the superconducting tapes, and by running and electric current through it, the adjacent
ReBCO tapes can be warmed up to control the superconducting state. Otherwise, different
high current ReBCO cable designs exist, such as CORC or Roebel, which are an alternate
option for conducting the current against the parallel ReBCO tapes option.

Taking into account that the critical temperature of ReBCO tapes is around 92 K, it is
possible to make tests at liquid nitrogen temperature, which reduces the costs to make ex-
periments as compared with the higher cost liquid helium required for LTS.

Regarding the operating temperature, it is necessary to investigate working at lower temper-
atures than that of liquid nitrogen (77 K), that will allow reducing the number of ReBCO
tapes but also have impact on the switching speed of the device, due to longer heating and
cooling down times. On the other hand, stacking many ReBCO tapes in a higher operating
temperature scenario, will result in a slower heat propagation, which also affects the speed
of the device.

The presence of a magnetic field, external or self induced for a high current conductor, re-
duces the critical current density in a ReBCO tape, so there is a slower than linear increase
in the critical current density when increasing the number of parallel ReBCO tapes. This
depends on the geometric configuration of the tapestack, which influences the magnitude of
the magnetic field along the space around the ReBCO tapes.

The heat propagation depends on the different layers of materials involved, and particu-
larly for the ReBCO tapes, since they are on their own composed of different materials. A
simplified model of the ReBCO tape is also necessary, which then also influences the overall
thermal response of the tapestack.

The dimension of the ReBCO switch in the longitudinal direction, which is also the length
of the ReBCO tapes used, is a factor to be explored, since it has a direct influence on the
overall resistivity, total cost and power consumption of the device.

As it can be seen, there are a variety of factors that have ultimately influence on the tech-
nical specifications of the thermally activated ReBCO switch. It is then convenient to have
a simulation model where the thermal and electrical behavior can be investigated, and differ-
ent tape stacks configurations can be tested, considering ReBCO tapes are expensive, and
experimental testing is time consuming.

Then, determining a working configuration with the model will allow to guide the exper-
imental testing faster towards a design that can comply with the desired specifications. A
physical setup for low current was already working by the time this project started, and the
model intends to contribute and guide the tests done towards a high current configuration.

So, the following research question is stated, taking into account the previous factors, in
order to develop a design for a high current application:

6



Can a 10 kA thermally activated superconducting switch be developed with
ReBCO tapes technology, and a switching frequency of 1 Hz?

The switching frequency, based on the speed response of previous LTS designs, is desired to
be of the same magnitude. The operating temperature of the device is expected to be lower
than that of liquid nitrogen. It is then necessary to consider some additional, closely related
factors:

1. What is an adequate temperature for the ReBCO switch to operate?

2. Is the influence of magnetic field produced by the high current manageable in a multiple
ReBCO tapes scenario?

3. Are parallel connected ReBCO tapes sufficient or is it necessary to opt for an alternate
high current ReBCO cable?

The simulation model is developed using the MATLAB platform, considering that the group
already has some libraries regarding the computation of the physical properties of the ma-
terial, the calculation of the 2D magnetic field produced by a conductor with rectangular
cross section, as hardware and software developed to extract the data produced from the
experimental setup.

This project was developed within the ATLAS research and development team at CERN,
Experimental Physics Department - ATLAS Detector Operation Group. The group has ex-
pertise in developing applied superconducting technology, both for particle accelerators as
for nuclear fusion applications.

This expertise ranges from current leads, cryogenic systems, and superconducting magnets
with LTS technology. Currently tests towards HTS cables and magnets are being developed
in the group, making use of the CORC cable design, which comprise high current cables such
as CORC-CICC as well as CORC based solenoids [19–22]. The present project then intends
to develop a design for a HTS switch, which is relevant for being part of a planned HTS
superconducting rectifier, whose elements are currently being developed as parallel projects
by other members of the research group.
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2 Superconductivity Technology Progress

In this chapter relevant concepts for superconductivity are introduced, along with the current
state of HTS technology, including high current cables, switches and their application in
different technology areas.

2.1 Superconductivity concepts

2.1.1 Type I and Type II Superconductors

There are two types of superconducting materials, classified as Type I and Type II, their
difference lies in how an external magnetic field penetrates into the material and affects the
superconductivity state, considering that the material is below the critical temperature.

A superconductor at very low field behaves as a perfect diamagnetic material, known as
the Meissner effect, where external magnetic fields are completely excluded from the interior
of the material. However there is a critical magnetic field Bc where this effect is surpassed,
and superconducting state is lost [23]. Depending if the superconductor is Type I or Type
II, the transition to normal conducting state is respectively either sharp or gradual.

In Type I superconductors, considering that the material is below its critical temperature,
and after the critical magnetic field is surpassed, the magnetic field completely penetrates
the material and the resistance returns. Usually the maximum field in these superconduct-
ors is less than 0.1 [T], and an electric current can only flow in a thin layer at the surface
of the material, usually in a few micrometers depth. These limitations make Type I su-
perconductors not useful for wire and cable applications. Most elemental superconductors
are Type I superconductors (with some exceptions such as Nb, V and Mo which are Type II).

In Type II superconductors, there is a transition zone after a lower critical magnetic field Bc1

is surpassed, and the magnetic field penetrates the material in the form of discrete flux lines.
This produces a mixed state with superconducting and normal regions inside the sample.
The superconductivity is only destroyed completely and the normal resistance state reached
when the applied magnetic field is larger than an upper critical field Bc2. Most alloys and
compounds are Type II superconductors, for which they are the ones that are usable to
fabricate wires and cables for high current applications [24, 25].
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Figure 1: Diagram B vs T for Type I and Type II superconductors, critical values Bc and
Tc are codependent limits to the transition to the normal conducting state. There’s a sharp
state change in Type I superconductors, and a transition region for Type II. From [26].

2.1.2 Resistivity and Critical Temperature

To achieve superconductivity in a material it’s necessary to cool it down below its critical
temperature, a value that depends on the composition of the material. After getting past
this value the superconducting phenomenon is observed, that for Type II superconductors
occurs in a transition phase in a small temperature window, as shown in Figure 2:

Figure 2: Schematic for Resistivity vs Temperature, showing the transition from supercon-
ducting to normal conducting states when exceeding the critical temperature of a Type II
superconductor. Left: Mixed state between Tc,0 and Tc,onset, while getting to a temperature
lower than Tc,0 makes virtually all resistance in the material to disappear [4]. Right: Res-
istivity vs Temperature for a LaSrCuO material, showing zoom-in in the transition temper-
ature window of about 2 K between superconducting and normal conducting states [27].

An external magnetic field, as well as a high pressure, can both modify the value of this
critical temperature. On the following section is explained how to further determine the
parameters than finally set the electric current that can be conducted in a superconducting
material.
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2.1.3 Operating in superconducting conditions

As seen so far, there is an interdependency in the temperature, magnetic field and current
density of a superconductor. These interconnected parameters have critical values, that define
a threshold above which the superconductivity is lost. This situation is shown in Figure 3,
in the so called critical surface.

Figure 3: Schematic for the critical surface in a Type II superconducting material, where
T,B and j are interdependent values. To operate in superconducting state it is necessary
to stay below the critical surface. Any point of the critical value correspond then to three
interdependent values of Tc,Bc2 and jc. Adapted from [5].

Having a high current produces a high magnetic field, so a temperature margin from the crit-
ical surface is required to have a good performance with lower quench risk. For this reason,
the lower the operating temperature, the more stable the device, since the system is more
robust to fluctuations in the operating values.

Speaking of a superconducting line, application of interest for this project, what is relev-
ant is the current density achievable in it.

The first step is to be at a temperature T0 lower than the critical temperature of the ma-
terial and zero magnetic field, at this condition the material by itself has a defined critical
current density jc. But a magnetic field B0, either external or self induced by a current
running through the material, produces a reduction in the critical current density at the
sample, for which we can state that the current density is a function of the magnetic field
and temperature:

jc = f(T0, B0)

As mentioned, it is also necessary to have a margin in the working values with respect to the
critical surface, to then have a stable operation and small deviations in the operating values
don’t risk losing the superconducting state. This is exemplified in Figure 4:
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Figure 4: Schematic of Current density vs Temperature, for the operating point of a super-
conductor at a fixed magnetic field value Bop. ∆j and ∆T are the safety margins from the
critical surface, shown here as a 2D cut with the line that joins Tc and jc, which is part of
the critical surface. From [4].

2.1.4 Power Law Equation

When a Type II superconducting material is close to its critical temperature, considering it
is being warmed up, it starts to develop a resistance. Additionally, considering that there is
a current running through it, this results in a measurable voltage, which can be expressed as
an electric field following the so called "Power Law" shown in Equation 1:

E = E0

(
jsc
jc

)n
(1)

The equation describes the electric field in the superconductor, where Jsc is the current
density of the superconducting part, Jc is the critical current density of the ReBCO, n is a
temperature dependent factor that increases proportionally with the temperature, and E0 is
the electric field criterion [28].

The electric field criterion is defined by the IEC International Standard 61788-1 as 1 [µV
cm

],
which is a set value often used for defining critical current density in superconductors [29].
In Figure 5 it is shown the definition of the critical current density, which is a value with a
magnitude big enough to be measurable, but small so it doesn’t cause a thermal runaway
with the electric current that is being conducted because of joule effect.
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Figure 5: Schematic for Electric field vs Current density, to show the definition of the crit-
ical current density jc in a superconductor, as the value where the electric field criterion E0

is reached. Adapted from [30].

