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Abstract

The DC magnetic shielding properties of a commercial Pb-doped Bi,Sr,Ca,;Cu3O o4, (Bi-2223)
cup were investigated under axial, transverse, and crossed magnetic field configurations. Particular
attention was devoted to the role of the magnetization history, which was shown to significantly
influence the ability to shield a magnetic field applied orthogonal to the direction of the first mag-
netization process. A progressive reduction of the shielding capability was observed with increasing
field applied in the pre-magnetization process, revealing distinct regimes associated with the evo-
lution of the internal current distribution. The superimposition of a ferromagnetic (FM) cup was
found not only to strongly increase the maximum shielded field—from 8.2 to 144 mT in the trans-
verse orientation and from 11.5 to 68 mT in the axial orientation—but also to markedly reduce
these history dependent effects, leading to a more stable shielding performance over a wide range
of pre-magnetization field values. To understand these results, a three-dimensional numerical
approach based on the vector potential (A) formulation was developed and validated by compar-
ing the computational output with the experimental data. The simulations provide insight into the
underlying mechanisms, highlighting the competition between magnetization-induced and shield-
ing currents and their impact on the final current density distribution. These findings clarify the
role of magnetization history in Bi-2223 magnetic shielding and demonstrate the effectiveness of
hybrid superconducting/FM configurations for improving performance under realistic operating
conditions.

1. Introduction

Magnetic shielding is of primary importance in several technological applications requiring a controlled
magnetic environment. These include superconducting (SC) devices, particle accelerators, high-sensitivity
measurement systems such as SQUID-based detectors, as well as applications in quantum computing,
biomedical engineering, and space missions [1-10]. In this context, superconductors provide an efficient
solution as passive shields, exploiting their intrinsic ability to generate persistent currents that produce
magnetic fields opposing to the applied field. Consequently, regions with a significant reduction in the
magnetic flux density can be established [11]. The maximum field that can be shielded depends strongly
on the operating temperature, the SC material and its geometry. For example, for bulk hollow cylinders
with bore sizes larger than 1 c¢m, shielded fields up to 2 T at 4.2 K for MgB,, 1.4 T at 4.2 K for Bi-2212,
and 1.8 T at 77 K for YBCO have been reported [12—14]. However, these high shielded fields are gen-
erally obtained at temperatures well below 77 K and over relatively small shielded volumes. Moreover,

at high operating fields, SC shields can be affected by thermomagnetic instabilities. Flux jumps, which
can abruptly degrade their shielding performance, have, for example, been reported in MgB, shields

[15, 16] and Nb3Sn shields [17-19]. High-temperature superconducting (HTS) materials are particu-
larly attractive because of their ability to provide strong attenuation of magnetic fields, especially in the

© 2026 The Author(s). Published by IOP Publishing Ltd
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low-frequency and quasi-static regimes, where conventional ferromagnetic (FM) shields may become less
effective under high-field conditions. Moreover, cuprate HTS materials can operate at liquid nitrogen
temperature, thus enabling the use of simpler and more cost-effective cryogenic systems [20-23].

Among HTS materials, Bi-based compounds, and in particular Bi,Sr,Ca,;Cu3;O 1o, (Bi-2223), rep-
resent a promising solution for shielding applications. Although at 77 K Bi-2223 shields generally exhibit
shielded fields of less than a few tens of millitesla [24—27], their polycrystalline nature enables the indus-
trial production of large, continuous components with tubular or more complex geometries [28, 29].
These characteristics, together with their stable shielding response at liquid nitrogen temperature, make
Bi-2223 suitable for magnetic shielding applications with practical relevance. Moreover, several strate-
gies can be adopted to improve the shielding performance of Bi-2223 shields. For instance, the choice of
closed-end geometries, such as single-capped cylindrical tubes, can enhance the shielding efficiency to
a variable extent depending on the field orientation [30]. Additionally, hybrid SC/EM layouts exploiting
the complementary effects of magnetic flux shielding by the superconductor and flux deflection through
the ferromagnet can be employed [31-34]. On the other hand, the shielding performance of HTS mate-
rials is strongly affected by their magnetic history. When an external magnetic field exceeding the lower
critical field is applied, vortices start to penetrate the superconductor and can become pinned within the
material, leading to trapped magnetic flux and persistent current distributions [35]. Consequently, the
resulting magnetic state depends not only on the instantaneous applied magnetic field, but also on the
previous magnetization history [36, 37]. This aspect becomes particularly relevant under realistic oper-
ating conditions, where magnetic fields may be applied sequentially along different orientations. In such
cases, the shielding properties in one direction can be altered by the presence of magnetizing currents
induced in the material by previously applied magnetic fields. Although cross-field (CF) and magneti-
zation history effects in HTS materials have been extensively discussed in the literature [38—40], their
specific impact on bulk HTS magnetic shields has received comparatively limited experimental attention.
Weéra et al [41] investigated the effect of an initial trapped field on the shielding performance of an open
Bi-2223 tube. For all the investigated magnetizing configurations, they identified three different regimes
as the magnetizing field was increased: an initial plateau in which the shielding performance remained
unaffected, a progressive decrease of the shielding performance, and a second plateau associated with the
fully magnetized state. Their results therefore demonstrated that the shielding performance against a field
applied along one direction can be significantly degraded by a previous magnetization along an orthogo-
nal direction.

