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Magnetic screening behavior of hybrid high-temperature

superconducting screens subjected to successive excitation cycles:

experiments and numerical study
Nicolas Rotheudt, Jean-François Fagnard, Tomas Hlasek, Jan Plechacek and Philippe Vanderbemden

Abstract—Combining high-temperature superconducting bulks
and jointless closed-loop coated conductors recently demon-
strated promising magnetic shielding/screening properties when
they are zero-field cooled and subjected to an inhomogeneous
applied field. The present work focuses on studying how their
screening properties evolve if several magnetic field excitation
cycles are applied, as it is the case in practical applications.
This study is carried out both experimentally and numerically.
The main result is that more than 95% of the field attenuation
(screening factor SF) obtained after the first ramp still remain
after 300 cycles. This result is explained by using the numerically
computed current density distribution in the bulk alone. The
slight decrease in SF after several cycles is found to be smaller
than the field attenuation arising from conventional current re-
laxation (or flux creep) if the magnetic field is kept constant after
the first increasing ramp. These results demonstrate the potential
of such superconducting screens for practical applications with
a large number of excitation applied field cycles.

Index Terms—Magnetic shielding, shielding, large-scale appli-
cations, coated conductors, bulk conductors, HTS coils, magnetic
field measurement.

I. INTRODUCTION

SEVERAL engineering applications involving large mag-
netic flux densities require their low frequency stray

field to be reduced to protect neighboring equipment, e.g.,
large superconducting magnets or air-core superconducting
machines [1]–[3]. The present work deals with passive systems
based on high-temperature superconductors (HTS) to provide
the required field attenuation [4]. These systems can be re-
ferred to as magnetic shields (closed or partly closed geometry
surrounding the attenuated zone) or screens (open geometry),
on which we focus here. When the applied field varies,
persistent currents are naturally induced in the superconductors
to counteract this field, providing attenuation on the other side
of the screen as shown in Fig. 1. Fig. 1 illustrates that a
magnetic screen can consist of a bulk superconductor alone,
a set of closed-loop (jointless) coils [5], [6] or a ‘hybrid’

N. Rotheudt, J.-F. Fagnard and P. Vanderbemden are with the Department
of Electrical Engineering and Computer Science, University of Liège, Liège,
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Fig. 1. Schematic illustration of a magnetic screening experiment for different
types of HTS screens. The reference axes used in this work are shown.
Adapted from N Rotheudt et al. 2025 Supercond. Sci. Technol. 38 025012 [8],
figure 2. © IOP Publishing. Reproduced with permission. All rights reserved.

screen combining both, which recently demonstrated superior
screening ability [7], [8].

The performance of a magnetic screen, i.e., the field at-
tenuation, is assessed through the screening factor SF(r) =
µ0Happ(r)/B(r), where r is a certain position, µ0Happ the
magnitude of the applied field (without HTS screen) and B
the magnitude of the flux density with the screen. In the
magnetic shielding or screening studies carried out in the
literature [4], the superconductors are first zero-field cooled
and then subjected to a field ramped up from 0 to Hmax. In
practical applications, however, a screen is subjected to several
applied field cycles (0 → Hmax → 0). It is therefore desired to
investigate whether the magnetic screening properties after the
first ramp are maintained for several field cycles, in spite of the
hysteretic nature of type-II superconductors. Interestingly, for
magnetic shields such as long tubes, a full penetration field
Hp can be clearly defined [9]. Hence, if Hmax ≪ Hp, no
measurable effect results from the application of several field
cycles [10]. The situation is less clear for magnetic screens
(Fig. 1) for which SF behind the screen depends on the flux
lines meandering around the superconductors.

In this paper, we investigate the behavior of HTS magnetic
screens subjected to repeated cycles of the applied field.

