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Abstract. Hybrid magnetic screens combining a disk-shaped
high-temperature superconducting bulk with closed-loop coated
conductors have been recently demonstrated to significantly
overcome the screening properties of a single bulk. The purpose
of the present work is to investigate how to scale up these hybrid
screens, i.e. further increase the field attenuation and widen
efficiently the screened region using more closed-loop coated
conductors. First of all, an axisymmetric finite element model
using the Gmsh and GetDP environments with the H — ¢
formulation is implemented and used to study the influence
of physical and geometrical parameters of the screens. The
results show that the low-field screening factor SF and the
screened surface area are strongly dependent on the geometry
while having large J: materials is mandatory to maintain the
screening properties up to high fields. An important design
rule is that the spacing between the concentric loops should be
sufficiently small, which we explain physically by analysing the
different paths followed by the flux lines. Then, experiments are
carried out in liquid nitrogen (77 K) with GdBasCu3zO7 samples.
Mapping the three components of the flux density above the
screens subjected to an inhomogeneous applied field gives the
following key results. First, the combination of the bulk with
four loops spaced as recommended by the numerical model allows
the screened surface area (SF > 2) to be multiplied by ~ 9
with respect to the bulk alone. Second, reducing the asymmetry
of the practical structure by flipping over some of the loops
is highly beneficial for improving the screening properties: the
maximum SF at 5.7 mm the bulk is measured to be multiplied
by 1.6 without any additional superconductor. Importantly,
the design rules obtained from both the numerical model and
the experiments can be further extended and applied to various
geometries or sizes of hybrid superconducting screens.

1. Introduction

Large inhomogeneous magnetic fields extending over
wide surface areas are present in many engineering
applications using superconductors: particle acceler-
ators [1-4], high-power density rotating electric ma-
chines [5-9], current transformers [10], space applica-
tions [11] or magnetic resonance imaging (MRI) mag-
nets [12,13]. These applications often have a signifi-
cant low-frequency stray field. Equipment sensitive to
the magnetic field (e.g. cryocoolers) requires this stray
field to be screened. In terms of systems used to reduce
the stray field, one can distinguish between magnetic
‘shields’ and ‘screens’. The term ‘shields’ usually refers
to closed or partly closed geometries (e.g. a long tube
or a vessel) and small volumes. On the opposite, mag-
netic screens deal with open geometries and large sur-
faces. This work focuses on the requirements to build
efficient magnetic screens.

Ideally, a magnetic screen should fulfil three properties
that are schematically illustrated and indicated in
figure 1.

(i) The screen should provide a very strong field
attenuation. The flux density measured behind
the screen should be much smaller than the
applied field that would exist without the screen.

(ii) The screen should act over wide surface areas or
volumes. The spatial extension of the attenuation
of the flux density brought by the screen should
be as large as possible, i.e. the screened region
should be maximized.

(iii) The screen should maintain its screening proper-
ties up to the highest possible applied fields. Even
if the applied field increases, the screening effect
should ideally not degrade.

Conventional ferromagnetic materials fail to fulfil the
third property, as they are limited by their saturation
magnetization (puoMgay ~ 0.7 T for mu-metal [14]).
This saturation prevents them for being used with
the increasingly higher fields involved in engineering
applications. On the opposite, superconductors do
not suffer from this limitation. When subjected to
a low-frequency (quasi-static) varying magnetic field,
lossless current loops are induced within the material
and ‘passive’ screening naturally appears [15-17].
Within superconductors, magnetic screens using high-
temperature superconductors (HTS) can be operated
well above the liquid helium temperature. Currently,
three types of magnetic screens can be used against
fields extending over wide surface areas: (1) bulk
superconductors, (2) second generation (2G) coated
conductors or (3) hybrid screens combining both.

First, bulk superconductors can be used to achieve



Design rules to scale-up magnetic screens made of bulk superconductors and closed-loop coated conductors 2

T (ii) Large size

Screened i
: region 1
1 o
i (i) Small |B]| '
1 1
i..-.- ..... '
Screen
\ \ f (iii) Screening
up to high
/L[)H 3
Source of { pp‘
inhomogeneous

applied field

Figure 1. Schematic illustration of the three properties that an
ideal screen should fulfil.

very efficient magnetic shielding or screening. Possi-
ble materials include MgBs» [18-20], Bi-based supercon-
ductors [21,22] or large grain (RE)BayCuzO7, where
(RE) denotes a rare earth [23-26]. The limitation is
that growing large (more than a few cm?) bulk HTS
plates remains a challenge. Hence, a possible solution
to screen large surface areas is to arrange side-by-side
several bulks. Several layers of bulks may be required
to mitigate the presence of gaps between them [27-30].

Second, HTS coated conductors can be considered.
One method to use them as magnetic screens is to build
naturally short-circuited ‘eye-shaped’ loops in which
persistent currents are induced [31,32]. The absence of
resistive soldering allows quasi-static (‘DC’) fields to be
screened. Large surface areas can be screened as these
closed-loop coated conductors are naturally scalable.

