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Abstract. Bulk large-grain superconductors can be wused as high-field
permanent magnets. Although the properties of such individual trapped field
magnets are well documented, much less is known concerning their behaviour
when two are brought together. In this work, the interaction between two
cylindrical bulk YBagCuzOr (YBCO) superconductors is described. Two sets of
experiments were carried out. The first involved the simultaneous magnetization
of two bulk superconductors placed a short distance apart. Here, the applied
magnetic field was aligned parallel to the c-axis of one bulk, while the other was
oriented with its c-axis offset . For a centre-to-centre distance equal to twice the
sample height, the presence of the second sample is found not to alter the current
distribution inside the first. Consequently, the contribution of both samples
simply sums, thus increasing the magnetic flux density between them. In the
second set of experiments, the translational approach of the superconductors with
parallel c-axes was investigated. The following configurations were considered:
(i) face to face approach (with anti-parallel trapped field orientation) and (ii)
sideways approach (with parallel trapped field orientation). An irreversible
decrease of the trapped field was measured on separation . Repeated approach
cycles showed that the irreversible loss of trapped field is largest for the first
approach.

Bulk superconductor, trapped field magnet, magnetic field gradient, interacting bulk
superconductors, flur pinning
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1. Introduction

The ability of bulk superconductorsto trap large mag-
netic fields makes them attractive for a broad range
of applications [1-5]. In particular, a magnetized
bulk superconductor can act as a pseudo-permanent or
‘trapped field’ magnet. Unlike conventional permanent
magnets, which are limited by their saturation magne-
tization, e.g. 1.4 tesla for Nd-Fe-B [6], superconduc-
tors do not exhibit the same limitation. Their trapped
field ability can be enhanced by increasing their dimen-
sions [7]. The maximum field trapped in a bulk super-
conductor to date is 17.6 T [8], almost one order of
magnitude higher than the fundamental limit for iron.
The primary limiting factor impeding the realization
of higher trapped fields is the mechanical robustness
required to withstand the Lorentz force [8-11].

Superconducting trapped field magnets can be

used to produce both a large flux density B and a
large gradient of flux density VB. One example where
a large B is desirable is in electric synchronous mo-
tors to increase the system power density [1,5,12,13].
Large gradients are required in levitation systems [12],
magnetic bearings [12] and magnetic drug delivery
[1,14-18].
In this context, combining several similar bulk su-
perconductors is of interest in order to increase the
flux density and modify the flux density distribution
[19], in a similar way as when permanent magnets are
combined in a Halbach array [20]. This is however
less straightforward when combining superconducting
trapped field magnets, for two reasons. The first is
that the superconductors need to be magnetized. It is
therefore relevant to understand how two superconduc-
tors behave when they are magnetized simultaneously.
The second reason is related to the fact that the field
generated by a superconductor arises from persistent
macroscopic current loops. The distribution and the
amplitude of the trapped current loops of one sample
could be altered by the proximity of another neigh-
bouring sample, leading to a demagnetization. The
situation is actually comparable to a ” crossed-field” ex-
periment [21,22] with the difference being that the field
component perpendicular to the magnetization is not
generated by a stable field source but by a neighbour-
ing superconductor.

The crossed-field effect has been investigated ex-
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perimentally, analytically and numerically by consid-
ering a pre-magnetized bulk superconductor subjected
to N successive cycles of transverse field [23-29]. In
this case, the decay of the magnetization can be fitted
using a power law M ~ N~% where a is an increasing
function of the transverse field amplitude. In addition,
finite element simulations suggest that the decay of the
magnetization resulting from the first few cycles is as-
sociated with a redistribution of the superconducting
current inside the bulk superconductor, while the decay
resulting from further cycles is related to a decrease of
the superconducting current density [23]. These results
underline that superconducting trapped field magnets
are sensitive to an external magnetic field that is not
parallel to the main axis of their magnetization, a sit-
uation that is inevitable when two magnetized bulk
superconductors are placed next to each other.

In this work, two different configurations of two in-
teracting YBasCusO7 (YBCO) bulk superconductors
were investigated, as shown in figure 1. In the first two
nominally identical bulk superconductors were placed
a short distance apart and magnetized simultaneously.
The applied magnetic field was parallel to the c-axis of
one of them, while the other had its c-axis misoriented
at different angles. In the second configuration we in-
vestigated how the trapped field distribution is affected
when two permanently magnetized bulk superconduc-
tors are approached with parallel c-axes, either face
to face (with anti-parallel trapped field orientation) or
sideways (with parallel trapped field orientation).

