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Abstract. In this work we demonstrate the magnetic shielding ability of a stack
of YBapCu3zO7 (YBCO) tape annuli. The annuli are cut from a 46 mm wide
second generation coated conductor deposited on a Ni-5at.%W alloy ferromagnetic
substrate. The inner bore of the stacked tapes is 26 mm and the outer diameter
is 45 mm. Three samples with different height (24 mm, 14.9 mm, 9.9 mm)
are studied. All the experiments are carried out at both room temperature
and liquid nitrogen temperature (77 K). The shielding efficiency is investigated
when the magnetic field is applied either parallel to the axis of the stack (axial
shielding) or perpendicular to it (transverse shielding). Under an axial field,
magnetic shielding is found to be effective (SF > 3) up to magnetic flux densities
of 0.67 T. The presence of the ferromagnetic substrates is found to have two
important consequences. First, the stack of annuli is able to shield transverse
flux densities in spite of its layered structure. Second, a finite magnetic shielding
effectiveness is demonstrated at room temperature. In order to understand the
contribution of the ferromagnetic substrates to the shielding mechanism, we use
the experimental field dependence of the magnetic permeability as determined
independently from hysteresis loop measurements on the same substrates. A
finite-element homogenized model solved with an H-¢ formulation is shown to
successfully reproduce the shielding factor of the stack at room temperature and
77 K, both under axial and transverse applied fields. These models are also used to
assess the influence of the critical current density and the magnetic permeability
on the shielding efficiency. Finally, the results are used to predict the magnetic
shielding properties of higher stacks, demonstrating their significant potential to
shield axial fields of ~ 0.93 T (with SF > 10) at 77 K.
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1. Introduction

Due to their ability to sustain large current densities
without losses, superconducting materials can be used
as efficient passive magnetic shields at low frequency
[1,2]. In a superconductor, passive magnetic shielding
occurs through persistent current loops that generate
a magnetic field opposing the applied magnetic field.
In addition to their ability to achieve an ultra-low
field environment [3-5], one of the main advantages of
superconducting shields over conventional ones is that
they are not limited by the saturation magnetisation
of ferromagnetic materials (e.g. for mu-metal shields
toMsgar ~ 0.7 T [6]). They can therefore operate at
much higher flux densities [7-12]. This characteristic
is a key element in the context of large scale
superconducting devices generating flux densities of
several teslas, e.g. rotating machines [13-16], magnetic
lenses [17,18] or accelerator magnets, for which passive
superconducting shields can be used to create a low
field region [19-22] or to provide a screen to improve
the magnetic field homogeneity [23].

Superconducting shielding can be successfully
achieved using several materials, either low-temperature
superconductors (LTS) [7, 8] or high-temperature su-
perconductors (HTS). Among the latter, either (i) bulk
materials or (i) coated conductors can be used. The
first category, bulk superconductors, exhibits constant
progress in performance: magnetic shielding up to ~ 2
T at 4.2 K using MgBs [9], up to 1 T at 10 K using bulk
BisSryCaCuyOg [10], up to 1.5 T at 20 K using melt-
textured YBagCu3O7 [11] and recently, above 1.8 T at
20 K using MgB, [12], a material that can be machined
[24] and fabricated in long tubes [25]. The magnetic
shielding can be improved further when combining su-
perconductors and ferromagnets [26-28]. If the mag-
netic shield is to be operated at 77 K, melt-textured
(RE)BayCu307 (RE = rare earth) materials [29] en-
able shielding at the highest magnetic fields. One can
currently achieve magnetic shielding up to 0.3 T — 0.4
T in volumes of ~ 1 ¢cm? [30,31], which is the current
record at 77 K. Higher magnetic fields can be shielded
but in tiny gaps of ~ 1 mm width [32]. The second
category of interest includes shields made of 2nd gen-
eration (2G) coated conductor tapes. Since the shield-
ing process relies on persistent shielding currents [33],
the shield geometry should allow for a closed supercon-
ducting path, either across the width of the coated con-
ductor [34-36], sometimes combined to bulk materials

[37-39] or using ‘eye-shaped’ loops [40-42]. Moreover,
the production of 2G coated conductor tapes has been
significantly enhanced thanks to the so-called Rolling
Assisted Biaxially Textured Substrate (RABITS) as a
template for depositing the HTS layer [43]. This tech-
nique typically uses Ni-W alloys which are weakly fer-
romagnetic [44,45]. Even if ferromagnetic parts are
generally undesired when dealing with coated conduc-
tor tapes - as they significantly increase the hysteresis
and AC losses [46-48], such substrates can improve the
magnetic shielding performance of the tapes [49]. In
the past decade, exciting prospects have been opened
with ‘quasi-bulks’ made of stacks of coated conduc-
tors [50-52]. If the stack is in the form of large annuli, it
can be used as a compact ‘persistent-mode’ magnet for
nuclear magnetic resonance (NMR) [53-55] or to pro-
duce large levitation forces [56]. Our group showed ex-
perimentally [57] that a stack of coated conductor an-
nuli can also act as an efficient magnetic shield. Peng et
al. [58] reported the 2D-axisymmetric modelling of the
magnetic shielding behaviour of stacked coated con-
ductors designed with various diameters, showing the
significant potential of such stacks for shielding mag-
netic fields applied along the axis of the stack. The in-
vestigation of the magnetic shielding properties of such
shields is now possible thanks to the development of 3D
modelling techniques [59-61]. Systems combining su-
perconducting (SC) and ferromagnetic (FM) materials
in various geometries can be modelled efficiently either
using a coupled H — A formulation [62-64], or a homog-
enized model in which the SC and the FM materials
are combined into one single material [65] taking into
account the layered structure [66]. Such advances open
the way to the 3D modelling of the magnetic properties
of shields made of 2G coated conductor tapes deposited
on a ferromagnetic substrate.