II. EXPERIMENTAL SET-UP AND RESULTS

The superconducting screen is placed above a source coil gen-
erating an inhomogeneous field. Details about the source coil
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and the sample holders are given in our previous works [7],
[8]. A bespoke cryogenic 3-axis Hall probe [11] is fixed to a
xyz micro-displacement system and measures simultaneously
Bx, By and Bz above the screen. The Hall probe consists of a
room-temperature 3-axis Hall sensor placed inside a thermally
controlled G10 insert. As a result, the active area of the Hall
sensor is located at 2.2 ± 0.25 mm from the bottom surface
of the insert, which determines the minimal distance from the
bulk at which measurements can be performed.

The HTS screen is first zero-field cooled down to 77 K.
Then, the current in the coil is slowly ramped up to 0.5 A
in 100 s. Note that 0.5 A in the coil corresponds to an
inhomogeneous applied field (without superconductor) whose
peak value at the center of the bottom surface of the screen
is around 100 mT. After 300 s at 0.5 A to ensure that the
results are sufficiently weakly time dependent [7], the spatial
distribution of Bx, By and Bz is measured above the screen
every 0.5 mm along y. At each point, 6 measurements sent by
the Hall probe are averaged (these measurements themselves
being the result of an average of 100 internal readings [11]).
Once the flux density mappings are performed, the current in
the coil is decreased to 0 at the same sweep rate (5 mA/s).
This cycle ‘increase – mapping – decrease’ is done 30 times
and the resulting mappings of SF at 0.5 A are compared. This
is in sharp contrast with [7], [8], where we studied in detail a
single increasing ramp of applied field.

Two HTS screens are investigated. The first screen is a
disk-shaped melt-textured GdBCO/Ag bulk alone (thickness
5 mm, diameter 30 mm, Jc(77 K) ≈ 200 A mm−2), which
is produced by the ‘single-direction melt growth’ (SDMG)
method [12]–[14] at CAN Superconductors, s.r.o. The sec-
ond screen is a hybrid screen combining this bulk sample
with 45 mm- and 60 mm-diameter closed-loop coated con-
ductors [7], [8]. These are jointless superconducting loops
obtained by milling a slit in the middle of a tape seg-
ment [15]–[20]. The tape segments are from a 10 mm-wide
2G GdBCO tape from Shanghai Superconductor Technology
(Ic(77 K, s.f.) ≈ 500 A) and the slit is positioned at the same
height as the top surface of the bulk, i.e., at z = 0. To increase
the total field that can be generated by these loops, 4 non-
insulated layers are superimposed for each loop. The 45 mm-
and 60 mm-diameter closed loops are oriented with the vertical
offset on the same side of the bulk (see Fig. 1). It is worth
mentioning that a magnetic screen consisting of the loops
alone is not well-suited for the type of inhomogeneous applied
field considered in this work. The reason, explained in [7], is
the following. On the one hand, the amplitude of the applied
field is maximum at y = 0. On the other hand, when screening
currents are induced in the loops, the field generated by these
currents is rather small at the center, and maximum close to
the superconducting tape. Hence, a magnetic screen made of
the loops alone is not effective since the spatial distribution
of the opposite field generated by these loops differs strongly
from the spatial distribution of the applied field. Such a screen
will, therefore, not be considered in this paper.

Fig. 2 shows the SF measurements along y (from y =
−43 mm to y = 12 mm) at z = 4.7 mm (see Fig. 1), i.e.
when the bottom of the G10 insert of the Hall probe is at
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Fig. 2. Spatial distribution of SF along y at z = 4.7 mm above the top
surface of the bulk. The bottom set of curves is for a screen made of the
bulk alone. The top set of curves is for the hybrid screen (bulk alone with
45 mm- and 60 mm-diameter closed-loop coated conductors). Each set of
curves consists of 4 curves corresponding to 4 out of the 30 SF mappings
(M. i stands for the i-th mapping).

2.5 mm above the bulk. Each set of curves shows 4 different
SF mappings and corresponds to a given screen: either the
‘bulk alone’ or the ‘hybrid’ screen. The mapping results given
in Fig. 2 are measured during the 1st, 10th, 20th and 30th

cycle ‘increase field – mapping – decrease field’ and are
labeled M. 1, M. 10, M. 20 and M. 30, respectively. The main
observation is that, for each screen, the different SF mappings
are similar. It can be shown that the minor variations from one
mapping to another corresponds to B variations around a few
dozen µT, which is smaller than the typical uncertainty level of
the Hall probe (∼ 100 µT [11]). Therefore, these results give
evidence that the screening properties obtained after the first
ramp of applied field to Hmax are globally maintained at each
subsequent occurrence of Hmax (up to 30 cycles), in spite of
the hysteretic nature of the superconductors. In the following,
a finite element model is used to (i) understand these results,
and (ii) extend this conclusion to higher fields and for a much
larger number of cycles.

