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Abstract

The attenuation of magnetic fields is crucial for various application fields, including health,
space exploration, and fundamental physics, to name just a few. Superconductors are key
materials for addressing this challenge. In this review, we mainly focus on the shielding and
screening of quasi-static magnetic fields using superconductor-based passive layouts. After
providing a brief overview of the principles of magnetic shielding and screening using
superconductors, we outline commonly used procedures for measuring the field attenuation.
Next, we give an insight into analytical and numerical models able to reproduce experimental
results and predict the performances of new designs. Key challenges and achievements in
employing low temperature or high temperature superconducting bulk and tape-based structures
for reducing a given applied field are then discussed. Additionally, hybrid designs combining
superconducting and ferromagnetic materials, aimed at enhancing the shielding ability or
fabricating magnetic cloaks, are described. Finally, we highlight future challenges and potential
advancements in this technology.

Keywords: magnetic shielding, magnetic field distribution, bulk superconductors,
coated conductors, REBCO, BSCCO, MgB,
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Main acronyms-expansions and symbols, as they
appear in the article

2D two-dimensional

3D three-dimensional

2G second generation

A magnetic vector potential

AC alternating current

AR aspect ratio for tubular structure ( = A/Riy)

B magnetic flux density

Biy magnetic flux density value in a given position
inside the shield (or behind the screen)

Biim magnetic flux density for which SF decreases
below a threshold value

Bi-2212 BizSI‘zCaCU.zOg_,_X

Bi-2223 BixSryCayCuz O

BSCCO BixSrCayy— 1 Cupy Oopga gy (m =2, 3)

CC coated conductor

CSM critical state model

d wall thickness in hollow cylinder layout

DC direct current

e.m.f. electromotive force

E electric field

FC field cooling

FEM finite element method

10
11
12

13
14

16
17
17
17
18
19
19
20
21
22
23
23
24
25
27
28
29
29

30

31

33
36

FM ferromagnetic

h height

H magnetic field

Happ external applied field

H. critical field

Hy lower critical field

Heo upper critical field

hem height (ferromagnetic sample)

HTS high-temperature superconductor

HY hybrid (i.e. superimposed FM/SC structures)

J current density

Je critical current density

LTS low-temperature superconductor

MRI magneto-resonance imaging

n creep factor

NMR nuclear magnetic resonance

RF radio frequency

Rin inner radius

Rin.rm inner radius (ferromagnetic sample)

Rout outer radius

Rout,pm outer radius (ferromagnetic sample)

REBCO (RE)Ba;Cu3zO7_s (RE = rare earth)

SC superconducting

SF shielding or screening factor

SQUID superconducting quantum interference device

T critical temperature

TES transition edge sensor

17 unit vector

ZFC zero field cooling

1o permeability of space/vacuum permeability
(471 x 1077 H/m)

Wy relative magnetic permeability

1. Introduction

Electromagnetic shielding is one of the great challenges
in today’s world. For example, the shielding of low-
frequency/quasi—static magnetic field is a fundamental
requirement for the proper functioning of SQUID-based
detectors or other magnetic-field sensitive devices [1-6] and
magnetic mitigation is crucial to solving problems of elec-
tromagnetic compatibility between instruments, as well as
to protect the safety of workers operating near strong mag-
netic field sources [7-10]. Magnetic shields can be applied in
various applications including biomedical engineering, space
missions, automotive devices, quantum computing and high-
energy physics experiments, and magnetic focusing, to name
afew [4, 11-15].

According to the magnetic field characteristics and the
design requirements, both active and passive shielding systems
were developed. Active shielding is based on current injection
in additional coils in order to generate a magnetic field oppos-
ite to the field to be shielded. Applications using active shield-
ing include, for example, the protection of spacecraft against
space radiation [16-20], most MRI systems [21-26], magneto-
encephalography [27] or wireless power transfer systems
[28, 29].

Passive shielding exploits the intrinsic properties of
metallic, FM and/or SC materials; no external current source
is used. As an example, a grounded metal shell can be used to
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Figure 1. Schematic distribution of the magnetic flux line in the
cross-section of (a) a ferromagnetic and (b) a superconducting
shield shaped as an infinite hollow cylinder subjected to a uniform
magnetic field perpendicular to its axis.

protect a region from external electric field penetration [30],
while high frequency electromagnetic fields can be mitigated
by employing metal- and carbon-based materials as well as
conductive polymer composites [30-32].

A metallic material subjected to an alternating magnetic
field can act as a shield thanks to the appearance of eddy
currents, which in turn create a magnetic field with orient-
ation opposite to the applied field. However, this shielding
effect decreases with decreasing frequency of the AC field.
This renders the mitigation of power frequency (50/60 Hz)
or quasi-static magnetic fields quite difficult with conductors
of decent thickness (< 1 cm).

FM materials are characterized by a high magnetic
permeability and can therefore concentrate magnetic flux
lines [30]. Figure 1(a) shows schematically how a hollow FM
cylinder is able to shield a given region of space from a uni-
form transverse applied field. However, the use of FM materi-
als is limited by their saturation magnetization (e.g. pioMgy ~
0.7 T for pu-metal [33]) that can compromise their shielding
properties in strong external magnetic fields [34].

