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1. Introduction

The yttrium (Y) series coated conductor is a wire
with a structure in which a REBa2Cu3Ox (RE is a rare
earth metal) copper oxide superconductor is deposit-
ed on a metallic substrate in the shape of a tape and is
so dubbed collectively by referring to yttrium (Y) of
the YBa2Cu3Ox (YBCO) copper oxide superconductor
that was found for the first time; it also shows similar
characteristics in the structure of YBCO by substitut-
ing a rare earth element such as Gd or Sm for Y.
Since the yttrium series superconducting coated con-
ductor has a high conductivity, its application to vari-
ous electric power devices such as transformers, cur-
rent-limiting devices, and motors, in addition to
power cables, is now being studied 1).

In 1991, we developed the IBAD method, which is
a technology to form the three-dimensional orienta-
tion-controlled ceramic films on nonoriented metal
tapes by sputtering Ar+ ions at a specified angle on
the tape during the film deposition 2). On the three-
dimensional orientation-controlled intermediate lay-
ers that we have created using this technology, we
are the first to have succeeded in developing a coated
conductor with a superb conductivity by epitaxially
forming a superconducting layer such as YBCO using
the PLD method.

At present, the development work of coated con-
ductors in our company is conducted as a part of the
research and development program sponsored by
New Energy and Industrial Technology Development
Organization (NEDO); and we performed the
research and development to achieve higher perfor-
mance, larger scale production, and lower cost. Table
1 shows the target values for the development of the
NEDO.

Electric power devices are frequently used in the
form of a coil of a superconducting coated conductor
that is made conductive by adding stability and insu-
lation to it; for this reason, it is necessary to study the
method of insulation, the method of fixation when
winding the wire, and the mechanical strength. To
study these items, we made a small-sized magnet and
performed excitation tests to verify them.

This paper reports the present status of the devel-
opment of the coated conductors of our company, the
present status of the development of the magnet, and
the results of the current test.

2. Development of coated conductors

2. 1 Intermediate layer using the IBAD method

Figure1 shows a schematic representation of the
IBAD method. In the IBAD method, rare gas ions
such as Ar were bombarded onto the substrate from
a particular direction during film deposition. By this
method, the particular crystal axis of the intermediate
layer is aligned to the ion beam direction. It enables
to form three-dimensional oriented polycrystalline
film, which is a prominent feature of this method. For
the material of the oriented intermediate layer, at
first, we discovered and studied yttria-stabilized zirco-
nia (YSZ) and made it into a buffer layer for the coat-
ed conductor. After that, a similar effect was found
using a material such as Gd2Zr2O7 (GZO), which has
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Table 1.  Target value of development (NEDO).

Item
High-performance 

Low-cost tapes
tapes

Tape length 500 m 500 m

Critical current 300 A at 77 K 200 A at 77 K

Tape speed 5 m/h 5 m/h

Cost 
12 Yen/A·m 8 Yen/A·m

(at 77 K, 0 T)



the similar crystal structure as the YSZ. Also, the in-
plane texture of the GZO film reached the half-value
width of 15° in about half the time of the YSZ. So we
successfully speed up the processing time of the
intermediate layers 3).

Figure 2 shows an overview of the new large-scale
IBAD system that we have developed and Table 2
shows the specifications of the conventional and new
ion sources. The large-sized (1.1 m × 15 cm) ion
source enables the large deposition area. Also, it
enables us to form the film at three times or more of
the present speed and to fabricate the 500 m long
tape 4).

Figure 3 shows an overview of a 500 m long GZO
intermediate layer tape made by the IBAD method
and Figure 4 shows the profile of the crystalline ori-
entation measured by XRD. We have obtained a good
intermediate layer tape with a half-value width of 14.8-

15.6° at the production speed of 3 m/h. By using this
instrument, it becomes possible to produce 200-500 m
long, single-length IBAD-GZO intermediate layer
tapes at 700 m per month.

Furthermore, forming a film of CeO2 cap layer by
the PLD as the secondary intermediate layer on the
IBAD-GZO layer is effective for high performance
coated conductor and high fabrication speed. By
forming a film of CeO2 layer on the crystalline orient-
ed IBAD-GZO layer, it grows epitaxially, and its crys-
talline orientation in the surface rapidly improves
owing to the self-crystalline orientation. We can
obtain a CeO2 layer with a half-value width of 4° on
GZO intermediate layer with a half-value width of
about 15°. In addition, although we form a film of
CeO2 layer using PLD, the method has a higher film
forming speed than the IBAD method; and by using
both methods at the same time, the manufacturing
speed has been enhanced from the engineering point
of view.

2. 2 Superconducting layer using the PLD method

There are various methods to laminate YBCO
layer, such as the PLD method, the Metal-Organic
Deposition (the MOD method), the Metal-Organic
Chemical Vapor Deposition (the MOCVD method),
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Fig. 1.  Conception of IBAD system.

Fig. 2.  View of new IBAD apparatus.

Table 2.  Parameter of assisting ion source.

Item Conventional device New device

Ion source 66 cm × 6.0 cm 110 cm × 15.0 cm

Deposition area 66 cm × 10.0 cm 66 cm × 25.0 cm

Tape speed 0.5-1.0 m/h 2.5-5.0 m/h

Tape length 100-250 m ~500 m

Fig. 3.  View of 500 m long GZO tape.
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Fig. 4.  Distributions of ∆φ values on 500 m long GZO tapes.



and so on. We adopted the PLD method among
these. In this method, a film is formed on wire by
passing through the particle assemblage (plume),
which is generated from the sintered YBCO target
when it was irradiated by excimer laser. The feature
of this method is that the film-forming speed is dra-
matically high and that we can easily control the com-
position and obtain a highly superconducting film
because the composition of the target affects the film
formation.