The potentially detrimental effect of using an off-
axis magnetization field has been studied experimen-
tally for a single bulk sample [30,31]. It was reported
that field cooled GABCO bulk cryomagnets were able
to almost maintain their full trapped field potential
along their c-axis for magnetization field inclination
up to 30°. This obervation might be attributed to
the anisotropy of critical current density (a-b plane
vs. c-axis), which tends to align the flux lines with
the c-axis even in off-axis magnetization. There are
very few reports involving several trapped field super-
conductors placed together. Two staggered rows of
stationary samples with parallel magnetizations have
been used for generating a DC field varying sinusoidally
in space [32-34]. Combining flux trapping and flux
exclusion with samples having different critical tem-
peratures or operating temperatures have been shown
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Figure 1. Schematic of the experiments carried out for
investigating (a) simultaneous magnetization and (b) post-
magnetization approach.

to yield magnetic field concentration effects (‘magnetic
lens’) [35,36]. A circular Halbach array of supercon-
ductors for rotating machines was proposed by Hull
et al [37] but the numerical optimization of the field
generated by such an array was carried out only re-
cently [38], using superconducting coils. An under-
standing of how a pair of neighbouring trapped field
superconducting magnets behave in rather simple con-
figurations is, therefore, still lacking.

2. Experimental methods

Experiments were performed to study the interac-
tions between two (nominally identical) cylindrical
YBayCuszO7; bulk superconductors. The samples were
fabricated by the TSMG method [39-41]. A prelimi-
nary Hall probe mapping of the flux density above the
top surface of each sample was performed. The samples
were magnetized through a field cooling process, which
involved applying a magnetic field of 1.3 T, cooling the
sample to 77 K using liquid nitrogen and then remov-
ing the magnetic field. The resulting trapped field was
measured using an array of 18 rotating Hall probes
with a distance of about 3.5 mm between each probe.
The distance between the probes and the surface of the
sample was approximately 0.7 mm. The exact dimen-
sions and the maximum value of the trapped field on
the surface of the samples are listed in table 1.

Table 1. Dimensions and trapped field value at 77 K for the
two investigated superconductors.

Sample  Diameter Height Trapped field on
number [mm] [mm] the surface [T]
1 15.79 8.75 0.51

2 15.61 8.84 0.52
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The experimental set up and procedure used
for each interaction are presented in the following
subsections.

2.1. Simultaneously magnetized superconductors

The magnetization process of an isolated superconduc-
tor was investigated in a first set of experiments as
a reference case. The sample was always magnetized
at 65 K both in field cooling under 2.5 T and in zero
field cooling under 7 T. The external field was applied
with an angle, a, with respect to the c-axis of the sam-
ple. A flux creep period of 20 min was allowed before
heating the system up to 77 K. The ramp-up and the
ramp-down of the external field were performed at a
constant rate of 1 mT-s~! and the heating up of the
system was also carried out at a constant rate equal to
0.2 K-min~!. The magnetic flux density was recorded
during the whole process at five locations on the sur-
face of the superconductor at a sampling rate of 1 Hz,
as shown schematically in figure 2. The experimental
data at 77 K presented in section 4 thus corresponds
to the remaining trapped field after having heated the
sample from 65 K to 77 K. These measurements were
carried out using Hall probes (LAKESHORE HGT-2101)
in a bespoke mounting which was glued on the surface
of the sample.

The influence of a second superconductor was then
investigated by performing the same magnetization
process in the presence of an additional superconduct-
ing sample with a c-axis aligned with the applied field.
In this second series of experiments, the distance be-
tween the centres of the superconductors was approx-
imately equal to 16 mm (which almost corresponds to
their average diameter, i.e. 15.7 mm) and the mag-
netic flux density was measured on the surface of the
variable angle sample.

Both sets of experiments were carried out using a
sample holder designed to allow the mounting of either
one or two cylindrical samples inside a 12 T cryogen-
free superconducting magnet. The chosen material for
the sample holder was copper both for its small mag-
netic susceptibility (—8.16 - 107% at 77 K [42]) and its
large thermal conductivity (400 — 550 W-m~*K~! in
the range [77-300] K [43]).

Figure 2 illustrates the experimental principle, as
well as the position of the Hall sensors. The distance
between two neighbouring sensors was (3.2 +0.2) mm.
Figure 3 shows two views of the actual experimental
system. Table 2 summarizes all the experiments
carried out in this configuration.
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Figure 2. Schematic representation of the experiment on
simultaneously magnetized superconductors. The magnetic flux
density is measured on the surface of the sample 1. The sample 2
is present only for experiments involving two superconductors.
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Figure 3. Views of the actual experimental system used for
simultaneously magnetized superconductors experiment in two
different configurations. On the left, the samples have their
symmetry axis aligned with one another. On the right, the
symmetry axes of the samples form an angle of 60°.

Table 2. Listing and codification of the experiments performed
on the simultaneously magnetized superconductors.