Alternatively, a SC shell can provide effective shielding for
quasi—static magnetic fields. Such a shielding effect owes to
the onset of macroscopic current loops arising in the mater-
ial and producing a magnetic field opposite to the applied
one [35-37]. Hence, superconductors divert the flux lines as
shown schematically in figure 1(b). Shielding in superconduct-
ors is mostly limited by two penetration mechanisms. First,
the induced current density cannot be larger than the crit-
ical current density J.. Consequently, as the magnitude of the
applied field becomes larger, the flux front penetrates deeper
in the superconductor until it reaches the region to be shiel-
ded. Second, every practical shield has some openings through
which flux lines can penetrate, therefore reaching the region
to be shielded. By contrast with FM materials, these limit-
ations can be overcome and passive SC shielding has been
demonstrated for applied fields well above 1 T [38—41]. Hence,
superconductors are ideal candidates for large-scale and power
applications [42—-44]. Also, superconductors bring advantages
for ultra-low magnetic field applications since they generate
significantly fewer losses and noise compared to metals [45].

In this review, we aim to provide a wide, although certainly
not exhaustive, review on passive magnetic shielding and
screening via superconductor-based systems. This review is
organized as follows.

e Section 2 gives an overview of the basics of magnetic shield-
ing and screening. To do so, the problem of attenuating a
given applied field is formalized, the characteristics of the
applied field are described and metrics are defined.

e In section 3, experimental set-ups used to assess the qual-
ity of a shield are described. These set-ups consists of an
appropriate source of applied field with a well-chosen meas-
urement technique.

e Section 4 summarizes analytical and numerical techniques
used to model SC materials and employed to predict the
behaviour of both SC and hybrid SC/FM shields. Analytical
models are usually easier to apply but limited to simpli-
fied geometries and assumptions. Numerical models allow
investigating more complex shielding configurations, at the
cost of increased computing time. Although alternative
numerical approaches have been proposed [46, 47], the
FEM [48] is the most widely used for magnetic shielding
studies, with a variety of formulations briefly presented in
this review.

e The performances of HTS bulk shields or screens are
then discussed in section 5. High temperature super-
conducting cuprates [40, 49-51] have successfully been
employed for passive shields for more than 3 decades.
(RE)Ba,Cu307_5 (REBCO, where RE denotes a rare earth
ion), Bi;Sr,Ca,,—1Cu,, 0244 (BSCCO, m being 2 or 3)
and MgB, shields and screens are described.

e Section 6 focuses on shields or screens built using second-
generation HTS CCs alone or combined with bulks.

o The performances of LTS shields or screens are described in
section 7.

e The benefits of building hybrid SC/FM structures are dis-
cussed in section 8. Enhancements of the shielding capabil-
ity thanks to the hybridization as well as cloaking structures
are described.

e Concluding remarks and future challenges are summed up
in section 9.

2. Definitions

2.1 Emission or immunity?

Protecting a device from a magnetic field source can be
achieved in two different ways.

First, the magnetic field source itself can be placed in a
magnetic shield in order to reduce its stray field in the neigh-
bouring environment. Such a situation is referred to as an emis-
sion problem. Typical emission problems are found in naval
applications where the magnetic field signature of ships has to
be attenuated [52] or in high-field applications where the influ-
ence of the magnetic source on a device or on the environment
should be reduced [53, 54].

Second, the magnetic shield is used to generate a low-field
region in which the device to be protected can be placed. Such
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Figure 2. Schematic representation (cross-section) of the two
possible problems to consider with a superconducting tube. Above:
emission. Below: immunity.

a configuration is called an immunity problem. Typical applic-
ations include devices requiring a low magnetic background
such as cryogenic current comparators [55-57], DC current
transformers [58], some space applications [59, 60] or devices
measuring very low magnetic fields, e.g. SQUIDs [61-72].
Both emission and immunity problems are illustrated schem-
atically in figure 2.

2.2. Shielding, screening or cloaking?

Different SC systems can be used to reduce a given applied
field. Depending on how these systems are operated, different
terms exist.

The term shielding refers to closed or partly closed geo-
metries (e.g. a long tube or a vessel) that can protect a small
volume from the applied field. These shields can provide a
strong field attenuation, reducing the applied field by a factor,
which can exceed 10* [41, 50, 73].

The term screen is used for open geometries whose goal is
typically to protect large volumes from the stray field of a mag-
netic source, e.g. a SC magnet or a rotating machine operating
at a few teslas. These screens reduce the amplitude of the field
by a factor usually less than 100 at a reasonable distance (i.e. a
few mm) from the screen. Such a reduction might be sufficient
for equipment sensitive to the magnetic field such as cryocool-
ers. The term ‘screening’ used for attenuating fields should be

distinguished from the terms ‘screening currents’ and ‘screen-
ing current-induced field” described in the literature on high-
T. SC magnets [74—82]. From the definitions above, it can be
understood that for semi-open geometries such as a wide, short
SC cup, the difference between shielding and screening blurs.

The term cloaking refers to closed or partly closed geomet-
ries that can protect a small volume from the applied field. The
main difference between a shield and a cloak is that a cloak is
able to attenuate the field inside a volume without any distor-
tion of the applied field outside this volume, therefore making
the device ‘invisible’ to the applied field. Practical cloaks are
made of metamaterials combining FM and SC layers [83-91]
as described in section 8.2.