Building on the findings of Wéra et al [41], in this work the shielding performance of a commer-
cial Pb-doped Bi-2223 tube with a closed end (hereinafter referred to as the SC cup) was investigated
both when used alone as a SC shield and when coaxially inserted into an outer single-capped Fe tube
(i.e. a FM cup) to form a hybrid SC+FM shield. The main objective was therefore twofold: to inves-
tigate the effect of the magnetic history on the shielding properties of a closed-end geometry and to
determine whether and how the superimposition of an outer FM cup modifies this effect. The influence
of magnetic history was investigated by applying a magnetizing field perpendicular to the subsequently
applied shielding field, hereinafter referred to as the CF configuration. Two CF configurations were con-
sidered: (i) axial pre-magnetization followed by transverse shielding measurements, and (ii) transverse
pre-magnetization followed by axial shielding measurements. In addition, measurements in purely axial
(AF) and purely transverse (TF) field configurations were also performed for comparison. Normalized
parameters, analogous to those adopted in [41], were used as a convenient means of comparing the pre-
magnetization level and the resulting degradation in shielding performance under different field orienta-
tions and shield configurations.

In this context, numerical modelling plays a key role in understanding the physical mechanisms gov-
erning flux penetration, current redistribution, and magnetization processes, as well as in optimizing
the shielding performance of SC devices [42, 43]. Among the available approaches, the finite element
method (FEM) is widely used to model SC and FM materials by solving Maxwell’s equations at the
macroscopic level, typically assuming homogeneous material properties [44—46]. In this framework, the
SC behaviour is typically described through its E-J (electric field-current density) characteristic [11, 47],
while the FM response is introduced via its nonlinear B-H (magnetic flux density—magnetic field) char-
acteristic or its magnetic permeability p, [46, 48]. To obtain a more complete understanding, the exper-
imental study was therefore supported by a computational investigation. We used a FEM-based software
employing a magnetic vector potential (A) formulation [49, 50] to model both the Bi-2223 and the FM
shield. This numerical approach was validated through a comparison of the numerical results with the
experimental data. The model was then exploited to gain insight into the magnetic state of the SC shield,
with particular focus on the distribution of the magnetization-process-induced current density and
trapped magnetic flux, and their impact on the shielding response, under different pre-magnetization
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conditions. This computational analysis was also used to clarify how the outer FM cup modifies the SC
current redistribution and mitigates the magnetic history effects observed in the SC cup alone.

This paper is structured as follows: the experimental procedures are described in section 2, while the
results are presented in section 3. In particular, the shielding characterization of the zero-field cooled
(ZEC) shields in the AF and TF orientations is illustrated in section 3.1, while the effect of a previous
magnetization in the CF condition is discussed in section 3.2. In section 4, the modelling approach, its
validation, and the computational results are presented. Finally, the main conclusions are summarized in
section 5.

2. Experimental procedures

The Bi-2223 cup is a polycrystalline single-capped tube with a hemispherical bottom (fabricated by
CAN Superconductors, model CSV-12), with the following dimensions: inner radius R; sc = 6.01 mm,
inner height h; sc = 43.40 mm, lateral thickness # = 1.58 mm, and bottom thickness #, = 1.68 mm
(figure 1(a)). According to the manufacturer, Bi-2223 magnetic shields of the CSV series have a nomi-
nal critical temperature of 110 K and a nominal shielded magnetic flux density exceeding 5 mT at 77 K
[51].