2.2 HTS Tapes

Fabricating a HTS tape is not a straightforward process, due to the brittleness of the mater-
ials commercially available now for HTS conductors, this when compared to the extrusion
process that can be done for a ductile LTS material such as NbTi, which allow to have long
and flexible wires.

ReBCO based HTS tapes are one of the commercially available options, used as the su-
perconducting tapes in this project. The "Rare-Earth" part of ReBCO materials can be
composed of any of the 15 elements in the lanthanide family of the periodic table, including
scandium and yttrium. Is this last element, Yttrium (Y), the one that’s widely used in com-
mercially available tapes, along with Gadolinium (Gd).

Conducting tapes can be fabricated by atomic deposition processes in order to create a
layered structure, which contains both superconducting and normal conducting elements, as
LTS materials do, for thermal and electrical integrity. A substrate layer, usually a stainless
steel alloy, provides the mechanical structure to the tape. Figure 6 shows a schematic of
different layers that can be in a ReBCO tape:
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Figure 6: Schematic for a ReBCO tape. Note that the superconductor material is only a
small fraction of the total thickness, and also includes regular conductor stabilizer layers.
Design by SuperPower Inc. From [31].

The normal conducting layers serve as a conducting path for the current in case the supercon-
ductivity is lost, for which the resistance of the superconductor above its critical temperature
is typically higher than the one of good conductors (such as copper or silver). This good
conductor layers then help to protect the ReBCO layer in case of a quench of the tape,
conducting the current that otherwise would be dissipated in the ReBCO layer.

2.3 High current ReBCO Cables

Different proposals for high current cables based on ReBCO tapes have been developed, in
this section there are mentioned some of the options available, as well as a more in-depth
description for the cable, linked with applied superconductivity projects developed at CERN.

Since ReBCO tapes are the format available at the moment for developing relevant tech-
nology, all the following concepts consider making different kinds of arrangements with the
tapes in order to produce a high current superconducting cable.

All the following cable concepts are designed to operate at high electric currents while allow-
ing some bending. Each of them specializes in trying to solve the problems that affect the
scaling towards a high current ReBCO cable, such as AC losses, current degradation due to
bending or the magnetic field effect.

Further testing can determine its adequacy depending on the type of application in mind,
considering fusion, health care, or experimental physics relevant devices.

2.3.1 ReBCO based Cable Concepts

A brief overview of some ReBCO cable proposals is presented, which are options in order to
produce a high current cable, considering that they can be used as an alternative approach
towards a ReBCO switch respect with a simple tape stacking.

• Twisted stacked-tape conductor (TSTC) [32]
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Developed at the Massachusetts Institute of Technology and Tufts University. It con-
sists in stacking the ReBCO tapes and then twisting them along the stack axis.

• ReBCO Roebel cable [33]
Manufactured first by members of Karlsruhe Institute of Technology and the Slovak
Academy of Sciences. Originally for copper cables, consist on segmenting and inter-
twining together strands of ReBCO tapes. Feature low AC losses.

• Round twisted stacked conductor [34]
Tested at the École Polytechnique Fédérale de Lausanne and the Paul Scherrer Insti-
tute. Consists on stacks of ReBCO tapes surrounded by a circular copper casing.

• ReBCO cable-in-conduit conductor [35]
Project developed at the ENEA Superconducting Laboratory. Conformed by a cilindrical
core with helical slots, where ReBCO tapes are wounded around.

• Stacked tapes assembled in rigid structure conductor [36]
Joint project from the Toki Graduate University for Advanced Studies, National In-
stitute for Fusion Science and Tohoku University. Stacked ReBCO tapes in a square
copper stabilizer with support structure, achieving successful tests at 100 [kA].

• HTS-CrossConductor (HTS-CroCo) [37]
Developed at Karlsruhe Institute of Technology. Stacked ReBCO tapes while using dif-
ferent tape widths to maximize the cross sectional area and current density, surrounded
by a circular casing.

In Figure 7 are shown the aforementioned cable concepts.

Figure 7: Different types of proposed ReBCO cables by different research groups. (a) Twis-
ted stacked-tape conductor (TSTC). (b) Roebel cable. (c) Round twisted stacked con-
ductor. (d) ReBCO cable-in-conduit conductor. (e) Stacked tapes assembled in rigid struc-
ture conductor. (f) HTS-CrossConductor (HTS-CroCo). Adapted from [38].

2.3.2 CORC-type High Current ReBCO Cable

The Conductor on Round Core, as the previously mentioned concepts, is designed to operate
at high current in high magnetic field applications. The cabling approach consists of the
helical winding of ReBCO tapes on a round core. The transposition of the tapes within
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each layer of the cable significantly reduces the cable magnetization while the coaxial and
mechanically decoupled arrangement of the tapes enables them to slide when the cable is
bent, making them particularly flexible, achieved by leaving gaps between the ReBCO tapes
that give room to some sliding of the ReBCO tapes between them, that make the cable
relatively flexible to allow some bending [19].

Figure 8: CORC cable production: a) ReBCO tape wounded in round conductor, b) Wind-
ing of multiple ReBCO tapes in round conductor, c) Different diameter CORC cables, d)
CORC-CICC for high current applications. Adapted from [20].

Various configurations of CORC cables have been tested to improve their performance for
high-current and high-field applications, by a joint collaboration between CERN, Advance
Conductor Technologies LLC and University of Twente.Research including both CORC wires
and magnets, as well as CORC-CICC for higher currents, are relevant for nuclear fusion
applications [20].

2.4 Status of HTS Technology for Nuclear Fusion Applications

An advantage that comes with the use of HTS is the wider window of temperatures for
which the systems can be operated. In the case of nuclear fusion application, this allows the
development of modular coils that have demountable joints, where the excess heat produced
by them can be extracted while still operating in the superconducting state. Designs of mag-
nets with demountable joints for tokamak and heliotron reactors were proposed in the 1980s,
however, the heat generated by the joints for LTS temperatures (around 4K) was considered
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too high to be exhausted while maintaining the system below the critical temperature, which
would then result in reducing the stability of the magnets.

It’s important to keep in mind that although the resistance of the joint is at the nΩ level,
the additional generated heat still has to be extracted by the cooling system. It is expected
that this will account for a few percent extra of the total cryogenic load in a tokamak using
this kind of modular coils, which is considered to be still affordable [39].

The advantage of having coils with demountable joints is that it would enable modular
construction of very large or complex superconducting magnets. This facilitates the reactor
maintenance operations by improving access to its interior and disassembling of the machine;
hence increasing the total availability of a fusion reactor by reducing the required time for
maintenance campaigns.

Different proposals regarding modular coils have been published for fusion devices mak-
ing use of high temperature superconducting coils, including helical coils as they are used
in the Large Helical Device from the National Institute for Fusion Science in Japan [40], as
well as coils for tokamak designs such as ARIES and ARC from the Massachusetts Institute
of Technology in the US [41, 42]. The construction of modular systems becomes convenient
both for building and maintenance purposes, particularly considering the increasing size of
fusion devices such as ITER.

Figure 9: 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 [42].

Furthermore, in the last years it starts to become feasible, due to the increase in availability
and some decrease in cost of HTS materials (still expected to be maintained at a relatively
high value because of the use of expensive materials such as silver), to design reactors that
make use of this technology instead of the classical work horse LTS from which all devices
are built nowadays. For example, research done by Durham University and EURATOM and
CCFE, for comparing the cost of electricity of a nuclear fusion power plant with both LTS
and HTS. Assumptions given in the technological capabilities of HTS, it seems feasible
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to reduce the size and cost of the machine, due to an improved confinement of the plasma
derived from a higher magnetic field, as well as working with higher operating temperatures
to eliminate the need of using the expensive liquid helium as a coolant [43].

2.5 Superconducting Switch Applications

A superconductor element changes from the superconducting state (zero resistivity) to the
normal state (resistive state) when temperature, current density or magnetic field exceed a
certain critical value. As a result, by modifying any of these parameters at will, the resistiv-
ity of a device can be controlled to change the direction of a current in a superconducting
circuit. Hence, a superconducting switch is created, by provoking or nullifying on demand
its resistivity.

The easiest approach is using the temperature as the control parameter, by heating seg-
ments in a superconducting circuit [17]. There are designs that use a magnetic field as well
to control the superconducting state [18], and although in principle increasing the current
density can also change its state, this last approach is not preferable since the current that
is wanted to be dissipated or redirected will increase and be more potentially damaging for
the system, although some designs have been developed with a current-stimulated quench
approach for low current devices [44].

In the next sections some applications of superconducting switches are mentioned.

2.5.1 Quench protection circuits

A superconducting line can accidentally lose the superconductivity state (quench) as a result
of surpassing any of their critical values. A cable for magnet applications use wire made
from superconducting filaments embedded in a normal conductor (like copper), if there is
loss of superconductivity in the filaments the current is transfered from the superconductor
to the normal conductor, which protects the superconductor but also results in ohmic heating.

Depending on the design of the coil and cooling system, a region of a magnet that has
quenched may or may not recover and return to the superconducting state. In the lat-
ter case, continuous current flow leads to continuous heating and potentially an irreversible
damage to the magnet. Depending on the energy stored in the magnet, it might be suffi-
cient for the energy to be dissipated in the magnet cold mass without excessive temperature
rise, usually achieved by activating heaters to quench the entire magnet and dissipating uni-
formly the stored energy. But specially for magnets in nuclear fusion applications the stored
energy is high, so quench protection requires to discharge this energy in external resistors [45].