Shielding, screening and cloaking configurations are
schematically shown in figure 3. Note that, unless otherwise
indicated, hereafter in reporting shield/screen/cloak shapes the
words ‘tube’ and ‘hollow cylinder’ will be used as synonyms
for each other as well as the words ‘semi-closed tube’, ‘semi-
closed hollow cylinder’ and ‘cup’.

2.3. Characterization of the applied field

In order to determine the shielding or screening properties of a
given SC system, the characteristics of the applied field should
be defined. A distinction should be made between homo-
geneous (or uniform) and inhomogeneous (or non-uniform)
applied fields.

Homogeneous fields are, stricto sensu, theoretical. A homo-
geneous field is never met in practice except if the volume to be
shielded is much smaller than the length scale over which the
non-uniformity of the field is visible. The advantage of consid-
ering homogeneous fields is that useful analytical expressions
can be obtained (see section 4.2) and several physical conclu-
sions can be drawn. Another advantage of homogeneous fields
is that they provide easily reproducible conditions since they
are defined by three parameters: the magnitude of the field, its
direction and its frequency content (or time evolution). As an
example, axial and transverse shielding properties of SC hol-
low cylinders are often compared with each other [41, 58, 72,
92-98].

All practical applications (larger than a few mm) deal
with inhomogeneous fields. Although inhomogeneous fields
are more realistic, the properties of SC shields under these
fields are rarely explored in the literature [51, 99-102]. The
main reason is that the local magnitude and orientation of the
applied field with respect to the superconductor may vary sig-
nificantly even along the material itself. Hence, the current dis-
tribution is complex and may strongly be affected by the aniso-
tropy, the field dependence and the angular dependence of J..
In order to work with inhomogeneous fields and obtain repro-
ducible results, a mathematical framework characterizing the
applied field should be defined [100]. An example of such a
mathematical framework is as follows.

The magnetic flux density is a 3D vector field. Hence, the
flux density at a given position r writes

B(r) =B(r)ap(r), (D
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Figure 3. Schematic representation of three ways to attenuate an applied field (in red). From left to right: top view of a tube used for
shielding, front view of a plate used for screening and top view a tube used for cloaking.

where B(r) is the local magnitude of the flux density and @tp(r)
is a unit vector giving the local direction of the flux density.
From Maxwell’s equation V - B = 0, (1) becomes

VB(r)-ig (r)+B(r)V -iig (r) =0, 2)

where VB(r) is the gradient of B and V -@ig(r) is the diver-
gence of @tg. Equation (2) highlights that if the magnitude
of the flux density varies along a flux line (VB(r) # 0), this
flux line is necessarily curved (V - itg(r) # 0). Hence, in addi-
tion to the metrics already existing for a homogeneous applied
field, a complete description of an inhomogeneous applied
field should include the spatial variation of the magnitude B
as well as the local direction of @p. Taking inspiration from
the methods used in plasma physics [103—106], the curvature
and the torsion of the flux lines can be defined. For a geometry
having a revolution symmetry, the torsion is not relevant and
can therefore be neglected here. The curvature vector is always
perpendicular to @p and is defined as

(V xiig (r)), 3)
= (g (r)-V)ip(r). (€]

Instead of using VB and k, it is possible to describe
inhomogeneous magnetic field sources with two more prac-
tical metrics:

e The characteristic length .(r) over which the flux density
varies by a certain percentage. For a homogeneous field,
l. — oo. Mathematically, it is defined by

km=§mg. )

e The local radius of curvature of the flux lines R.(r). For
a homogeneous field, R, — co. Mathematically, it simply
writes

Re(r)=(r(r))"". (6)

2.4. Time-dependence of the applied field

In addition to the spatial dependence of the applied field,
its time dependence should be specified. As discussed in
section 1, superconductors have several advantages over
metals depending on the frequency content of the applied field.
Depending on the frequency range, the following classification
can be considered.

First, superconductors are very useful in the quasi—static
regime. Very often, this regime is referred to as DC shielding or
DC screening in the literature [39, 40, 89, 101, 102, 107-111].
Strictly speaking, however, the magnetic field applied to the
superconductors varies from zero to the final value at a finite
rate, and this variation is required for the supercurrents to be
induced. The term ‘DC’ is thus somewhat equivocal. Hence,
even in the case of ‘DC’ excitation, the way (e.g. staircase or
linear ramp) and the rate at which the applied field is modi-
fied should ideally be specified. Such precisions are especially
relevant for some HTSs because the sweep rate of the applied
field may affect the shielding behaviour (e.g. BSCCO shields
at 77 K) [96, 97, 107, 110]. This relates to the fact that, for a
given geometry, a faster variation of the applied field induces
a higher electric field and larger currents.