The purpose of the present work is to demonstrate
experimentally the magnetic shielding ability of a
stack of coated conductor annuli with large internal
diameter (26 mm). The field is applied either along
the axis of the stack (axial field) or perpendicular
to it (transverse field, i.e. parallel to the plane
of the tapes), as shown schematically in Figure 1.
Since the coated conductors are deposited on a Ni-
5at.%W RABITS, the present work also aims at
determining the possible benefits brought by their
ferromagnetic substrate. Interestingly, the presence
of a high-permeability substrate allows a conventional
shielding mechanism to occur even above the critical
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temperature of the superconductor. As a consequence,
the properties of such a stack will be examined at both
room temperature and at liquid nitrogen temperature
(77 K). The set of experimental data, obtained on
stacks of annuli of three different heights, will be
compared to finite-element numerical modelling carried
out either in 2D (axial configuration) or 3D (transverse
configuration). This will allow us to investigate the
respective influence of the superconducting properties,
the ferromagnetic properties and the geometry of the
shield.

2. Experimental set-up

24 mm

9.9 mm

I Bapp

Figure 1: Pictures of the three shields A, B and C with their
respective height and schematic illustration of the direction
of the axial and transverse magnetic fields. Their complete
geometrical characteristics are provided in Table 1.

The magnetic shield consists of a stack of YBCO
tape annuli cut from a 46 mm wide coated conductor.
The superconducting tape (manufactured by American
Superconductor) is based on a rolling assisted biaxially
textured Ni-bat.%W substrate (RABITS) which is ap-
proximately 75 pum thick. The filling factor f, i.e. the
volume fraction of ferromagnetic material in the stack,
is f =~ 0.92. The HTS layer, made of YBayCusOr_g4
has an approximate thickness of 1 pm and a nominal
critical current between 200-350 A per cm width at self-
field and 77 K (specified by the manufacturer). First,
a central 26 mm hole was laser-cut in each tape [67].
Then, as described in a previous work [56], the surface
of the loose square annuli was cut by spark erosion
machining resulting in circular annuli of 45 mm outer
diameter. Three magnetic shields of different heights
are studied. The pictures of the three stacks of annuli
as well as their dimensions are shown in Figure 1 and
Table 1, respectively.

Sample | Sample | Sample

A B C

Rin 13 13 13
[mm]

Rout 22.5 22.5 22.5
[mm]

h 24 14.9 9.9
[mm]

Number of | 9, 182 121

tapes [-]
f 0.92 0.92 0.92

Table 1: Characteristics and geometrical dimensions of
the three stacks investigated. Rin, Rout and f respectively
stand for the internal radius, the external radius and the
ferromagnetic material filling factor.

e

Figure 2: Experimental system for the measurement of the
magnetic flux density inside the sample. The Hall probe is
fixed so that the field is measured at the central position.

The magnetic shielding efficiencies of the stacks
are investigated under an uniform magnetic field
Bapp = poHapp applied either parallel (axial config-
uration) or perpendicular (transverse configuration) to
their axis at both 77 K and 293 K (room temperature).
The magnetic field is measured inside the shield, at
the central position with a three-axis Arepoc® Axis-
3S Hall probe as shown in Figure 2 for Sample A. Cal-
ibration of the Hall probe at 77 K and room tempera-
ture was performed in a magnetic field generated by a
copper solenoid coil. The resulting uncertainty on the
magnetic field measurement was calculated to be of the
order 2%. The shielding efficiency is characterized in
terms of the dimensionless shielding factor defined as
SF = %F’p, where B;, is the magnetic flux density in-
side the lélample and B,pp, is the uniform applied flux
density.




Magnetic shielding up to 0.67 T at 77 K using a stack of high temperature superconducting tape annuli of 26 mm bored

3. Numerical modelling

Modelling systems combining high-temperature super-
conducting (HTS) and ferromagnetic (FM) materials
is always challenging due to the strong non-linearities
of the constitutive laws [63]. In this work, we use a 2D-
axisymmetric model in the axial configuration and a 3D
model in the transverse configuration. In both cases,
the stack of coated conductors is modelled by replacing
the detailed layered structure by a homogeneous hybrid
(fictitious) material displaying both anisotropic ferro-
magnetic and superconducting properties [65]. This
system is described by Maxwell’s equations in the mag-
netodynamic (quasistatic) approximation [64,68]:

div B =0,
curl H = J, (1)
curl E = -0, B,

together with the constitutive equations B = uH and
E = pJ. The quantities B, H, J, E, u and p are
respectively the magnetic flux density [T], the magnetic
field [A/m], the electric current density [A/m?], the
electric field [V/m], the magnetic permeability [H/m]
and the electrical resistivity [Q2m]. The model is
solved with an H — ¢ formulation [63]. Due to the
layered structure of the stack, the electric and magnetic
constitutive laws of the homogeneous material are
anisotropic. We first introduce the anisotropic relative
permeability tensor [66]:

fha,y (H) 0 0
Il'an(H) = 0 Mz y(H) 0 s (2)
0 0 p=(H)

with :uz,y(H) = f//'r(H) + (1 - f) for the (xay)'

components and p,(H) = ——1—— for the z-
ey +(1=1)
component, where f is the filling factor of the

ferromagnetic material (defined in Section 2) and H
is the average magnetic field. The (x,y, z)-coordinates
system is shown in Figure 1. The field dependence of
the relative permeability u,.(H) of the ferromagnetic
substrate was measured in a previous work on the
same sample [69] at both room temperature and
77 K. For the modelling, we use an interpolation
of the experimental relative permeability at each
temperature: the corresponding data are plotted in
Figure 3.