Having safety measures to avoid the malfunction and damage of the superconducting coils on
a fusion reactor is fundamental, considering that their cost can be over 30 percent of the total
cost of the machine [46]. The system needs to be able to sustain the current that circulates in
steady state in the superconducting coil, while effectively cutting the current flow if a quench
is detected, so the current gets mainly dissipated in an external dump resistor.On the other
hand, a superconducting rectifier has benefits both in reducing the cost and heat load to the
cold mass, respect to a conventional power supply.
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A superconducting switch can operate in a quench protection circuit for a superconduct-
ing coil, on the basis that it’s resistivity can be modified as function of any of its threshold
factors. An example is shown in Figure 10, for a persistent mode circuit.

Figure 10: Schematic for a basic persistent mode, quench protection circuit with super-
conductor switch. The switch in normal operation is cold (hence superconducting), so the
current flows unimpeded through it. When the switch is heated up its resistance increases,
and the electric current gets dissipated in the dump resistor. Adapted from [47].

For this reason, superconducting switches can also be used to increment the operation time
in the so-called persistent mode. Considering that once a current flows in a superconducting
coil joined by a superconducting switch (since the resistivity is zero), no power is needed
to maintain that current (no ohmic loss). So the current source can be turned off and the
current will keep flowing virtually indefinitely. The advantages of operating in persistent
mode are no power consumption from the power source after charging the coil, a drastically
reduced heat load to the cold mass and a highly stable magnetic field.

The most common design is by connecting a superconducting wire that is resistive when
warm across the terminals of the coil. A small heater is placed in close proximity to the
wire. When the coil is being charged, the heater is turned on so the short across the magnet
terminals is driven above its critical temperature and effectively becomes a resistor across
the magnet terminals. When the appropriate operating current in the magnet is reached, the
heater is shut off and the persistent switch is allowed to cool until it becomes superconducting,
closing the superconducting loop [48].

2.5.2 Superconducting Rectifier

Compared to normal conductors, the current carrying capacity of superconducting wires,
tapes and cables allows to increase the magnetic field magnitude in superconducting coils,
while reducing the size and total power consumption. Their application is influenced by
the heat leak from the environment, which is directly related to the capacity of the cryo-
genic system that needs to be installed in order to keep the superconductor below its critical
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temperature. Reduction of heat leaks translates as a higher efficiency and smaller cooling
systems, desirable for commercial applications.

In superconducting coils, where a current needs to be injected, it can either be done with
conventional power supplies or with a superconducting rectifier (also called flux pump), which
is a cryogenic power supply for inductive loads. Because the device works in the same en-
vironment as the superconducting load (i.e. alongside a superconducting coil, at the same
cryogenic temperatures), the heat leak and ohmic dissipation losses in the case of high current
injection and heat leaks from room temperature to the cryogenic space are highly diminished,
whereas the power transfer efficiency can be >95% [49], as well as reducing the energy cost
respect to conventional power supply for currents above some hundreds of amperes [50].

The device then is able to convert an alternating electric current with small amplitude into
a large step-wise increasing superconducting current. It can therefore be applied as a cur-
rent supply for superconducting loads that require large operating currents. The advantages
are first, because for high currents a superconducting rectifier system is less expensive than
a conventional power supply; and second the mentioned heat leak is considerably reduced [17].

A circuit for a superconducting rectifier is shown in Figure 11, with primary (Lp) and second-
ary coil (Ls) of the transformer, four thermally activated superconducting switches (S1, S2

and S3, S4) and an inductive load (L).

Figure 11: Superconducting rectifier circuit with an inductive load. The superconducting
switches diminish losses and operate the whole device in cryogenic conditions, where the
color indicates that they are activated simultaneously. From [51].

Superconducting rectifiers can be used not only for injecting current but also for compens-
ating the current loss over time due to the decay caused by operation or resistive segments
(e.g. resistive joints or defects in the material).

For these reasons they are applicable in nuclear fusion superconducting coils, considering
that there are already some developments to use these devices in the coming generation of
superconducting coils made with HTS materials [52]. Other areas that can benefit with this
technology include magnet systems for particle accelerator devices [53], MRI and NMR
coils in the medical field [54], and superconducting magnetic energy storage [55, 56].
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3 Basis to build a ReBCO based superconducting switch

In order to predict the behavior of the ReBCO switch, a thermal/electric computational
model was developed for this purpose. Additional considerations are necessary to pass from
a low current to a high current model, namely the non-negligible magnetic field in the tape
stacks and different rates for heat propagation due to increasing the number of layers in the
tape stacks.

Developing a computational model has then the purpose of having a tested configuration
that can work with the designed specifications, to reduce time in testing of different physical
setups, so as to build one as an educated guess, having a reasonable certainty of its success
due to all the variables involved; as well as reducing the cost of the system, since the market
price of ReBCO tapes is still fairly high compared with LTS wires.

3.1 Superconducting switch principle

It’s worthy to note that the superconducting switch for the present project has a solid state
operation, i.e. there is no physical movement involved in the "open" or "closed" states. In
the "open" state the switch has a high resistance, whereas in the "closed" state it is super-
conducting. This can be explained making an analogy with a transistor, taking into account
that, when the superconducting switch is "open" its resistance is large, and it’s zero when
"closed", whereas in a transistor there is a finite resistance for the "closed" state.

The control signal that "closes" the transistor is the electric current that is applied to its
base pin, whereas for the superconducting switch a heat input causes a temperature increase
that "opens" the switch (critical temperature is surpassed and the path becomes resistive).
When the electric current in the base pin is zero, the transistor acts as an "open" switch,
and the superconducting switch is "closed" when there is no heat input. This situation is
shown in Figure 12.
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Figure 12: Analogy between a transistor and a superconducting switch, indicating an open
or closed state. The input control signal (red) is an electric current and a heat flow re-
spectively. The main current to be switched is shown in blue and the resistance for each
case is in green. A transistor has a small resistance in closed state, whereas a supercon-
ducting switch has zero resistance when it is closed.

3.2 Superconducting switch with ReBCO tapes

The design for a superconducting switch consists of a tape stack of different layers:

• ReBCO tapes
They carry the main electric current through the device.

• Electric heater
Resistive strip made of a steel alloy (hastelloy) used for heating the device by running
an electric current through it (so its temperature increases due to Joule effect).

• Kapton
They provide electrical insulation between the different layers, so the current used for
the heater won’t flow to the superconducting tapes, or the current from the tapes don’t
flow to the copper edges.

The copper edges function as heat sinks that remain at the cryogenic operating temperature,
which are part of a copper block big enough to maintain its low temperature during operation.
Two configurations for this purpose were considered, shown in Figure 13:
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Figure 13: Cross section of vertical tape stack configuration options for a ReBCO switch.

From the tape stack 13.a) a single ReBCO tape was considered, with a double layer of
Kapton to reduce the heat propagation towards the cold mass. For 13.b the heat produced
is distributed towards two ReBCO tapes on top and bottom of it, isolated electrically by
kapton layers. The second tape stack makes better use of the heat produced and ultimately
was the configuration chosen as the base design for the switch. Having two ReBCO tapes in
the stack could mean having two thermally coupled switches, or a single switch if the ReBCO
tapes are connected in parallel, for a higher electric current. Two examples of connecting
this setup are described in the following sections.

3.2.1 Single switch

By connecting the two ReBCO tapes in parallel, the current will distribute between them,
and overall it will function as a single switch, activated by the heater tape. In Figure 14 the
electric current is indicated as a point of an arrow, flowing perpendicularly respect to the
plane of the page.

Figure 14: Single switch configuration, the ReBCO tapes are connected in parallel so the
electric current (indicated with the arrowhead in blue for each ReBCO tape) flows in one
direction.

This configuration then functions as a simple switch that is able to interrupt the current in
one conduction line by activating the heater tape.
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3.2.2 Double switch

By connecting the two ReBCO tapes in series, with a load in between, a double switch is
produced, having two thermally coupled switches corresponding to each on of the ReBCO
tapes, though the total current will be diminished respect with the single switch case. In Fig-
ure 15 the electric current correspond to the tip and tail of an arrow, flowing perpendicularly
respect to the plane of the page.

Figure 15: Double switch configuration, the ReBCO tapes are connected in series, so the
electric current flows in opposite directions, indicated by the arrowhead and arrowtail in
blue for each ReBCO tape.

This connection scheme is useful for a superconducting rectifier application, since it is needed
to activate simultaneously two switches in order to inject current into the respective load.
The spatial magnetic field around the tape stack is modified due to the opposite running
currents, being the magnitude bigger in the center of the tape stack and comparatively small
in its surroundings, which will be shown later.

3.3 Experimental test stand for ReBCO switch

As mentioned before, a superconducting switch relies in the change from superconducting to
normal conducting state, to then redirect an electric current. Prototypes have been developed
by either heating the superconductor or applying an external magnetic field to change its
state [17, 18, 49].