« Number of samples Magnetization Codification
0° 1 Field cooling 0/1/FC
30° 1 Field cooling 30/1/FC
30° 1 Zero field cooling 30/1/ZFC
0° 2 Field cooling 0/2/FC
30° 2 Field cooling 30/2/FC
30° 2 Zero field cooling 30/2/ZFC
45° 2 Field cooling 45/2/FC

2.2. Post magnetization approach

For this second type of interaction, both face to face
(with anti-parallel magnetization) and sideways (with
parallel magnetization) relative motions were investi-
gated. The samples were first magnetized one after the
other at 77 K (in a liquid nitrogen bath) using a field
cooling procedure from 1.2 T. During this magnetiza-
tion process, the applied field was parallel to the c-axis
of the superconductor and removed at a constant rate
of 1 mT-s~!'. The magnetic flux density was sampled
at a rate of 1 Hz at five locations on the surface of the
first magnetized sample. After the magnetization of
the second sample, a period of 20 min was allowed for
flux creep to occur. The samples were then transferred
into a mechanical system allowing translational motion
while keeping the temperature at 77 K. This system
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was made up of two carriages. The first was fixed to
the external frame and the second was connected to
a miniature linear actuator (ACTUONIX L16-P). This
movable carriage could be displaced over a range of 140
mm at a maximum speed of 8 mm-s~!. Each carriage
was equipped with a ”sample holder base” allowing
the accommodation of a sample holder in two posi-
tions (one for each type of approach). These sample
holder bases were made of a thermally insulating ma-
terial (G10) and were partly immersed in liquid nitro-
gen. The temperature of the superconducting samples
could thus be kept at 77 K while maintaining the top
part of the system at ambient temperature.

Five ”approach/retract” cycles were performed in
the face to face configuration. One cycle consisted in
decreasing the distance d between the samples from
81.6 mm to 21.6 mm in steps of 5 mm; then decreas-
ing it further to 4.4 mm in steps of 2.5 mm and finally
going back to the initial distance by going through the
same steps. The magnetic flux density was measured
at each step at five locations on the surface of the sta-
tionary sample, as shown schematically in figure 4. A
similar approach procedure was used for the sideways
configuration, the only difference being that the dis-
tance between the samples ranges from 77.2 mm to 0,
i.e. contact between them.

Figure 4 illustrates the experiment principle as
well as the Hall probes positions. The distance between
two neighbouring sensors was (3.2+0.2) mm. Figure 5
shows a schematic representation of the experimental
system.
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Figure 4. Schematic representation of the principle of the post
magnetization approach experiment. The positioning of the Hall
probes is represented on the top view of the stationary sample.

For comparison, the same ”approach/retract”
cycles were also performed and measured at ambient
temperature with cylindrical Nd-Fe-B permanent
magnets (diameter 15 mm, height 8 mm). Table 3
summarizes the experiments carried out.
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Figure 5. Schematic representation of the experimental system
used for the post magnetization approach experiment.

Table 3. Numbering of the experiments carried out in the
framework of the post magnetization approach.

Experiment number  Approach Samples

1 Face to face  Permanent magnets
2 Sideways Permanent magnets
3 Face to face  Bulk superconductors
4 Sideways Bulk superconductors

3. Analytical model

A simple analytical model of the field generated
by a magnetized cylindrical bulk superconductor
was developed. This model is based on analytical
expressions of the magnetic flux density of a coil
of finite height [44, 45].  Assuming a completely
magnetized superconductor in the sense of the Bean
model [46] with current loops strictly parallel to the
a—>b planes, an analytical expression can be found for
the trapped field. This expression corresponds to the
integration of the formula in [44] over the radius of the
superconductor. For a superconductor of height L,
radius as and critical current density J., the radial and
axial components of the trapped field can respectively
be written as:

as ~ 7.2 7N 6+
B, :/ wle Ja12= R ey BRI ga
s T T 2k k

B. :/ 5 ”f L%K(/}H 7‘EZ:Z§§|AO(¢, 1;)]

where 7 and z are respectively the radial and axial
coordinates from the centre of the superconductor, K
and E are complete elliptic integrals of the first and
second kind, A\ is the Heuman Lambda function, £1=
z+ Ls/2 and k and ¢ are defined as:

da,(2)
e

72 dar
U S L ®)
@ —tan ' &Er . (4)

This analytical model was used to determine the
theoretical magnetic flux density sensed by the 5 Hall
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probes taking into account their location and orienta-
tion (see figures 2 and 4). The Hall probes are assumed
to lie in a plane perfectly parallel to the sample sur-
face. In the configurations involving two samples with
or without parallel axes, the formulas above can be
used to estimate analytically the resulting B at the
Hall probe locations. This estimate assumes a sim-
ple vector summation of the flux density generated by
each superconductor. It should be highlighted that this
model assumes that current loops are strictly parallel
to the a-b planes even for samples magetized in an
off-axis configuration. This simplification consists in
neglecting the c-axis component of the critical current
density. While open to challenge, this approach is rea-
sonable given that the critical current density along the
c-axis is experimentally found to be much smaller than
that along the a-b planes [47-49].

