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We achieved stable levitation of cylindrical permanent magnets and irons using stacked ring-shaped high
temperature superconducting (HTS) bulks with 20 mm ID, 60 mm OD and 50 mm height, and those were
magnetized by field cooling method. The levitation characteristics of permanent magnets and iron sam-
ples located in the inner space of that levitation system were investigated experimentally. Iron samples
with needle-shape and smaller than 1 mm diameter could not levitate stably. However, we found that the
high strength of magnetized field was not necessary to levitate small needle-shaped irons. In order to lev-
itate them, we need a uniform magnetic field in radial direction, so, a spherical solenoid magnet that can
easily make a homogeneous magnetic field in inner space of HTS bulk annuli was developed. The spher-

ical solenoid magnet, composed of seven solenoid coils with different inner and outer diameters, was
designed by an electromagnetic analysis and fabricated.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The trapped HTS bulks by the field cooling method have a
trapped magnetic field and exhibit diamagnetic behavior. Recently,
Ninomiya et al. showed the stable levitation of ferromagnetic
materials, such as pure iron located at the free space between
two HTS bulks which were magnetized by the field cooling method
[1]. It seems that the levitation of the ferromagnetic substances is
very similar to the levitation principle of Mixed-pL system [2-4]
composed of the ferromagnetic substance, diamagnetic material
and superconducting magnet. It means that the HTS bulk plays
the roles of the diamagnetic substance and the superconducting
magnet at same time.

In this study, the levitation properties of permanent magnets
and iron samples with various sizes were studied using stacked
HTS bulks magnet, and a spherical solenoid magnet was designed
and fabricated to levitate ferromagnetic substances with very
small size.

2. Magnetic levitation system and experimental details

Fig. 1 shows three-stacked HTS bulk annuli as a levitation sys-
tem, and the ID, OD and height of HTS bulks are 20 mm, 60 mm
and 15, 20 mm respectively. Three HTS bulk annuli are fixed by
installing bakelite in the upper and lower sides. The stacked HTS
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bulk annuli were put into the room temperature bore of a super-
conducting magnet, and then magnetized by the superconducting
magnet with field cooling method. The trapped magnetic field of
stacked HTS bulk annuli was used for a levitation system after it
was removed from the superconducting magnet (Fig. 2). The
stacked HTS bulk annuli were placed in liquid nitrogen to keep
the superconducting state during the experiment. In order to ob-
serve the levitation of samples clearly, liquid nitrogen in the levita-
tion space of stacked HTS bulk annuli was removed by setting the
copper cover. Measurement of levitation height was carried out
after dropping a sample to HTS bulk annuli. The samples are irons
and permanent magnets with a height of 10 mm and a diameter of
1-10 mm. In addition, B, distributions of upper part of the irons
and permanent magnets in stacked HTS bulk annuli were mea-
sured by Hall sensor. The measuring position is shown in Fig. 2.

3. Experimental results

Fig. 3 shows the photograph of levitation of iron sample with a
diameter of 1 mm and height of 10 mm in the stacked HTS bulk
annuli. Until now, we have succeeded in the levitation of irons
more than 1 mm in diameter. Tables 1 and 2 show the levitation
height of permanent magnets and irons with various sizes respec-
tively. Levitation height means the distance of center of samples
from the axial center of stacked HTS bulk annuli. The permanent
magnet comes to levitate near the entrance of stacked HTS bulks
when a magnetization field becomes small and diameter of
permanent magnet becomes large. Here, the attractive force and
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Fig. 1. (a) Photograph of stacked HTS bulk annuli; (b) Schematic drawing of stacked
HTS bulk annuli.
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Fig. 2. Schematic drawing of levitation system for the ferromagnetic substance
using stacked HTS bulk annuli.

the repulsive force effect of superconductors act between the HTS
bulks and samples. When the magnetized field increases, the small
sample is pulled to inside wall of stacked HTS bulk annuli because
attractive force increases. In addition, the samples levitate near an
axial center as the magnetic field becomes strong and the weight of
sample effects to the levitation height.

Fig. 4 shows the measured B, profiles along the radial position of
upper part of permanent magnets and irons as the functions of sam-
ple size when the magnetized field is 0.1 T. The magnetic field

Levitated iron sample
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Fig. 3. Photograph of levitation of iron sample with a diameter of 1 mm and height
of 10 mm in the stacked HTS bulk annuli.

gradient of the permanent magnets is larger than irons and this re-
sult shows that the permanent magnets are more stable than irons.
However, we will discuss only the levitation characteristic of irons
henceforth. Fig. 5 shows the measured B, profiles along the radial
position of upper part of irons as the functions of sample size and
strength of magnetized field. The magnetic field gradient increases
with increasing the magnetized field because the number of mag-
netic flux at inner space of HTS bulk annuli increase and they con-
centrate in an iron sample when the magnetized field becomes
large. In addition, the position of the peak moves to the center as
a magnetized field becomes large. It means an iron sample levitates
in the vicinity of the center as a magnetized field becomes large.

Fig. 6 shows the relationship between the levitation height of
iron samples, the weight of samples and dependence of weight of
samples. The levitation forces were smaller than the gravity when
magnetized fields were less than 0.1 T. However, the influence of
gravity disappears when the magnetized field becomes larger than
0.2 T, because magnetic force acting on the iron sample becomes
large with increasing the magnetized field.

Fig. 7 shows the relationship between weight and diameter of
samples and the minimum values of magnetization field to obtain
stable levitation. The relationship between weight of samples and
the minimum values of magnetization field to obtain the stable
levitation is shown in the following equation:

m
m)=0.02256 xIn { —————|. 1
ftm) (2.43073 x 10*5) M
The relationship between diameter of samples and the mini-
mum values of magnetization field to obtain the stable levitation
is shown in the following equation:

d
f(d) = 0.28 — 0.27704 x exp (— W)‘ )

From those results, high strength of magnetized field is not nec-
essary to levitate the small iron samples. For example, a magnetic
field strength is only 0.0438 T to levitate the iron with a diameter
of 0.3 mm. In this study, we used a superconducting magnet for
magnetization of HTS bulks. However, in our research, the small
size iron samples with needle shape and smaller than 1 mm diam-
eter could not be levitated stably. To levitate the needle-shaped
small size iron sample, a uniform magnetic field is needed. There-
fore, in order to realize the levitation of the small iron samples, a
spherical solenoid magnet for magnetization of HTS bulks has been
developed.

4. Development of spherical solenoid magnet

The spherical solenoid magnet can easily make a homogeneous
magnetic field. Fig. 8 shows the to-scaled schematic drawing of the
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