Third, hybrid superconducting screens can be created
by combining small bulks with naturally scalable
closed-loop coated conductors. In a previous work, we
studied the DC screening ability of these hybrid screens
combining a disk-shaped bulk with coaxial closed-
loop coated conductors [33]. We demonstrated that
the maximum field attenuation obtained with these
hybrid screens is roughly doubled with respect to the
maximum attenuation of a bulk alone. Additionally,
the surface area over which this attenuation is effective
was multiplied by a factor 4.

Based on the promising results obtained with hybrid
screens [33], this paper focuses on the design and the
construction of large hybrid superconducting screens
subjected to a DC inhomogeneous applied field. In
this framework, several metrics can be defined in order

to quantify the properties mentioned above.

(i) The field attenuation can be measured by the
screening factor SF, defined locally as

’NOHapp F)‘

SF (7, pto Happ) = =17
’B r ,UOHapp) ‘

(1)

where ,uOHapp is the inhomogeneous applied
field (without the screen), B the flux den-
sity measured with the screen and 7 the posi-
tion. Note that for these first two quantities,

‘é’ — /B2+ B2+ B2. The definition of the

screening factor is similar to that of the shield-
ing factor. For the closed or partly closed ge-
ometries used in shielding, SF above 10* can be
obtained [22,34]. However, for magnetic screens
dealing with open geometries, these high SF val-
ues are impossible to reach at a reasonable dis-
tance (i.e. a few mm) from the screen.

(ii) The spatial extension of the screened region can be
defined as the region for which SF > SF*, where
SF* is a certain threshold that can be defined
depending on the application. In this paper,

SF* = 2, corresponding to a 50 %-attenuation.
(iii) The field poHy,, up to which the screening

properties are maintained should be defined with
respect to the SF at virtually zero field, in practice
measured at very low field. As the applied field
increases, SF then decreases. The threshold field
poHyy, is defined as the applied field for which the
SF at a given position 7 is reduced to « times the
maximum SF at 7, i.e.

SF (7“0, MOHapp) = «aSF (’Fo, ,U,()Happ — 0) . (2)

In this paper, « = 0.75 is chosen arbitrarily and
the value of the very low applied field (poHapp —
0) is taken as the lowest accessible value, either
simulated or measured.

In this paper, we explain numerically and demonstrate
experimentally how to carefully design and build
hybrid superconducting screens that are significantly
scalable in terms of the three metrics defined above. In
section 2, we present both methods used in this work,
i.e. the finite element model and the experimental
set-up. Then, we use the finite element model in
section 3 to explain how the physical parameters of the
screen affect the screening properties. We also describe
how to choose the general geometrical parameters
to optimize the design of the screen. Finally, in
section 4, we carry out experiments demonstrating that
the screened surface area can be easily extended by
following the design rules detailed in section 3. In
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Figure 2. Schematic illustration of the typical geometry of the
hybrid superconducting screens studied experimentally in this
work.

addition, we explain why the intrinsic asymmetry of
the closed-loop coated conductors is detrimental for the
screening properties and implement experimentally an
easy solution to overcome this limitation.

2. Methods

Hybrid superconducting screens are studied experi-
mentally as well as numerically, using a simplified finite
element (FE) model.

2.1. Ezxperimental set-up

The typical geometry studied in this work is
schematically shown in figure 2. The hybrid
superconducting screen consists of a disk-shaped
bulk and several closed-loop coated conductors. In
this work, a single-domain melt-textured GABCO/Ag
(GdBayCu3O7 + 0.4 mol GdyBaCuO5 + 10% Ago0)
bulk is used. This bulk sample is produced by the
SDMG (‘single-direction melt growth’) method [35-37]
at CAN Superconductors, s.r.o. The disk has a
thickness of 5 mm, a diameter of 30 mm and a uniform
critical current J. around 200 A mm~2. The closed-
loop coated conductors are created by milling a slit
in the middle of a tape segment and extending both
parts of the loop around a cylindrical holder. In the
following, the ‘diameter of the loop’ refers to the outer
diameter of the underlying cylindrical holder. This
structure allows persistent currents to flow [38-43].
In this work, the loops are obtained from a 10 mm-
wide 2G GdBCO tape from Shanghai Superconductor
Technology. The critical current is around 500 A
at 77 K (self-field). In practice, the equivalent
total supercurrent flowing in a loop is increased by
superimposing several non-insulated layers (2 or 4) of
similar closed-loop coated conductors.

