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ABSTRACT

The practical magnetization of arrays of multiple single grain, bulk high temperature
superconductors (HTSs) is essential for practical applications, such as trapped flux rotating
machines, magnetic resonance imaging (MRI) and nuclear magnetic resonance (NMR). We report
a systematic investigation of the pulsed field magnetization (PFM) of a bulk assembly consisting of
two rectangular Y-Ba-Cu-O (YBCO) bulk single grains, in close proximity, at various temperatures.
The measurements of the dynamic variation of the magnetic flux density, supported by numerical
analysis, reveal that the induced screening currents during the rise of a pulsed field may greatly
enhance the flux density in the region of the junction leading to uneven flux penetration and to an
increased likelihood of flux jumps in this region. Such coupling between field and current promotes
magnetic flux penetration and improves the peak trapped field from 3.01 T for a bulk single grain
to 3.11 T for the bulk assembly at 30 K, improving the magnetization efficiency from 80% to 90%.
The peak trapped field was further enhanced to 3.39 T and 3.31 T for the single bulk single grain
and the bulk assembly, respectively, by employing a two-step multi-pulse PFM process.
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1. Introduction

Melt-grown, single grain (RE)-Ba-Cu-O bulk superconductors [(RE)BCO, where RE = rare
earth element or Y] have long been recognized for their ability to act as powerful trapped field
magnets (TFM). Indeed, these technologically important materials can generate significantly higher
magnetic flux densities than traditional permanent magnets such as Nd—Fe-B. For example, a
trapped field up to 17.6 T has been achieved in a stack of two silver-doped GdBCO superconducting
bulk samples at 26 K [1]. Murakami et al. had previously fabricated a GdBCO bulk superconductor,
65 mm in diameter, whose maximum trapped magnetic field was over 3 T at 77 K [2]. To achieve
the maximum tapped field, the bulk superconductors were magnetized by a field cooling
magnetization (FCM) technique, which is acknowledged as a standard method to fully magnetize
bulk superconductors [3]. However, FCM requires access to a high-field, superconducting DC
magnet in general, and is a long-time quasi-static magnetization process, making it impractical for
various engineering applications. Pulsed field magnetization (PFM), on the other hand, is a more
practical magnetization technique possessing advantages of economy, ease of integration and

relatively short magnetization times. Consequently, PFM of bulk, single grain superconductors is



being investigated widely [4-7].

PFM was recognized to require an applied field, Ba, several times stronger than the target
trapped field to overcome the pinning force necessary to drive the magnetic flux into the
superconductor [8-10]. A consequence of such dramatic flux motion is to generate heat in the
sample, thus suppressing the critical current density, J;, and reducing the trapped field [11, 12].
However, in 2006, Fujishiro ef al. reported a record-high PFM trapped field of 5.2 T achieved from
an applied field of only 6.7 T though a sophisticated multi-pulse magnetization process [13]. Several
groups have subsequently observed similar phenomenon. Weinstein et al., for example, reported a
trapped field of 4.54 T for B,=4.5 T at 49.1 K, indicating a magnetization efficiency of almost 100%
[14].

It has been observed that flux jumps initiated by disturbances in electromagnetic field and
temperature [15, 16] may breakdown temporarily the shielding current allowing magnetic flux to
penetrate into the superconductor with little hindrance. At the same time, the establishment of a new
equilibrium traps the ‘jumped’ magnetic flux in the body of the superconductor and the whole
process is essentially a form of quasi-field cooling [17-20]. Based on this insight, Ainslie et al.
proposed that “flux jump assisted PFM” could be a widely applicable method for magnetizing single
grain bulk superconductors efficiently with a considerably reduced applied magnetic field[21]. Zhou
et al. further reported that, for a particular sample, there is a threshold B, required to trigger a flux
jump at each operating temperature, Bj [22]. With this characteristic defined, they successfully
trapped a magnetic field of up to 4.8 T in a GdBCO bulk single grain using PFM with stable and
repeatable results [23]. The magnetic field pattern in real time may be visualized partly by magneto-
optical imaging [24, 25] where magnetic flux penetrates into the superconductor in an avalanche in
the form of branches [22, 26]. It is notable that the position of the magnetic flux jump is not uniform
and is related largely to the uniformity of the sample [27].

