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Abstract. The growing interest in modeling superconductors has led to the development of
increasingly effective numerical models and software. Alongside this interest, the question of
how to teach and to explain the operation of superconductors to students has arisen. Ecole
Polytechnique Fédérale de Lausanne (EPFL) and Karlsruhe Institute of Technology (KIT) have
created a series of web applications based on COMSOL Multiphysics that are publicly accessible
through a web server called AURORA. Users can change the values of several parameters of the
applications and observe the influence on the results. This article describes part of the currently
available applications and some exercises that can be done with them.

1. Introduction

In confronting the growing necessity of innovative teaching methods, it is necessary to consider
the needs of students and the educational system of today. Modern education is partially online,
which opens new paths for the learning process.

In Roman mythology, Aurora was the goddess of the dawn who flew across the sky at
sunrise, opening the path to the Sun and a new day*. The server AURORA, presented in
this paper, aims at opening the path to a new generation of brilliant students and ‘initiate’
them by leArning sUpeRcOnductivity thRough Apps. The possibility of using applications for
educational purposes allows demonstrating complex phenomena with a user-friendly interface.
It also leverages a straightforward and visual teaching method to raise interest in students and
allows them to have a glimpse at the potential impact that superconductivity can have in the
world.

For this purpose, we have recently developed a series of applications to solve problems
involving superconductors by means of finite-element method calculations. The applications
are based on the commercial finite-element method software COMSOL Multiphysics [3] and
focus on the electromagnetic and thermal behavior of superconductors at different scales. They
range from the simulation of the penetration of quanta of magnetic flux (nanometer scale) to
the simulation of the magnetic field in large magnets (meter scale).

*See Virgil’s Aeneid, Book IV, verses 584-585 [1]: “Et iam prima novo spargebat lumine terras Tithoni
croceum linquens Aurora cubile.” (Aurora’s young first beams were pouring as from Thithonus saffron bed she

sprang [2].)

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.
Published under licence by IOP Publishing Ltd 1
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Figure 1: Web server user interface (top) and application user interface (bottom) for the Critical

Current Calculation application.

With respect to the full-fledged version of the models implemented with the software, the
applications available on the server have a simpler user interface. For each problem, the user
can change a certain number of geometrical and physical parameters, and see how they affect
the solution. In figure 1 (top) we present the web server user interface, which allows browsing
and selecting the desired application. In figure 1 (bottom) we present how the initial interface
for the critical current calculation application (section 2.6) looks like, with buttons to plot the
geometry and the results (“Geometry”, “Compute”, “Current Density”, etc...). The parameters
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can be changed in a tab menu on the left and additional information, including references to
the literature, can be found by clicking the “About” tab.

The applications are publicly accessible with an internet browser. In this article we present
a few selected applications currently available on the server and some example of how they can
be used for exercises in the classroom.

2. Applications
2.1. Time-dependent Ginzburg-Landau equations
The goal of this application is to illustrate the dynamics of a superconducting sample in the
presence of a magnetic field. This problem is solved by using the time dependent Ginzburg-
Landau (TDGL) equations proposed by V. Ginzburg and L. Landau in 1950 [4]. Depending on
a single parameter in the TDGL equations, the Ginzburg—Landau parameter k, the dynamics of
superconductors in magnetic fields is that of a type-I (complete expulsion of the magnetic field,
i.e. Meissner effect) or of a type-II superconductor (partial penetration of the magnetic field in
the form of quantized vortices, i.e. mixed state). The problem is solved on a 2D superconducting
disk with a geometric defect (figure 2) by using the TDGL equations coupled to a penetrating
magnetic field B,. The dynamic behavior of the superconducting state in the TDGL equations
is described by the order parameter ¥ = U(z,y,t). The parameter ¥ can be interpreted as the
density of superconducting charge carriers (Cooper pairs) at position (x,y) and at time ¢: if
|¥| = 1 everywhere, the material is in a perfect Meissner state (zero magnetic field inside the
superconductor), while if |U| = 0 everywhere, the field has fully penetrated and the material is
no longer superconducting.