The homogenized model also involves an anisotropic
resistivity tensor given by

p(J) 0 0
pan(']) - 0 p(J) 0 i (3)
0 0 P

400

300

. 200
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77K
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Figure 3: Magnetic field dependence of the magnetic relative
permeability of the Ni-5at.%W ferromagnetic substrate
measured on the investigated coated conductors. The results
are obtained at both room temperature and 77 K.

where the quantity p.. is chosen as high as possible
while avoiding numerical instabilities (poo = 0.01 Qm
in practice) so the current does not flow in the axial
direction. The resistivity p(J) is defined as a function
of the average current density J through the following
power law [64,70]:

B (17
)= TBy (JC(B)> ’ @

where the critical electric field and the dimensionless
exponent are respectively fixed at E. = 107 V/m
and n = 20. The model is implemented using a
field-dependent critical current density J.(B) following
Kim’s law,

B\
J.(B)=J.o |1+ =2 ,
(B) ,0( + B

(5)

where J.o = 3.44 x 10® A/m? and By = 0.2 T. The
procedure followed to estimate these two parameters
will be detailed in Section 5.1. Let us mention that the
homogenized model assumes that the tapes composing
the sample are much thinner than the typical mesh
size (due to the high number of tapes). The critical
current density described by Equation (5) is thus an
averaged quantity over a high number of tapes in which
the superconducting material is assumed to occupy a
small fraction of the whole volume. Accordingly, the
critical current density used in this model is largely
underestimated compared to the actual critical current
density of the superconducting layers. The numerical
simulations are performed using the "Life-HTS’ toolkit
[71] based on the open-source finite-element solver
GetDP [72].
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4. Results

4.1. Magnetic shielding at room temperature

In this section, the magnetic shielding is investigated at
room temperature for the samples A, B and C in both
axial and transverse configurations. Figure 4 shows the
field dependence of the shielding factor SF measured
at the central position of the stack. The experimental
results are compared to numerical simulations carried
out using the method and the material parameters
described in Section 3.

We start by examining the experimental data for
Sample A, appearing as plain lines in Figure 4(a). The
first characteristic is that the stack exhibits a finite
magnetic shielding (i.e. SF' > 1) for both orientations.
At low fields, the SF is found to be the highest in the
transverse direction but decreases monotonically with
the applied field. Oppositely, when the field is axial,
the SF is rather small and almost field-independent.

In the transverse configuration, the monotonic
decrease of the SF with B,p, suggests that the
shielding factor would be maximum when the applied
field B, goes to 0. However, at room temperature,
Figure 3 shows that p, exhibits a maximal value in
the very low field region (H ~ 68 A/m, corresponding
to B ~ 28 mT in the ferromagnetic material) which
also suggests that the SF curve should reach a
maximum located around an external applied field
Bapp ~ 3 mT. This applied field yields a magnetic
flux density inside the shield (Bj,) below the noise
level and the possible maximum of the SF curve
cannot be verified experimentally. However, we can
reasonably assume that the maximum SF occurs
between the SF' extrapolated at zero applied field
(SFp) and the first measurement data (SFp). In a
first approximation, the mean value between SF, and
SF; should provide us with an adequate estimation
of the maximal shielding factor. Doing so for both
transverse and axial configurations, Figure 4(a) shows
that Sample A is characterized by SF =~ 35.67
in the transverse configuration and SF = 2.35 in
the axial configuration. As can be seen in Figures
4(b) and 4(c), the corresponding values for Samples
B and C respectively are SF =~ 10.2 and SF =~
8.85 in the transverse configuration, and SF =
1.53 and SF =~ 1.25 in the axial configuration.
Since the superconductor does not contribute to
the magnetic shielding at room temperature, the
shielding factor is due to the ferromagnetic substrates
only. The substrates appear to contribute mainly to
shield the magnetic field component parallel to the
tapes. The shielding efficiency depends directly on
the aspect ratio of the sample. The results plotted
in Figure 4 can be compared to estimations from
analytical formulas derived by Mager and applicable

102 : | . .
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Figure 4: Shielding factor as a function of the applied
magnetic flux density for (a) Sample A, (b) Sample B and
(c) Sample C at room temperature. The experimental results
are compared to numerical modelling in axial and transverse
configurations. The field is applied at a rate of 0.75 mT/s.

to purely ferromagnetic cylindrical shields with a field-
independent permeability [73, 74]. If we assume a
homogenized anisotropic permeability of which axial
and tangential components are respectively defined by
[66]

Hzy = fﬂra (6)

- (7)
B = e+ (1= f)
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the shielding factor can be separated in two contribu-
tions: SFyan standing for the field penetration across
the cylinder wall, and SF,pen standing for the field
penetration through the open ends. In the transverse
configuration, the two contributions are given by the
following analytical formulas:

1 Rin 2
SFyanl =14 ~piz, |1 —
all + 4M Y [ (Rout>

; (8)

3 _h
SFopen — 56[3.832(2Rin)]7 (9)
with R;, and Rg,, the internal and external radii
respectively and h the height of the cylinder. In
the axial configuration, the two contributions to the
shielding factor are given by
| oo

1 Rin \’
SFyan =1 +4N, <1+ —p, 1—( m)
! { 4M l Rout
; (11)

-1

sp o [2a05(sk)] [2.6 h

open —
P 2Rout

where IV, is the demagnetizing factor along the axis of
the cylinder. The demagnetizing factors for cylinders
can be found in Chen et al. [75]. We use here the
magnetometric demagnetizing factor, leading to N, =
0.4116 for Sample A, N, = 0.5260 for Sample B and
N, = 0.614 for Sample C. The overall shielding factor,
taking into account the flux penetration through the
walls and through the open ends, is given by
1 1 1