The model was fitted to the measurements ob-
tained through a preliminary Hall probes mapping at
77 K to determine the critical current density of each
sample (1.6 - 10* Acm~2 and 1.5 - 10* Acm~? both as-
sumed to be magnetic field-independent). A second
mapping was also performed after having carried out
the two sets of experiments. The fitting of the ana-
lytical model to this second mapping lead to the same
critical current densities values. Therefore, the two sets
of experiments did not enhance or degrade the critical
current density of the superconductors. Using these
critical current densities, the model was fitted to the
results of the experiment 0/1/FC at 77 K to determine
the distance between the Hall probes plane and the sur-
face of the measured sample (0.4 mm). From the J.
values at 77 K and the trapped field measurements of
the central sensor at 65 K and 77 K, the critical cur-
rent density of each sample at 65 K was also computed
(3.2-10* Acm™2 and 3-10* Acm™2). This calculation
was performed by assuming that the trapped field at
the centre of the sample surface is given by the critical
current density multiplied by a geometrical constant
independant of temperature (see (1) and (2)).

The same model was extended to the case where
the sample is not completely magnetized (see section
4.1.2 below). In this case, it is assumed that the current
density J. flows azimuthally in the sample, except in
a cylindrical core located at the centre of the sample.
The determination of the height h and radius a of this
current-free zone is also exposed in section 4.1.2. In
all cases the critical current density is assumed to be
field-independent.
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4. Results and discussion

4.1. Simultaneously magnetized superconductors

As discussed in the experiment description, trapped
field measurements were performed between 65 K and
77 K. Here we focus more particularly on the two
extreme temperatures which correspond respectively
to liquid nitrogen boiling temperature at ~ 10~2 mbar
and at ambient pressure.

4.1.1. Flux creep analysis. The time-dependence of
the trapped flux density measured at the centre of the
sample top surface was analysed in the framework of
the flux creep model introduced by Zeldov [50, 51].
The model assumes a constant temperature and a
J. independent of B. According to extensions of
this model, the trapped field at the end of the
magnetization process should evolve following a power
law of the form [52]:

1
t —n
B(t) = By (1 + 7) o (5)
to
where the origin of time corresponds to the moment

when the applied field hits 0 T during the magnetization
process.

For each experiment, this equation was fitted to the
flux creep measurements to approximate the value of the
critical exponent (n) at the location of each Hall sensor.
The results are summarized in table 4.

Table 4. Critical exponent values obtained from the fit of
(5) on the measurements of the simultaneously magnetized
superconductors experiments at 65 K. For experiment 0/1/FC,
a problem occurred during the data acquisition of the first Hall
probe so no fit could be performed.

Experiment  nj ng ns ng ns

0/1/FC /39 36 36 40
30/1/FC 54 47 49 37 32
30/1/ZFC 55 45 40 37 36
0/2/FC 36 37 36 36 38
30/2/FC 52 47 48 36 31
30/2/ZFC 54 44 39 36 35
45/2/FC 82 74 99 54 36

Considering the experiment 0/1/FC as a reference
case, it appears from table 4 that the value of the critical
exponent over the surface of the sample when it is in the
critical state lies in between 36 and 40. This is in agreement
with critical exponents measured on melt-textured YBCO
at the same temperature [53]. This observation remains
true for the experiment 0/2/FC. As soon as values of o
other than0° are involved, however, a modification of the
critical exponent is observed for some sensors, highlighted
in bold red font in table 4. This modification highlights a
change in the trapped field gradient at the location of the
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concerned sensors when compared to the reference case.
This change in trapped field gradient can potentially result
from the partial magnetization of a superconductor [54],
which will be further discussed later.

4.1.2. Trapped field profile at 65 K. The measurements
of the field cooled experiments at 65 K are represented by
the symbols in figures 6 and 7. These measurements were
performed on the surface of the bulk with varying orienta-
tion along two directions €, and €y, where €y is parallel to
the axis of rotation of the variable angle sample. The clas-
sic conical shape is obtained for the magnetic flux density
profile. The central trapped field value is, however, smaller
and smaller for increasing value of a.

The results plotted in figures 6 and 7 were further
analyzed through a confrontation to analytical predictions.
The superconductors were assumed to be in the critical
state and their individual contributions to the magnetic flux
density at the location of the sensors were computed using
(1) and (2) with the critical current densities determined
in section 3. The predictions of the model was then
compared to the measurements and two distinct cases could
potentially be observed:

e If a good agreement is obtained, it means that the
samples are indeed in the critical state. The current
distribution inside each of them is not altered by the
presence of the other during the magnetization.

e If the measured trapped field is smaller than
the modelled value, it means that the current
distribution in at least one of the sample is not the
assumed one. An alternative current distribution is
therefore required to obtain a good agreement with
experimental data.