The normalized 2D TDGL equations under gauge transformation [4, 5, 6] read as follows:

2
ov i
i Al UV+0— 02D 1
= (kv+ ) + U — [V, (1)
OA 1 . 9
0o = 5 (WY - UV — [PPA =V X V x A, (2)

with o being the electrical conductivity, A being the magnetic vector potential, ¢ being the
imaginary unit, and k£ = A/ being the Ginzburg-Landau parameter, i.e. the ratio between the
London penetration depth A of the magnetic field and the Ginzburg-Landau coherence length
¢ [4]. Note that also the time ¢ and the vector potential A are normalized, and their units are 1.
The boundary conditions applied to the superconducting sample (normalized and under gauge
transformation) are [6, 7]:

VU .-n=0, V x A=B,, A -n=0, on 09, (3)
Time=960 [|~2 ® Time=1140 [|~2 ® Time=2040 [b]~2
,1 71 - ™ 71
4 0.9 0.9 0.9
/ 0.8 0.8 . . ' 0.8
o
0.6 0.6 ' \ Jo.6
‘ . . 0.5 0.5 . | 0.5
0.4 0.4 . . | 0.4
0.2 0.2 \ 0.2
0.1 0.1 0.1
0 0 S 0

Figure 2: Absolute value |¥(z,y,t)|? of the order parameter for k = 4 and |B,| = 0.9 B, at three
different simulation normalized times (¢t; = 960, to = 1140, t3 = 2040).
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where B, = |B,|u, is the uniform external magnetic field along the z-axis direction (outward the
paper), df) is the boundary of the superconducting domain and n the outward normal vector to
the boundary.

In this application, equations (1) and (3) are solved using four time-dependent and coupled
nonlinear partial differential equations (PDE module in COMSOL [3]). In figure 2 we present
the results for an applied magnetic field of |B,| = 0.9 B, (where B, is the critical field) and
k = 4 (type II superconductor). In this figure, it is possible to visualize the dynamics of the
magnetic flux entering at the defect (t = 960, figure left); the circular regions with |¥|? = 0
indicate a vortex and a normal-conducting zone. For successive times (¢ = 1140, 2040) multiple
vortices enter the superconductor occupying gradually the entire superconductor.

The exercise allows modifying parameters such as the radius of the sample ry (in units of ),
and the Ginzburg—Landau parameter k which determines whether a superconductor is type-I
(0 < k < 1/4/2) or type-II (k > 1/4/2). In addition, it is possible to adjust the time length of
the simulation t.,q and the maximum normalized applied magnetic field B,.

2.2. Critical state model

This application simulates the electromagnetic response of an infinitely long superconducting
wire of elliptical cross section to a transverse sinusoidal external field using the simple critical
state model (CSM) [8, 9], where the magnetic field penetrates via a screening current whose
density can only be 0, +J. or —J.. For the implementation of the CSM, the method of the
force—displacement curve of the flux lines proposed by A. M. Campbell is used [10].

This application simulates 1.25 cycles of an externally applied AC magnetic field and uses
the magnetic vector potential A (which in the 2D problem considered here is a scalar) as state
variable. The current density and magnetic vector potential distributions at each considered
instant are calculated starting from the results (J,, Ap) at the last point of inversion of the
applied field — see figure 3.

The model consists in a parametric study of magnetostatic simulations (one for each
calculated instant) solving the equation

)] ()

k= poJesgn(Ap, — A) — poJp. (5)

(A — Ap)puoJe

VX(VXA):MOJp+k‘|:1eXp(‘ LA

with

In this way, the model is frequency-independent, as required by the CSM. The model is
implemented in units of AC cycles; in figure 3, we kept the notation wt for practical purposes.

r x'x | | | | ] Figure 3: Applied magnetic field
A B(t) = Bgsin(wt): according to
o5l ¢ ] equations (4-5), the solution at a
¥ % given instant wt > w/2 during
an AC cycle (crosses) is calculated
starting from the points of inversion
(wt = /2 and wt = 37/2). For the
05+ ] points at wt < /2, the instant t = 0
% is chosen as starting point and the

“x., | equation to be solved takes a simpler
form.
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Figure 4: Normalized current density distributions (J/J.) in the cross section of an infinitely
long circular wire subjected to a transverse field By sin(wt). The distributions refer to different
instants of the first AC cycle.

The parameter A, is the product of the magnetic flux density B and a characteristic distance
related to the vortex spacing. In order to obtain CSM-like results, A, needs to be sufficiently
small (e.g. 1 x 1078 Wbm™! for typical examples solved with this application).

Figure 4 shows the normalized current density distribution in a wire subjected to a transverse
field Bgsin(wt). The distributions are taken at different instants of the AC cycle. In the
application, users can change various parameters, such as the critical current density J., the
eccentricity of the cross section of the wire, the magnitude and direction of the applied magnetic
field. A possible exercise is to change the eccentricity of the superconductor, without changing
its cross section and J., and see how the simple deformation of the geometry has a large impact
on the AC losses. More details about this and the influence of the direction of the magnetic
field on the AC losses can be found in sections 4.1-4.2 of [11].