SiF - SFwall + SFopen-

The results obtained by the Mager analytical
formulas for Samples A, B and C are gathered in
Table 2 for a magnetic relative permeability of pu,
= 332 which is the maximal permeability measured
at room temperature. From the results shown in
the table, we can conclude that the shielding factors
obtained from the experimental measurements at low
field are in a fair agreement with analytical formulas
applicable to a purely ferromagnetic cylindrical shield.
Such formulas, therefore, can be used to estimate, in
a first approximation, the shielding factor of the stack
of annuli at room temperature and low applied field.
The comparison between SFy,n and SFypen shows
that, for the dimensions equal to that of Sample A,
the penetration of the magnetic flux in the cylinder
is shared almost equally between the walls and the
open ends, i.e. SFyan ~ SFopen for both orientations.
When the height is decreased, as it is the case for
Sample B and C, the flux penetration is mainly
dictated by the open ends (SFopen < SFyan). In
order to model the decrease of the SF when the
applied magnetic field is ramped from 0 to 60 mT,

(12)

(a)
SFyan | SFopen | SF | Exp. SF
Axial 5.96 4.85 2.67 2.35
Transv. | 51.87 51.56 | 25.86 35.67
(b)
SFuan | SFopen | SF | Exp. SF
Axial 7.34 2.65 1.95 1.53
Transv. | 51.87 13.48 10.69 10.2
(c)
SFwan | SFopen | SF | Exp. SF
Axial 8.4 2.05 1.65 1.25
Transv. | 51.87 6.45 5.74 8.85
Table 2: Shielding factor estimation from the Mager

analytical formulas [73,74] for (a) Sample A, (b) Sample B
and (c) Sample C. The results are obtained for a maximum
relative magnetic permeability of p,, = 332, assumed to be
field-independent.

the field dependence of the magnetic permeability
should be included. The numerical modelling, carried
out following the procedure described in Section 3
including a field-dependent permeability, leads to the
results shown in Figure 4. As can be seen, the
numerical modelling is able to reproduce the field
dependence of the experimental shielding factor with a
nice agreement for both orientations.

4.2. Magnetic shielding at 77 K

We now investigate the shielding at 77 K in order to
assess the effect of the HTS layers on the shielding
efficiency. Figure 5 shows the field dependence of the
shielding factor under either an axial or a transverse
field as well as a comparison with numerical modelling
(using J.o = 3.44 x 10® A/m? and By = 0.2 T
for the J.(B) law as described in Section 3) for the
samples A, B and C. As can be seen in Figure 5(a),
in the axial configuration and in the considered field
range (Bapp < 60 mT), an almost field-independent
shielding factor is obtained for Sample A (SF =
45). The value of SF is much bigger than at room
temperature due to the contribution of the shielding
current loops flowing in the HTS layers. Under a
transverse applied field, i.e. parallel to the HTS layers,
we expect their contribution to be negligible at first
order. The transverse magnetic shielding, therefore,
is mainly due to the ferromagnetic substrates. The
results of Figure 5 show that the ferromagnetic layers
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Figure 5: Shielding factor as a function of the applied

magnetic flux density for (a) Sample A, (b) Sample B and
(c) Sample C at 77 K. The experimental results are compared
to numerical modelling in axial and transverse configurations.
The field is applied at a rate of 0.75 mT/s.

give rise to a significant transverse shielding factor
(SF = 20 for Sample A), despite the layered structure.
The transverse shielding factor, however, is always
lower than the axial one in the considered field range.
The SF first exhibits a plateau (or a very smooth
bump) and then, decreases monotonically. Similar
conclusions can be drawn for Samples B and C (Figures
5(b) and 5(c)) except that the shielding factor values

are lower than for Sample A due to their lower height.
The results obtained by numerical modelling, shown in
Figure 5, are found to be in excellent agreement, both
qualitatively and quantitatively, with the experimental
results for the axial and transverse orientations. Note
that the lowest external applied fields in Figure 5 are
below the first critical field value pgH.; ~ 6.5 mT
determined experimentally for an YBCO crystal at
77 K [76]. The fact that parts of the shield may be
below H.; — in which the constitutive laws (4) and
(5) are not valid since they apply to a superconductor
in the mixed state [77] — cannot be ruled out and
may explain the difference between the modelled and
experimental data at low fields. In the current stacked
tape geometry, however, it is believed that strong
demagnetization effects arising at the edges of the
superconducting films may lead to fields exceeding H.
locally. For a densely piled stack of tapes subjected to
an applied field H,,, perpendicular to the surface of
the tapes, analytical calculations show that the local
field H at the edge of the stack can be approximated as
H =~ 3/2H,,p [78]. Moreover, due to possible surface
roughness and irregularities, the field along the edges
of the tapes may be concentrated locally so that the
flux can penetrate at applied fields lower than H, ; [79].
Further local field concentration effects are expected to
arise because of the presence of the high permeability,
ferromagnetic substrate, leading to flux density inside
the superconducting material to be larger than pioH., ;.

In addition to the data above, all measured at the
centre of the shield, it is interesting to look at the evo-
lution of the shielding efficiency along the axis of the
shield. Figure 6 shows the measured and modelled ax-
ial shielding factor along the z-axis inside the samples
A and Bat T = 77 K, for a 60 mT axial applied field.
As expected, the highest shielding factors are obtained
in the region around the central position (z = 0 mm).
The experimental results obtained for Sample A hap-
pen to be slightly dissymmetric around the central po-
sition. This dissymmetry can be explained either by
the uncertainty on the vertical position of the probe
during the measurement process or by a non-uniform
distribution of the critical currents of the coated con-
ductors composing the sample, and will not be dis-
cussed further. By construction, the numerical model
is perfectly symmetric with respect to the z = 0 plane.
This perfect symmetry may be in contrast with the
properties of the actual samples consisting of a lay-
ered and thus potentially dissymmetric structure. The
results plotted in Figure 6 show that the numerical
modelling is able to reproduce the distribution of the
shielding factor inside the stack. Interestingly, it is
found that in the vicinity of the open ends (z = £h/2),
a shielding factor SF ~ 6 is observed for both geome-
tries. Going from the open end towards the centre of
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Figure 6: Shielding factor as a function of the position on
the z-axis inside the sample for an axial applied field of 60
mT. Comparison between modelling and experimental results
for Sample A and Sample B at 77 K. The central position
corresponds to z = 0 mm. The vertical green lines show the
position of the open ends for the two samples, £ha/2 for
Sample A and thp/2 for Sample B.
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Figure 7: Shielding factor as a function of the axial applied
magnetic flux density for Sample B. Comparison between
experimental and modelling results. 7" = 77 K. The field is
applied at a rate of 5 mT/s. The measurements are obtained
at the center of the shield.

the sample, the shielding factor is found to increase al-
most exponentially with the distance 2z’ from the open
end, as evidenced from the quasi-linear behaviour ob-
served in the semi-log scale of Figure 6. Such an ex-
ponential increase is also expected for type-I supercon-
ductors [80].