This comparison for the experiments involving one sample
is presented in figure 6.
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E s |
= 08] |
Q0.6 |
0.4] |
0.2F e
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Figure 6. Comparison between the measured trapped field
profile in field cooled experiments involving one sample at 65
K (symbols) and the trapped field profile computed using the
model presented in section 3 (plain lines).

As can be observed in figure 6, the misaligned sample
is able to maintain almost its full trapped field potential
in experiment 30/1/FC, which is in good agreement with
the observations in [30,31]. The agreement with analytical
predictions is also very satisfying. The current distribution
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is therefore likely to be the assumed one.

The comparison between the analytical predictions
and the experiments results involving two samples are
presented in figure 7(a), (b) and (c).

For the experiment 0/2/FC, the agreement of the

measured data points with the analytical predictions (plain
line in figure 7(a)) is satisfying. This suggests that despite
the close proximity of the samples, the current distribution
in each of them is not altered by the presence of the other
one.
This agreement, however, is no longer achieved for the
central Hall sensor in experiments 30/2/FC and 45/2/FC.
In this case, the measured trapped field is smaller than
expected. A potential explanation could consist in the
partial magnetization of the misaligned superconductor.
This possibility is suggested by considering the flux density
at the centre of the bulk superconductor in the critical
state: B, = 2.49 [T] (computed analytically using equation
(2)). The field B, corresponds, to a first approximation,
to the full penetration field of the sample. This field can
be compared to the initial magnetization field component
parallel to the c-axis of the misaligned sample: B._qzis =
2.5-cos(a) T. Assuming that only Bc_qqis contributes to the
magnetization of the misaligned superconductor, it appears
that the applied field would not be large enough to fully
magnetize the sample in the experiments 30/2/FC and
45/2/FC'. To recover a good agreement with experimental
data, a simple model of the trapped field generated by a
partially magnetized superconductor was elaborated. This
model assumes the presence of a cylindrical core (radius a,
height h) free of current at the centre of the sample. The
associated trapped field is thus computed by subtracting
the contribution of this core in (1) and (2). A simplifying
assumption is made in order to estimate the radius of the
central core. At first order, we assume that this radius
is the same as that of an inifinitely long superconducting
cylinder. This leads to the following relation [55]:

a:as<1BCB¢:jZ’iS>7 (6)

where as is the radius of the bulk superconductor. The
height of the core is kept as a free parameter to fit the model
to the experimental data. The computed value of h for ex-
periments 30/2/FC and 45/2/FC are respectively given by
7.1 mm and 8 mm. This simplified method for estimating
the dimensions of the unsaturated core is useful given that
the computation of the exact current density distribution
in a partially magnetized cylindrical bulk superconductor is
complex and requires numerical modelling. For our approx-
imate estimation, the values found for a and h are in fair
agreement with numerical simulations performed on cylin-
drical superconductors of similar aspect ratio [55,56].

The predictions of the modified model are plotted
against the experimental measurements for « = 30° and
45° in figures 7(d) and (e). A much better agreement is
obtained with the modified model. The incomplete mag-
netization results in a flattening of the trapped field profile
and can also explain the high value of the critical expo-
nent observed in the analysis of the flux creep. In spite
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of the incomplete magnetization process, the experimental
results plotted in figure 7 are in agreement with the picture
in which the flux density distribution above the tilted sam-
ple simply results from the a simple vectorial addition of
flux densities generated by the persistent currents in both
samples.

A further possible cause for the disagreement in figures
7(b) and (c) could be due to in the current loops being
not strictly parallel to the a-b planes, as assumed in the
analytical model. This would result in a shifting of the
overall magnetization of the misaligned sample towards
the applied field direction. The magnetic flux density
component measured by the sensors would therefore be
smaller. A complete 3D modeling of the misaligned
configurations could prove very helpful for determining the
actual current density distributions.

4.1.3. Trapped field profile at 77 K. A similar com-
parison between the experimental results and the analyt-
ical predictions was carried out with the measurements
at 77 K. The same conclusion as in the previous section
can be drawn from the results of experiments 0/1/FC and
30/1/FC at 77 K. The comparison to analytical predictions
for these experiments is thus not presented here for concise-
ness. The results of the experiments involving two samples,
however, are presented in figure 8. The predictions of the
model assuming completely magnetized samples are also
shown.

In this temperature regime, the mismatching between
measurements and analytical predictions at the location of
the central sensor is no longer observed in the experiments
30/2/FC and 45/2/FC (figure 8 (b) and (c)). Therefore,
the current distribution in each superconductor seems
to be unaltered by the presence of the other, even in
the misaligned cases. This would mean that starting
from a different current density distribution at 65 K, the
misaligned sample reached the critical state by being heated
up to 77 K. The measured flux density is in agreement
with a vectorial addition of the B vectors generated by
each sample both assumed to be fully magnetized, which
suggests two things. Firstly, an almost full magnetization
can be reached, even for the sample cooled in an off-axis
field. Secondly, given the centre-to-centre distance (of the
order of the sample diameter), the two samples are not
located close enough to be influenced significantly by one
another.