The FM cup is made of ARMCO iron, and its dimensions are: inner radius R; pv = 8.76 mm, inner
height h; gy = 48.58 mm, and thickness tpy = 1.75 mm (figure 1(b)). It was coaxially superimposed to
the SC cup in such a way that the lateral wall of the FM cup protruded beyond the aperture of the SC
cup by Ah=3.50 mm. The radial gap between the two cups, AR, was 1.17 mm, while the axial gap
between their bottom surfaces, At,, was zero at the shield’s symmetry axis and increased with radial
distance because of the hemispherical shape of the SC cup bottom (figure 1(c)). The FM cup relative
permeability at low fields exceeds i, = 7500, while its saturation magnetic flux density is approximately
2.3 T and it was preliminarily degaussed by means of a thermal treatment in vacuum at 760 °C for 1 h.
A degaussing procedure was also performed after each characterization process by applying magnetic
fields of alternating polarity and progressively decreasing amplitude. Starting from the magnitude of the
maximum field applied in the shielding characterization, the ioH,p, amplitude was reduced by 3 mT
at each step down to 1 mT and then by 0.1 mT down to zero. At each step, positive and negative fields
were applied successively and held for 5 s each.

2.1. Measurement details

The shielding properties of the SC and hybrid (SC+FM) shields were preliminarily investigated under
ZFC conditions. The shields were cooled down from ambient temperature (T,mp) to 77 K by placing
them in a liquid nitrogen bath. The cryostat was then positioned in a homogeneous external magnetic
field, which was applied either parallel (AF) or perpendicular (TF) to the sample axis.

For the characterization in CF orientation, the ZFC samples were first magnetized by applying a field
HoH,pp,magn along the axial (or transverse) direction, after which the field was reduced to zero. Then,
keeping the samples at 77 K, their shielding properties were investigated by applying a magnetic field
perpendicular to the previous one. In other words, the magnetization cycle was performed after ZFC
condition, whereas shielding characterization was carried out in CF condition. For the sake of clarity,
the procedure is schematically illustrated in figure 2. Moreover, for simplicity, the notation AF and TF is
retained throughout the paper to denote the orientation of the applied magnetic field, including in CF
experiments.

The magnetic field was supplied by a Kepco BOP 50-20MG power supply connected to a solenoidal
electromagnet for the AF orientation and to a Helmholtz coil for the TF orientation. A constant ramp
rate of dB/dt =1 mTs ! was used in both field orientations. The magnetic flux density was measured
using a cryogenic Arepoc” Axis-3S Hall probe, which was oriented to detect the component of the mag-
netic flux density parallel to the applied field, namely B, in AF orientation and B, in TF orientation. In
both orientations and for both the SC and the hybrid shields, the magnetic flux density was measured
along the shield’s axis placing the Hall probe at ~ 10 mm above the bottom of the SC cup (position
hpo). For the SC cup alone, in AF orientation and ZFC condition, B, was also measured along the cup
axis at position hp;, i.e. in correspondence to the open edge of the shield, 43.40 mm above its bottom.
The measurement in the latter position was used to estimate the critical current density, as described in
section 4. The Hall probe voltage was acquired using a LabVIEW program.
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Figure 1. Schematic views of the shielding arrangements: (a) the SC Bi-2223 cup; (b) the FM iron cup; and (c) the coaxial assem-
bly of the SC and FM cups forming the SC+FM shield. The dimensions, radial gap AR, axial offset Ah and axial gap A, are
reported in the main text.
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Figure 2. Schematic representation of the cross-field procedures followed in the experiments and numerical calculations: (a)
temperature (dashed-dot red line, right axis) and applied-field sequence (blue line, left axis). After zero-field cooling to 77 K, the
magnetizing field was increased up to 1o Happ,magn and then reduced to zero before the shielding field 10H,pp was applied in the
perpendicular direction; (b) axial magnetization followed by transverse shielding characterization; (c) transverse magnetization
followed by axial shielding characterization.
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Figure 3. Main panels: magnetic flux density B, measured in TF orientation (a) and B, measured in AF orientation (b) at posi-
tion hpy for both SC and SC+FM shields. Insets: corresponding shielding factor (SF) in TF (a) and AF (b) orientations.

3. Experimental results

3.1. AF and TF orientations

The main panels of figures 3(a) and (b) show the magnetic flux density measured after ZFC at posi-
tion hpy on the axis of both the SC (blue and red square symbols) and hybrid shield (magenta and
green circular symbols). The measurements were performed as a function of the applied magnetic field,
HoH,pp, at 77 K and for both TF (figure 3(a)) and AF (figure 3(b)) orientations. To quantify the shield-
ing capability of the cup, we introduce the parameter jigH,pp lim> defined as the value of the applied mag-
netic field at which the shielding factor (SF), given by jigHapp/|B| and shown in the insets of figure 3,
decreases below a threshold value, arbitrarily set to 50. Accordingly, the SC cup is able to shield the
external field up to 8.2 mT and 11.5 mT in the TF and AF orientations, respectively. As expected, the
addition of the outer FM cup improves the value of 11oH,pp1im in both TF and AF orientations. In par-
ticular, f1oHpplim = 144 mT was reached in TF and pi9Hpplim = 68 mT in AF orientation.