A first prototype model of low current superconducting switch has been developed by mem-
bers of the superconductors research group (EP-ADO) at CERN, shown in Figure 16. ReBCO
tapes are contained in a copper casing that serves as a heat sink, being partially submerged
in liquid nitrogen (77 K), to cool down the whole setup and maintain it below the critical
temperature of the ReBCO tapes, so they work in superconducting state. Applying an
electric current in the heater will make its temperature rise, which in turn will increase the
temperature of the ReBCO tapes, so they transition towards the normal conducting state
(switch "open"). When the current in the heater is turned off, heat will propagate towards
the cold mass and the system will reach again the baseline temperature, recovering the super-
conducting state (switch "closed"). The ReBCO tapes and heater are separated by Kapton
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foil, to isolate them electrically. The setup has already been tested and measurements have
been done with seemingly promising results, which serve as proof of principle to do further
research.

Figure 16: a) Experimental setup of the ReBCO based superconducting switch. Cross sec-
tion of copper casing (orange) that comprises layers that make the superconducting switch,
corresponding to Kapton (brown), ReBCO tape (red) and electric heater (gray). b) Cool-
ing down of the setup is done with liquid nitrogen. From [51].

Figure 17 shows an isometric view of the test stand. The current that flows through the
superconducting tapes is injected from one side, as well as the current through the electric
heater, but they are independent from each other, coming from different power sources, and
separated in the ReBCO switch by the Kapton layers.
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Figure 17: Test stand for the ReBCO switch. The ReBCO tapes are connected in the cop-
per connections on the edges so the electric current flow along. The current I (blue) that
runs through the superconductor is independent of the current Iheater (red) used to control
the open and closed states of the ReBCO switch. From [51].

A next step would be to increase the gate current handled by the device. This can either
be done by stacking ReBCO tapes or making use of a high current ReBCO cable. De-
pending on the option chosen, this will require to develop an efficient heating mechanism to
change the state from superconductor to normal conductor of the high current cable or stack.

The aim then is to develop, in the framework of this project, a superconducting switch
design that can handle 10 kA, to become a first step prototype as relevant technology for
superconducting coils. The project comprises the design of the switch, by the means of a
simulation model, as well as support to the members of the work group to make the tests
in the experimental setup and gathering data, which is then used as a guideline to tune the
simulation model.

Regarding the experimental part of the project, mainly developed by the other group mem-
bers, a gradual increase of the current is done during a number of experiments. A software
to control the current injected by the power supply is available in the physical setup, which
allowed to set current pulses or currents ramps to test different scenarios, as well as turning
off the power supply in case a quench was detected, determined by measuring the voltage
across the tape stack, which appears when the total resistance of the tapestack starts growing
due to losing the superconducting state.

3.4 Coating of ReBCO tapes

A ReBCO tape is conformed of several layers of different materials that overall allow to
operate as a superconducting cable with some normal conducting material, usually copper,
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which conducts the current in case there is a loss of superconducting state in the tape.

However for the particular application of a superconducting switch, the objective is to have a
high resistance when the switch is "opened". This means that the ReBCO tape will overall
have a lower resistance when a copper layer is present, as can be observed in Figure 8. So then
it is expected that the system would work better either by removing completely or leaving a
fairly thin layer, which would allow to have an overall resistance as high as possible.

3.4.1 Stabilizer layers in ReBCO switch application

The ReBCO tapes available commercially usually include a copper layer as stabilizer. Early
tests were done by using them without modifications, however, due to the coating, the res-
istance achieved while the superconductor switches to normal conducting state was similar
to that of the stabilizer. In a switch the open state has a very high resistance, so in order to
reproduce this it was deemed necessary to remove the stabilizer coating for this application.

3.4.2 Etching

Etching is called to the process to remove the copper and silver coatings while conserving
the superconducting material, in order to increase the resistance of the ReBCO tape, and
then that of ReBCO switch overall.

Figure 18: Lateral view schematic of a ReBCO tape, subjected to an etching process. Re-
moving the copper and silver stabilizer layers increases considerably its total resistance,
feature needed for a superconducting switch application.

ReBCO tapes can be bought with or without the copper stabilizer layer, the latter being
usually more expensive since it requires a modification in the manufacture production line.
Although it is wanted to remove the stabilizer on most of the length of the ReBCO switch,
it is still convenient to have copper coating in the edges of the ReBCO tapes for making
electrical contacts to the power supply.

It was then decided to etch the ReBCO tapes on site in order to reduce costs and have
the personalized samples used in the experimental setup. There has been some testing into
removing the stabilizer while preserving the ReBCO material in the tape.

One of these tests has involved the use of ferric chloride (FeCl3), which is a compound
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used in electronics to remove copper from printed circuit boards (PCB), used in a liquid
solution. Then by submerging the tapes, it is to be expected that the outer copper layer
from the tape would be removed, and ideally also a thin silver layer that is present as well.
However this is not a straightforward process since the timing that the sample gets sub-
merged is crucial to remove the desired layer, with a copper thickness that is not known for
certain beforehand, a temperature dependence of the process, and even mechanical agitation
that influences the reaction rate. Just by itself, if the sample remains submerged for enough
time, both the copper and ReBCO material get etched from the tape, leaving behind only
the hastelloy layer.

It is still an ongoing process to find the best way to remove the copper layers, which also
might require expertise from other research groups.
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4 Simulation model of the ReBCO switch

This section explains the thermal and electrical properties that are considered in the simula-
tion model for the ReBCO switch. Assumptions and simplifications are applied during the
process, with the aim to develop a nonetheless adequate representation of how the experi-
mental setup behaves both in its thermal and electrical behavior.

4.1 One tape stack model

4.1.1 Thermal model 1D

As can be seen, the heat source is in the middle of the tape stack, which can be controlled to
change the superconducting state of the ReBCO tapes in an operating temperature below
the critical temperature of ReBCO material, which is around 92 K, so liquid nitrogen can
be used to cool the system. When the heater layer is "turned off", the heat will dissipate
towards the copper edges. According to this situation, a simplified one dimensional heat
model is established to describe the system according to Equation 2:

c(x, T1)ρ(x)
∂T1
∂t

=
∂

∂x

(
k(x, T1)

∂T1
∂x

)
+ q̇hs1 (2)

where for each layer c is the specific heat capacity, ρ is the density, k is the thermal conduct-
ivity, q̇hs1 is the heat produced by the resistive tape; considering the composition along the
vertical direction (x ) and temporal evolution (t) of the system, that determine the temper-
ature (T ).

As shown in the next section, the ReBCO tape are modeled as stacked layers of different
materials. Their physical properties, namely the specific heat capacity and thermal con-
ductivity, can be computed in the model as their effective value, related with the volumetric
fraction of the each layer respect the total volume of the ReBCO tape [57]. Simplifying
terms due to the same width and length of the layers result in the following expressions:

ceff =
1

htotal

∑
hmatcmat

keff =
1

htotal

∑
hmatkmat

where htotal is the total thickness of the tape, and hmat, cmat, kmat are respectively the fraction
thickness, specific heat capacity and thermal conductivity of each material that composes the
ReBCO tape. ceff and keff are then used in the thermal model to compute the temperature
evolution for the sections corresponding to the ReBCO tapes.

4.1.2 Electrical model

The temperature at each position defines the electric behavior, so in the ReBCO tape de-
termines its overall resistance, considering that each tape is composed of a superconductor
and a stabilizer (normal conductive) part. When the temperature of the tape surpasses the
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critical temperature of the superconductor, the ReBCO layer becomes resistive and the cur-
rent flows mainly through the stabilizer part, which is the less resistive path.

The layers in the stabilizer are copper and silver, the ReBCO tape contains yttrium as
its rare-earth element compound, and the hastelloy is a steel alloy that provides mechanical
structure to the ReBCO tape. The model, considering this composition, is then defined as
shown in Figure 19.

Figure 19: Model in the simulation for the ReBCO tape, showing layers and approximate
dimensions, which can be tuned to adjust the model to the experimental data.

The current sharing between superconductor and stabilizer is defined by the electric field
across the conducting line. Since the superconducting (SC) and normal conducting (ST) are
parallel, the electric field across them is the same, and it is possible to compute the current
that flows in each of them in function of their temperature at any given moment, described
by the temperature dependent relation so called power law equation (Eq. 1), expressed first
as the equal electric fields in function of electric current and temperature and then broken
down in each of their specific terms:

Esc(I, T ) = Est(T )

E0

(
Jsc
Jc

)n
= ηst

Ist
Ast

(3)

The terms on the left correspond to the already introduced power law. The terms on the
right correspond to the electric field in the stabilizer part, where ηst is the overall resistivity
of the stabilizer materials, Ist is the current running through the normal conductive part and
Ast is the cross sectional area.

The overall resistivity for the model, considering that is composed of layers of different
materials, is dependent of the resistivity of each material and the volume fraction from the
total that each material occupies. Considering that all layers have the same width and length,
this is dependent only of the relative thickness respect the total, and then has the form of:

ηst =
htotal∑
hmat

ρmat

where htotal is the thickness of theReBCO tape, hmat and ρmat are the thickness and resistivity
respectively for each material.
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The total current that flows in an ReBCO tape at any time is the sum of the current in SC
and ST, and the distribution of it will change in function of the temperature, as exemplified
in Figure 20.

Figure 20: Current sharing between superconducting and normal conducting layers. I is
the total current that flows through the ReBCO tape.

From the electric currents running through the superconducting and stabilizer parts, consider
that an electric field is produced when the resistivity of a tape starts rising due to surpassing
any of their critical parameters. A joule effect is produced from this overall resistance and
the total current running through the device, which can be separated in its superconducting
and stabilizer parts, or computed as the total power produced:

q = qsc + qst = EIsc + EIst

q = EI (4)

where q is the total power loss, E is the electric field produced across the conducting line,
I is the total current.qsc, Isc and qst, Ist are respectively the power loss and electric current
contributions for superconducting and stabilizer parts.