The application of bulk single grain superconductors in machines is invariably associated with
their ability to trap and/or shield a permeating magnetic field. Although trapped field and integrated
flux increase proportionally with sample size, due to challenges in manufacturing large bulk single
grains (> 60 mm diameter), it is very difficult to further enhance the trapped field of a bulk
superconductor in this way. As an alternative to pursuing the fabrication of larger individual bulk
single grains, the use of a bulk assembly could be an effective way of enhancing the total magnetic
flux in a practical sample arrangement. Compared with cylindrical bulk geometries, it is
considerably easier to form a compact array from rectangular bulk superconductors that is much
better suited to a wide variety of devices, including flywheels [28], superconducting rotating
machines [29, 30] and superconducting maglev [31]. However, the influence of geometry on flux
penetration and the trapped field profile in rectangular bulk single grains and their assembly has not
yet been investigated in detail. Unlike the more conventional disk-shaped bulk single grains, the
distance of the flux intrusion path between the periphery of the bulk and the center of the single
grain is not the same at each position in a rectangular sample. This geometry-dependent difference
in penetration distance will directly affect the final trapped field profile of the single grain. In
addition, the geometry of the rectangular bulk assembly will affect the distribution of the spatial
magnetic field, which may also affect the final trapped field profile.

In this study, we have performed PFM on rectangular bulk superconductors. A series of pulses
with different amplitudes have been applied to both a single grain bulk superconductor and an
assembly of two bulk single grain samples to investigate their effect on the flux penetration and



trapped field profile of the PFM process. In addition, the effect of a two-step, multi-pulse PFM
process on the trapped field has also been investigated in an attempt to improve the final trapped
field.

2. Experimental details
2.1. Experimental setup

Figure 1(a) shows a photograph of an assembly of two rectangular YBCO bulk single grains
(17 x 20 mm? in the ab-plane and 8 mm in thickness along the c-axis) embedded in a copper sample
holder. PFM of a single grain HTS sample was also performed where one of the bulk
superconductors was replaced by a polytetrafluoroethylene block of the same size, as shown in
Figure 1 (b). The YBCO single grain bulk superconductors were fabricated via the top-seeded melt-
growth (TSMG) process at the Nonferrous Metals Institute, Beijing, China. The copper sample
holder was slotted to limit the generation of eddy currents during the experiment during the
application of strong pulsed fields.

Figure 1. Photographs of (a) an assembly of two rectangular YBCO bulk single grain
superconductors and (b) a YBCO bulk single grain with an adjacent polytetrafluoroethylene block.

An FCM experiment was performed using a DC superconducting magnet that could produce a
maximum magnetic field of 5 T. Firstly, the bulk sample was cooled in liquid nitrogen in a field of
1 T applied parallel to the c-axis. After the sample was thoroughly cooled, the magnetic field was
ramped down to O T at a rate of 0.18 T min™!. The trapped field profile was then measured directly
at the surface of the sample by a scanning Hall sensor system after a relaxation period of 15 minutes
to allow the magnetic flux to stabilize. Figure 2 shows that the trapped field profiles of the selected
samples (samples #1 and #2) are rather uniform, which indicates their high quality, single grain

nature.
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Figure 2. Trapped field profile of sample #1(Bmax=0.60 T) and sample #2(Bmax=0.59 T) measured by

field cooling magnetization at 77 K.

The PFM experiments were performed using a copper solenoid coil placed outside the vacuum
chamber of a GM refrigerator and immersed in liquid nitrogen to reduce the electrical resistance of
the coil. The pulsed magnetic field was generated by discharging a capacitor bank through the
copper coil. The rise and duration time of the pulsed field was 20 ms and 100 ms, respectively, as
shown in Figure 3(a). The peak value can be controlled by adjusting the initial capacitor bank
voltage, for which there is a linear relationship. The simulated distribution of the magnetic field in
the coil is shown in Figure 3(b). Five Hall sensors were mounted on the surface of the bulk
superconductor to measure the trapped flux density and its dynamic variation during the PFM
process, as shown in Figure 1. The distance between each adjacent Hall sensor was 2.5 mm. PFM
experiments were carried out repeatedly for the single grain bulk sample and the bulk assembly to

investigate the influence of the neighboring bulk superconductor on the flux penetration process.
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Figure 3. (a) Time dependence of the applied pulsed field at the center of the coil. The inset

illustrates the magnetic field at the center of the coil as a function of capacitor bank charging voltage.