3.2. Shielding in CF orientation
For the CF characterization, the SC and SC+FM shields were first magnetized (in AF or TF orienta-
tions) by applying different magnetic fields 11oHapp, magn> With values close to the corresponding pioHapp, lim
values measured in ZFC condition and hereafter denoted as 11oHpp lim,0- The shielding performance of
the SC and hybrid cups was then investigated under an applied field perpendicular to the magnetizing
one.

For clarity, in the following the subscripts and superscripts of the general quantities 1o Happ, magn»
HoHopplims and pioHopp 1im,0 indicate the field orientation (AF or TF) and the type of shield (SC or
SC+EM), respectively.

3.2.1. AF magnetization and TF shielding

The applied magnetic field values used for AF magnetization of the Bi-2223 cup are shown in

figure 4(a), while figure 4(b) reports the corresponding shielding curves obtained after each magneti-
zation cycle. The same procedure was followed for the SC+FM shield, with magnetizing fields shown in
figure 5(a) and the resulting shielding curves in figure 5(b).

For both the SC and SC+FM shields, the shielding performance worsens after the magnetization
processes. To evaluate their effect on the shielding performance of both the SC and hybrid shields, we
introduce two normalized parameters, ccar and Srg, defined as:

Happ,magn,AFi 6 . Happ,lim,TFi (1)

QAF .
Happ,lim,AFO Happ,lim,TFO

Here, Hypp, magn,aFi is the applied field used during the ith magnetization process in AF orientation,
while Hgpp jim,aro is the limit field measured in AF in ZFC condition. Similarly, Hpp tim,7ri denotes the
limit field measured in TF orientation after the ith magnetization step, and Hypp jim,Tro is the reference
value obtained in TF without pre-magnetization.
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Figure 4. For the SC shield: (a) magnetic flux density, B,, measured at position hpy as a function of the field 1.0 Happ, magn, AFi
applied in the AF magnetization process; (b) magnetic flux density B, measured at the same position in TF orientation after
each magnetization process. Equal colours in panels (a) and (b) identify B, and B, values measured during the AF magnetization
process (a) and the subsequent TF shielding test.
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Figure 5. For the SC+FM shield: (a) magnetic flux density, B,, measured at position hpy as a function of the field 110 Happ, magn,AFi
applied in the AF magnetization process; (b) magnetic flux density B, measured at the same position in TF orientation after
each magnetization process. Equal colours in panels (a) and (b) identify B, and B, values measured during the AF magnetization
process (a) and the subsequent TF shielding test.

The parameter aar (Orr) therefore quantifies the strength of the magnetization process, normalized
to the intrinsic shielding capability of the sample in AF (TF) orientation.

Table 1 summarizes the values of Hypp magn,ari and the corresponding ayr used for the CF character-
ization for both SC and hybrid shields. By definition, ccap = 0 corresponds to the non-pre-magnetized
condition (Hqpp, magn,ar = 0 mT), for which H asri)’ﬁm’ apo = 11.5 mT and H, fp%ﬁg&m =68 mT were
obtained for the SC and hybrid configurations, respectively.

As already highlighted in figures 4 and 5, the shielding efficiency generally decreases with increas-
ing aap. Consequently, the Hypp 1im,1r; Values measured after each magnetization cycle decrease as aar
increases. This behaviour is observed for both SC and hybrid shields. The effect of pre-magnetization
on the shielding performance is further illustrated in figure 6, where the dependence of Srr on ar is
reported.

Figure 6 reveals a clear trend. For the SC cup (blue symbols), three distinct regions can be identified:

e 0 < aap <0.70: Hypp lim,r slightly improves but remains comparable to the value observed in the
non-pre-magnetized configuration;

e 0.70 < aar < 1.56: Hypp lim,7r progressively decreases;
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Table 1. Hupp, magn,ari values applied in the AF magnetization processes and corresponding aar values.

(a) SC shield (b) SC+FM shield
Hasp%,magn,AFi [mT] QAF Hai)(:—n-}:a]\gn,AFi [mT] QAF
0 0 0 0
1.2 0.10 30 0.44
3.6 0.30 43 0.63
8.0 0.70 60 0.88
12 1.04 65 0.96
15 1.36 70 1.03
18 1.56 72 1.06
24 2.09 74 1.09
30 2.61 98 1.44
36 3.13
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Figure 6. Srr behaviour as a function of aar for SC (blue square symbols) and SC4+FM (magenta circular symbols) shields.

® aup > 1.56: Hypp tim, T Shows again a constant trend but its value is half of that measured in ZFC
condition.