The experimental set-up is the same as that described
in our previous work [33]. This experimental set-
up allows the screening properties of different hybrid
screens to be measured. The superconducting samples
are placed coaxially on 3D-printed sample holders. The
top surface of the bulk is at the same height as the
slit of the loops, which corresponds to z = 0 in the
following. The superconducting screen is placed above
a source coil generating the DC inhomogeneous field, as
shown schematically in figure 2. The three components
of the flux density in the region above the screen
(z > 0) are measured simultaneously using a bespoke
3-axis Hall probe attached to a micro-displacement
system. This 3-axis cryogenic Hall probe was designed
in a previous work [44]. The Hall probe consists of
a room-temperature 3-axis Hall sensor placed inside
a G10 insert. The temperature of the inner part
of the insert is controlled to be kept around room
temperature when the insert is immersed in liquid
nitrogen. As a result, the active area of the Hall
sensor (corresponding here to a 250 pm-radius circle)
is located at 2.2+ 0.25 mm from the bottom surface of
the insert, which determines the minimal distance from
the bulk at which measurements can be performed. In
practice, the results of this paper will be shown at
z = 5.7 mm above the top surface of the bulk, i.e.
when the bottom of the G10 insert of the Hall probe
is 3.5 mm above the bulk. The typical uncertainty
associated with the measurements of the Hall sensor is
around £100 pT.

The experimental process is similar for all the
configurations investigated in this paper. First, the
entire structure is cooled down to 77 K in a liquid
nitrogen bath, without applied field. Once the
temperature is stable, a DC current of 0.1 A is injected
in the coil. Then, we wait for at least 5 minutes in
order to ensure that the results are sufficiently time-
independent, i.e. that two successive mappings of the
flux density do not show any difference exceeding the
typical uncertainty of the Hall sensor [33]. This waiting
time also ensures that no ‘coupling’ currents appearing
during the transient processes could flow between the
non-insulated tapes, as it could be the case in AC
regime [45]. Next, the spatial evolution of B, B,
and B, is measured as described here above. After
30 minutes, the injected current is increased by 0.1 A
and the waiting and measurement phases are repeated.
The maximum injected current is 0.5 A, for which
the inhomogeneous field produced by the source coil
reaches around 100 mT at the bottom surface of the
bulk, in absence of superconductors.
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2.2. Simplified FE model

A finite element (FE) model is developed using the
Gmsh and GetDP environments with the Life-HTS
toolkit [46]. The exact geometry of hybrid screens is
rather complex and has no symmetry axis because of
the vertical shift between both parts of the loop and the
‘eye’ shape (see figure 2). Still, most of the properties
can be physically understood thanks to a simplified
model assuming axisymmetry. The main advantage is
that this model can be run rapidly in 2D.

The geometry of the model is shown in figure 3. The
axial direction is z and the transverse direction is y
to be consistent with the experiments. The source
coil generating the magnetic field to be screened is
modelled as a single-turn inductor (in red in figure 3),
i.e. a current is imposed externally in a homogenized
version of the coil in which the different turns are not
modelled. The hybrid screen consists of a disk-shaped
bulk with Ny concentric superconducting loops. The
distance between each loop is s;. The dimensions of
the bulk are hg = 5 mm and rg = 15 mm,
as in the experiments. The height of the loop is
hy = 5 mm, which corresponds to the effective
width of the practical closed-loop coated conductors
(10 mm divided by 2). The loops are placed at
the same height as the bulk, while there is the
vertical offset between both halves of the loops in
the experiments. Also, the thickness of the loops is
artificially increased to t;, = 1 mm to ease the
meshing of the domains. The mesh is structured and
recombined in the superconductors and in the coil.
The resolution uses the H — ¢ formulation [47, 48].
The current injected in the coil increases linearly with
time and the current density is uniform within the
coil region at all times. The classic power law [49]
with n = 40 and a constant critical current density
Je = 200 A mm~2 (except in section 3.1) are used for
all the superconductors. At the field levels investigated
in this paper, the influence of the n value or a field-
dependent J. on the modelled SF was checked to be
negligible.

3. Numerical results and interpretation

Despite its simplicity, the finite element model can be
used to draw meaningful conclusions on the influence
of some physical and geometrical parameters on the
screening properties. This section is subdivided into
three parts. First, the influence of the critical current
density J. of the superconductors on the screening
properties is shown. Second, the influence of the
number and the positioning of the loops is studied.
Finally, numerically calculated flux lines are shown
to explain physically the influence of the position of
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Figure 3. Schematic representation of the geometry studied in
the FE model. The N superconducting loops of thickness ¢,
are separated by sp. hp and hy, are the heights of the bulk and
the loops, respectively. The radius of the bulk is rg. The source
coil, in red, is modelled as a single-turn inductor. P and @ are
two reference positions used in the section 3.1.

the loop in the simplified case where a single loop is
considered.

3.1. Influence of the critical current density

In order to understand how the critical current density
affects SF, a screen with the 30 mm-diameter bulk
and a single 50 mm-diameter loop is considered, i.e.
Ny = land s = 10 mm (see figure 3). Figure 4(a)
shows the evolution of SF at 5.7 mm above the centre
of the bulk (point P in figure 3) for different values of
Je. JB stands for the critical current density of the
bulk and JF for the loop; both of them are expressed
in A mm~2. The evolution is shown as a function of
the applied field at the centre of the bottom surface
of the bulk, i.e. (y,z) = (0,-5) [mm] (point Q in
figure 3).