Another regime of importance is the steady state AC
regime. The frequency of the applied field extends typically
up to a few kHz and down to a few mHz. At such low fre-
quencies, the distinction between DC and AC fades away. The
effect of increasing the frequency is similar as increasing the
sweep rate as mentioned above [50, 110]. Other considerations
might be relevant in the AC regime:

o AC losses are generated, which induce a local temperat-
ure rise. This may affect the shield behaviour if the cooling
power is not sufficient to drain out the heat rapidly.

o If the frequency is such that the equivalent resistance R of
shielding current loops can be neglected with respect to their
equivalent reactance wL (w being the angular frequency and
L the inductance of the current loops), metallic soldering can
be used to join SC parts without detrimental effect on the
shielding effect, by contrast with the DC regime.

e For non-sinusoidal or parasite applied fields, the influence of
harmonics on the shielding properties should be considered.
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e At medium frequencies, eddy currents can be induced in
some metallic parts of the experimental set-up and can affect
the shielding behaviour.

The transient behaviour, i.e. under a non-periodic excitation,
of SC shields or screens is also useful to consider. Examples
include the ramping losses also induced in the shield during
the charging process of a magnet [112—-118] or the response of
the shield to a quench of the magnetic field source. The sweep
rate of the applied field should be defined to study the transient
behaviour. Again, the difference between the DC and transient
regimes blurs if the considered sweep rate is very low.
Finally, the behaviour of the shield under a continuous
frequency spectrum is often considered when an ultra-low-
field environment needs to be achieved. Typical applications
are in biomagnetism, where SQUIDs are used and the sig-
nals of interest are often at frequencies below 1 kHz and
of very small amplitude lower than 1 pT [119]. Hence, the
focus is to reduce the magnetic noise spectral density below
1 fT/v/Hz (order of magnitude) [5]. At these magnetic field
magnitudes, the different sources of noise might be the thermal
(Johnson) noise, mostly in metallic (e.g. cryostat [120, 121],
cryocooler [4], walls of a magnetically shielded room [122]
or substrate of the CCs [123]) or FM parts (e.g. magnetiza-
tion fluctuations [124]), the noise of the measuring instrument
itself [125] or the noise from mechanical vibrations [126].

2.5. Performance metrics

In order to assess the quality of a shield, a screen or a cloak, the
corresponding performance metrics should be mathematically
defined. The most common ones are summarized below.

(a) Ideally, the superconductors should reduce the applied
field by a very large factor. This field attenuation can be
measured by the shielding or the screening factor (hence-
forth both shortened to SF). A general definition of this
quantity is

foHapp (r)
B (r, MOHapp) ’

where 10Hgp, is the vector applied field (without the
shield/screen), pigH,pp its magnitude (root mean square
value in AC), B the magnitude of the flux density meas-
ured with the shield/screen and r the position. With this
definition, the applied field is reduced when SF > 1, and a
larger SF indicates better shielding or screening effect.
Note that other expressions exist in the literature, such as
Hypp — B

Ho
SFyis = 100 x
o NJOHapp

SF (r, ptoHapp) = @)

(%], (®)

which is sometimes called shielding/screening efficiency
and is expressed between 0 (no shielding/screening) and
100 % (ideal shielding/screening). The following defini-
tion can also be found:

SFyer = 100 x [%]. 9)

,U/OH app

In this case, SF, varies from O (ideal shielding/screen-
ing) to 100 % (no shielding/screening). Additionally, (7)
is sometimes expressed in dB, i.e.
SFquater[dB] = 201og (SF). (10)
It is worth mentioning that the SF defined by (7) will be
used in this review.

(b) In many applications, it is desirable to maximize the
volume over which the field attenuation is effective.
Therefore, the shielded volume or the screened volume
should be maximized. It can be defined as the region for
which SF > SF*, where SF* is a certain threshold that is
defined depending on the application (considering (7)).

(c) When the magnitude of the applied field increases, the
shielding or screening effect degrades due to the penetra-
tion of the flux lines. Hence, a threshold field, often called
Bjim in the literature, should be defined. In theory (e.g.
infinite tube analysed using the CSM, see section 4.2), Bjin,
could be defined as soon as the field in the shielded region
is non-zero. Such a definition corresponds to the threshold
field for which SF becomes finite (considering (7)). In
practical systems, however, SF is always finite. Hence, in
practice, the threshold field By, is defined as the field for
which SF at a certain position is reduced to a user-defined
threshold value SFy;,, where SFj;,, depends on the applic-
ation (e.g. 2, 10, 100 or 1000) but is always smaller than
the maximal SF at low applied fields. Ideally, By, should
be as large as possible.

Other metrics can also be defined in some specific cases.
For example, the uniformity of the field outside a cloak can
be described by giving the percentage distortion of the applied
field at a given position after the addition of the cloak, but,
generally, no specific parameter is used.

3. Experimental systems

The experimental characterization of SC magnetic shields
and screens can be done in a number of ways. They differ
basically in the type of magnetic field source and of probe
used to measure the magnetic flux density attenuated by the
superconductor.