(b) Amplitude of the radial field following simulation with 200 V applied to the coil.

2.2. Numerical Model

A 3D numerical model based on the H-¢ formulation [32] was constructed to obtain a better
understanding of the electromagnetic behavior of the single grain sample during the PFM process.
The model was implemented using commercial finite element software COMSOL Multiphysics,
employing the Magnetic Field Formulation (MFH) and Magnetic Field No Currents (MFNC)



modules, coupled with the Heat Transfer module (HT) for coupling the thermal behaviour. The
governing equations for the electromagnetic behaviour are derived from Faraday’s and Ampere’s
laws [33, 34] as follows:

VxH=]
9B (1)

VXEZ—E

The E-J power law is used to simulate the superconductor’s non-linear resistivity:

purs = ()" o)

where E; = 10* V/m and 7 is a constant set to 21 [35-37]. J. (B, T) is the magnetic field- and
temperature-dependent critical current density and used to define bidirectional coupling of the

electromagnetic and thermal physics. It can be can be expressed as:

(Te—T) _Bo
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where 7. = 92 K is the critical temperature at B = 0, and Bo= 1.3 T is constant. A constant value of
Jeo = 3.4 x 10° A/m? was used in this study.

The thermal behaviour is based on the following thermal transient equation:
dr
p-Cor=V- (V) +Q “)

where p is the mass density, and C and « are heat capacity and thermal conductivity, respectively.
The heat source Q in the conductor is calculated as O = E-J [38-40].

The external magnetic field Ba(t) with a rise time of 7= 0.02 s was approximated using the following
equation, where Bmax s the peak value of B,. This is applied as a boundary condition on the outer
boundaries of the model.

2mt
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Ba(t) = —t
BmmeGE“) (t > 0.02s)

)

3. Results and discussion
3.1. Single pulse: single grain bulk sample

Figures 4(a) and (b) show the trapped fields of the bulk single grain after PFM at 70 K and 30 K,
respectively. The trapped field profiles were taken 15 minutes after PFM to allow for sufficient
relaxation of the trapped magnetic flux. It was found, at 70 K, that the magnetic flux was trapped
only at the edges of the sample when the applied field (B.) was smaller than 2.06 T. Increasing the
applied field slightly to B, =2.23 T increased the peak trapped field abruptly to a maximum of 1.19
T, and was accompanied by a change in the geometry of the trapped field profile from M-shaped to



cone-shaped. Further increase in the applied field only reduced the peak trapped field, which is
consistent with existing reports of other PFM studies [41-43]. The dramatic increase in trapped field
is attributed to the flux jump phenomenon. Since these are rectangular bulk single grains, the
penetration path for the magnetic flux along the longitudinal direction is longer than that along the
lateral direction, leading to uneven penetration throughout the sample. It can be observed from
Figure 4(a) that the trapped field on the left side of the single grain is slightly higher than that on
the right, although the trapped field profile overall is approximately symmetrical.

The effect of the flux jump becomes more pronounced when the temperature is decreased to 30
K due to the increasement of critical current, as shown in Figure 4(b). It can be deduced that the
applied field required to trigger a flux jump, defined as By, lies between 3.4 T and 3.56 T. The trapped
field distribution became noticeably uneven when B, = 3.56 T was applied. The magnetic flux
density at the position of —2.5 mm was significantly higher than that at 2.5 mm. This suggests that
the flux jump occurred only in part of the sample.
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Figure 4. Trapped field profile of the single grain YBCO bulk superconductor for various applied fields
B, at (a) 70 K and (b) 30 K.

Figure 5 shows the dynamic variation of the measured magnetic flux density at different positions
within the bulk single grain at 30 K. It is observed that when B,(¢) approached 3.56 T, a sharp rise
in the magnetic field occurred suddenly in the left-hand side of the sample at —2.5mm and —5Smm.
However, the external fields were shielded at positions of 2.5 mm and 5 mm. Therefore, magnetic
flux should penetrate into the centre from the left-hand side of the sample.