The addition of the outer FM cup significantly mitigates the effect of the pre-magnetization process.
Indeed, the Srg values obtained for the hybrid configuration remain close to 1 (figure 6), indicat-

ing that Hypp 1im,ri is weakly affected by the pre-magnetization process. However, measurements for
aap > 1.44 (i.e. Happ magn,ar > 98 mT) could not be performed because of the 98 mT operating limit
of the solenoidal electromagnet used in the AF configuration, imposed by coil heating. This regime will
be further investigated through numerical simulations.

3.2.2. TF magnetization and AF shielding
The complementary CF configuration is now considered. Figures 7 and 8 show the magnetic flux den-
sity, By, measured in TF orientation during the pre-magnetization fields (left panels) and the subsequent
shielding curves in AF orientation (right panels) for the SC and hybrid shields, respectively.

As in the previous section, we define two analogous « and (3 parameters for the case of magnetiza-
tion in TF orientation and shielding characterization in AF orientation:

Happ,magn,TFi Happ,lim,AFi
arp=——"—"—"—  Pa= . (2)
Hapinm,TFO Happ,lim,AFO

Here, Hypp, magn,Tri is the applied field used during the ith magnetization process in TF orientation,
while Hypp 1im,Tro is the corresponding limit field measured in TF after ZFC. Similarly, Hypp jim,ari denotes
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Figure 7. For the SC shield: (a) magnetic flux density, By, measured at position hpy as a function of the field 110 Happ, magn,TFi
applied in the TF magnetization process; (b) magnetic flux density B, measured at the same position in AF orientation after
each magnetization process. Equal colours in panels (a) and (b) identify B, and B, values measured during the TF magnetization
process (a) and the subsequent AF shielding test.
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Figure 8. For the SC4-FM shield: (a) magnetic flux density, B, measured at position hp, as a function of the field 10 Happ, magn, TFi
applied in the TF magnetization process; (b) magnetic flux density B, measured at the same position in AF orientation after
each magnetization process. Equal colours in panels (a) and (b) identify B, and B, values measured during the TF magnetization
process (a) and the subsequent AF shielding test.

the limit field measured in AF orientation after the ith magnetization process, and H,pp 1im,Aro is the ref-
erence value obtained in AF without pre-magnetization.

For the SC shield, H asp(;mlim,TFO = 8.2 mT, whereas H f’;fﬁﬂf{m = 144 mT was achieved for the hybrid
configuration. Table 2 summarizes the values of Hypp magn, ri and the corresponding arr used for the CF
characterization for both SC and hybrid shields.

As in the previous CF characterization, the shielding performance of the SC cup in AF deteriorates
as arr increases. The dependence of Sar on ay is reported in figure 9.

Three distinct regions can still be identified for the SC shield:
e 0 < arp < 1.47: Hypp lim,aF Temains comparable to the non-pre-magnetized case;
o 1.47 < arp < 1.84: Hypp lim,ar decreases;
o arr > 1.84: Hypp lim,ar Shows a constant trend.
Even in this case, the superimposition of the FM cup greatly attenuates the deterioration of the shielding

capability of the pre-magnetized shield. However, in this CF configuration a step-like behaviour of S
can still be appreciated (figure 9) and will be further investigated numerically in the next section.
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Table 2. Happ, magn, 1ri applied in the TF magnetization processes and corresponding cvrr: values.

(a) SC shield.

HE oo [T orr (b) SC--FM shield
0 0 aﬁﬁffgn,m (mT] QTF
0.8 0.10
23 0.28 0 0
5.0 0.62 41 0.29
8.0 0.99 94 0.65
10 127 141 0.98
b 147175 1.21
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Figure 9. Bar behaviour as a function of arg for SC (red square symbols) and SCH+FM (green circular symbols) shields.

4. Modelling

3D simulations were implemented to reproduce the experimental data collected in ZFC condition in
both AF and TF orientations and in both CF experiments. The numerical model was implemented
by the finite element software COMSOL 5.6 Multiphysics® [52] through the magnetic field interface
(mf). The electromagnetic behaviour of the SC, the FM and the surrounding domains were described
by solving Maxwell’s equations based on the A-formulation [50]. Hence, being B=V x A and E =
—0A/0t — V'V, Ampere’s equation becomes:

O’(E)%—i-VX (HolﬂrvXA) — G (E)VV 3)

where i, is the relative magnetic permeability (set to 1 in the SC domain) and o(E) = J(E)/E is the
electric conductivity depending on the characteristic E-J. The SC behaviour was modelled using the
power law expression between the current density and the electric field, according to [53]. However,
since the equations are formulated as a function of the vector potential A, a non-conventional form
for the power law equation was used, i.e. the relation J = ¢E, proposed in the Ampere Law module in
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Figure 10. Comparison between the magnetic flux density measured (closed symbols) and calculated (open symbols) for the SC
and SC+FM shields in AF (a) and TF (b) orientations, respectively.