The first observation is that SF decreases when the
applied field increases. Also, for all values of J., the
initial SF is the same. This observation has practical
implications on the design of superconducting screens.
In section 1, it was mentioned that an ideal screen
should provide (i) a large SF (ii) extending over large
surface areas and (iii) up to high applied fields. The
numerical results show that the maximum SF (at low
field) is purely limited by the geometry, no matter how
large J. is. A large J., though, is very important for
point (iii): the larger J., the slower the SF decrease,
hence the larger the threshold field o Hy,, (as defined
by (2)).

The previous observation can be explained as follows.
For very small applied fields, the superconductors are
almost not penetrated. Hence, in first approximation,
they act as diamagnetic materials expelling the flux
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Figure 4. (a) Evolution of SF at (y,z) = (0,5.7) [mm]

(point P) as a function of the applied field at (y,z) = (0,—5)
[mm] (point Q), i.e. at the bottom surface of the bulk. Five
hybrid screens with the 30 mm-diameter bulk and a single loop
of diameter 50 mm (Nz = 1, sy = 10 mm) are considered for
different values of the critical current density JP in the bulk
and JI in the loop. The values in the legend are given in
A mm~—2 and are common to both figures. The horizontal dashed
black line corresponds to a SF ((0,5.7)[mm)], poHapp — 0), with
a = 0.75, as defined in (2). (b) Evolution of the average
current density in the superconductors over the whole cross-
section, divided by the corresponding critical current density,
as a function of the applied field at (y,z) = (0, —5) [mm]. The
screens and the colours correspond to those in (a). JE is shown
in plain lines and JI in dotted lines.

lines [33]. The flux lines are diverted by the bulk close
to the closed loops, i.e. exactly where the loops can
oppose them at best. This is because the opposite field
generated by the induced supercurrents is maximum
close to the surface of the superconducting loops.
Therefore, as long as the superconductors roughly act
as diamagnetic materials, the screening properties are
purely dependent on the path followed by the flux
lines (see section 3.3), i.e. on the geometry. The
flux lines are organized depending on the size of the
bulk, the spacing between the loops, the number of
loops and other geometric parameters of the screen.
This reasoning is valid only if the superconductors are
very weakly penetrated. As soon as the maximum

current is induced in the loops, they cannot further
oppose the increasing applied field. Similarly, when
the bulk is penetrated through the lateral edges, the
flux lines reach more and more easily the region to be
screened and SF drops. The applied field for which this
penetration is not negligible depends thus strongly on
Je.

Interestingly, the orange curve in figure 4(a), for JB =
JY = 800 A mm~2, maintains an SF ~ 24 up to an
applied field around 1 T, i.e. above the saturation
of conventional mu-metal screens. These J. values
can easily be obtained in practice by lowering the
operating temperature down to, for example, 20 K.
This observation gives a hint on the ability of these
hybrid screens to overcome ferromagnetic screens.
Hence, the design rules obtained in this work may hold
at lower temperature and higher applied fields provided
that the superconductors remain weakly penetrated.

Besides these general observations, the evolution of
JB and JL can be seen in figure 4(b). It shows the
average current density in the superconductors over
the whole cross-section, divided by the corresponding
Jc. This normalized quantity is an image of how
much the superconductors are penetrated. Each colour
corresponds to a different screen and, for each screen,
the normalized critical current densities are shown
separately for the bulk (plain lines) and the loop
(dotted lines). Figure 4(b) illustrates that the average
current density increases almost linearly with the
applied field until it reaches its maximum value. Note
that the maximum value obtained for all simulations
is here ~ 10% smaller than J, because of the small
sweep rate of the applied field. The consequence of
a small sweep rate is that the electric field induced
in the superconductors is very small compared to
E. = 1pV em™!, the classical threshold electric field
used for defining .J..

Combining both figures, several observations can be
made and explained. First, the larger the JY, the
slower the initial decrease in SF, which indicates that
the loop is the first element of the screen to saturate.
It is confirmed by figure 4(b), where the dotted lines
(loop) always reach their maximum before the plain
lines (corresponding bulk).

Second, the slope of SF exhibits a sudden change
(marked by the circles in figure 4(a)). This slope
change has a physical meaning: it corresponds to
the field for which the loop starts to saturate (see
figure 4(b)), such that the decrease in SF becomes
suddenly faster when the applied field increases.

Third, once the loop is saturated, the behaviour of the
screen is almost independent on JY. The larger JZ,
the better the overall behaviour of the screen at high
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fields (e.g. for poHapp > 600 mT).

Fourth, once the superconductors are fully penetrated
(blue and red curves for pgHapp > 600 mT), SE keeps
decreasing with poH,pp. This is expected since, start-
ing from (1) particularized at (y,z) = (0,5.7) [mm],
where the field is purely axial,
toHapp _
B(MOHapp)
where Bind,max is constant when the superconductors

are fully penetrated: it is the maximum opposite field
that can be induced by the screen at this position.