In order to investigate the behaviour of the shield
at larger fields, the shielding factor was also measured
under an axial applied field up to 670 mT on Sample B
(Sample A was no longer available by the time of these
measurements). The field dependence of the shielding
factor, measured at the center of the shield, is shown
in Figure 7 and is found to decrease monotonically
with the applied field. From these measurements, it
is possible to obtain a rough estimation of the critical
current density as will be shown in the next section.

5. Discussion

In this section, we examine in more details how the
results obtained in Section 4 can be used to determine
the critical current density of the stack (5.1), to predict
the behaviour of higher stacks (5.2) and to understand
how the shielding factor is influenced either by the
Je(B) of the superconductor or the u,(B) of the
ferromagnet (5.3).

5.1. Determination of the J. of the stack

In order to determine the critical current density
of the superconductor from the magnetic shielding
measurements, we use the data plotted in Figure 7,
obtained for an axial applied field (B,pp || 2). Due
to the layered structure, there is no superconducting
current flowing along the axial direction. By symmetry,
we can also assume that there is no shielding
current flowing in the radial direction. Moreover,
under an axial field at 77 K, it is expected that
the magnetic shielding contribution of the magnetic
substrates is very low compared to the contribution
of the superconducting layers. Therefore, in a first
approximation, one can assume that the magnetic
shielding at 77 K is caused by azimuthal currents
flowing in the individual superconducting layers only.
From a macroscopic point of view, this is equivalent to
having a plain superconductor (with no ferromagnetic
substrate and no gap between the superconducting
layers) in which a bulk, macroscopic, azimuthal
“engineering” critical current density J. can flow.
Figure 7 shows that the axial shielding factor first
decreases smoothly with the applied field before going
through a more abrupt decrease after 500 mT. We
show below that this steeper decrease is related to
the applied field under which the sample is fully
penetrated. More precisely, the abrupt decrease gives
rise to a slope break in the SF(B) measurement,
spotted by the flux density value B* in Figure 7.
For Sample B, this value is approximately equal to
B* ~ 568 mT.

It is of interest to investigate whether this B*
value is proportional to the full penetration field of
the sample Bpey, i.e. whether one has B* = K Bpen,
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Figure 8: Field dependence of the SF obtained by a 2D-
axisymmetric modelling of a bulk superconducting cylinder
with the same geometrical dimensions than Sample B. The
results are obtained for three different values of constant J..
T="77K.

T T ! I T
900
600
B
A
«~ 300
Q
0 e g e b o]
—Sample B
; ; ; —Sample C
-300 ! ; ; ! !
0 5 10 R, 15 20 R,: 25 30
r [mm]

Figure 9: Numerical modelling of the z-component of the
magnetic flux density as a function of the radial distance r
from the center of the cylinder. The flux density over 7 is
obtained for both Sample B and Sample C when the applied
field is equal to B* (568 mT for Sample B and 479 mT for
Sample C).

where K is a constant. In the assumption of a field-
independent current density, Bpen is given by the
following formula [81]:

h 4R 4R\’
Bpen = poJed (4.R> In 7 +4/1+ (h) ’ (13)

where R, h and d are respectively the mean radius, the
height, and the wall thickness of the cylinder.

In order to determine K, a simple 2D-
axisymmetric model of a bulk purely superconducting
cylinder with the geometrical dimensions of Sample B

B* Kavg Je
Sample B | 568 mT 0.839 1.19 x 10% A/m?
Sample C | 479 mT 0.842 1.28 x 108 A/m?

Table 3: Comparison of the experimental slope break B*, the
averaged K factor and the engineering critical current density
Je, assumed to be field-independent for two different aspect
ratios.

was used. The model was solved with an H — ¢ for-
mulation. Figure 8 shows the field dependence of the
shielding factor for three constant engineering critical
current densities - within the plausible range that can
be expected - for which the slope break can be graph-
ically determined. Let us note that in this particular
case, the engineering critical current density J, is equal
to the critical current density J. as we model a bulk
HTS cylinder. We obtain B ~ 238 mT , B; ~ 334 mT
and B3 ~ 475 mT respectively yielding to K; ~ 0.839,
K; =~ 0.841 and K3 ~ 0.837. From this analysis,
we can conclude that the factor K is independent of
the critical current density in the range of J. consid-
ered. If we take the average of these values, we obtain
Kavg =~ 0.839. Hence, using the formula (13), the aver-
age, engineering critical current density can be approx-
imated from the measurement of B* and the knowledge
of the factor K as well as the sample geometry. The
same procedure was applied on the sample C and the
results for the two samples are compared in Table 3.
Accordingly, even if this procedure is rather arbitrary,
it leads to a rough estimation of the engineering critical
current density which happens to be weakly dependent
on the sample geometry.