3.1 Magnetic field sources

We first consider the source of magnetic field. Various pos-
sible geometric configurations are illustrated schematically in
figure 4. The most common experimental set-ups reported in
the literature investigate magnetic shielding in the immunity
configuration (see section 2.1), i.e. an external field is applied
to the SC shield and the low-field region is located inside the
shield. In the schematic drawings shown in figure 4(a)—(g), the
SC shield is always shown as a grey cylinder with a vertical
axis for simplicity. In practice, the shield itself could be of
any shape and oriented along any direction with respect to the
applied field. The coils illustrated in figure 4 can be fed either



Supercond. Sci. Technol. 38 (2025) 043002

Topical Review

Some configurations to investigate immunity problems in magnetic shielding/cloaking
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Figure 4. Schematic illustration of several possible geometric configurations. For simplicity, the grey cylinders represent the
superconducting shield/screen, irrespective of the real shape and orientation. Panels (a)—(f) show examples of various configurations for
studying immunity problems. The magnetic field source can be (a) a long solenoid, (b) one Helmholtz coil, (c) a pair of Helmholtz coils,
(d) a double helix magnet, (e) the inhomogeneous stray field of a solenoid, or (f) no source coil (only the ambient noise). (g) Emission

problem with the coil inside the shield. (h) Screening problem with the

screen on one side of the source coil. (i) Screening problem with the

screen between the coils of a transformer. (j) Cylindrical configuration or (k) planar configuration for reducing the field components not

aligned with the main direction.

with a DC current, a slowly ramping current or an AC cur-
rent. In the latter case, shielding properties are often measured
within the range ~ 0.1 Hz to a few kHz. The amplitude of the
applied field can be as low as a few uT (to assess the ability of
the shield to generate ultra-low field environments) or several
teslas (to investigate SC shields at field levels exceeding the
saturation magnetization of conventional FM shields).

The basic configurations include a long solenoid
(figure 4(a)), one (figure 4(b)) or several (figure 4(c)) pairs
of Helmbholtz coils. In order to produce a transverse field
without Helmholtz coils, a variant consists in using a double
helix magnet (figure 4(d)) consisting of two sets of tilted
coils [127, 128]: the coils are fed in series in order to can-
cel out the axial field and produce a purely transverse field.
In all the geometries shown in figure 4(a)-(d), the applied
field is (theoretically) uniform. Experimental data can there-
fore be easily compared to the results given by theoretical or
numerical models. In order to improve the field uniformity,
compensation windings may be used [129]. In addition to air
coils illustrated in figure 4, the magnetic shields can also be
placed in the gap of electromagnets based on a large iron yoke
and two [92] or four [85] coils.

For practical purposes, it is relevant to investigate the
magnetic shielding properties in conditions encountered in
applications, e.g. the inhomogeneous stray field of a solenoid
(figure 4(e)). Such a configuration was studied for example
in [51]. When the magnetic shield is used to reduce the

magnetic noise, the set-up itself may rely solely on the ambi-
ent noise and require no external source coil (figure 4(f)) [130].
Up to now very few works have investigated SC shields in the
emission configuration, i.e. when the source field is located
inside the shield (figure 4(g)). In this case, the measurements
of the attenuated flux density should be carried out outside the
shield [99].

When considering magnetic screens, i.e. open or semi-open
geometries, the main magnetic field source is located on one
side of the screen and the attenuated field is measured on the
other side. This is illustrated in figure 4(h), where the SC
screen is shown as a flat grey disk for simplicity but could
consist of any of the SC screen systems discussed in the para-
graphs below. This configuration was studied for example
in [101, 102]. A variant consists in using a pair of coils act-
ing as a transformer, the source coil is the primary and the
pick-up coil is the secondary (figure 4(i)); obviously, this last
configuration can only be used in AC. The useful signal might
be directly the voltage across the secondary coil [131] or can
be expressed as a function of the mutual inductance between
the two coils separated by the screen [132, 133].

Finally, some experimental configurations aim at reducing
not the whole field but only the components of the field that
are not aligned with the main direction, as further discussed
in section 6.1. This can be done in a cylindrical configura-
tion (figure 4(j)) or using planar SC screens (figure 4(k))
[134-136].
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3.2. Measurement methods

We now consider the various types of probes to measure
the flux density shielded or screened by the superconductor
depending on the nature of this flux density. When ultra-low-
field environments need to be characterized, e.g. in the nT
range or lower, SQUIDs are the obvious choice [137-139].
In this case, particular attention should be paid to the cool-
ing procedure of the superconductor, since it is mandatory to
minimize the amount of magnetic flux that can be trapped (or
‘frozen’) in the SC shield during the cooling process [60].
Similar precautions should also be applied when the source
coil is made of SC wire: appropriate procedures need to be
applied to demagnetize the SC magnet and minimize its rem-
nant field [39]. Flux-gate magnetometers offer an excellent
sensitivity to detect flux densities in the p/T range; their oper-
ating range is usually below 1 mT. Such sensors were used e.g.
in [6, 140, 141].

For applied fields above ~ 100 T, the use of Hall probes is
the most common choice; they can be sensitive to axial fields,
transverse fields or measure simultaneously the three compon-
ents of the field. To obtain easily a 3-axis Hall probe oper-
ating in cryogenic environment, a reliable and cost-effective
solution is to insert a commercial 3-axis Hall sensor designed
for room temperature operation in a small (garolite or G10)
insert acting as reverse cryostat: the inside is kept at room
temperature while the outside can be placed at cryogenic
temperature to probe the fields of interest [142]. In order to
obtain field mappings, Hall probes can be attached to a micro-
positioning stage that can be operated in a liquid nitrogen
bath or in a sealed chamber with thermally controlled envir-
onment [143]. Hall probes can be used in AC and DC. Note
that when the Hall probe is used for measuring a DC field, an
AC control current can be used (e.g. at 2 kHz) so that the Hall
voltage is measured with a lock-in amplifier and the sensit-
ivity of the measurement is increased [144]. An elegant way
to ensure that the Hall probe operates correctly is to measure
small and known values of the magnetic flux density during
the experiment by adding a small coil acting as a ‘zero-field
magnet’ [145].