;U'OHaPP (3)

SF(poHapp) = 110 Hop — Bind
app ind,max

Fifth, while the loop and the bulk were discussed inde-
pendently here above, relevant information regarding
their coupling can be obtained by comparing the red
and green dotted curves in figure 4(b). It can be seen
that the loop is saturated slightly faster when J2 is
small, even if JL is the same. This can be understood
as follows. If JP decreases, the penetration front is
deeper in the bulk for a given applied field. Conse-
quently, the effective radius of the bulk is smaller and
the flux embraced by the loop is larger. This is due
to the fact that less flux lines are diverted outside the
loop, as will be illustrated in section 3.3. The flux be-
ing larger for a given loop, the induced current density
is larger and the loop saturates faster.

3.2. Influence of the geometry of the screen

The results obtained in section 3.1 showed that the
initial SF is limited by the geometry of the screen
and that the threshold field poHy,,, depends strongly
on J.. In this section, the critical current density is
kept constant (JE = JY = 200 A mm~2). The
focus is therefore on understanding how the geometry
of the screen influences the screening properties for
poHapp < poHpy,, (as defined by (2)). The goal
is to design screens with a large screening factor SF
extending over wide surface areas. For a given bulk,
the two main parameters that can easily be adjusted
are the number of loops IV, and the spacing s, between

them.

Figure 5(a) shows the spatial distribution of SF along
Yy, at z = 5.7 mm, for three screens with different
Np. For all the screens, s; = 7.5 mm. Also, the
extension of the screened region SF > 2 is illustrated
by the rectangles at the top of the figure. The hatched
black rectangles are located at the positions of the
superconductors. These numerical results are shown
for very small applied fields, around 1 mT at the
bottom surface of the bulk. The reason is to observe
the ‘ideal’ behaviour of the screen, which is mainly
geometrical, i.e. before penetration occurs.

The first observation is that SF peaks above the

centre of the screen, decreases when approaching the
extremity of the bulk (y = 15 mm) and increases again
above the loops. Then, for a given appropriate spacing
sr,, the larger Nz, the better the screening properties
(both the maximum SF at y = 0 mm and the spatial
extension). For example, the screen with N, = 4
and s;, = 7.5 mm (red) is better than Ny, = 2 and
s = 7.5 mm (blue): the maximum SF is around 100
instead of 50 and the screened surface area is roughly
2.1 times larger.

In figure 5(b), three hybrid screens made of four loops
with different spacing sy are compared in terms of SF
at z = 5.7 mm. It can be observed that, for a
given Ny, the screening properties depend much on
the spacing s;. For example, when s, = 12.5 mm
(green), the spatial extension is maximum while SF
above the centre of the bulk is much smaller than for
s = 7.5 mm (red), for which the screened region
is less extended. Also, the maximum SF is almost
the same for s; = 2.5 mm and s; = 12.5 mm.
Consequently, the evolution of the screening properties
with sy, is clearly non-monotonic.

This non-monotonic effect of s; on the maximum
SF is illustrated in figure 5(c), which shows SF at
(0,5.7) [mm] as a function of sg,, for different Ny. The
three main observations made from these results are as
follows. First, for a given sy, the larger Ny, the larger
SF. Second, for large sp, the relative improvement
brought by the addition of larger loops is very small.
Last, for a given Ny, SF as a function of sy, exhibits a
maximum, as suggested in figure 5(b). For a given N,
the maximum SF is obtained around s; = 7.5 mm
(between 5 and 7.5 mm for N, = 4). Although this
exact value depends on the characteristics of the source
coil and the geometric parameters of the screen, the
non-monotonic influence of sy, arises from the intrinsic
geometry of hybrid screens and is expected to exist
irrespectively of the particular dimensions of the source
coil.

3.3. Flux lines and interpretation

Figure 5 highlighted that sy has a non-monotonic
influence on the maximum SF. This section aims at
explaining physically why such a behaviour occurs. In
order to keep the explanation as simple as possible, a
hybrid screen with a single loop is considered.

Maximizing the screening factor SF above the centre of
the screen means that the number of flux lines reaching
this region should be minimized. The reason is that
SF is inversely proportional to the flux lines density.
Provided that poHapp < poHj,p,,, the superconductors
are very weakly penetrated and roughly behave as
diamagnetic materials. Hence, the flux lines have to
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Figure 5. (a) Spatial distribution of SF along y, for

z = 5.7 mm. These numerical results are shown for very small
applied fields, around 1 mT at the bottom surface of the bulk.
The rectangles at the top of the graph indicate in each case the
spatial extension of the region SF > 2. The limit SF* = 2
is shown by a dashed black line. The hatched black parts
inside the coloured rectangles are located at the positions of the
superconductors. The small drawings illustrate (to scale) a top
view of the different considered screens. (b) Same as figure 5(a)
but for other screens. (c¢) SF at (0,5.7) as a function of sz, for
different Nj,. Again, these numerical results are shown for an
applied field around 1 mT at the bottom surface of the bulk. The
coloured symbols correspond to the five configurations shown in

(a) and (b).

meander around them and the different possible paths
should be investigated.