The modelling results obtained with a field-
dependent critical current density described by Equa-
tion (5) of the axial shielding up to 670 mT are shown
to be in a rather good agreement with the experimental
results as we can see in Figure 7. In order to justify the
numerical values used for the two parameters .J; o and
By appearing in Equation (5), we can show that they
lead to consistent values compared to those depicted
in Table 3. The parameter J.o is estimated by using
the data provided by the manufacturer. As mentioned
in Section 2, the critical current at self field is 200-350
A by ecm width. Taking the average value of 275 A/cm
and assuming that the current flows in the entire cross
section, the engineering critical current density can be
easily calculated. Taking a tape thickness of 80 pum,
we obtain J. o = 3.44 x 10% A/m?. This value is then
used for the first parameter of Kim’s law, J.o. From
this, the parameter By can be estimated by finding the
value leading to the best fit between the experimental
and numerical data. This yields By = 0.2 T. This set
of parameters (J. 0, Bg) leads to the modelling results
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shown in Figure 7. In order to check if the parameters
of the J.(B) law make sense, the value of J, should be
consistent with the engineering critical current density
values in Table 3 obtained at an applied flux density
of Bapp = B*. Figure 9 shows the 2D modelling of the
magnetic flux density component perpendicular to the
tapes along the radial direction (as illustrated in the
inset) when the external applied field is equal to B*.
The figure shows the flux density inside the sample B
and the sample C. Therefore, the two sets of data are
obtained for two different values of applied flux densi-
ties (B* = 568 mT for Sample B and B* = 479 mT for
Sample C). As can be seen in Figure 9, the flux density
strongly varies between the internal and the external
walls of the cylinder and so does the critical current
density. If we consider, in a first approximation, that
the field is perpendicular to the tapes, the flux density
B in the superconducting layer is equal to that in the
ferromagnetic layer and Kim’s law (5) becomes:

IBz>1

5 (14)
Knowing the values of B, from Figure 9, we can
compute the value of J.(B,) along r for Sample B
and Sample C. The average values of the critical
current density computed between R;, and R,u; are
J. ~ 1.17 x 108 A/m? for Sample B and J. =~
1.4 x 108 A/m? for Sample C. These values are
found to be fully consistent with the experimental
engineering critical current densities depicted in Table
3 and give confidence in the determination of the
parameters of the J.(B) law from the magnetic
shielding measurements.

Je(B) = J.(B;) = Jeo <1 +

5.2. Prediction of the shielding behaviour of higher
stacks

In the following, we investigate the effect of the height
of the sample on the magnetic shielding performances.
As the results plotted in Figure 7 show a good
agreement between the 2D-axisymmetric homogenized
model using a field-dependent critical current density
and the experimental measurements under an axial
field value up to 670 mT, this model can then be
used to assess the field dependence of the shielding
performance for samples with higher dimensions.
Figure 10 shows the modelled shielding factor as a
function of the applied axial field for three samples
of different heights. From this figure, the slope break
characteristic of the sample full penetration appears
not to depend strongly on the height of the sample.
Indeed, for a sample of height h = 24 mm, the slope
break is observed at an applied axial flux density of
approximately 700 mT. For samples of height 2h and
3h, the slope breaks occur at approximately 748 mT
and 812 mT respectively. Figure 10, however, clearly
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Figure 10: Shielding factor as a function of flux density
applied in the axial direction for three different sample's height.
Here h = 24 mm. The internal and external radii are the same
than for Samples A, B and C. The results are obtained at 77
K. The field is applied at a rate of 5 mT/s.

shows that the height has a significant impact on the
value of the shielding factor itself. At lower fields
(Bapp < 200 mT), a sample with a height equal
to h = 24 mm can reach a SF ~ 45 (see Figure
5(a)), whereas a sample three times higher can reach
a shielding factor SF > 30000. Above B,,, ~ 1
T the shielding factor drops to values smaller than
SF = 3 whatever the height of the stack. The practical
consequence of a significant dependence of the shielding
factor as a function of the aspect ratio - as is the case
for bulk superconductors - is that the field at which
the SF reaches a given user-defined threshold, e.g.
SF = 10, increases noticeably with increasing height.
In the present case, these values are 0.7 T, 0.876 T and
0.931 T for stacks of height h, 2h and 3h respectively.
This shows the potential of such stacks of tapes to
shield fields up to ~ 0.9 T at 77 K.

5.3. Effect of J. and p, on the shielding efficiency

When the magnetic shield is operated at 77 K,
the shielding results from a combined action of
the superconducting layers and the ferromagnetic
substrates, both of which being characterized by field-
dependent parameters. In this section, we investigate
in more details the effect of the superconducting layers
and the ferromagnetic substrates on the magnetic
shielding under either an axial or a transverse applied
field.

First, the effect of the critical current density
on the shielding efficiency is studied. Figure 11
compares the shielding factor modelled with a field-
dependent critical current density J.(B) given by
Equation (5), with the SF modelled with a constant
Je (5% 107, 1.2 x 10® and 2 x 108 A/m?) arbitrarily
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Figure 11: Comparison between experimental and numerical modelling results of the shielding factor with different values

of J. using a field-dependent permeability u-(B).

The considered stack is Sample B. The shielding factor is plotted in (a)

transverse configurations under a field range < 60 mT, (b) axial configurations under a field range < 60 mT and (c) in axial
configuration under a field range up to 670 mT. The vertical arrow in graph (a) is used to indicate the crossover between the

curves modelled with or without superconductor (J. = 0). The

graph (d) shows the modelled shielding factor as a function of

J. at two applied fields (10 mT and 30 mT). The temperature is 77 K.

chosen around the experimental estimation obtained
in Section 5.2 (J. ~ 1.2 x 10® A/m?), or with no
superconductor (J. = 0 A/m?). The modelling results
are also compared with the experimental data. Here,
we consider only Sample B and all the results are
obtained using a field-dependent permeability pu,(B).
Figure 11(a) shows the shielding factor measured for
a transverse field. As can be seen, within the range
of investigated values, the modelled field dependence
of the shielding factor is found to follow a qualitative
behaviour that is independent on the value of J.:
a smooth bump followed by a monotonic decrease.
Interestingly, the low-field (B,p, < 15 mT) SF that
would be measured without superconductor is slightly
higher than when the superconductor is present, while
the opposite behaviour is observed above 15 mT. These
results underline that the superconducting layers have
a minor effect on the shielding process in the transverse
configuration, but that this effect is not zero. More
precisely, at low field, the bending of the magnetic
flux lines caused by the ferromagnetic substrates leads
to a non-zero axial component B, which, in turn,