Another observation in Fig. 2 is that the SF measurements
are not centered around y = 0. As explained in [7], [8], this
is because of the offset between both halves of the loop: the
distance to the loop for y > 0 is smaller than for y < 0
(see Fig. 1). Consequently, the opposite field generated by the
currents in the loops is larger for y > 0 than the field generated
for y < 0, leading to a higher SF for y > 0.

III. FINITE ELEMENT MODEL AND RESULTS

In our previous work, we demonstrated that a simple 2D finite
element model using axisymmetry can be used to understand
most screening properties on both bulk and hybrid screens [8].
This model is implemented in the Gmsh and GetDP environ-
ments with the Life-HTS toolkit [21]. The characteristics of
the bulk are those described in section II (constant Jc assumed)
and the power law exponent [22] is n = 40 in this section.
To ease the meshing of the domains, the thickness of the
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Fig. 3. Time evolution of SF at (y, z) = (0, 4.7) mm for the first cycles
of two field amplitudes with the same sweep rate: 1.2 mT/s at the bottom of
the screen which consists of (a) the bulk alone or (b) the bulk and the loops
(hybrid screen). First case (plain blue curve): up to µ0Hmax ≈ 120 mT at
the bottom of the bulk (T = 100 s). Second case (dashed red curve): up to
µ0Hmax ≈ 480 mT (T = 400 s). The dotted black curve shows the relative
evolution of Happ up to Hmax. The blue circles and red squares indicate the
SF values when Happ = Hmax.

two loops (45 and 60 mm-diameter) is artificially increased to
1 mm. The H −ϕ formulation is used [23], [24]. The current
in the source coil, hence the applied field, varies linearly with
time, repeating 300 times the sequence 0 → Hmax → 0.

A. Detailed time evolution for the first cycles

Fig. 3 compares the time evolution of SF at 4.7 mm above
the center of (a) the bulk screen and (b) the hybrid screen for
the first cycles of applied field in two cases. In the first case
(plain blue curve), the field at the center of the bottom surface
of the bulk goes up to µ0Hmax ≈ 120 mT in T = 100 s,
i.e., the sweep rate is 1.2 mT/s. This applied field is roughly
equivalent to the experimental one. In the second case (dashed
red curve), µ0Hmax ≈ 480 mT using the same sweep rate
(hence, T = 400 s). The dotted black curve shows the relative
time evolution of the applied field.

The first observations, which hold both for Fig. 3(a) and
Fig. 3(b), are for t/T ≤ 1. At t/T → 0, SF is the same
for both curves, since it is dictated by the geometry of the
screen [8]. Then, for 0 < t/T ≤ 1, i.e., when Happ first
increases, SF decreases. This phenomenon is due to the flux

front penetrating deeper in (a) the bulk or (b) the bulk and
the loops when the applied field increases, as illustrated for
the bulk alone in section III-B. In Fig. 3(a), SF drops by
∼ 2.3% for µ0Hmax ≈ 120 mT and by ∼ 13% for 480 mT.
In Fig. 3(b), SF drops by ∼ 3% for µ0Hmax ≈ 120 mT
and by ∼ 21% for 480 mT. Solutions to limit this SF
degradation involve lowering the operating temperature or
combining several superconductors [8].

Then, the SF obtained at each occurrence of Hmax, in-
dicated by the blue circles and the red squares in Fig. 3,
is similar, as highlighted experimentally in section II. From
t/T = 1 to t/T = 7 and for µ0Hmax ≈ 120 mT, SF
decreases by ∼ 0.4% for the bulk alone and by ∼ 0.5% for
the hybrid screen. For 480 mT, from t/T = 1 to t/T = 7,
SF decreases by ∼ 1.7% for the bulk alone and by ∼ 3.2%
for the hybrid screen. Hence, even for fields larger than those
used experimentally, the screening properties are expected to
be maintained over a few excitation cycles.