Numerically computed flux lines are illustrated in
figure 6. Figure 6(a) and (b) are the numerical results
for s = 2.5 mm and s; = 12.5 mm, respectively,
when a small applied field of around 1 mT is applied

at the bottom surface of the bulk. Figure 6(c) is a
schematic illustration of the two paths that can exist
for the flux lines: between the bulk and the loop
(path I), and all around the loop (path II).

The first observation is that when sy is very small
(figure 6(a)), the flux lines need to meander around the
whole screen (path I). It can be explained intuitively:
if the spacing between the loop is infinitely thin, the
screen resembles very much a bulk of radius rg + s, +
tr, ~ rp (see figure 3). In this extreme case, no flux
line can go through path II.

Secondly, as sy, increases, another path exists for the
flux lines (path II): some of them can leak through
the gap between the bulk and the loop. It can be
understood that for even larger sy, almost all the flux
lines go through this path II.

These two observations explain why an optimal SF
can always be found for intermediate values of sp.
For infinitely small sy, the screening properties are
roughly those of a bulk alone. On the opposite, if the
spacing sy, is infinitely large, the loop has no influence
on the screening properties above the bulk and the
screen also resembles a bulk alone. For intermediate
sr,, there exist two competing phenomena giving rise
to screening properties that overcome those of a bulk
alone. These competing phenomena can be expressed
as follows: increasing sy, reduces the contribution of I
to the flux density above the screen but increases the
contribution of II. An optimal screen should therefore
use an intermediate sy, minimizing the sum of I and II.

The explanation above, regarding the paths for the flux
lines for one single loop, can be extended for additional
loops. The same compromise exists in the choice of sy,
between each loop: a small spacing minimizes the flux
lines leaking between the bulk and the first loop or
between the loops but allows for many flux lines to go
all around the screen; a large spacing leads to many
flux lines leaking between the bulk and the loops. This
also explains why increasing Ny, for large sy, is not very
useful (see figure 5(c)). When sy, is very large, most
flux lines go between the bulk and the smallest loop
or between the two smallest loops. Hence, adding, for
example, a fourth loop brings only a tiny difference in
SF above the centre.

In summary, in spite of its simplicity, the finite
element model allows for several conclusions and design
rules to be established. First, using top-quality
superconductors with large critical current density
does not increase the maximum SF that can be
obtained. A large J., however, is crucial to withstand
high applied fields. Second, the geometry of the screen
limits the maximum SF. Understanding the different
paths of the flux lines strongly help optimize the
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Figure 6. (a) Representation of the flux lines computed numerically for very small applied fields (around 1 mT at the bottom
surface of the bulk). The coil is shown in red and the hybrid screen in blue. Only one loop is used and s, = 2.5 mm. The flux

lines are coloured depending on their path: I or II. (b) Same for s
paths followed by the flux lines reaching the region above the bulk.

screening properties. One of the main design rules is
that an intermediate (sufficiently small) spacing should
be chosen between the loops to maximize the usefulness
of additional larger loops.

4. Experimental results and considerations

In the previous section, we discussed how the screening
properties can be optimized by adjusting the geometric
parameters of the screen. In this section, we explain
how these improvements can be realized in practice. To
this extent, the set-up described in section 2 is used.
First, a large hybrid screen with four loop sizes is built.
Then, the influence of the asymmetry of the loops, i.e.
the vertical offset between both halves of the loops, is
investigated.

Note that in all cases, only the results for the highest
applied field, i.e. with 0.5 A in the coil, are shown.
Several layers of closed-loop coated conductors are
superimposed to increase the maximum current that
can flow and ensure that the superconductors are
weakly penetrated. In practice, SF is not observed to
decrease when increasing the current from 0.1 to 0.5 A.
Therefore, it is fair to assume that poHapp < pioHy,,
and, following the discussion of section 3, only the
geometrical effects are discussed here.

One of the design rules of the finite element model
was that, for an appropriate spacing sy around
7.5 mm, increasing the number of loops improves
significantly the screening properties. Hence, two
configurations are compared experimentally: (i) a
hybrid screen consisting of the 30 mm-diameter disk-
shaped bulk with 45 mm- and 60 mm-diameter loops
and (ii) a hybrid screen with the bulk and 45 mm-,
60 mm-, 75 mm- and 90 mm-diameter loops. These

= 12.5 mm. (c¢) Schematic representation of the two possible

Figure 7. Picture of the hybrid screen consisting of a 30 mm-
diameter bulk with 45 mm-, 60 mm-, 75 mm- and 90 mm-
diameter loops. The screen is placed on a 3D-printed sample
holder. All the loops are oriented in the same way: the upper
part is at y > 0.

configurations correspond to a 7.5 mm spacing. All
the loops are aligned in the same direction, with the
upper part for y > 0, as shown in figure 7 for the second
configuration.

Figure 8 shows the spatial distribution of SF along v,
at z = 5.7 mm. The rectangles on the top of the graph
show the region SF > 2, for y < 0. The results of
figure 8 can be understood as follows.