It is worth mentioning that the sample was placed off-centre inside the coil with its left side closer
to the inner edge of the coil [see Figure 3(b)]. The magnetic field at the left edge of the sample is
approximately 0.15 T larger than that at the right edge. This explains why the flux jump only
occurred in the left part of the sample and provides yet further evidence that the flux jump is very
sensitive to the magnitude of the external applied field [7].
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Figure 5. Dynamic variation of the measured magnetic flux density for different positions at 30 K for

the single grain YBCO bulk superconductor for (a) Ba=3.56 T and (b) Ba=3.73 T.

The PFM experiments were then repeated at temperatures of 60 and 50 K. Figure 6 summaries
the dependence of the peak trapped field on the applied magnetic field. In general, as the temperature
decreases, a higher applied field is required to fully magnetize the bulk superconductor due to the
increased flux pinning ability and therefore J.. The optimum applied field B, required to achieve
the maximum trapped field also increases with decreasing temperature. As the applied magnetic
field was increased, the peak trapped field decreased due to the increased heat generated in the bulk
single grain. These results are similar to those observed for the individual GdBCO single grain
sample in [22]. The maximum trapped field achieved with the single rectangular YBCO single grain
at 30 K was 3.02 T for an applied field of 3.73 T. The magnetization efficiency, calculated as B1/Ba,
reached 80%, which is relatively high. It should be noted that the peak trapped field was not always
located at the center of the sample and, in some cases, may appear in the vicinity of the centre of

the sample as a result of complicated flux motion, especially when flux jumps are involved.
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superconductor at temperatures of 30, 50, 60 and 70 K.

3.2 Single pulse: single grain assembly

The PFM experiments were carried out for the bulk assembly, as shown in Figure 1(b). The
same Hall sensor arrangement as that employed for the single grain bulk measurements was used in
this experiment. Figure 7 shows the trapped field profiles at 70 K and 30 K, again measured 15 min



after the PFM process. At 70 K, the maximum peak trapped field is 1.10 T when B, is 2.23 T, which
is close to that achieved for the bulk single grain. However, at 30 K, the trapped field distribution is
quite different. It can be observed that when B, is less than 3.56 T, the trapped flux density on the
left side of the sample is significantly lower than that on the right side. However, once B is increased
to 3.56 T, the flux density at the position of —2.5 mm increased dramatically, and the flux density on
the left-hand side exceeds that on the right-hand side of the sample.
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Figure 7. Trapped field profile of the YBCO bulk superconductor assembly for various applied fields
B, at (a) 70 K and (b) 30 K.

Figure 8 shows the detailed flux motion during the PFM process. For B, = 3.40 T, flux jumps
occur in the right-hand side of the sample (the green and purple curves), and the magnetic flux is
pushed to the center of the assembly. For B, = 3.56 T, flux jumps occur in the left-hand side of the
sample [figure 8(b)]. It should be noted that, compared with the single bulk case, B, = 3.40 T is
insufficient to trigger a flux jump and the flux jumps occur initially in the left-hand side of the
sample. A peak trapped field of 3.11 T is achieved in the bulk assembly for a B, of only 3.40 T. The
magnetization efficiency (B1/B.,) is more than 90%. It is considered that this difference is due mainly

to the presence of the adjacent neighboring sample.
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Figure 8. The dynamic variation of the measured magnetic flux density for the YBCO bulk
superconductor assembly for different positions at 30 K for (a) B.=3.40 T and (b) B.=3.56 T.

A 3D numerical model was constructed (as detailed in Section 2.1) to simulate the PFM of the
bulk single grain assembly in order to gain a better understanding of the flux penetration behavior.