Comsol, was customized by directly introducing the E-J power law dependence in the electrical conduc-

tivity parameter, which took the form:

1—n

o (4)

U(E)_JC(B),‘IEI

Ey E,

Taking advantage of the tubular geometry of the samples, the value of J., needed to determine the

J.(B) dependence, was calculated from the magnetic induction cycles using the approach proposed by
Bartolomé et al for finite SC rings [54]. This procedure was applied to the magnetic flux density cycles
measured at position (hp;) (i.e. in correspondence to the SC cup open edge) in the AF orientation. This
choice was motivated by the fact that, at that position, the effects of the cup closure can be neglected. In
agreement with [55], the experimental J.(B) curve was then fitted using the Kim equation:

J.(B) = (1f)£) (5)

obtaining the fit parameter values Jo = 1.3 -10 Am~2 and B, = 6.15 mT.
The n parameter was estimated from a previous relaxation creep experiment performed following the
procedure described in [53]. This experiment allowed us to obtain the normalized flux creep rate S,

related to n by the equation:

! ©)

S:
1—n

S was estimated to be —0.013. Hence, from equation (6), we obtained n = 76.

The FM shield was described by introducing the characteristic B-H curve [48]. For both AF and
TF orientations, the applied magnetic field H,,, was imposed as a boundary condition. Far from the
shield, the magnetic flux density was assumed to be B = yyH,y;,, increasing linearly with a ramp rate of
0.5mTs ™"

To reproduce the CF experiments, the magnetization process was modelled by applying a trian-

gular B(zoH,pp) waveform with amplitude A = f19Hqpp, magn- The resulting magnetization state of the
sample was then used as the initial condition for the subsequent simulations of the AF or TF shielding

experiment.

4.1. Modelling validation

The first validation of the model was carried out by comparing the computational results with

the experimental data for both the field orientations, AF and TF, and in both ZFC and CF pre-
magnetization conditions. To this aim, the magnetic flux density was determined at the same posi-
tion hpy as in the experimental setup following the same magnetic history. The comparisons between
the computational and experimental results achieved after the ZFC and CF pre-magnetization for the
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Figure 11. Comparison between the experimental (closed symbols) and calculated (open symbols) St vs aar (a) and Bar vs arr
(b) curves for the SC (blue and red squares) and SC+FM (magenta and green circles) shields.

SC and hybrid shields are shown in figure 10 for (a) AF orientation and (b) TF orientation. In both
field orientations, the results closely match the experimental measurements. For the sake of clarity,
only one value of « for each shield and CF characterization is shown in figure 10, i.e. aar = 1.56 and
atr = 2.93 for the SC shield and ap = 1.44 and atp = 1.62 for the SC+FM shield.

Figures 11(a) and (b) compare the 5 vs o curves measured and calculated for the SC and SC+FM
shields after AF and TF magnetization, respectively. & and 3 are defined as in section 3.2.

Despite a slight underestimation of the experimental values, the model qualitatively reproduces the
effect of the magnetization process on the shielding performance. This could be ascribed to the fact
that both configurations involved the application of a transverse magnetic field (during the magnetiza-
tion process or during the shielding properties investigation). In this field orientation, the presence of
geometrical inhomogeneities and surface roughness (not considered in the model) is expected to have
a greater influence on the magnetic response of the shield than in axial orientation [56]. Nevertheless,
given the overall agreement between numerical and experimental data, we can conclude that the model
provides a useful tool to further investigate the influence of the magnetization history on the shielding
properties.

4.2. Modelling results

Based on this validation, the model was further employed to investigate magnetization conditions that
could not be explored experimentally and to gain insight into the mechanisms responsible for the degra-
dation of the shielding performance after CF magnetization.

First, the effect of the AF magnetization on the shielding performance of the hybrid shield was eval-
uated for poHupp, magn,ar > 98 mT. In particular, f1oHapp magn,ar Values of 110 mT and 200 mT were
considered, corresponding to axp = 1.58 and aar = 2.88, respectively. The results shown in figure 12(a)
confirm that Srr reaches a plateau for aap > 1.44.

Then, we investigated the step-like behaviour of Sar in the SCH+FM shield magnetized in TF ori-
entation. Sp was calculated for 110Happ, magn, ¢ = 155 mT (arp = 1.05). Confirming the output of the
experimental characterization, the additional Sar value lies on the descending branch of the curve
(figure 12(b)).