Also, it can be noticed that the SF values obtained using the
axisymmetric finite element model are significantly larger than
the experimental ones. The two main reasons are: (i) the flux
density measured above the screen is relatively small, such that
the typical uncertainty level of the Hall probe prevents us from
measuring flux densities ≤ 100 µT, and (ii) the vertical offset
between both halves of the loops leads a finite By in practice,
hence a limited SF. Symmetrizing the design by reversing the
direction of one of the loops can increase the experimental
SF [8].

In the following sections, for the sake of simplicity and
conciseness, we focus on a screen consisting of the bulk alone,
but the conclusions also hold for hybrid screens.

B. Explanation using the current density distribution
Studying how the current density J distribution evolves with
the applied field cycles is very helpful to understand the results
of section III-A. Fig. 4 shows the J distribution in half of
the cross-section of the bulk (axisymmetric model – screen
consisting of a bulk alone). This J distribution is drawn at
selected time instants taken from the dashed red curve in
Fig. 3(a) (µ0Hmax ≈ 480 mT at the center of the bottom of
the bulk, sweep rate 1.2 mT/s, bulk alone), which is replicated
for visual purposes in Fig. 4.

For 0 < t/T ≤ 1, a flux front penetrates in the bulk, starting
from its edges and where the field is the most concentrated.
Consequently, a current density is induced (cross-section 1 in
Fig. 4). The higher Hmax, the deeper the flux front in the bulk.
At t/T = 1, a certain current density is therefore induced
up to a given depth (cross-section 2). For 1 < t/T ≤ 2,
new currents arise from the edges in the opposite direction
and ‘erase’ part of those already flowing in the bulk (cross-
sections 3 and 4). Then, for 2 < t/T ≤ 3, new currents erase
those in the opposite direction starting from the edges (cross-
section 5), and it can be observed that the current density
distribution at t/T = 3 (cross-section 6) is very close to that at
t/T = 1. Similar observations hold for t/T = 5 and t/T = 7
(cross-sections 7 and 8).

In the framework of the critical state model (n → ∞) [25],
the new currents that are created from the edges at each
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Fig. 4. Bottom: time evolution of SF at (y, z) = (0, 4.7) mm for
µ0Hmax ≈ 480 mT, replicated from Fig. 3 for reference. Top: current density
J distribution in the bulk for the time instants indicated on the bottom graph.
Only half of the cross-section is shown by symmetry. The color map represents
J , ranging from −Jc to Jc = 200 A/mm2 (assumed to be constant).

reversal of dHapp/dt will never penetrate deeper than the
given depth reached at t/T = 1. For real superconductors
(finite n), the J distribution is similar but the penetration front
moves very slightly to the center of the bulk and the average
J decreases very slowly due to the current relaxation (flux
creep), as detailed in section IV.

C. Evolution of SF for 300 excitation cycles

In practical applications, a magnetic screen will experience
more than a few cycles after being cooled down. We therefore
investigate, for the bulk screen, how the SF value for Happ =
Hmax evolves over much longer runs, e.g., 300 cycles. Fig. 5
shows SF at z = 4.7 mm for each occurrence of Hmax, as
shown in the inset, relatively to the SF(t/T = 1) = SF1. For
µ0Hmax ≈ 120 mT (blue circles), SF decreases by less than
1% over 300 cycles; for µ0Hmax ≈ 480 mT (red squares),
less than 5%. This very low reduction of SF with the number
of cycles (log scale) confirms that the screening properties
obtained after the first ramp of applied field are maintained
over long runs.

Since this slow decay resembles what is observed in trapped
field experiments due to current relaxation [26], section IV
compares the two phenomena.

