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a b s t r a c t

We have been investigating the levitation system without any mechanical contact which is composed of
a field-cooled ring-shaped high temperature superconducting (HTS) bulks [1]. In this proposed levitation
system, the trapped magnetic field distributions of stacked HTS bulk are very important. In this paper, the
spherical solenoid magnet composed of seven solenoid coils with different inner and outer diameters was
designed and fabricated as a new magnetic source. The fabricated spherical solenoid magnet can easily
make a homogeneous and various magnetic field distributions in inner space of stacked HTS bulk annuli
by controlling the emerging currents of each coil. By using this spherical solenoid magnet, we tried to
make a large magnetic field gradient in inner space of HTS bulk annuli, and it is very important on the
levitation of magnetic substances. In order to improve the levitation properties of magnetic substances
with various sizes, the external fields were reapplied to the initially trapped HTS bulk magnets. We could
generate a large magnetic field gradient along the axial direction in inner space of HTS bulk annuli, and
obtain the improved levitation height of samples by the proposed reapplied field method.

� 2013 Elsevier B.V. All rights reserved.

1. Introduction

Because the non-contact levitation system does not have a
mechanical friction, there is no energy loss and the maintenance
is rarely needed. The trapped HTS bulks by FC method have a
trapped magnetic field and exhibit diamagnetic behaviors, so those
trapped HTS bulks were expected to be used for superconducting
permanent magnets and magnetic levitation system [1]. The levita-
tion systems to levitate the ferromagnetic samples using the
trapped HTS bulks are very similar to the levitation principle of
Mixed-m system composed of the ferromagnetic substance, dia-
magnetic material and the superconducting magnet [2–5]. In the
Mixed-m system, the ferromagnetic substance suffers two forces,
attractive force by the superconducting magnet and repulsive force
by the diamagnetic material, and levitates. The diamagnetism is
the property of an object which causes it to create a magnetic field
in opposition to apply magnetic field, and it is generally quite a
weak in most materials. However, HTS materials have a strong dia-
magnetism and pinning force to trap the magnetic flux. By using
these characteristics, the ferromagnetic substance which dropped
to inner space of HTS bulk annuli suffers attractive force and repul-
sive force and levitates. It means that the HTS bulk plays the roles

of the diamagnetic substance and the superconducting magnet at
the same time [6,7]. We have been developing the levitation sys-
tem using trapped HTS bulk annuli magnetized by FC method,
and we confirmed that the good homogeneity along the radial
direction and large magnetic gradient along the axial direction
were very effective for the levitation of the ferromagnetic samples
with various sizes. In this paper, the reapplied field method that
the external fields were reapplied to the initially trapped HTS bulks
was proposed in order to improve the levitation height and force.

2. Magnetic levitation system using trapped HTS bulk annuli
and the spherical solenoid magnet

In our levitation system, the three-stacked HTS bulks annuli
with 20 mm ID, 60 mm OD and 15–20 mm thickness are prepared
as shown in Fig. 1. The three-stacked HTS bulks annuli were fixed
by installing bakelite in the upper and lower sides in experiment.
The three-stacked HTS bulks annuli fixed were put into the room
temperature bore of the superconducting magnet, and then it
was magnetized by the superconducting magnet with FC method
(LN2). The trapped magnetic fields of stacked HTS bulks annuli
were used for the levitation system after pulling out of the super-
conducting magnet, and stacked HTS bulks annuli were still placed
in liquid nitrogen to keep the superconducting state during exper-
iment. The levitation height of iron samples as the ferromagnetic
substances was measured after dropping a sample to inner space
of HTS bulk annuli as shown in Fig. 1c.
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In the proposed magnetic levitation system, the magnetic field
gradients in axial and radial directions were very important. So,
we designed and fabricated the spherical solenoid magnet as a
new magnetic source instead of superconducting magnet, and it

composed of seven solenoid coils with different inner and outer
diameters as shown in Fig. 2. The fabricated spherical solenoid
magnet can easily make the homogeneous and various magnetic
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Fig. 1. (a) Photographs of the three-stacked HTS bulks annuli, (b) stacked HTS bulks
annuli fixed by two bakelites and (c) schematic drawing of levitation system for the
ferromagnetic substance using stacked HTS bulk annuli.
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Fig. 2. To-scaled schematic drawing of fabricated spherical solenoid magnet
composed of seven solenoid coils, and the 3-stacked HTS bulk annuli.
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Fig. 3. Calculated Bz profiles (a) along the axial direction, (b) along the radial
direction, and (c) measured and calculated values.
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