4.1.4. Central value of the trapped field The magnetic
flux density measured at the center of the superconductor
surface (B.) at the end of the flux creep period (at 65 K)
as well as after having heated the system up to 77 K are
presented in table 5.

At 65 K, when comparing the central trapped field of
an isolated sample (measured in 0/1/FC) to the results of
the experiments involving two samples, it appears that the
second sample has a beneficial impact on the trapped field
when o < 30°. This is no longer the case for the experi-
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Figure 7. Comparison between the measured trapped field profile in field cooled experiments involving two samples at 65 K
(symbols) and the addition of the modelled contributions coming from each sample (plain lines). (a), (b) and (c): both samples
are assumed to be in the critical state, (d) and (e): a cylindrical core free of current is assumed to be present at the centre of the
misaligned superconductor.
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Figure 8. Comparison between the measured trapped field profile in field cooled experiments involving two samples at 77 K
(symbols) and the addition of the modelled contribution coming from each sample (plain lines). Both samples are assumed to be in
the critical state.

ment 45/2/FC, which is again in agreement with a partial
magnetization of the measured sample.

At 77 K, however, the same comparison highlights a ben-
eficial impact of the second sample for all configurations,
even for a = 45°. This is again in agreement with the
disappearance of the core free of current in the misaligned
sample when the temperature of 77 K is reached.

Comparing, now, the trapped field measurements of
experiments 0/1/FC and 30/1/FC, despite the incomplete
magnetization of the sample in the misaligned case sug-
gested in the flux creep analysis, no significant difference
is observed at 65 K or at 77 K. Given that in experiment
30/2/FC both the flux creep analysis and the trapped field
measurements suggest a partial magnetization of the mis-
aligned sample at 65 K, it appears that the aligned sample
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Table 5. Trapped field measured by the central Hall probe at
65 K and 77 K on the variable angle sample.

Experiment B at 65 K [T] B at 77 K [T]
0/1/FC 1.1 0.55
30/1/FC 1.09 0.53
30/1/ZFC 1.13 0.56
0/2/FC 1.29 0.65
30/2/FC 1.17 0.57
30/2/ZFC 1.22 0.61
45/2/FC 1.02 0.57

has a detrimental effect on the contribution of the mis-
aligned sample to the magnetic flux density.

Focusing on the results of the zero field cooling
experiments, it appears that the central value of the
trapped field is higher than that measured after a
field cooling process in the same configurations. This
observation could be attributed to the maximum value of
the applied field during the zero field cooling experiments (7
T) which is more than twice higher than that used during
the field cooling experiments (2.5 T). For the misaligned
configuration, this leads to a higher penetration of the
superconducting current inside the bulk in the zero field
cooling experiments which could explain the higher trapped
field.

4.2. Post magnetization approach

4.2.1. Flux creep analysis. Similarly to the previous ex-
periment, the flux creep measurements were used to fit (5)
in order to approximate the critical exponent at the loca-
tion of each sensor. The critical exponent was again found
to lie between 36 and 40. This gave confidence that the
measured sample was completely magnetized.

Equation (5) was also used to evaluate the magnetic
flux density at the location of the sensors 20 min after
the magnetization of the second sample (beginning of the
experiment) and at the end of the last ”approach/retract”
cycle. The difference between these magnetic flux densities
gives an approximation of the drop in trapped field
occurring during the ”approach/retract” cycles that can be
associated to flux creep only. The maximum value of this
drop was approximately 6 mT. Any smaller drop in the
trapped field value can thus hardly be distinguished from
flux creep.

4.2.2.  Ezperiments with permanent magnets. First,
a translational approach was carried out with permanent
magnets, in order to highlight the characteristics that are
specific of superconducting trapped field magnets. The evo-
lution of the field measured by the five sensors at the surface
of the stationary magnet as a function of the separating dis-
tance is presented in figure 9. In this figure, both the face to
face ((a) and (b)) and the sideways approach ((c) and (d))
are represented . An analytical model of the magnetic flux
distribution around each magnet was also used to predict
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the evolution of the measured signals. This model consists
in modelling each magnet by an independent coil [45]. The
product nl, where n is the density of turns and I is the
current flowing in the modelled coil, were determined by
fitting the expressions in [44] on the magnetic flux profile
measured before performing the ”approach/retract” cycles.
This fitting led to n = 9.5 - 10® Am ™", assumed to be the
same for both magnets. For each separation, the addition
of the contributions of both coils was computed. The an-
alytical predictions are compared to the measurements in
figure 9(b) and (d).