generates shielding currents in the superconducting
layers. In particular, for Bapp, < 15 mT, the shielding
process is mainly due to the ferromagnetic material in
which the flux lines are channelled following the path
of least magnetic reluctance. With the presence of
superconducting material (J. # 0 A/m?), the shielding
currents induced in the superconductor because of the
non-zero B,, oppose to the applied field. Hence,
they increase the global magnetic reluctance and
prevent the magnetic flux lines from being properly
channelled by the ferromagnetic material. At the
center of the cylinder, this phenomenon results in a
transverse shielding factor smaller than that predicted
in the absence of superconductor (J. = 0 A/m?)
obtained at the center of the cylinder. When no
superconducting material is present, however, the
ferromagnetic material saturates more rapidly (i.e. the
permeability decreases with increasing magnetic flux
density channelled within the sample). At an applied
field B,pp, > 15 mT, the shielding efficiency is thus
slightly improved by the presence of shielding currents
(J. # 0). In spite of this effect, the results plotted in
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Figure 12: Comparison between experimental and numerical

modelling results of the shielding factor with different values

of - using the field dependence of the critical current density J.(B) given by (5). The stack considered is Sample B. The
shielding factor is plotted in (a) transverse configurations under a field range < 60 mT, (b) axial configurations under a field
range < 60 mT and (c) in axial configuration under a field range up to 670 mT. The graph (d) shows the modelled shielding
factor as a function of p, at two applied fields (10 mT and 30 mT). For the transverse configuration (data shown in red), the
results obtained at 10 mT and 30 mT are exactly superimposed.

The temperature is 77 K.

Figure 11(a) give evidence that the shielding process
is mainly due to the ferromagnetic substrate and
emphasize the benefits of Ni-W alloys for a magnetic
shielding application. We now turn to the behaviour
of the shield subjected to an axial field. In the
range Bap, < 60 mT (Figure 11(b)), considering a
constant J, in the axisymmetric model does not change
significantly the shape of the field dependence of the
shielding factor. In this magnetic field range, the
experimental data are within the modelled curves for a
constant J. = 10% A/m? and J. = 2 x 103 A/m?. This
is no longer true for higher fields (Figure 11(c)) for
which the impact of the value of the constant critical
current density becomes more and more important as
the axial field increases. A critical current J, = 2 x 108
A/m? clearly overestimates the shielding factor at the
highest fields. These results point out the interest
of using a simple field-dependent J.(B) in the model
as described in Section 3. It is worth mentioning
that when we consider a zero .J., the axial shielding

factor keeps a value > 1 (~ 1.6 at low field, then
monotonically decreasing) due to the weak effect of the
magnetic substrates on the magnetic shielding. The
maximum SF value at low field is comparable to that
measured at room temperature (~ 1.5) since the flux
penetration mainly occurs through the open ends in
this regime. Consistently with the previous results,
Figure 11(d) shows how the modelled shielding factor
at two different applied fields (10 mT and 30 mT)
changes as the critical current density increases from
0 to 2 x 10 A/m?2. This figure shows the increase of
the shielding factor with the critical current density at
a fixed applied axial field. This is due to the increase
of the shielding current density in the superconducting
layers. In the axial regime, we also observe that the SF
first increases sharply with the J. and then saturates.
The saturation is slower and occurs at a higher SF
at Bapp = 30 mT than at B,pp, = 10 mT. Under a
transverse applied field, Figure 11(d) shows the small
variation of the SF with the critical current density
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in the very low J, regime (as already discussed above
in this paragraph). For higher J., the curves exhibit
no variation of the shielding factor with the critical
current density at all.

Finally, we investigate the effect of the magnetic
permeability of the substrate, and compare a constant
- to a field-dependent permeability w,.(B) considering
the field dependence of the critical current density
Jo(B) given by (5). Modelling results of the shielding
factor of Sample B considering a field-dependent
permeability or a constant permeability under an
axial field are compared in Figure 12(a) in the field
range B,,, < 60 mT. The constant permeability
values in our analysis are chosen arbitrarily around
the maximum p, observed in Figure 3 at 77 K (=
365). When the magnetic permeability is fixed to
a constant value, the transverse shielding factor is
shown to be field-independent in this field range. This
remains consistent with the fact that the transverse
shielding is mainly due to the ferromagnetic substrates.
We also observe that the constant shielding factor
increases with the constant magnetic permeability, as
also shown in Figure 12(d) which displays the SF vs.
i dependence for two given applied fields Bapp, = 10
mT and B.,, = 30 mT. Such a behaviour is in
agreement with the theoretical behaviour that can be
expected from Equations (8) and (9) that are valid for a
purely ferromagnetic shield. When a field-dependent
permeability u,(B) is considered, the SF is found to
decrease with the applied field monotonically up to 60
mT. This result may look paradoxical since p,.(B) at
77 K increases in this field range [69], corresponding
also to the increasing part of the permeability vs.
magnetic field in the ferromagnetic substrates p,(H)
curve shown in Figure 3. The explanation comes from
the fact that the (non-uniform) magnetic flux density
inside the FM when the stack is used to shield an
applied transverse field H,,, might be higher than
the uniform flux density B.pp = poHapp. When
Bapp > 15 mT the flux density in the material globally
exceeds 100 mT. As a result, when the applied field
is in the range 15 mT < B,p, < 60 mT, most of
the material is located on the descending part of the
tr(B) dependence reported in [69]. This justifies the
decreasing SF shown is Figure 12(a). When the model
does not take the ferromagnetic material into account
(ur = 1), we do not observe any shielding effect at all
in the transverse case, as expected intuitively. Under
an axial applied field (Figure 12(b)), the results show
that modelling the shielding factor by taking a field-
dependent permeability as described in Section 3 for
the ferromagnetic substrates is fully justified to fit
properly the experimental results. When the field is
applied in the axial direction, the shielding efficiency
increases as the magnetic permeability decreases and

we obtain a maximal magnetic shielding in the case
where p, = 1. This is also observed under an
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Figure 13: Shielding current density distribution on the
section following the (z,z) plane for different values of
anisotropic relative permeabilities under an applied axial field
of 200 mT. The results are obtained with a model using the
Jo(B) dependence (5). The geometry used is that of Sample
B.