Figure 9 shows the simulated magnetic flux density and temperature distribution of the two-sample
assembly when the applied field is 4.5 T. The magnetic flux density at the junction of the two
samples is 4.8 T when the applied field reaches a peak value of 4.5 T (after 20 ms). Due to the
shielding currents induced during the PFM process, it can be seen that the magnetic flux is
concentrated in the area of the junction, leading to an enhanced local trapped flux density. This
phenomenon is similar to the magnetic lens effect reported previously [44, 45]. Therefore, the flux
density at the inner edges of the samples, where they meet, attains the critical Bj value first, and is
the most likely site of the first flux jump [23]. This results simultaneously in a local increase in
temperature resulting in the critical temperature 7c to be exceeded at t = 15 ms, reducing
significantly the local shielding capability of the assembly at this point. As a result, the flux is more
likely to penetrate the assembly at the junction of the bulk single grains, accompanied by the
generation of further heat. The temperature falls below the critical temperature at t = 20 ms and the
shielding capacity is re-established, which explains the results shown in Figure 8. As a result, the
applied magnetic field required to trigger the flux jump and obtain the maximum trapped field is
reduced significantly for the bulk single grain assembly, resulting in an improved magnetization

efficiency.

Magnetic flux density, T A37 A46 A48

10 ms

Figure 9. Simulated magnetic flux density and temperature distribution of the bulk single grain
assembly at times of 10, 15 and 20 ms. (B.=4.5T)

Figure 10 (a) shows the dependence of the peak trapped field on the applied field at various
temperatures for the bulk single grain assembly. Unlike that obtained for the single grain sample,
the optimum applied field B, for the bulk assembly at 30 K is even smaller than that measured at
50 K. This can be attributed to the coupling effect that becomes more significant at the lower
temperature. Figure 10(b) compares the temperature-dependent critical applied field required to
trigger a flux jump in the single grain sample and in the bulk assembly. As a result of the coupling
effect, the critical magnetic field By of the bulk assembly is significantly lower than that of a single
grain. In other words, the coupling of the bulk assembly can reduce the critical magnetic field B

required to trigger a flux jump and potentially enhance the efficiency of the PFM process.
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3.3. Two-step PFM
In order to maximize the trapped field, and especially the trapped field of the bulk assembly, a

obtained at different temperatures.

two-step, multi-pulse magnetization technique (MPFM) was also investigated[46]. This consists of

a two-stage cooling and pulse application procedure [38]. The 1% pulse was applied at 70 K, as

shown in Figure 11. B, =2.06 T and 1.90 T were chosen for the single sample and the bulk assembly,

respectively, to allow an M-shaped trapped field distribution to be obtained initially [47]. A 2" pulse

was then applied after cooling to 30 K. Due to the residual field trapped from the 1% pulse, the

optimal applied field B, is enhanced from 3.73 T to 4.23 T for the bulk single grain and from 3.56
T to 4.06 T for the bulk sample assembly. The maximum trapped field with the MPFM method
increases from 3.02 T to 3.39 T for the single grain and from 3.11 T to 3.31 T for the bulk assembly.
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Figure 11. Trapped field profiles achieved by MPFM with temperature combinations of 70 K and

30 K(a) the bulk single grain and (b) the bulk assembly. [The purple dotted line shows equivalent data

4. Conclusions

for a single applied pulse taken from Figure 4(b) and Figure 7(b) for reference].

Pulsed field magnetization (PFM) experiments have been performed on a rectangular YBCO

bulk single grain and an assembly of two single grain bulk samples at temperatures of 30, 50, 60

and 70 K. The results were used to analyse the dynamic variation of the measured magnetic flux



density and the final trapped field profile for both sample arrangements. A 3D numerical model was
constructed to simulate the experimental process. On this basis, it was found that the coupling of
the individual bulk superconductors in the assembly enhances significantly the shielding effect at
the periphery of the arrangement, but that flux penetrates at the junction of the bulk samples,
resulting in an increase in local magnetic field in this region. As a result, a flux jump is more likely
to occur at the junction of the two single grain samples. This promotes magnetic flux penetration
and improves the magnetization efficiency from 80% to 90% at 30 K. Finally, by using a two-step,
multi-pulse magnetization technique, the maximum trapped field was increased from 3.02 T to 3.39
T in a single grain bulk sample and 3.11 T to 3.31 T in a bulk, 2-sample single grain assembly. In
conclusion, in addition to improving the peak trapped field obtained for single pulse, the coupling
effect of bulk single grain assembly can reduce significantly the magnitude of the applied field
required during PFM and therefore increase the magnetization efficiency, which has important
implications for practical applications of bulk YBCO single grains in a range of electrical and

magnetic devices.
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