IV. DISCUSSION

Two families of applied field are considered: (i) the ‘cycles’
case, as described before and (ii) the ‘relaxation’ case, where
Happ is first ramped up to Hmax in T seconds (same sweep
rate in both cases) then kept constant. In the ‘relaxation’ case,
a certain J is induced in the bulk for t/T ≤ 1 and only current
relaxation (or flux creep) occurs for t/T > 1. According to
Zeldov’s model [27], this relaxation writes [22]

J(t) ≈ J(0)

[
1− 1

n
ln

(
t

τ0

)]
, (1)

for t ≫ τ0. For a fully penetrated sample, this equation shows
that the relaxation rate dM/d ln(t), M being the magnetic
moment of the sample, scales as 1/n. However, the bulk

t/T

Happ

300 cycles

∼ 1 %

∼ 5 %

µ0Hmax ≈ 120 mT

µ0Hmax ≈ 480 mT

Fig. 5. Relative time evolution of SF at (y, z) = (0, 4.7) mm over 300
cycles of applied field in two cases (screen made of the bulk alone). First
case (blue circles): applied field up to µ0Hmax ≈ 120 mT at the bottom
of the bulk (T = 100 s). Second case (red squares): applied field up to
µ0Hmax ≈ 480 mT (T = 400 s). Only the SF values when Happ = Hmax

are shown, as indicated in the inset. The reference SF1 is SF(t/T = 1). The
axes are in logarithmic scale.

sample is not fully penetrated in this work and Babich et
al. [28] showed that less-penetrated samples are characterized
by a smaller relaxation rate. Consequently, if Hmax is higher,
the flux front penetrates more deeply and the relaxation rate
is larger. In this case, J , hence SF, decreases faster, as
highlighted in Fig. 5. Also, in addition to this overall J decay,
the penetration front slowly drifts deeper in the bulk.

Fig. 6 shows the relative decrease of SF at each occurrence
of Hmax in the ‘cycles’ case (open symbols, see the inset
of Fig. 5) and in the ‘relaxation’ case at the same time
instants (full symbols, see left inset of Fig. 6). In both cases,
µ0Hmax ≈ 480 mT (T = 400 s) and n = 40 (red squares,
same as in Fig. 5) and 20 (green triangles) are compared.

In the ‘relaxation’ case, it is expected that the smaller the n,
the faster the average J decrease, given (1), even in a partially
penetrated bulk. Hence, even though SF depends on both the
average J in the bulk and the precise J distribution, a smaller
n yields a faster decay of SF. Note that, in practice, a different
n value is accompanied by a different J reorganization over
time, such that the decrease rate of SF does not exactly match
that of the average J . Interestingly, it can be observed in Fig. 6
that n also influences the SF decay in the ‘cycles’ case: SF
decreases more rapidly for smaller n, which provides evidence
that this SF decay is intrinsically related to conventional
current relaxation.

For n = 20, Fig. 6 illustrates that the decrease of SF
in the ‘cycles’ case is smaller than in the ‘relaxation’ case.
For n = 40, few differences between both cases appear after
300 cycles but the right inset highlights that, again, the decay
caused by the cycles is smaller than conventional relaxation,
beyond 300 cycles (crossover at t/T ≈ 341). This confirms
that the screening properties are maintained over long runs
of applied field cycles. By neglecting the spatial evolution of
the J distribution and assuming that SF only depends on the
average J , given by (1), this fact can be explained as follows.

Each time dHapp/dt changes sign (‘cycles’ case), new
currents appear in the opposite direction (see section III-B)
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Fig. 6. Relative time evolution of SF at (y, z) = (0, 4.7) mm over a long
run in two families of applied field (screen made of the bulk alone): ‘cycles’
(open symbols), as shown in the inset of Fig. 5 and ‘relaxation’ (full symbols)
as shown in the left inset here. For both families, n = 20 (green triangles) and
n = 40 (red squares) are compared, and µ0Hmax ≈ 480 mT (T = 400 s).
The reference SF1 is SF(t/T = 1). The axes are in logarithmic scale.