2.3. H formulation

This application solves a similar problem as the previous one, but using a power-law dependence
of the resistivity on the current density instead of the CSM as a constitutive law of the
superconducting material. The application is based on the H formulation, which solves Faraday’s
equation using the magnetic field H as state variable

O(uH)
ot

+V x (pV x H) =0 (6)

and, according to the power law, uses a nonlinear resistivity for the electrical characteristic of

the superconductor
n—1

] (7)

More details about the formulation can be found in [12, 13].

The application simulates a time-dependent problem. The use of the non-linear resistivity
introduces a dependence of the results on the rate of change of the applied current and field.
In particular, using lower n values in equation (7) or low frequencies in the external current
and /or field excitations leads to different results. This is an important difference with respect to
the CSM, whose results are rate-independent. An example is shown in figure 5, which displays
the normalized current density distribution J/J. in a round wire carrying 80 % of its critical
current for different n values and frequencies. The first figure on the left represents a ‘standard’
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Figure 5: Normalized current density distributions (J/.J;) in the cross section of an infinitely
long circular wire carrying 80 % of the critical current for different values of the power index n
and frequencies. The distributions are taken at the peak of the AC cycle. Note the different
scales of the color bar.

case, with n = 25 and f = 50Hz: due to the finite value of n, regions with a current density
value slightly exceeding J. are allowed. A close inspection of the second figure from the left
reveals that increasing n to 100 limits the maximum value of J/J. to values closer to one. This
is because, as n increases, the power-law (7) approaches the critical state model. Conversely,
if n is very low (n = 5 in the third figure from the left) values of J greatly exceeding J. are
allowed: as a consequence, the area of the current-carrying region is much reduced. Finally, the
last figure on the right shows that the current density tends toward sub-critical values, when
the frequency of the transport current is reduced to 0.5Hz. This is a phenomenon important
in several HTS applications, for example HTS magnets, which are charged and discharged with
slow current ramps.

2.4. Integral equation model for a thin superconductor

This application uses an integral equation approach to simulate the same type of problems as
the H formulation, but for an infinitely thin superconductor. This geometry can be used to
simulate the superconducting layer of an HTS coated conductor, which is characterized by an
extremely large width-to-thickness ratio. In practice, only a 1D domain is simulated. In addition,
differently from the H formulation, the use of an integral equation for the state variable current
density allows simulating only the superconductor’s domain, without the need of simulating the
vacuum around it. This greatly reduces the number of degrees of freedom of the problem. As
with the H formulation, the superconductor is simulated as a material with nonlinear power-law
resistivity — equation (7).

The infinitely thin conductor approximation presents some distinctive features, including sub-
critical current densities in field free-regions [14, 15]. A visual representation of how this results
as the limit of the current distribution in a rectangular conductor as its thickness approaches
zero can be found in [16].

This applications allows simulating the same cases as the H formulation, but for the specific
geometry of a thin superconductor. An example of simultaneous application of current and
field is shown in figure 6. Shown there are the current density and the magnetic flux density
distribution in an infinitely thin superconductor carrying AC transport current while subjected
to an in-phase AC magnetic field. The figure refers to the peak instant. The superconductor
is 12mm wide, has a critical current of 360 A, and a power index n = 25. The AC transport
current is 180 A and the external field 20mT. The frequency is 50 Hz. The asymmetry of
the current and magnetic field distribution is clearly visible. Also noticeable is the sub-critical
current density (J < J;) in the regions not reached by the magnetic field.
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2.5. Superconducting fault current limiter

A large-scale commercial usage of superconductor is the superconducting fault current limiter
(SFCL) where the transition to normal state of a superconductor submitted to an overcritical
current is used to protect a grid. This application allows investigating the electro-thermal
response of an HTS coated conductor used in a resistive SFCL. The application solves a
1D thermal model coupled with a circuit representing the SFCL under AC fault conditions,
evaluating important figures of merit such as the limited current, the prospective current and
the maximum temperature reached within the tape. The circuit parameters, the geometrical
parameters and the superconducting properties of the device can be modified. A detailed
description of this application and of the model implementation can be found in a dedicated
open-access publication [17], which also includes the discussion of four representative cases.

2.6. Critical current calculation

For certain high-current applications, it is necessary to bundle several tapes, in order to increase
the current-carrying capacity. This application aims at showing the effects of self-field on the
critical current of tape assemblies (like stacks and arrays), following the approach presented
in [18]. In its simplest case, the applications simulates a wire of elliptical cross section,
representing a Bi-2223 wire. The wire is considered to be infinitely long, so that it is sufficient to
simulate a 2D cross section (zy plane). The current flows through the cross section and has thus
only one component (in the z direction). The magnetic field has only the z and y components. It
is assumed that the anisotropic dependence of the critical current density of the superconductor
material on the magnetic flux density is a known function JC(B”, B), where BH and B, are
the parallel and perpendicular components of the field with respect to the flat face of the wire,
respectively. In the geometry considered here, B” = B, and B| = By. The JC(B” , B ) function
is a property of the superconductor material and is the input for the calculation. It takes the

following form [19]:
J c0

kK2B? + B

Jo(Bj,B1) = (8)

I
bt BCO
where By expresses how fast J. decreases with the amplitude of the magnetic field, k is the
anisotropy factor, and b is a damping parameter.