To elucidate the influence of the magnetization process on the shielding performance, the distribu-
tions of the magnetic field and, consequently, of the current density flowing in the material were anal-
ysed under ZFC and CF pre-magnetization conditions. We focused on TF shielding capability after AF
magnetization. The first row of figure 13 reports the 2D magnetic flux density distribution on the xz-
plane cross-section after AF magnetization up to fioHapp,magn,ar = 8 mT and f10Happ magn,ar = 18 mT.
These applied field values correspond to axp = 0.70 and aar = 1.56, respectively, i.e. to conditions
below and above the transition region between the two plateaus observed in the St vs aap curve
(figure 11(a)). The second row illustrates the corresponding 3D current density distribution within the
superconductor, displayed on the half-volume with x < 0, together with the current flow direction shown
for x > 0. Notice that the schematics reported in the first column of figure 13 are displayed in perspec-
tive view to highlight the coordinate system and observation geometry, whereas the maps shown in the
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Figure 12. Calculated Srr vs aar (a) and Bar vs arr (b) curves for hybrid shield with the additional point calculated assuming
ar = 1.58 and azr = 2.88 (a), and arrg = 1.05 (b).
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Figure 13. 2D magnetic flux density (upper row) and 3D current density distribution (bottom row) for the SC shield after an
AF magnetization process up t0 1toHapp, magn,aF = 8 mT (aar = 0.70) and 18 mT (aar = 1.56) and subsequent field removal.
The AF was applied along the z-direction. The first column reports the viewing geometry in perspective view, while the maps
displayed in the second and third columns are shown frontally with respect to the xz-plane.
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second and third columns are viewed frontally with respect to the xz-plane. As expected, the remanent
field obtained for aap = 1.56 is higher than that for ayr = 0.70; in particular, the maximum magnetic
flux densities observed inside the material are approximately 9 mT and 5 mT respectively. The higher
pre-magnetization field results in a deeper penetration of the magnetic field into the superconductor
and, hence, in a greater current density distribution. In particular, for aar = 0.70, the current density
reaches values close to 1 x 107 Am 2 near the edge of the cup, indicating stronger currents in regions
where flux penetration is more pronounced. Conversely, for axp = 1.56, the current density is more
homogeneous throughout the sample, reaching values close to 0.5 x 107 Am ~2 on the inner surface and
up to 1 x 107 Am 2 on the outer surface. However, in both cases, the current predominantly flows tan-
gentially to the lateral surface of the cup, as expected for this applied field orientation. This difference

in current density magnitude after the magnetization process leads to a different response of the shield
under a subsequent TF-oriented field application. In particular, higher magnetization reduces the ability
of the superconductor to sustain additional shielding currents when a TF is applied, thereby contributing
to the observed degradation of the shielding performance.

The impact of these initial conditions on the TF shielding is further illustrated in figure 14. Here, the
upper row shows the magnetic flux density distribution under a TF jioH,p, = 6 mT applied along the
y-direction of the zero field cooled (azr = 0) and of the pre-magnetized shield at 110Happ, magn,aAF = 8 mT
(car = 0.70) and 19 Happ, magn,aAF = 18 mT (car = 1.56). The viewing geometries are the same as those
shown in figure 13. A clear evolution of the shielding performance can be observed. In the absence of
pre-magnetization, the applied TF is largely shielded by the superconductor. In contrast, the AF mag-
netization at increasing fields leads to a progressive flux line penetration inside the cup preferentially
from the open end. This effect is more pronounced for asr = 1.56, where a higher magnetic flux density
distribution is observed. This affects the current distribution in the shield wall in a way consistent with
what is already shown in figure 13: the presence of trapped magnetic flux limits the additional shielding
currents that can be supported in TF orientation, thus leading to a less effective magnetic shielding. As
a result, the magnetic flux density in the inner region of the shield increases with the value of magneti-
zation field, providing a consistent physical interpretation of the reduction in shielding performance and
the different magnetization behaviour observed between the two plateaus in the Srg curve.

A further difference emerges in the orientation of the current density, reflecting the competition
between the current patterns induced by the AF magnetization and those generated by the subsequent
TE. In the ZFC case, as expected for TF shielding, the shielding currents flow predominantly parallel to
the shield’s axis. In contrast, in the AF pre-magnetized configurations, the current distribution retains
a memory of the previously established current loops. The magnetization-induced currents, arranged in
closed circular paths, interact with the shielding currents generated by the application of TFE, leading to
a distortion of the overall current pattern and to regions where the current direction deviates from the
axial one. For aap = 0.70, the perturbation remains limited, and the current density progressively reori-
ents towards the configuration imposed by the TE Conversely, when aar = 1.56, the current distribution
is significantly altered, with current loops following trajectories that deviate from those typically asso-
ciated with purely axial or transverse applied fields. This interplay between magnetization-induced and
shielding currents explains the degradation of the shielding performance, evidencing how part of the
available current-carrying capacity is already engaged in sustaining the pre-existing flux distribution.