and then reduce over time following (1). For example, at
tN = (2N + 1)T , N ≥ 1 and integer, J induced during the
first increasing ramp is around J(0) − J(0)/n ln(2NT/τ0)
and J induced during the first decreasing ramp is around
−J(0) + J(0)/n ln((2N − 1)T/τ0). Hence, the resulting
average J(tN ), is the sum of all the contributions with their
sign, i.e.,

Jcycles(tN ) ≈ J(0)− J(0)

n
ln

(
2N

N−1∏
i=1

2i

2i+ 1

)
. (2)

By contrast, in the ‘relaxation’ case, the average J(tN )
simply writes

Jrelaxation(tN ) ≈ J(0)− J(0)

n
ln

(
2N

T

τ0

)
. (3)

Since T > τ0 in (3) and that the product in (2) is smaller
than 1, one finds that Jcycles(tN ) > Jrelaxation(tN ) and,
indirectly, SFcycles(tN ) > SFrelaxation(tN ). Intuitively, this
can be understood because Jrelaxation continuously decreases
over time, while Jcycles it is periodically ‘refreshed’ by new
currents originating from the successive increasing ramps.

Finally, while all the previous numerical results considered
the same sweep rate of µ0dHapp/dt = 1.2 mT/s at the
bottom of the bulk, the effect of a much faster sweep rate,
e.g. 120 mT/s, can be studied. Fig. 7 shows the relative
decrease of SF at each occurrence of Hmax in the ‘cycles’ case
(open symbols) and in the ‘relaxation’ case at the same time
instants (full symbols). In both cases, µ0Hmax ≈ 480 mT and
n = 20, µ0dHapp/dt = 120 mT/s (T = 4 s, violet downward
triangles) and µ0dHapp/dt = 1.2 mT/s (T = 400 s, green
upward triangles, same as in Fig. 6) are compared.

The first observation in Fig. 7 is that, as previously ex-
plained, the decay of SF in the ‘cycles’ case is smaller than
in the ‘relaxation’ case, for both sweep rates. The second
observation is that the faster the sweep rate, the smaller the
decay of SF. This can be understood as follows. A faster sweep
rate results in a higher induced electric field, through Faraday’s

Fig. 7. Relative time evolution of SF at (y, z) = (0, 4.7) mm over a
long run in two families of applied field (screen made of the bulk alone):
‘cycles’ (open symbols) and ‘relaxation’ (full symbols). For both families,
µ0dHapp/dt = 120 mT/s (T = 4 s, violet downward triangles) and
µ0dHapp/dt = 1.2 mT/s (T = 400 s, green upward triangles) are compared,
and µ0Hmax ≈ 480 mT and n = 20. The reference SF1 is SF(t/T = 1).
The axes are in logarithmic scale.

law, and thus a higher current density J . The consequence of
this higher J is that, for a given Hmax, the sample is less
penetrated. Since less-penetrated samples are characterized by
a smaller relaxation rate [28], it implies that a faster sweep rate
results in a smaller relative decay of SF, even in the ‘cycles’
case.

V. CONCLUSION

In this work, we studied the behavior of high-temperature
superconducting screens subjected to several cycles of inho-
mogeneous applied field. The key messages are as follows.

(i) For two screens (bulk or hybrid), it was found experimen-
tally that the SF distributions measured after 1 to 30 increasing
ramps of applied field are similar.

(ii) Numerically, we observed that the initial SF drops by
2.3% (resp. 13%) when it first reaches µ0Hmax = 120 mT
(resp. 480 mT) at the bottom of the bulk screen. By contrast,
the relative SF decay for the next 300 cycles (when Happ =
Hmax) is less than 1% (resp. 5%).

(iii) If n = ∞, the J distribution in the bulk at each
occurrence of Hmax would be exactly the same. In practice,
the slight decrease of SF between successive cycles results
from the small current relaxation (flux creep) arising because
n is finite. Remarkably, the decay occurring for successive
cycles of applied field is smaller than the decay occurring for
conventional current relaxation under Happ = Hmax. Also,
increasing dHapp/dt leads to a smaller SF decay.

This work therefore validates experimentally and numeri-
cally that the screening properties of HTS screens optimized
for the first ramp can be maintained throughout the further
cycles used in applications.
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