Finally, several experimental systems are based on measur-
ing the electromotive force e.m.f. across a sensing or pick-up
coil. When the coil is stationary, this method is applicable only
for probing a time-varying flux density; most of the time, it is
used in the AC regime. The pick-up coil is usually made of
thin (e.g. 50-60 pm-diameter) Cu wire and the e.m.f. is meas-
ured through a lock-in amplifier [110, 129, 146]. To obtain the
three components of B, three orthogonal pick-up coils can be
used [147]. The sensing coil can also be moved, e.g. along
the axis of a hollow cylindrical shield [50], to obtain the dis-
tribution of the magnetic flux density. It is of interest to note
that a pick-up coil can be used in DC if the coil moves. As an
example, when characterizing the amplitude of small compon-
ents misaligned with respect to the main direction of the field
(section 4(k)), the use of rotating coils directly provides the
small deviations from a pure ‘dipole’ field [136]. In this case,
the magnetic flux density is usually expressed in terms of field
harmonics.

4. Theoretical and numerical approaches for
modelling magnetic shielding

This section summarizes the theoretical and numerical frame-
works used for modelling the SC magnetic shielding. The
section first includes the various constitutive laws of increas-
ing complexity. Next, the analytical approaches are summar-
ized with the emphasis on how they can be used to under-
stand the influence of geometric effects on the shielding prop-
erties. Finally, numerical models are introduced, with partic-
ular attention paid to the choice of the formulation depending
on the type of magnetic shielding problem considered.

4.1. Constitutive laws

The reduction of an external field by a SC material can be ana-
lysed by modelling the superconductor in different ways:

(i) A perfect diamagnetic material without induced currents,
(i1) A type-I superconductor following the London equations,
(iii) An irreversible type-II SC material satisfying the CSM
with constant critical current density J., or with a field-
dependent critical current density J.(B).
(iv) An irreversible type-II SC material obeying the electric
field—current density (E — J) constitutive law.

These models are considered below.

4.1.1. Perfect diamagnetic material. = Considering the super-
conductor as a perfect diamagnetic material is the most
straightforward approach. The perfect diamagnetism is intro-
duced by assuming that the normal component of the magnetic
field vanishes at the external surface of the superconductor.
The model ignores the existence of shielding currents flowing
in the superconductor and assumes that the superconductor can
never be penetrated, achieving therefore perfect shielding [63,
148]. It should be noted that the perfect diamagnetic mater-
ial model is inherently a non-physical, idealised system that
limits the application of this approach to real world shielding
solutions.

4.1.2. Type-I superconductor. ~ The next approach considers
a type-I superconductor or a type-II superconductor below the
critical field H. and H.; respectively. In this analysis, it is
assumed that the magnetic flux is expelled from the mater-
ial and that shielding is provided by induced shielding (or
‘Meissner’) currents flowing over a typical length scale \
(namely, the London penetration depth) according to London
equations [47, 149]. This state will also be referred to as
‘Meissner state’ in the following. If the wall thickness is much
larger than A, the results should be consistent with some of the
results obtained for a perfectly diamagnetic material, as will
be discussed in section 4.2.2.

4.1.3. CSM. For irreversible type-II superconductors, the
penetration of the magnetic flux can be described by the
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CSM [150]. The simplest approach is given by the Bean’s
model according to which the current density within the super-
conductor can only take two values: either the constant max-
imum value |J| =J; or zero. Since the Bean’s model neg-
lects magnetic relaxation processes, the results predicted by
this approach are frequency independent. In the frequent case
where a J;(B) dependence needs to be included, various laws
can be considered. For REBCO (see section 5.2) and BSCCO
(see section 5.3) magnetic shields, experimental results can be
reproduced successfully using Kim’s model [151] i.e.

D

For MgB, shields (see section 5.4), the exponential decay

Jo (B) = Jpexp (_ (;)7)

was found to provide a good agreement between com-
puted and experimental outcomes [152—154]. In MgB, shields
produced by reactive liquid magnesium infiltration technique
[155], an analogous remarkable agreement between compu-
tation and experiments was achieved assuming the simplified
exponential dependence:

12)

J.(B) =Joexp(—vyB). (13)

In equations (11)—(13), Jeo, B and y are constant paramet-
ers generally determined by fits on the experimental data [96,
155, 156].