Finally, the performance of the ReBCO switch is described by the time it takes to change
its superconducting state. These four terms are further on referred as the time response
for the system:

• Rise time delay (τdelayR)
Time delay from when the heat pulse is applied until the ReBCO material gets heated
enough to start changing to normal conducting state;

• Fall time delay (τdelayF )
Time delay from when the heat pulse stops until the ReBCO material gets cooled down
enough so it begins to become superconducting again;

• Rising time (τrise)
Time to change from superconducting to normal conducting state;

• Falling time (τfall)
Time to restore superconducting state, when tape is cooled down.

The time response parameters are shown graphically in Figure 21.
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Figure 21: Schematic for a Resistance vs Time plot, showing the time response paramet-
ers. A heat pulse is applied with a step current (orange), and there is an increase in the
resistance due to surpassing the critical temperature (blue). The delay times are shown in
purple, rising and falling times appear in green.

And then, the maximum switching frequency, in this case how fast the switch can be turned
on and off in a cyclic manner, corresponds to the inverse of the sum of the 4 terms previously
mentioned:

fswitch =
1

τswitch
=

1

τdelayR + τdelayF + τrise + τfall
(5)

4.2 Two conducting lines model

The switching behavior between the current that flows in 2 separate superconducting lines
is produced. The reason being to understand how the current will flow towards the second
branch when the first one is switched (heated so it becomes resistive). This in turn will allow
to compute the response time and the current sharing behavior in both lines as function of
temperature. The cross section of such configuration is shown in Figure 22.
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Figure 22: Simulation scenario for the current sharing between two superconducting lines,
both of them in the single switch case. When one of them is quenched the current is redir-
ected towards the other branch.

As in the case for a single tape stack, there will be a distribution of current between super-
conductor and stabilizer for each tape, schematically shown in Figure 23.

Figure 23: Current sharing between superconducting and normal conducting layers for two
conducting lines. Each conducting line has its respective ReBCO tapes, hence its own su-
perconducting and resistive material layers.

Since both tape stacks are connected in parallel, they behave as two resistors, so the voltage
in the two end points is the same at any given moment. And the total current in the two
tapes is always conserved. This describe five equations that hold for the system, 3 of them in
the form of the electric field for superconductor and stabilizer for both tapes and another one
for current conservation, that additionally with the corresponding 1D heat model for each
tape form the system of equations (6):
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c(x, T1)ρ(x)
∂T1
∂t
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∂
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(
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∂T1
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)
+ q̇hs1 (6a)

c(x, T2)ρ(x)
∂T2
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=
∂

∂x

(
k(x, T2)

∂T2
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)
+ q̇hs2 (6b)

Esc1(I1, T1) = Est1(T1) (6c)
Esc2(I2, T2) = Est2(T2) (6d)

Est1(T1) = Est2(T2) (6e)
I0 = Isc1 + Ist1 + Isc2 + Ist2 (6f)

By solving the system of equations it can be determined how an electric current switches
from one conducting line to the other, by heating one of the tape stack so it will cut the cur-
rent running through it while the other branch takes the full current running in the tape stack.

Then, having two conducting lines system as in Figure 22, this means that the total current
will distribute between superconductor and stabilizer of each tape, and of each conducting
line in function of the temperature mainly (magnetic field also has an effect, but this is neg-
ligible for small currents up to a few hundred amperes).

Consider then that the tapes are connected as shown in Figure 23. If the tapes are the
same there will be an equal sharing of the total electric current flowing through them, so by
turning on the heater in one of them there will be a resistance due to the change to normal
conducting state, so the total current will flow through the other conducting line that is
superconducting. Then the heat pulse is stopped and the system is cooled down again, the
heated branch becomes superconducting again and both of them then conduct equally the
total current. Then the second heater is activated, the branch becomes normal conduct-
ing and the total current flows through the superconducting branch, and the situation is
repeated.

4.3 Considerations for a high electric current ReBCO switch

Going to higher electric currents can be done by stacking ReBCO tapes, so in joint effort
they will be able to conduct a higher value. However this produces additional effects that
need to be taken into account, such as an overall slower heat propagation due to the increased
thermal resistance from multiple ReBCO tapes, and the self generated magnetic field.

4.3.1 Vertical tape stacking

Although the ReBCO tapes by themselves are fairly thin, about 100 [µm], stacking them
will reduce the rate at which the system is both heated up and cooled down. For this reason
it’s possible to test different tape stack configurations to determine the best one for this
time responses by switching the superconducting state of the tape stack. The procedure to
increase the number of ReBCO tapes is shown in Figure 24, adding parallel layers on top
and bottom to increase the total current that can be conducted by the stack.
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Figure 24: High current thermally activated ReBCO switch with 4 tapes. For a single
switch configuration all the ReBCO tapes are connected in parallel, to increase the total
current that can be conducted. For a double switch configuration, the ReBCO tapes for
the bottom part are connected in parallel, as well as the ones for the top; and in the end,
these top and bottom sections are connected in series.

4.3.2 Interlayer thermal contact

An additional consideration is that there could be a non-uniform thermal contact between
stacked ReBCO tapes, due to defects in the materials or small gaps, which also leads to a
delay in the heat propagation. A simplified way to estimate this effect is to model between
tapes a very thin layer of an isolating material (Kapton in this case), so as to allow some
tuning of the model while comparing with experimental data once a particular configuration
is chosen.

Figure 25: Schematic for a thermal contact interlayer between two etched ReBCO tapes
(note that there is still a thin silver layer remaining). The thin kapton layer serves as tun-
ing value for the heat propagation between the ReBCO tapes for a non-uniform contact
between them.

In Figure 26 it is shown a temperature profile along the vertical direction of the tape stack
for 3 tape pairs given a heat pulse, where it can be observed small temperature drops in
between the ReBCO tapes due to a non-uniform thermal contact.
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Figure 26: Temperature profile vs Vertical length, showing the effect of non-uniform
thermal contact on temperature distribution for a 6 ReBCO tapes stack when a heat
pulse is applied. The horizontal axis correspond to the length along the vertical axis in the
tapestack, and the black vertical lines divide between the different material layers present
in the tapestack. Note the drop in temperature between each ReBCO tape.

4.3.3 2D Magnetic field

An electric current produces a magnetic field in its surroundings. For low currents in a flat
conducting tape, the magnitude of the self field is relatively low so it’s effect is negligible.
However for currents in the kA range the magnitude of this self field is already considerable
(in the hundreds of mT). So this effect causes that the operational margin in the supercon-
ducting state to become narrower, since the operational point goes closer towards the critical
surface of the superconductor. So, when operating at a high electric current, the current
density in a superconductor gets diminished due to the self magnetic field, along with any
present external magnetic field, which further enhances the effect.

For the case of interest of this project, a set operating temperature for the tapestack is
defined, below the critical temperature of the superconductor. Then, the critical current of
the device (i.e. the maximum current that can be conducted through the device) is dependent
on the critical current density at the set operating temperature, considering the magnetic
field that is produced with this maximum current.

In Figure 27 it is shown a cross section of a tape stack with size (2w × 2b). The cur-
rent flows along the z axis. Assuming an infinite line conductor with cross section dξ x dη
at point (ξ, η), carrying a current density j, produces the magnetic field strength hp at point
P(x,y).
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Figure 27: 2D magnetic field strength in a point P generated by stacked ReBCO tapes.
Each tape carries an electric current, that in joint effort create a self magnetic field, which
diminishes the attainable critical current. From [32].

From Biot-Savart law, the magnetic field strength components hx and hy, of hp, can be
obtained, which in turn define the 2D magnetic field B:

hx = − j(y − η)

2π[(x− ξ)2 + (y − η)2]
dξdη

hy =
j(x− ξ)

2π[(x− ξ)2 + (y − η)2]
dξdη (7)

B = µrH

The field components are integrated along the conductor for each tape where the current
locally flows (for the simulation mode, a numeric integration by a discretization of the 2D
space). This in turn allow to determine the total magnetic field in the 2D space produced
by the square ReBCO tapes (in cross section) of the tapestack, which defines a total critical
current, which is lower than what the total critical current would be if no magnetic field was
considered [32, 58].

Then, by integrating along the 2D space the critical current density, the total critical current
for a tapestack of n ReBCO tapes is obtained:

Ic =

∫ ∫
jc(Bc(hx, hy), T0)dxdy (8)

where the magnetic field Bc is a function of the magnetic field strength components hx and
hy, set at the operating temperature T0.

Since the electric current and magnetic field are interrelated, first a critical current distribu-
tion along the tapes is defined as an initial guess, for which the magnetic field is computed
and then the corresponding critical current density. This process is iterated in order to de-
termine the resulting magnetic field and its corresponding critical current distribution along
the ReBCO tapes.
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5 Results

In this sections the results from the simulation model are presented. The equations described
in the previous sections are solved numerically in the MATLAB environment, so the data
output is then treated to present the parameters for the thermal and electrical response of
the system, the current sharing between two conducting lines when one of them is quenched
by a ReBCO tapes, and finally the magnetic field produced for a high current tape stack.

The measurements obtained by making tests with the experimental setup serve as a val-
idation and tune up guide for the simulation model. The time response (which depends on
how the heat propagates through the tape stack) and resistivity increase when surpassing
the critical current, are presented.