applied field up to 670 mT (Figure 12(c)). This
behaviour can be explained by two elements. First,
under the presence of a ferromagnetic material, the
flux lines are attracted; the amplitude of the axial
component of the flux density inside the sample, and
thus inside the HTS layers, is increased. If the
material is modelled using a field-dependent J., this
increase of the flux density will result in a reduced
critical current density and then a reduced shielding
efficiency. Figure 13 shows the distribution of the
shielding current density over the section of the sample
under an applied external field B,p, = 200 mT
for different values of magnetic permeabilities. The
results shown in this figure are obtained using a 2D-
axisymmetric model with a field-dependent critical
current density following Equation (5). The effect
of the variation of the critical current density clearly
appears in this figure which shows that the shielding
currents are reduced when using a permeability p, > 1
compared to those obtained in the case where no
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Figure 14: Distribution of the magnetic flux density || B)||
and magpnetic flux lines in the (z, z) plane for an axial applied
field of 200 mT. The flux density distribution is shown for a
shield consisting of (a) only superconducting material (HTS),
(b) only ferromagnetic material (FM) and (c) a combination
of ferromagnetic (92%) and superconducting (8%) material
(FM+HTS). The dash-dotted green line in (a) and (c) spots
the zero-B, region. The geometry used is that of Sample B.

ferromagnetic material is considered (u, = 1). Figure
13 also shows that the shielding currents are weakly
affected by the permeability in the range p, = 200
to 600. This is consistent with the results plotted
in Figure 12(c) showing that the SF exhibits quite
similar values when g, > 200. The second element
giving rise to an improved axial SF' as the permeability
decreases is the flux density profile around the sample.
Figure 14 shows the distribution of the magnetic flux
density as well as the magnetic flux lines when only
superconducting material is considered (Figure 14(a)),
only ferromagnetic material is considered (Figure
14(b)) and when both materials are considered (Figure
14(c)). When the only contribution comes from the
superconducting material (u, = 1), the flux density
concentrates mainly close to the external lateral wall.
As the value of p, increases and because of the
anisotropy of the permeability, concentrations of the
flux density also occur in the vicinity of the upper and
lower surfaces which in turn, increases the penetration
of the flux through the openings and thus decreases the
shielding factor. As can be seen in Figure 14(a) and
(c), the flux density profile inside the shield reveals a
region in which the axial component of the flux density
B, cancels out. This region is spotted by the dash-
dotted line at a radius Ry and is characterised by
a SF > 1000. According to the modelling results,
far enough from the openings, this region forms a
ring of radius Ry = 0.663R;, in the case HTS and
Ry = 0.685R;, in the case FM+HTS. These values
are quite close to the theoretical radius Ry = 0.628 R;,,
expected for a type-I superconducting tube [1,82].

6. Conclusion

In this work, we first investigated experimentally
the ability of a stack of coated conductor annuli
of large bore (26 mm inner diameter) to shield a
magnetic field applied either along the axis of the
stack (axial configuration) or, perpendicular to it
(transverse configuration). The study was carried
out on three samples with different heights at both
room temperature and 77 K. The superconducting
tapes combine a Ni-5at.%W ferromagnetic substrate
and a (RE)BCO superconducting layer. At room
temperature, the results are shown to be in a
reasonable agreement with the analytical formulas
applicable to purely ferromagnetic cylindrical shields.
In particular, the ferromagnetic material allows for
a shielding factor > 1 for both directions of
the applied field. At 77 K, the superconducting
layers mostly contribute to the shielding of the
axial component of the applied magnetic field
whereas the ferromagnetic substrates of the tapes
mainly shield the transverse component. Numerical
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homogenized models were implemented considering
a field-dependent permeability u,.(B) obtained by
independent measurements on the same ferromagnetic
substrates at both temperatures. The results
are in very good agreement with the experimental
measurements. Magnetic shielding measurements in
axial field showed the ability of such stacks to shield
magnetic flux densities up to 0.67 T where the shielding
factor, decreasing with the applied field, is always
> 3. Secondly, we show how these experimental results
could be used to estimate the engineering critical
current density J. of the tapes, and the results were
almost independent of the aspect ratio of the stack.
Then, a numerical modelling of the shielding efficiency
of stacks with different aspect ratios showed that at low
fields, the SF' is strongly influenced by the height of the
stack i.e. SF increases from ~ 45 to > 30000 when the
height is tripled. The practical consequence is that a
stack of 72 mm height would be able to maintain a
shielding factor exceeding 10 up to 0.931 T at 77 K.
Finally, the effect of the critical current density and the
magnetic permeability was investigated numerically.
The J. appears to have a finite but very weak effect
on the transverse magnetic shielding. On the contrary,
it strongly affects the axial shielding factor especially
at Bapp > 100 mT. Using a field-dependent J.(B)
allows for a better agreement with the experimental
results than using a constant critical current density.
An increasing magnetic permeability was shown to
be detrimental to the axial magnetic shielding and
to improve the transverse shielding. The comparison
between the experimental and the numerical results
underlines the necessity to take into account the field
dependence p..(B).
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