It is well known that the addition of the FM shield prevents the penetration of the applied field into
the superconductor [46, 48]. In the absence of previous magnetization, this results in a clear improve-
ment of the shielding performance. In contrast, when a TF field is applied to the sample already pre-
magnetized in AF, the FM shield hinders the reorientation of the current density within the supercon-
ductor. Figure 15 shows the current density magnitude distribution and flow direction in the SC+FM
shield under conditions comparable to those of figure 14. In particular, an applied TF poH,p, = 110 mT
is considered in three cases: a non-magnetized superconductor, a superconductor pre-magnetized in AF
up to ftoHapp,magn,ar = 43 mT and poH,pp magn,aAF = 110 mT. These magnetization levels correspond to
aar = 0.63 and aur = 1.58, respectively, the latter value being calculated from the computational out-
put. Additionally, these values were chosen consistently with those considered for the SC-only configura-
tion, i.e. f1oHapp, magn,ar values ensuring full magnetic shielding and asr values representative of the two
plateaus discussed above (see figure 11(a)). For aar = 0.63, the current density distribution is similar to
that of the non-magnetized sample, with higher values near the open edge of the SC cup due to field
penetration from the opening of the FM shield. Conversely, for aar = 1.58, the current density becomes
more homogeneous throughout the SC, while its direction remains that imposed by an AE This sug-
gests that the FM shield slows down the reorientation process of the current density under TF, so that it
occurs only when the applied field is already close to the intrinsic shielding limit of the hybrid system.
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Figure 14. Magnetic flux density (upper row) and current density magnitude and orientation (bottom row) in SC shield after
the AF magnetization cycle up to f1oHapp, magn,aAr = 8 mT (car = 0.70) and 18 mT (aar = 1.56) followed by the application of a
transverse field, poHapp = 6 mT, along the y-direction.

Although not explicitly shown here, the same physical mechanisms are expected to govern the com-
plementary CF characterization, i.e. TF magnetization followed by AF shielding, resulting in a similar
interplay between magnetization-induced and shielding currents and, consequently, in an analogous
impact on the shielding performance.

5. Conclusion

In this work, the DC magnetic shielding properties of a commercial Pb-doped Bi-2223 single-capped
tube with a hemispherical end were investigated experimentally and numerically under axial, transverse,
and CF configurations. The effect of a FM layer was further assessed by considering a hybrid SC+FM
layout. The results demonstrate that the shielding response of the SC cup is strongly dependent on

its magnetic history. In particular, the pre-magnetization progressively degrades the shielding capabil-
ity under magnetic fields applied perpendicular to the magnetizing direction, revealing three distinct
regimes associated with the evolution of the current distribution within the superconductor. Indeed,
after an initial steady trend indicating the negligible effect of the pre-magnetizing process, the 8 param-
eter used to quantify the influence of the CF magnetization exhibit a progressive decrease followed by a
second plateau as the pre-magnetization field is increased. This behaviour qualitatively agrees with that
previously reported by Wéra et al [41] for an open Bi-2223 tube. The present results therefore confirm
that the magnetic history effects identified in the open tubular geometry also occur in a single-capped
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Figure 15. 3D current density distribution and current flow direction in SC4+FM shield calculated assuming a transverse
field poHapp = 110 mT applied along the y-direction under ZFC condition (left), after an AF pre-magnetization cycle up to
10Happ, magn,aF = 43 mT (aar = 0.63) and up to 110 mT (car = 1.58).

tube, despite the different geometry and the three-dimensional end effects introduced by its hemispher-
ical closed bottom. In contrast, the superimposition of the FM cup significantly reduces these history-
dependent effects, preserving an almost unchanged shielding capability over a considerably wider range
of pre-magnetizing fields. The outer FM cup thus improves not only the shielding performance under
zero-field-cooled conditions but also its stability against changes in the magnetic history. The numer-
ical model, based on the A-formulation, was validated through the comparison with the experimental
data and successfully reproduced both the shielding behaviour and its degradation after CF magnetiza-
tion processes. The simulations provide physical insight into the underlying mechanisms, showing that
the interaction between magnetization-induced currents and shielding currents leads to a redistribu-
tion of the current density loops, thereby limiting the additional shielding capability of the supercon-
ductor. Overall, these findings evidence the role of magnetization history in HTS magnetic shielding and
demonstrate the effectiveness of hybrid SC+FM configurations in mitigating its detrimental effects. The
combined experimental and numerical approach developed in this work may provide a useful basis for
the design and optimization of SC shielding systems operating in complex magnetic environments.
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