First, by adding the two largest loops, the screened
region extends up to |y| < 48 mm instead of |y| <
33 mm. This leads to a screened surface area
approximately 2.2 times larger. Compared to the bulk
alone [33], the screened surface area is ~ 9 times larger.
Besides these numbers, the important point is that
this process of adding loops is not intrinsically limited
and can be used to build even larger screens provided
that the spacing is appropriately chosen. The spacing
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Figure 8. Spatial distribution of SF along y, for z = 5.7 mm.
The blue triangles A are for the screen made of a 30 mm-diameter
disk-shaped bulk with 45 mm- and 60 mm-diameter loops. The
red squares M are for the screen consisting of a 30 mm-diameter
bulk with 45 mm-, 60 mm-, 75 mm- and 90 mm-diameter loops.
The rectangles at the top of the graph indicate in each case the
spatial extension of the region SF > 2 for y < 0. The limit
SF* = 2 is shown by a dashed black line. The hatched black
parts inside the coloured rectangles are located at the positions
of the superconductors. The vertical dotted black line indicates
the central position y = 0.

should be sufficiently small to avoid that too many flux
lines leak through the gap between the bulk and the
loops (see section 3.3). Such an appropriate spacing
can be found for a given source coil with a simplified
2D model as figure 3.

Second, as mentioned previously, figure 5(a) shows
a significant increase in the maximum modelled SF
when comparing N, = 2 (blue) and N, = 4
(red) for sy, = 7.5 mm: SF at the centre rises from
roughly 50 to 100. Such a large increase is not observed
experimentally. This can be explained by taking into
account the practical shape of the loops. The loops
are not perfectly circular as assumed in the 2D finite
element model but exhibit a vertical offset between
both halves of the loop.

This asymmetry has two consequences that were
described in our previous work [33]. First, the spatial
distribution of SF at a given height z > 0 is not
symmetric around y = 0. For z > 0, because
of the offset between both halves of the loop, the
distance to the loop for y > 0 is smaller than for
y < 0 (see figure 7). Consequently, the opposite field
generated by the supercurrents induced in the loops
for y > 0 is larger than that generated for y < 0.
Hence, SF is larger for y > 0. Secondly, the transverse
component B, is not zero around y = 0. The fact that
B,(y = 0) > 0 for z > 0 is again due to the vertical
offset. This feature has a very detrimental effect on the
measured screening properties, as shown in figure 9.

Figure 9(a) shows the spatial distribution of B, at

z = 5.7 mm. For y = 0, the inset illustrates
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Figure 9. (a) Spatial distribution of By along y, for

z = 5.7 mm. The y-component of the applied field in the

absence of superconducting screen is shown with gray crosses X.
The blue triangles A are for the screen made of a 30 mm-diameter
disk-shaped bulk with 45 mm- and 60 mm-diameter loops. The
red squares M are for the screen consisting of a 30 mm-diameter
bulk with 45 mm-, 60 mm-, 75 mm- and 90 mm-diameter loops.
The dotted black line indicates the central position y = 0.
(b) Spatial distribution of B, along y, for z = 5.7 mm. The
coloured symbols are the same as in (a).

that both configurations have B, ~ 0.8 mT while
the transverse component of the applied field is 0.
Similarly, figure 9(b) shows the spatial distribution
of B, at z = 5.7 mm. It can be observed that
B.,(y = 0) is around 0.7 and 0.6 mT for 2 and
4 loops, respectively. Hence, adding more loops can
reduce slightly B, but cannot help reduce B,, which
is of the same order of magnitude. As a reminder,
SF is computed as the ratio of the magnitude of the
applied field and the magnitude of the measured flux

B2 + B2 + B2 (1). Therefore, this non-zero
B, is clearly a limiting term that prevents the SF from

reaching high values (50 to 100) as predicted by the
model.

density

Also, even if it is not the limiting factor in this case,
it is worth mentioning that a large SF corresponds to
a small field to measure, which may be limited by the
uncertainty of the 3-axis Hall sensor, around 100 pT
for the experimental set-up used in this work.
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Figure 10. Schematic illustration of one way to reduce
the transverse component By. Above: fully asymmetric
configuration where both loops are oriented similarly. Below:
‘symmetrized’ configuration where one of the loops is flipped
over.

Given the asymmetry of the loops, it is crucial to build
screens that naturally minimize |B,| around the centre.
The easiest way to achieve such a reduction is to reverse
the direction of part of the loops used in the screen, as
shown schematically for two loops in figure 10. This
process can be extended to a larger number of loops.
The point is that each additional loop should be added
in a way that compensates as much as possible the
asymmetry and the non-zero B, around the centre.