As can be seen from the data presented in figures 9(a)
and (c), the magnetic flux density measured by each sen-
sor at the beginning and at the end of the experiments is
the same. This means that the ”approach/retract” cycles
did not cause any irreversible alteration of the magnetiza-
tion. Such a behaviour is expected since the irreversible
demagnetization of Nd-Fe-B magnets usually requires ap-
plied field poH exceeding 1 T [57], which is much larger
than the stray fields of the permanent magnets used in the
present experiments.

For both kind of approaches, the excellent agreement
between calculations and experimental data suggests that
the results can be simply understood as the addition of the
individual and independent contribution of the flux density
generated by each magnet. In the face to face configuration,
the decrease of the magnetic flux above one of the magnets
due to the second can be unambiguously detected when
the separating distance is smaller than approximately 40
mm. From this distance, the measured magnetic flux
density monotonically decreases with decreasing separating
distance d. In the sideways configuration, the decrease of
the flux density is apparent when the separating distance is
smaller than approximately 20 mm.This decreasing phase
corresponds to the addition of the field generated by the
stationary magnet with the return field lines of the other.
A careful look at figure 9(d) shows that the signals decrease
monotonically with decreasing d except for the sensor
closest to the movable magnet (number 1). The flux
density at this location is found to slightly increase for
the last displacement step (dashed zone in figure 9(d)).
This puzzling feature may be understood by considering
the evolution of the axial component of the flux density
generated by a single permanent magnet above its surface
as a function of the radial distance r from the symmetry
axis. Starting from a positive magnetic flux density for
r = 0, it decreases for increasing r and even becomes
negative for sufficiently large r (because of the return field
lines). Considering that the magnetic flux density tends to
0 for r — oo, it appears that a minimum should be reached
for a finite value of r, which explains the minimum observed
in the dashed zone in figure 9(d).

4.2.83.  FExperiments with bulk superconductors. Now
we turn to the same experiments carried out with pre-
magnetized superconducting trapped field magnets. Fig-
ures 10(a) and (c) shows the flux density acquired by the
five sensors as a function of the separating distance. For
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Experimental results
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Figure 9. Evolution of the magnetic flux density at the location of the five sensors as a function of the separating distance. Both

experimental measurements and analytical calculations are presented. (a) and (b):

Face to face approach of permanent magnets

(experiment 1), (c¢) and (d): sideways approach of permanent magnets (experiment 2). The diamond symbols show the starting

point of each signal.

each experiment, an enlargement of the signal which is
the most affected by the ”approach/retract” cycles is also
shown in figure 10(b) and (d).

The same general observation as in the case of the
permanent magnets can be made here. When the super-
conducting samples are sufficiently close (d < 20 mm), the
contribution of the moving sample at the location of the
probes is no longer negligible, which results in a decrease of
the measured magnetic flux density. An important differ-
ence, however, can be highlighted in comparison to exper-
iments involving permanent magnets: an irreversible drop
in the trapped field is observed when comparing the begin-
ning and the end of the experiments.

For a given "approach/retract” cycle in the face to
face configuration, the measured signals are found to de-
crease monotonically for descending values of d (phase 1,
approach) and then to monotonically increase for ascend-
ing values of d (phase 2, retract). Focusing on the mag-
netic flux density measured by the central sensor (figure
10(b)), an irreversible drop in the trapped field is observed
when comparing the beginning and the end of each ”ap-
proach/retract” cycle. The most significant drop happens
during the first cycle and had an amplitude of 53 mT, i.e.
12.5% of the initial value. The following drops have ampli-
tudes of 5 mT, 3 mT, 2 mT and 2 mT respectively. These
amplitudes should be compared to the expected loss of

trapped field associated to flux creep which would happen
even without performing the ”approach/retract” cycles, i.e.
6 mT. The first drop is thus definitely not caused by flux
creep but is likely to be associated to an irreversible modi-
fication of the current distribution in the stationary sample
induced by the approaching sample. This modification may
be related to the fact that the stray field generated by the
approaching sample evaluated on the surface of the sta-
tionary one is not strictly parallel to the c-axis. Indeed,
the flux density contribution of the approaching sample is
expected to present a radial component on the surface of
the other superconductor in order to keep the magnetic flux
density lines closed. To verify this possibility, the analyt-
ical model presented in section 3 was used to evaluate an
order of magnitude of the magnetic flux density generated
by the moving sample on the closest surface of the station-
ary one. The distance d used in this calculation is equal
to 4.4 mm, i.e. the smallest d involved in the experiment.
The moduli of the axial and transverse components of the
computed magnetic flux density, averaged over the surface
of the moving sample, are respectively equal to 85 mT and
50 mT. Although the magnetic flux density around the sta-
tionary sample is more complex than in a classical crossed
field experiment, a demagnetization can be expected for
such values of applied field [24,29].