4.14. E—J constitutive law. Most numerical models use
a continuous and smooth relationship between E and J. The
advantage of using a continuous E—J law is that it can be
incorporated into a suitable 2D or 3D model to investigate
more complex magnetic shield geometries. The most com-
mon approach derives from the flux creep theory proposed by
Anderson in 1960, which considers the thermal activation as
the cause of the hopping of fluxons [157], and provides the
following power law dependence:

J n

where E. is an arbitrary electric field value (usually set to
10~* Vm~!) chosen to identify the value of the critical cur-
rent density, J;, and n is called the ‘creep factor’. It defines the
steepness of the transition between the SC state and the nor-
mal state. If n =1, (14) describes a normal conducting mater-
ial (linear Ohm’s law), whereas for n — oo it reduces to the
Bean’s model. Figure 5 shows several E-J curves obtained
from (14) for different n values. In addition to be used in the
numerical approaches developed in section 4.3, the E-J law
can also be used in the semi-analytical approach developed by
Brandt [158, 159]. This semi-analytical approach was applied
to magnetic shielding problems in [50, 160].
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Figure 5. Comparison of the E—J power law given by (14) in the
main text for different values of the exponent n and the E—J
hyperbolic tangent law given by (15) for different values of the
parameter Ej.

Even though the power law equation can be implemented
easily in finite element codes, for MgB, the creep factor n usu-
ally takes a huge value (n = 100) [154] that can lead to numer-
ical difficulties. As a consequence, to better address the case
of superconductors with n > 1 alternative approaches were
developed. In particular, assuming that the current density is
locally collinear with the electric field, the relation

E|\ [ E. E, E

J = J.tanh () (u + @ +Z12> (15)
U\ E J\E TR E[T

can be considered as a suitable smooth approximation of the
stepwise function predicted in the CSM [161] and was suc-
cessfully applied to solve 3D shielding problems [93]. In this
equation, the parameter E( controls the sharpness of the trans-
ition just as the n-factor in the E-J power law, E,, E, and
E, represent the three components of the local value of the
electric field and i, #@,, @, are the unit vectors along the
x, y and z directions, respectively. The use of this E—J rela-
tionship, developed starting from the microscopic analysis by
Campbell [162], was generally coupled with the application of
the magnetic vector potential, A, formulation (see section 4.3)
to describe the superconductor flux dynamics [161, 163]. Both
in (14) and (15) the most suitable J.(B) law is then included
according to the investigated material.

Other E-J relationships have also been proposed, e.g.
in [164, 165]. However, these relationships will not further
be discussed here because to our best knowledge they have
never been applied to model magnetic shielding and screening
problems.
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4.2. Analytical approaches for modelling magnetic shields

Analytical approaches are very helpful to estimate the effi-
ciency of SC shields and screens and to investigate the influ-
ence of geometric or physical parameters on their perform-
ances. In this section, we summarize the analytical results
obtained for simple geometries, together with considerations
regarding how the analytical formulas can be used. Unless oth-
erwise stated, the analytical approaches reported below con-
sider the superconductor first cooled in zero field (ZFC pro-
cedure) and then subjected to a uniform magnetic field Hypp.
Frequency effects are ignored, i.e. the applied field is assumed
to be DC or such that its time dependence has no effect on the
properties of the shield or screen. The section focuses only on
superconductors and will not cover the comparison with the
analytical formulas obtained for their high-permeability coun-
terparts. Detailed comparisons can be found in the reviews by
Pavese [36] and Claycomb [166].

Typical problems benefiting from analytical solutions
include the magnetic shielding by a hollow cylinder with
the applied field either parallel (axial field) or perpendicular
(transverse field) to its axis, the magnetic shielding by a hol-
low sphere, the magnetic field penetration in long cylindrical
holes drilled in semi-infinite volumes or the magnetic screen-
ing of an infinitely thin SC disk with the field parallel to its
axis. These geometries are illustrated schematically in figure 6
together with the definition of the geometric parameters.

4.2.1. Perfect diamagnetic material. = The model assuming a
perfect diamagnetic material ignores the penetration of mag-
netic flux in the body of the superconductor. Such a model
is not useful to find the shielding factor of closed geomet-
ries with no ‘entry gate’ for the flux lines, such as a hollow
sphere or an infinite hollow cylinder under a transverse field.
The reason is that the perfect diamagnetism simply yields a
zero internal flux density Bj, and an infinite shielding factor
SF = o0, i.e. a trivial result. More relevant information, how-
ever, can be found regarding how the magnetic flux lines pen-
etrate through open ends (figures 6(c) and (d)). The analysis
was done for a semi-infinite hollow cylinder in the pioneering
works of Cabrera [148] and Claycomb [63]. The flux density
can be expressed as a series of decaying exponential functions
of the normalized distance z/R;, from the opening of the tube.
Along the axis and far enough from the opening, one has the
following approximation
B ~ KpigHappexp (—k (z/Rin)) - (16)
As such, equation (16) gives information on how B changes
with the distance z. This equation, however, cannot be used to
find the value of B since the factor K is unknown. For an axial
field, one has k= k” = 3.83; for a transverse field, k =k, =
1.84. These two numbers correspond to the first root of the
Bessel function J; and of its derivative J 1’ respectively [63,
148]. The fact that k| >k, emphasizes that openings have
less detrimental effect for axial fields than for transverse fields,
in contrast with FM shields [166, 167]. The analysis above
refers to a semi-infinite hollow cylinder but can be extended

in a fairly good approximation to a finite semi-closed tube of
height h. Fagnard et al [98] showed that, under an axial field,
the entry of magnetic flux lines through the opening, hence
their distribution in the plane z =0, is strongly sensitive to the
shape of the superconductor around the opening and its general
aspect ratio of height to radius. Consequently, K may differ
significantly from one geometry to another. On the opposite,
for short semi-closed tubes (k& ~ 2R,,) in transverse fields, it
was shown that the coarse approximation K ~ 1 leads to ana-
lytical results that are in fair agreement with those obtained by
finite element modelling. While this analysis holds for semi-
infinite or semi-closed tubes, it can be used to model a tube
with two openings (figure 6(e)). The fields entering from both
sides of such an open tube simply add, and each of them can be
roughly approximated by the field that would enter in a semi-
infinite tube.