The two configurations drawn in figure 10 were
assembled and measured experimentally. The first
consists of the bulk with 45 mm- and 60 mm-diameter
loops oriented in the same direction (as it was the
case in figure 8 and figure 9). The second one is
the same except that the 60 mm-diameter loop is
flipped over such that its upper part lies at y < 0.
Figure 11 shows the spatial distribution of SF along
Yy, at z = 5.7 mm. It can be observed that
the screening properties are significantly improved for
the ‘symmetrized’ configuration: the maximum SF
increases from ~ 25 to ~ 41, which corresponds to
a multiplication by roughly 1.6. Such an improvement
is due to the reduction in |B,(y = 0)| which decreases
from 0.8 mT to 0.1 mT, i.e. of the order of the typical
uncertainty of the 3-axis Hall sensor, as shown in the
inset of figure 11. It is worth emphasizing that this
increase in SF does not require any supplementary
superconducting material, it is a simple consequence
of choosing appropriate orientations for the loops to
minimize |B,|.

In addition to the experimental data, figure 11 shows
the results of the simplified 2D finite element model
for N = 2 and s = 7.5 mm. Since the numerical
model is axisymmetric (2D) while the experimental
screen is not, a difference can be expected between

50 11—
lFEM
40 + GQ%
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__30F
o .#
P20}
-
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| — dire:ction
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Figure 11. Spatial distribution of SF along y, for z = 5.7 mm.
The blue triangles A are for the screen made of a 30 mm-diameter
disk-shaped bulk with 45 mm- and 60 mm-diameter loops in the
same direction. The blue circles O are for the same screen but
with the loops in opposite directions (see figure 10). The plain
blue curve corresponds to the FEM results with N, = 2 and
s;, = 7.5 mm. The vertical dotted black line indicates the
central position y = 0. The drawings show the cross-section of
the different screens in the plane x = 0. The inset shows By
around the centre in the same three cases.

the numerical results and the experimental data for
the ‘symmetrized’ configuration. This can be noticed
in figure 11; additional reasons for this discrepancy
are that (i) the modelling of the coil is oversimplified
with respect to the practical source coil, and (ii) the
experimental results are prone to uncertainties (e.g.
exact positioning or orientation of the Hall sensor). In
spite of these expected discrepancies, the measured SF
distribution for the configuration with opposite loop
directions is now almost symmetric and satisfyingly
closer to the results predicted by the simplified 2D
finite element model.

5. Conclusion

In this work, we discussed how to design, improve and
build practical hybrid high-temperature superconduct-
ing screens combining a disk-shaped bulk and closed-
loop coated conductors placed coaxially. Ideally, these
screens should provide (i) a strong field attenuation (ii)
extending over wide surface areas and (iii) up to high
inhomogeneous applied fields.

First, a simplified finite element model assuming
axisymmetry allowed us to obtain a physical insight
and some practical conclusions on the design of
hybrid screens. Using large-J. materials is a key
element to increase the applied field up to which
the screening properties are maintained. Simulations
results suggest for example that multiplying J. by 4
(e.g., by lowering the operating temperature) allows
the screening properties to hold up to ~ 1 T.
However, the screening properties (field attenuation
and extension of the screened region) at low fields are
limited by the geometry of the screen. Understanding
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the different paths of the flux lines reaching the
region above the screen is the best way to optimize
the design of the screen by opposing at best all
these paths. In general, an intermediate spacing is
required for the screening properties to be scalable
and to maximize the screening factor SF. Small closed-
loop coated conductors allow for too many flux lines
to meander around the screen and large closed-loop
coated conductors allow for too many flux lines to leak
through the spacing between the bulk and the loop.
Importantly, the appropriate spacing leading to the
maximum SF above the bulk can be found using a
simplified axisymmetric model.

Then, we demonstrated how these large screens can
be realized and optimized in practice, by performing
experiments using GABCO samples at 7' = 77 K with
a DC inhomogeneous applied field around 100 mT at
the bottom surface of the bulk. By using 4 closed-
loop coated conductors spaced by 7.5 mm, the screened
surface area (SF > 2) was multiplied by ~ 9 with
respect to a situation with the 30 mm-diameter bulk
alone. Because the closed-loop coated conductors
are asymmetric in practice, a non-zero transverse
component is induced by the loops. This non-zero
transverse component strongly limits the maximum
SF that can be obtained above the screen. Hence,
we proposed a ‘symmetrized’ configuration using two
loops in which one of the loops is flipped over. This
process can easily be extended to a larger number of
loops. As a result, for a configuration using 2 loops,
the maximum SF is multiplied by ~ 1.6 with respect
to the situation with the loops oriented in the same
direction. The resulting SF is also satisfyingly close to
the prediction of the finite element model.

In summary, this work highlights three general
design rules for building hybrid superconducting
screens: (i) use large J. superconductors, (ii) add
several concentric loops with an appropriate spacing
and (ili) reduce as much as possible any design
asymmetry. Under specific temperature and external
field conditions, these rules can always be used
as a starting point for assembling more complex
screens. In all cases, it is relevant to ensure that
the superconductors are weakly penetrated, implement
a simple numerical model and validate as soon as
possible the design experimentally. Importantly, the
general design rules presented in this work are therefore
not strictly limited to a given source coil or an
experimental set-up and can pave the way for the
design of large screens in practical applications.
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