Focusing on the sideways configuration and more par-
ticularly on the signal acquired by the closest sensor to the
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Figure 10. Evolution of the magnetic flux density measured by the five sensors as a function of the separating distance. (a) and (b):
Face to face approach of bulk superconductors (experiment 3), (c¢) and (d): sideways approach of bulk superconductors (experiment
4). The arrows show the path followed during the first ”approach/retract” cycle (phase 1: decreasing d, phase 2: increasing d). The

diamond symbols show the starting point of each signal.

moving sample (figure 10(d)), a non-monotonic behaviour
can be observed. On decreasing d, the last two approach-
ing steps are associated to an increase of the flux density
at the edge of the sample (dashed zone in figure 10(d)).
This non-monotonic behaviour was further investigated by
using the analytical model presented in section 3 to try to
reproduce the experimental results measured with the con-
sidered sensor.

B [mT]

N30 40 60 %0

d [mm]

Figure 11. Evolution of the magnetic flux density predicted
by the analytical model presented in section 3 at the location
of the closest sensor to the moving sample in the sideways
configuration, i.e. sensor 1 in figure 10.

As can be seen from figure 11, the minimum in the
evolution of the flux density during the sideways approach
of superconductors can be reproduced qualitatively with

the analytical model. The non-monotonic behaviour can
thus be understood considering a simple addition of the
independent contributions of the flux density generated
by each superconductor without modification of current
density distribution inside them. The feature present in
figure 10(d) that can not be reproduced by the analytical
model, however, is the irreversible drops in trapped field
observed at the end of each ”approach/retract” cycle which
are therefore most likely to be related to a modification of
the current distribution in each superconductor. The drop
which occurred during the first ”approach/retract” cycle
has an amplitude of 11 mT, i.e. 22.5 % of the initial value.
Further drops happened during the remaining cycles, their
amplitudes were equal to 3 mT, 1 mT, 1 mT and 1 mT
respectively. Comparing them to the drop of 6 mT expected
from flux creep, the first drop is again most probably caused
by the interaction between the superconductors while the
following ones are difficult to distinguish from flux creep.
Finally, the analytical model presented in section 3 was
used to evaluate an order of magnitude of the magnetic
flux density generated by the moving sample, assumed to
be in the critical state, on the surface of the stationary one
for a distance d of 0 mm. The maximum values of the axial
and transverse components of the magnetic flux density
resulting from these calculations are respectively equal
to 300 mT and 260 mT. Despite the rather complicated
magnetic flux density distribution around the stationary
sample, a demagnetization can again be expected for these
values of applied field.
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5. Conclusions

The flux trapping properties of two YBazCuszO~7 bulk super-
conductors brought into close proximity was investigated
experimentally. The trapped flux density measurements
were compared to the analytical calculation of the B-field
distribution resulting from the addition of the magnetic
field contributions of the two samples. We chose the sim-
plest possible model, in which the samples are assumed to
be fully magnetized with persistent currents of constant
magnitude J. flowing azimuthally (critical state), even if
the sample is tilted with the magnetizing field. We also as-
sume that the current distribution remains unaffected by
the presence of the neighbouring sample. Although 3D
computer modeling and more elaborated current density
distribution could provide a deeper insight of the observed
phenomena [49,58-60], the purpose was to show that sev-
eral experimental facts can be reproduced with a simple
model.

It was found that the current distributions in two si-
multaneously magnetized samples separated by a distance
approximately equal to their diameter are not altered by
the presence of the neighbouring sample. Although it is
likely that the actual current distribution is not purely az-
imuthal, these results show that when the misorientation
angle of the applied field with the c-axis is 45° or less, a
simple model assuming that the main flux density com-
ponent is still along the c-axis is able to reproduce the
experimental distribution of B. These results agree qual-
itatively with those obtained for an isolated sample [30,31].

The translational approach of magnetized samples
with parallel c-axis was also studied at 77 K. Contrary to
the behaviour of Nd-Fe-B permanent magnets of similar
size and remnant magnetization in the same experimental
conditions, the trapped flux density of the superconductors
was measured to decay due to the repeated motion cycles.
This irreversible decay is most likely associated to a modi-
fication of the supercurrent distribution inside the bulk.

The results of both sets of experiments show that
despite the close proximity of the samples, it is possible
to find configurations in which a significant trapped field
is maintained in each superconductor, which is promising
for applications involving combined bulk superconductors
generating large gradients of the magnetic flux density.
More particularly, provided that the c-axis component of
the magnetizing field is sufficient to magnetize completely
each sample, the simultaneous magnetization of two
closely spaced bulks led to a situation in which their
contributions simply sum thus increasing the magnetic
flux density between them. The post-magnetization
approach in the sideways configuration led to a much
smaller demagnetization effect compared to the face to face
approach. Furthermore, only the first ”approach/retract”
cycle caused a significant decay of the trapped field.
Practical applications could thus be designed to be
operational with the remaining magnetization after the
main decay.
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