5.1 Model tuning process

As seen in Figure 8, a ReBCO tape is conformed by layers of different materials. A simplified
model was developed with the materials that make most of the ReBCO tape composition,
that then have a bigger impact in its behavior. Additionally, while computing the heat
propagation through the different layers, average values are used for the cases of the specific
heat capacity and thermal conductivity, which then function as a single material to solve the
heat equation.

Furthermore, the thickness of the different layers define the overall resistance of the ReBCO
tape, so these dimensions can be modified within the range of the total thickness of the
tape. This process allows to compensate the unknown factors and then get a model which
resembles the behavior of the real system, comparing measurements and simulating them
under the same conditions.
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5.2 Simulation Output

5.2.1 Thermal response

By solving Equation 2 the temperature over time along the defined space vector is defined, by
plotting these 3 variables, then Figure 28 shows the resulting temperature surface in function
of distance and time:

Figure 28: Temperature evolution, in function of time and the vertical dimension. Simu-
lation run for a 2 ReBCO tape setup at 77 K, where a heat pulse is applied for 2 [s]. The
dimension and time axis are on the horizontal plane, whereas the temperature is on the
vertical axis.

Figure 29 shows the the temperature evolution over time due to a heating pulse, calculated
in two points in the tape stack, at the center of the heater layer and at the center of the
bottom ReBCO tape. Also is shown temperature profile along the vertical direction, where
the black vertical lines indicate the regions when there is a change from material from one
layer to the next:
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Figure 29: Temperature evolution over time (left) and temperature profile at a given time
(right) for 2 ReBCO tapes setup. These correspond to cuts in the temperature surface
shown in the previous figure.

39



5.2.2 Resistance over length

For the high current scenario, the fact of having multiple stacked ReBCO tapes means
that the thermal resistance will keep increasing as more layers are added in the tape stack,
also having more tapes means having more parallel resistances when the switch is opened,
decreasing the overall resistance of the switch. In Figure 30 it can be seen this effect, in a
single switch configuration, by applying a step heat pulse, the switch gets opened, and after
the pulse finishes it gets cooled down again by the cold mass. As can be seen, increasing the
number of tape pairs, while increasing the total current that the tape stack can handle, it
also leads to a lower overall resistance and a slower cool down time.

Figure 30: Overall resistance and time response, with 4 different curves for increasing num-
ber of ReBCO tapes connected in parallel. The top plot correspond to the decreased over-
all resistance when using more tapes, while in the bottom plot there is a slower switching
time because of increasing the thermal resistance towards both the heat source and heat
sink.
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5.2.3 Time response

In Figure 31 it is shown the four time response parameters of the system when a heat pulsed
is applied and the switched is "activated".

Figure 31: Time response for a heating pulse, for 2 etched ReBCO tapes in single switch
configuration. The change of superconducting state can be observed as a rise in the resist-
ance across the ReBCO tapes.

The vertical axis on the left show the resistance per unit of length of the conducting line,
and on the right is the magnitude of the electric current applied to the heater. The time is
on the horizontal axis. There is some delay between the start of the heating pulse and the
change of the superconducting state, due to the time that it takes for the ReBCO tapes to
increase the temperature and surpass the critical temperature of the ReBCO material, as
well as the delay from when the heat pulse is stopped and the material is cooled down by the
surroundings. The change from superconducting to normal conducting state and viceversa
are considerably faster as expected from the sharp transition of these phenomena when any
of the critical values is surpassed.
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5.2.4 Current sharing between two conducting lines and power losses

Figure 32 shows how the current flows from one branch to the other, for the two conducting
lines case. The left vertical axis correspond to the total electric current that flows through
all the superconducting elements in the system, the right axis corresponds to the amplitude
of the current used to activate the heaters for each branch, having a delay between them
to allow that the system gets restored to the superconducting state, so when one branch is
heated the other one carries the full electric current.

Figure 32: Current distribution vs Time, between conducting lines for two separate heat
pulses in each conducting line. Observe that the electric current runs towards the opposite
branch when its heater is activated.

As a testing scenario, in Figure 33 it was considered two conducting lines where the respective
ReBCO tapes have different thickness of the ReBCO layer, so the total current in the system
would distribute accordingly between these two different cases, however only one line is able
to handle the total current, while for the other the critical current would be surpassed.
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Figure 33: Current distribution vs Time, between non-equal lines when activating each
ReBCO switch separately. Voltage across the line (induced resistance times current) and
Power losses produced vs Time, in lower plots. Note the effect in the second conducting
line, produced by surpassing the critical current density.

Then there are two results. For one the total current gets distributed non-equally, due to
one of the branches having a higher cross sectional area for current to flow. When the first
heater is activated the current gets conducted in the cold line, however, when the system
is cooled down again and the second heater is activated, the line is not able to conduct the
total current, only the current below the critical current of the line, while the rest of it flows
in the stabilizer sections, inducing a voltage and producing power losses. It is this voltage
the one that is used for detecting a loss of superconductivity in a system.
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5.2.5 Magnetic field

From the model it is possible to compute the magnetic field in the 2D cross section of the
tapestack, considering a set number of ReBCO tapes. An overall magnetic field in the
2D space is generated by all the ReBCO tapes, and by taking the magnitude of the total
magnetic field at each point along the horizontal dimension in each ReBCO tape, the local
current density can be determined. Repeating the process then defines the current density
distribution for all the ReBCO tapes in the stack.

In Figure 34 it can be observed the calculated magnetic field distribution in two dimen-
sions for a 4 tape pair stack configuration (8 tapes in total), where the ReBCO tapes are
shown in bold black rectangles. The red arrows show the local direction of the magnetic field
and the colored contour lines represent the magnitude at each point in space. It is considered
that the system is operating at a temperature of 50 K, and each tape carries an electric
current in an outward perpendicular direction respect to the plane of the page.

Figure 34: 2D magnetic field calculated for 4 tape pairs, single switch configuration at 50
K. The red lines indicate the direction of the magnetic field and the contour surfaces rep-
resent the total magnitude of the magnetic field along the 2D space.

For the same tape stack configuration, in Figure 35 is shown the magnetic field magnitude
and critical current distribution along the horizontal direction of the first 4 tapes from bottom
to top. There is symmetry respect an horizontal line that passes through the center of the
tape, so the variables for the upper tapes are mirrored respect to the bottom ones.
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Figure 35: Magnetic field magnitude and Critical current distribution vs Horizontal length,
for 4 tape pairs. Single switch configuration at 50 K, showing the first 4 ReBCO tapes
from bottom to top, since the values are symmetric respect the heater tape to the last 4
top ReBCO tapes.

As can be observed, there is a non-uniform magnetic field distribution in a cross sectional
plane of the tape stack, this means that although the system can be operating at the same
temperature, the self induced magnetic field will cause a non-uniform current distribution in
each tape.

By connecting the tape stack in a double switch configuration the spatial distribution of
the magnetic field changes respect with the single switch. The magnitude is high in the
center of the tape stack and low in its surroundings, which also results in a slightly higher
total critical current. Figure 36 shows the 2D magnetic field spatial distribution:
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Figure 36: 2D magnetic field calculated for 4 tape pairs, double switch configuration at 50
K. The opposite direction of the current in the bottom and top sections change the distri-
bution of the magnetic field, making its magnitude higher in the center of the tapestack
and lower in its surroundings.
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5.3 Measurements in test stand

The measurements are done by submerging the system in liquid nitrogen, hence the operating
temperature is close to that of the boiling point of nitrogen, 77 K.

5.3.1 Resistance per unit length

In Figure 37 there is a comparison between measured experimental data and the model. It
is a single switch configuration carrying a current of 5 A in superconducting state and then,
by activating the heater and increasing gradually the power, the temperature in the tape
stack starts rising and when the critical temperature is reached there is a transition to the
non-superconducting state at around 25 W, and a gradual resistance increase as the heating
power increases, which corresponds to the resistance of the stabilizer materials.

Figure 37: Resistance per unit length vs Heating power. Comparison between simulation
and experimental data for a non-etched tape. A linear fit for the non-superconducting re-
gions of the data is shown with straight lines (which correspond to the linear resistivity
increase of the regular conducting materials in function of the temperature), along with the
respective equation.
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5.3.2 Time response

The following measurements were done for non-etched tapes in a single switch configuration.
In Figure 38 the top plot corresponds to the simulation, whereas the bottom plot is experi-
mental data for a heater current pulse of 6 A, with the focus on comparing the time response.
The resistance over length and voltage for simulation and experimental data respectively are
plotted, to compare the shape of the transition between superconducting and normal con-
ducting cases, observing that there is a close agreement between them, as well as with the
time response values.

Figure 38: Top: Resistance per unit length vs Time. Bottom: Voltage vs Time. A time re-
sponse comparison for 2 non-etched ReBCO tapes, at 77 K. There is a heat pulse produced
by a 6 A current, and then the increase and decrease in temperature opens and closes the
ReBCO switch.

Table 2 shows the comparison for the time responses between the simulation and experimental
data, where it can be observed that there is a reasonable agreement between them:

Simulation Experiment
τdelayR [s] 0.2951 0.2901
τdelayF [s] 0.1268 0.1201
τrise [s] 0.1183 0.1143
τfall [s] 0.0349 0.4156

Table 2: Time response comparison between simulation and experimental data.