Analytical expressions of the flux density can also be
obtained for holes or grooves in perfectly diamagnetic super-
conductors. For a small circular hole of radius R in a SC thin
sheet with the applied field parallel to the sheet (figure 6(g)),
the flux density along the axis of the hole and far enough
from the opening decays as (R/z)> [148]. Approximations
were derived to estimate the penetration of magnetic flux in a
SC plate containing numerous holes [138]. Analytical formu-
las were also established for a narrow slit in a SC thin sheet
(figure 6(h)) or an infinitely deep groove in a semi-infinite
superconductor (figure 6(i)) [36, 168].

A perfectly diamagnetic disk (figure 6(j)) diverts the flux
lines and therefore offers a given amount of magnetic screen-
ing. For an infinitely thin disk of radius R subjected to a uni-
form field parallel to z, the magnetic field along the axis of
the disk was calculated analytically [63] by solving Laplace’s
equation for the magnetic scalar potential in oblate spheroidal
coordinates. The result for r =0 is given by

-] o

2 -1
H, = Hyyp 1—; tan -

where z is the distance to the disk. Along the axis (r =0) the
radial component of the magnetic field H, is zero by symmetry.
It is of interest to notice that this mathematical analysis can be
extended to any value of r to find the analytical expressions of
H, and H, around the disk. The corresponding mathematical
developments, unpublished so far, are provided in appendix A
of this review. The results can be used to find the shape of the
flux lines at any point around the disk, as illustrated in figure 7.

Rz
R? + 72

In the models considered in this section, the magnetic flux
lines do not penetrate the body of the superconductor but are
located in free space. Therefore, the flux density in the region
of interest is only related to flux lines meandering around the
superconductor through openings and is proportional to the
applied field. The corresponding shielding factor, referred to
as ‘SFopen’, is a constant. The consequence is that, strictly
speaking, the use of SFype, alone does not allow a threshold
Bjim to be estimated. This is not the case when considering
also the shielding factor through the walls ‘SF,,;" which is
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Figure 6. Schematic illustration of several geometries of superconductors for which some analytical expressions (exact or approximate) of
the magnetic flux density modified by the superconductor or the threshold magnetic flux density Bjim can be found. (a) infinite hollow
cylinder with applied field parallel to the axis (axial field), (b) same with applied field perpendicular to the axis (transverse field), (c)
semi-infinite hollow cylinder under an axial field, (d) same under a transverse field, (e) finite hollow cylinder under an axial field, (f) hollow
sphere, (g) small circular hole in an infinite superconducting thin sheet, (h) narrow slit in an infinite superconducting thin sheet, (i) infinitely
deep groove in a semi-infinite superconductor, (j) thin superconducting disk under an axial field.
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Figure 7. Magnetic flux density lines around an infinitely thin
superconducting disk (perfect diamagnetism assumption) subjected
to a uniform axial field as calculated by the formulas in A. The
background colour shows |B|. The units are arbitrary.

generally a function of the applied field. The effective shield-
ing factor SFes(Happ) is then given [167] by 1/SFeg(Happ) =
1/SFopen + 1/SFwall (Happ)~

By increasing the applied magnetic field, the ultimate limit
of the ‘perfect diamagnetic’ model is the disappearance of per-
fect diamagnetism that occurs when the local magnetic field at
the surface of the superconductor exceeds the critical field H,
(for a type-I superconductor) or H.; (for a type-II supercon-
ductor). When there are no demagnetization effects, i.e. when
the applied field is directed along the supposedly infinite dir-
ection, the field at the surface is simply equal to the applied
field H,pp, hence the ‘perfect diamagnetic’ model is valid until
H,pp = H (or Hcp). In all other situations, the local field may
exceed H, at some places while being below H, at some others,

leading to the ‘intermediate’ state [169]. In simple geomet-
ries, the onset of the intermediate state can be estimated using
the demagnetization factor N in the direction of the applied
field. For an infinite hollow cylinder subjected to a transverse
field, one has N = 1/2 and the material enters the intermediate
state as soon as H,,, exceeds H, /2. It should be kept in mind
that this reasoning is true when the field is applied after a ZFC
procedure and is not valid when the magnetic flux expulsion
occurs in FC. As an example, for a hollow cylinder cooled
in a transverse field (in FC), it can be shown [148] that the
Meissner effect occurs until Hap, = He/(1 — (Rout/Rin)?) /2.
This formula emphasizes that in the FC regime, physical phe-
nom