The model assumes that the current density is at the critical value everywhere in the
superconductor. The important point here is that this critical value is not uniform: it is lower
where the magnetic field is higher, according to the J.(Bj, B1) function. The model solves a
magnetostatic problem, calculating the (self) magnetic field distribution B(z,y) consistent with
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Figure 7: Magnetic flux density distribution in a vertical stack (left) and a horizontal array
(right) of five elliptical wires.
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having J. = J.(B(x,y)) everywhere in the superconductor:
VX (V x A) = poJe(B(z,y))- (9)

The effective critical current of the tape can be determined by integrating the J.(B(x,y))
distribution over the superconductor’s cross section.

The exercise is then extended to conductors composed of several tapes (stacks and arrays), in
order to emphasize the influence of electromagnetic interaction between the tapes on the effective
critical current of the composite conductors. An example is shown in figure 7, which displays
the magnetic flux density distribution in a vertical stack (left) and a horizontal array (right) of
five elliptical wires. Due to the compact arrangement of the wires and the resulting magnetic
field, the critical current in the stack (539.5 A) is much lower than five times the critical current
of the single wire (161 A). In the case of an array, the situation is very different: the wires
are more distant from each other; in addition, in this arrangement the dangerous perpendicular
component B is strongly reduced in the gap between the wires. This makes the critical current
of the array equal (or even a little higher, 807 A) than five times the critical current of the single
wire.

These effects depend on the number of wires and on their distance. Figure 8 shows the
average critical current per wire as a function of the number wires composing the stack or the
array. The decrease of the current-carrying capacity of the stack with increasing number of tapes
is clearly visible. Conversely, the current-carrying capacity of the array is practically constant.
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2.7. Magnet design

The biggest market for superconductors is magnets, in particular for nuclear magnetic resonance
(NMR), magnetic resonance imaging (MRI), and particle accelerators. This application
calculates the magnetic field distribution in solenoid-shaped magnet, modeled as a hollow
cylinder with inner radius a, outer radius b, length 2I. The user can modify the geometry
of the magnet by adjusting the parameters o = b/a, f = l/a. Other input parameters are the
uniform current density applied to the magnet’s cross section and area of the wire’s cross section
used for the winding. The latter allows calculating the total length of the wire.

This application simulates the cross section of the magnet as a material characterized by a
uniform current density. It can be used to show the influence of the magnet’s shape on the
uniformity of the magnetic field, which is a key parameter to determine the maximum current
at which the superconductor can be operated.

In particular, this application can be used to carry out the exercises on magnet designs
proposed in chapter 3 of [21] and chapter 7.4 of [22], with the visual aid of numerical simulations.
In those exercises, the inner radius a and the target field By in the center of the solenoid are
inputs of the problem. By using a field-dependent critical current density J.(B) and the load-line
method, it can be shown that the set of parameters «, 8 corresponding to the minimum volume of
conductor creates a magnetic field on the internal wall of the solenoid (r = a) considerably higher
than the target field By, which limits the current-carrying capability of the superconductor. An
example is shown in figure 9. Other choices of «, 8 can lead to a more uniform field and more
efficient use of the superconductor, ultimately resulting also more economic.

‘ ‘m'agne‘tic flu)‘( den:si’ty'(T)

N w B (:)1 [e)] ~
Magnetic flux density Bz (T)
N B O R N W A U O N ®

=

1 1 1 1

0.05 0.1 0.15
radial coordinate (m)

Figure 9: Magnetic flux density distribution in a solenoid. A uniform current density is assumed.
This design is not suitable, because the magnetic field at the internal wall of the solenoid
(r = 0.075m) is significantly higher that the target field in the center (about 8 T and 6T,
respectively).

3. Conclusion

We developed a series of applications for solving problems involving superconductors using
finite-element method simulations implemented in COMSOL Multiphysics. The applications
are publicly available on a sever and accessible with a web browser. They solve different
problems related to the electromagnetic and thermal behavior of superconductors. They
are mainly directed, but not limited, to undergraduate students who want to learn more
about superconductivity and its applications. This article presented a brief description of the
applications currently available and of the type of exercises that it is possible to do with them.
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We encourage interested users to contact the authors with proposals for improvement or for new
applications.
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