48



Note that there is a discrepancy for the τfall parameter for the experimental case. Although
there is a sharp restoring again towards the non-resistive state, this is not completely zero
after the sharp fall, but it is extended a couple hundred of milliseconds, this situation is
addressed in the "Discussion" section.

On the other hand, for the simulation case the data is in resistance units, whereas in the
experimental data is in volts. This can be converted considering the total current that is
running in the superconducting and the length of the ReBCO tape, making use of Ohm’s
law. Since the previous values are constant, this shifts the data in the vertical direction only,
and the proportionality in the horizontal time axis is conserved, reason for which the data
parameters can be compared.

For Figure 39 the same situation for the previous case is computed, but ranging across
different currents and plotting directly the time responses. For lower values, between 5 and
6 A, the agreement is slightly off due that the temperature of the tape stack is below the
critical temperature for the transition to normal conducting state. From 6 A and on, the
simulation has a better agreement and follows more closely the trend of the experimental
data. Since only four experimental data points where available from the measurements the
obtained experimental curve is not smooth.

Figure 39: Time response values vs Heater current both for simulation and experimental
data. A comparison for non-etched tapes. Multiple heater electric currents where it can be
roughly observed the same behavior for increasing heater currents.
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6 High current ReBCO switch proposal

6.1 Superconducting rectifier as goal for design

With the intention to develop the ReBCO switch in the framework of a project in applied
superconductivity, it was designed with the purpose to be part of a ReBCO based supercon-
ducting rectifier currently in development by members of the EP-ADO group at CERN.

As shown in Figure 11, the device is conformed from 3 basic elements: a transformer to
transmit an AC current from an external power supply, a rectifier to convert said current to
DC current, and an inductive load to be charged, in this case a superconducting coil made
with CORC cable. The load is intended to be tested at 5 kA.

It is the rectifier part, comprised of 4 superconducting switches, the one that is provided
by the design proposal of this work, where it’s needed to operate two switches simultan-
eously in order to gradually increase the current in the load. As mentioned in Chapter 4,
a double switch configuration can be developed by connecting in series the top and bottom
ReBCO tape segments, in this case with the inductive load in series between them.

Considering then the double switch configuration, the 5 kA current passes first through up-
per ReBCO tapes segment, then through the inductive load, and finally through the bottom
ReBCO tapes segment. This means that it is needed a tapestack that overall can conduct
10 kA in order to handle the current in both ways. A safety factor also will be considered to
ensure a reliable operation of the ReBCO switch.

6.2 10 kA rated ReBCO-based superconducting switch

Based on the computation of the 2D magnetic field for a high current tape stack, considering
the 10 kA requirement, determines the number of ReBCO tapes required to conduct the
aforementioned electric current. As it is needed to operate in a stable manner at this high
current, a safety factor is considered, for which the design considers 12 kA as the critical
current of the device. Then the ReBCO tapes, conducting 10 kA in total, will produce a
magnetic field, and nevertheless be able to remain in the superconducting state.

Having a considerable margin in the operating temperature helps to reduce the total number
of ReBCO tapes than if working closer from the critical temperature, as is the case with the
first tests done with liquid nitrogen at 77 K. Then, the chosen temperature was settled up at
50 K, which allow to increase the critical current density in each tape, and then reduce the
total number of ReBCO tapes necessary for handling the aimed 10 kA current. Reducing
the operating temperature even further would allow to use less ReBCO tapes, however, this
will also increase the temperature difference between the "closed" and "open" states, making
the ReBCO switch slower.
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Figure 40: Options for a 10 kA ReBCO switch, considering an operating temperature of 50
K and 12 mm etched ReBCO tapes. A) Single vertical tapestack. B) Double tapestack.

The tests with the physical setup were done with tapes that have 4 mm in width, and where a
single ReBCO tape is able to conduct about 150 A at 77 K. Reducing the operating temper-
ature and making use of wider ReBCO tapes allow to determine a design that can handle the
required electric current, for this case 12 mm tapes were chosen, which is the wider ReBCO
tape option that can be purchased currently from the available provider [31].

The time response and technical specs are summarized in Table 3 and Table 4:

A B
τdelayR [ms] 500 250
τdelayF [ms] 100 60
τrise [ms] 50 20
τfall [ms] 10 10

Table 3: Time response for 10 kA ReBCO switch for both designs. The values presented
are rounded.
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A B
Total HTS tapes 16 12

HTS tape width [mm] 12 12
Operating Temperature [K] 50 50
Temperature margin [K] 2 2

Open switch resistance [mΩ/m] 37 50
Total critical current [kA] 13.61 13.65

Heater power [W/m] 3000 6000
Switching frequency [Hz] 1.4 3.3

Table 4: Technical specs for 10 kA ReBCO switch for both designs. The values presented
are rounded.

As an explanation of stated values in Table 4:

• The temperature margin refers to a tolerance of two degrees above the operating tem-
perature, for which the total critical current is still above the set value of 12 kA.

• The resistance and heater power values are given in values divided per unit length.
This length is in the longitudinal direction of the tape, so perpendicular to the cross
section of the tape stack. These values are normalized to this length, since an uniform
process is assumed in this longitudinal direction.

• The switching frequency considers only the time response parameters for heating and
cooling down of the tape stack. Additional time is needed during the operation of
the ReBCO switch, e.g. transfer of the induced current from the secondary of the
transformer to the inductive load, in a superconducting rectifier. Then, the switching
frequency in a specific application will be slower than the indicated values in here.

Further comments about both designs are addressed in the following section.
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7 Summary and Discussion

An overview of the outcomes of the project is presented, mentioning insights along the process
and future work.

7.1 Summary

To predict the behavior of a thermally activated high current ReBCO switch, a simulation
model in MATLAB was developed to test different configurations of ReBCO tape stacks,
while changing the operating temperature of the device. The model considers the thermal
response when a heat pulse is applied, where temperature and self generated magnetic field
define the overall resistance of the ReBCO switch.

By using heat pulses as input in function of time is possible to change the superconduct-
ing state of the tapes, so parameters such as the cooling down time and time to change the
superconducting state can be determined. Hence, the technical specifications for a particular
configuration can be extracted. So in the simulation model different configurations can be
tested, considering layers to be extended both in vertical and horizontal directions, in order
to determine the one that has the best performance.

A ReBCO switch test stand was built by members of the superconductivity work group,
and some tests and experimental data were already available when the development of the
model started. This allowed then to compare the simulation results with the experimental
data, which served as a validation during the modeling process. Then, in parallel to the sim-
ulation model development, the setup was gradually updated and additional measurements
where obtained to further tune it.

The simulation model, at the last phase of the work, being able to compute the magnetic
field for a high current flowing through a stack of ReBCO tapes, along with the thermal
response in function of the control heat pulses, allowed to determine two proposals that are
able to conduct the electric current goal of 10 kA at 50 K. One of them is wider, using 12
ReBCO tapes, and has a higher switching frequency. The other one is thinner, using 16
ReBCO tapes and consumes less power to operate than the first one, although the switching
frequency is lower. Factors such as application, budget, as switching frequency and geometry
requirements determine which option is chosen.

The experimental part of the project for a high current device, was not able to be developed
on the time frame of this work. For one because of the problem to etch the ReBCO tapes in a
consistent manner, which slowed the testing of tapestacks since the resistivity of the ReBCO
tapes was varying from different tests. Also the learning process along lead to modifications
in the experimental setup.

At the time this work was finished, the etching process was deemed reliable enough to have
consistent etched samples, so a final 10 kA rated physical device seems to be on track to be
developed on the short term, helped with the insights from the simulation model.
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7.2 Discussion

Certain aspects respect the simulation model can be modified to have a more accurate de-
scription of the ReBCO switch operation. Similarly, a few aspects in the physical setup can
be improved.

• Update thermal model for 2D
The physical setup was designed originally with the liquid nitrogen in contact only
with the copper block, partially submerged, i.e. conduction cooling. In subsequent
iterations of the test stand this design was modified, with a more compact copper
casing, now totally submerged in liquid nitrogen, although the liquid nitrogen is not
in direct contact due to an epoxy coating of the tape stack, there is an additional
path for heat to propagate, both through the copper case and the epoxy coating. This
then means that the cooling down of the setup would be faster, and a 2D thermal
model would better describe the new setup than the actual one. This is, however, a
positive outcome, since the switch seems will operate faster than what the 1D model can
predict so far. Although the heat conductivity in some epoxy materials is relatively low
compared to copper, it can be further investigated to take into account in the model.

• Magnetic field anisotropy in model
The computation of the current density in a superconductor is a function of both the
temperature and magnetic field. In the case of the model, this is done by making a
mesh along the width of the tape and computing the critical current at each point,
taking into account its temperature and the total magnitude of the magnetic field in
that point. However, this is an approximation, since there is the so called anisotropy
of the magnetic field [59], i.e. the direction of the magnetic field respect with the
plane of the ReBCO tape influences how much the critical current is reduced, being
perpendicular to the surface when the effect is biggest. This means that the model can
still be improved by adding this factor.

• Etching of ReBCO tapes
The best working scenario for a ReBCO switch is when the resistance at the "open"
state is as high as possible. ReBCO tapes by fabric come with a copper coating
to protect the superconducting material in case there is a loss of superconductivity,
allowing the current to flow through it, considering that above the critical temperature
the resistivity of the ReBCO material is considerably higher than copper. Then, for
the ReBCO switch application, the copper coating is not desirable since it reduces the
overall resistance of the ReBCO switch.

Etched ReBCO tapes can also be bought, but since custom ReBCO tape samples are
required for the setup, the etching is done on site. The importance in removing the
copper coating of the ReBCO tapes to increase the overall resistance of the ReBCO
switch was realized early on in the project. However, this implies removing layers with
a thickness of some tens of micrometers, and at the end of this work the method to
remove them efficiently while conserving the superconducting properties of the tape
was still on development. The latest tests indicate that the stabilizer layers can be
removed in a seemingly consistent manner, so the etching method seem to be on good
track in order to ultimately increase the overall resistance of the ReBCO switch.

54



• Quench protection in physical setup
While starting to increase the number of ReBCO tapes in the physical setup, some
problems where encountered. The power source to inject the current in the setup was
configured to be turned off when a certain threshold voltage was obtained (voltage
produced when the ReBCO tapes become resistive and the electric current is running
through them). However, without an external way to dissipate the energy, the power
losses produced by the electric current in the heated ReBCO tapes surpassed the heat
rate removal of the setup, so the tape stack was damaged. An external resistor or
diode to protect the tape stack seems then necessary to dissipate the current and not
to destroy the ReBCO tapes, which will need to be added in a subsequent phase of the
project.

• 10 kA ReBCO switch design options
There are some compromises to consider in order to choose for any of the options
proposed, as well as insights regarding the technical specifications of the device.

– Total price of the ReBCO switch
The final price of the device will depend on the number of ReBCO tapes used,
considering that currently it is expensive to produce compared with regular con-
ducting or LTS cables. Under this consideration, the lower the number of ReBCO
tapes used, the better, attainable when lowering the operating temperature.

– Operating temperature considerations
As known, the more distance between the operating point and the critical surface
for the superconductor will mean having a wider range of values to work with. The
self-magnetic field depends on the current that flows through the cable, this last
parameter is the one that is wanted to be increased, which is done by decreasing
the operating temperature. 77 K would be a convenient temperature to operate
because of the low price of liquid nitrogen, but the window margin at those con-
ditions requires a high number of tapes, increasing the cost and slowing the time
response due to an increased thermal resistance.
A very low temperature (4 K with liquid helium), while it reduces the number of
ReBCO tapes needed, it also increase the operating power and time delays due to
the wide temperature range that needs to be traversed to quench the tape, along
with the higher cost of the coolant.
For these compromising factors, 50 K was selected as the temperature for the
device to operate in both proposed configurations, using a reasonable number of
HTS tapes while not affecting too much the time delays when heating and cooling
down the device, when switching between "closed" and "open" states. This also
eliminates the need of using liquid helium as a coolant.

– Geometric characteristics
Testing of superconducting technology is usually done in some enclosed vessel or
facility designed to maintain a low temperature, which depending on the required
temperature, can be operated from coolants ranging from liquid nitrogen to liquid
helium. Hence, there is a limitation in the size that a testing unit as a total can
have so it fits inside the facility. Then, this restriction gets defined as a whole
depending on the application and available testing facilities.
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The chosen width of the tapes is 12 mm, to have a wider cross section area and
increase the overall current density, which allow to choose between one and two
horizontal stacks in designs "A" and "B", while being able to handle the 10 kA
current specification.
The length is a parameter that has a linear dependence in power consumption
and overall resistivity of the ReBCO switch, as well as on the cost considering
a proportional increase in price per meter. A length of 15 cm was chosen for
making the first tests in the experimental setup, although this became slightly
shorter or larger in subsequent tests. This factor can be further investigated to
find a good compromise between the values mentioned, which again, depend on
the characteristics and requirements of the application in mind.

– Power consumption and switch speed
Usually it is desired for any electric device to consume the least amount of power
possible. In the case of the proposals provided, design "A" consumes less power
to operate than design "B", however, "A" is also a slower switch due to the
decreased heat propagation rate, result of having more ReBCO tapes between
the heat source and heat sink, making "B" a better design in the matter of the
switching speed. But, on the other hand, heat is also a factor to be minimized
in cryogenic systems, and although "B" is a faster switch, the power needed to
operate the device might disrupt the cryogenic system if its cooling rate is not
enough to compensate for it, plus the increase in cryogenic fluid consumption
(relatively cheap if liquid nitrogen is used, but expensive if working with liquid
helium).

– Switching frequency
The maximum switching frequency for the device was stated for the 10 kA design,
which is the fastest that the switch can be operated in one cycle with a heat pulse,
while returning to the nominal cold temperature after being heated up. In the
experimental test, however, it was observed that even if the switch was cold again,
it was required an extra time to recover the zero resistivity state (a few hundreds
of milliseconds). This factor needs to be further investigated, meaning that the
switching frequency will be lower due to this extra time parameter.
A superconducting switch operates on the principle than when it is "opened",
the electric current is redirected towards another superconducting line connected
in parallel or a less resistive path, such as an external dump resistor. Assuming
the second case, the lower the ratio of superconducting switch resistance to dump
resistance, the more power will be dissipated in the superconducting switch due
to the Joule effect.
In the experimental setup there is a switching off of the current source when a
threshold voltage is detected across the ReBCO switch. However, an external
dump resistor was not installed as an additional safety measure. This means that
the main superconducting current will be dissipated in the ReBCO switch when
it is "opened" as long as the voltage detected is not high enough. This is the likely
reason that the experimental setup took slightly longer to cool down, since there
was a partially resistive part of the ReBCO material that was still generating heat
when the device was being cooled down.
Scaling to higher currents seems to mean that it is necessary to install an external
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dump resistor or diode because, even if the high current is interrupted relatively
quickly, for a short amount of time there will be a high power generated in the
ReBCO tapes that can damage the setup if they are only being dissipated in a
high resistance element.

Based on the previous points, then we return to address the research question and subques-
tions and give on-the-point answers to them, in the framework of this project.

• Can a 10 kA thermally activated superconducting switch be developed with
HTS tapes technology, with a switching frequency of 1 Hz?
Scaling the experimental setup developed with more ReBCO tapes it is deemed feasible
in the short term to reach the 10 kA goal, given further testing and gradual increase of
the number of ReBCO tapes. Refining the etching process will also allow to increase
in a consistent manner the resistance of the ReBCO switch.

The speed of the device is dependent on the heat propagation rate of the device, both
when getting heated up and cooled down. These time values increase when operating at
lower temperatures and increasing the number of ReBCO tapes. Based on the results
of the model, attaining a switching frequency of the order of 1 Hz is possible for a high
current device, but it needs to be validated in a physical setup.

It depends on the application of the ReBCO switch if this is fast enough for its purpose.
For a quench protection system the switch speed is crucial, to quickly divert the stored
energy of the superconducting coil in an external resistor. In a superconducting rectifier
this is a less constraining requirement, meaning a longer time to charge or discharge
a superconducting coil, but otherwise not critical regarding the safety or operation of
the device.

• What is an adequate temperature for the ReBCO switch to operate?
For the proposed configurations, 50 K was chosen to be the best temperature to operate,
to keep low the number of ReBCO tapes and avoid using liquid helium as coolant, as
well as reducing the impact on the speed of the ReBCO switch by having a too big
temperature gap between closed and open states.

• Is the influence of magnetic field produced by the high current manageable in a multiple
ReBCO tapes scenario?
Considering the self magnetic field is fundamental since it reduces the operational
window of superconductivity. As shown, this can be coped within a ReBCO tape
stack and achieve the electric current goal.

• Are parallel connected ReBCO tapes sufficient or is it necessary to opt for an alternate
high current HTS cable?
At the status date of the project, for this prototype and in order to reach the 10
kA goal, it doesn’t seem necessary to opt for a high current ReBCO cable instead of
the stacked ReBCO tapes. However, for making a final design that is connected in
a superconducting circuit, where joints are needed to connect the segments, this idea
would need revising in a final application, for assembly compatibility and manufacture
purposes.
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8 Conclusion

The aim of this project is to provide renewed support in the applications of the supercon-
ducting switch idea formerly developed for LTS. Nowadays, the commercial availability of
HTS materials allow to revise it (ReBCO for the case of this project), having now a wider
temperature and magnetic field margins to operate, enhancing the stability of the device.

The development of this technology is relevant for handling the current that flows through
a superconducting coil, considering the possibility to redirect the current in the case of an
accidental loss of the superconducting state (quench protection systems for superconducting
coils with a high stored energy) as well as to charge and discharge gradually the coil with a
low current power source (superconducting rectifier).

A simulation model was developed in the MATLAB environment to test different operat-
ing temperature scenarios and geometric arrangements, validated with experimental data in
a low current device. The model can describe the thermal evolution to a time dependent
heat pulse, for which the resistance of the switch can be varied to change from "closed" (zero
resistance) to "open " (high resistance) states when surpassing the critical temperature. The
detrimental effect of the magnetic field in critical current density is included, which needs to
be taken into account in a high current device.

The code allow to design then a ReBCO switch in multiple configurations, and test them
in a variety of operating conditions, as well as extracting the technical specifications. The
ReBCO switch designs presented in this work, based on the agreement achieved comparing
with the experimental data for a low current setup, are expected to behave similarly for the
high current scenario. However, the designs given are a guideline, which need to be validated
by a corresponding high current physical device.

Further experimental tests are necessary to keep increasing the current handling capabil-
ities of the tape stack presented in this work, as well as a consistent way to etch the ReBCO
tapes. Once having a fully working ReBCO switch for high current, an alternate option will
be available to control the current direction that runs through a superconducting coil.
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