Figure 5 shows an overview of the newly intro-
duced PLD instrument. It enhances the manufactur-
ing speed of the coated conductors by practically
increasing the deposition area in which the tape is
passed through multiple plumes created by scanning
the laser beam.

Recently, we have also been developing the
GdBa2Cu3Ox (GdBCO) coated conductors by substi-
tuting Gd for the rare earth (RE) portion of YBCO
because their current conductivity in magnetic fields
is excellent. It is possible to form a film of the coated
conductor under nearly the same conditions as those
of YBCO that we have conventionally used.

By using these conditions, we have succeeded in
developing 200 m long high-conductivity GdBCO
coated conductors 5). Table 3 shows the manufactur-
ing conditions of the coated conductors and Figure 6
shows the critical current value (Ic) distribution of the
manufactured 200 m long coated conductor. We car-
ried out the measurement using the continuous mea-
surement instrument and measured the sample by

dipping it in liquid nitrogen (77 K) with no magnetic
field. We obtained the result of 300 A or more, which
is our final target value for the Ic over the entire
length of the coated conductor. If we indicate this as
the critical current value × wire length (Ic × L), which
indicates the property of the superconducting con-
ductor, it is Ic × L = 64 077 A·m.

Figure 7 shows the change of Ic × L of the Y series
superconductor that we have manufactured. As
shown in this figure, we developed 10 m long coated
conductors for the Y series coated conductors in
2001, and after that, with the research and develop-
ment of longer and higher property coated conduc-
tors, we developed 100 m long, 124 A coated conduc-
tors, and now, we have developed 200 m long, 300 A
or more coated conductors, achieving the status of
world leader in this field.

2. 3 Stabilizing layer and insulating process

In electric power devices, it is necessary to trans-
form the superconducting coated conductor into a
conductor by adding stability and insulation to it. To
add stability, after forming a 10 µm thick silver (Ag)
layer by sputtering method and annealing it, we lami-
nate a metal tape by a Sn solder using the continuous
stabilization layer combined instrument. The lamina-
tion speed can reach 100 m/h. Figure 8 shows a
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Fig. 5.  View of PLD apparatus.

Table 3.  Parameter of tape manufacture.

Item Parameter

Laser
Strength 600 m·J

condition
Frequency 120 Hz

Scan length 6 cm

Tape speed 20 m/h × 6 Layer

Temperature 840 °C

Oxygen presser 70 Pa
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Fig. 6.  Distribution of Ic value on 200 m Gd-123 tape.
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cross-sectional image of the lamination combined
with a copper (Cu) tape. As a combining material, we
combine a copper tape to further stabilize the coated
conductors supplied for motors and transformers. For
the coated conductors used for a current-limiting
device, we combine a high resistance nickel alloy,
since it utilizes the resistance difference when it tran-
sits from the superconducting state to the normal
state. Figure 9 shows an overview of an isolated tape
wire. To isolate the coated conductor, we wrap a poly-
imide tape around it.

3. Superconducting magnet

3. 1 Feature of the superconducting magnet

The superconducting coated conductors have been
studied for their application to magnets since super-
conductivity was discovered because they can obtain
a high conductivity that cannot be obtained by using
a normal copper wire or aluminum wire by utilizing a
phenomenon specific to the superconductor, which
means the electric resistance is 0. In the supercon-
ductive alloy such as NbTi and Nb3Sn, in particular,
by using the wire-drawing technology, one can rela-
tively easily process a long wire. Moreover, since the
shape of the wire is round, one can relatively easily
process it into a stranded wire or a coil, so the appli-
cation to magnets has been actively advanced. For
the application destinations of the superconductive
alloy, various instruments such as a high magnetic
field magnet, nuclear magnetic resonance apparatus
and an electromagnetically levitated railroad, and
even the application to the alternating current equip-
ment such as the superconducting electric generator
was studied. However, because the superconductive
alloy wire requires cooling to an extremely low tem-
perature using liquid helium, they have some prob-
lems, such as the high cooling cost and low thermal
stability, because they are implemented in the region
of a relatively small specific heat.

In oxide superconducting wires, the application to
a magnet was first studied using a Bi series supercon-
ducting conductor, which is relatively easy to extend
in length has been applied to a magnet for pulling up
a silicon single crystal and a marine motor. 6)

In recent years, from the facts that a long conduc-
tor is proliferated in the Y series coated conductor,
and that it has a large critical current in magnet field
in the liquid nitrogen temperature compared with the
Bi series superconducting conductor, it is expected to
be applied to magnets in much broader fields.

In order to apply the Y series coated conductor for
magnets, the comprehensive study in various aspects
such as stabilizing technology, insulation technology,
coil winding technology, and cooling technology is
needed.

3. 2 Coil of small-sized solenoid magnet

To confirm the mechanical strength when winding
a coil and to study the technique of isolation and the
method of fixation of the coil, we made a small-sized
magnet and performed some excitation tests.
Because the superconducting coated conductor has
the shape of a tape with a large aspect ratio, there is a
fear that it might cause an edgewise distortion in the
wire; so, generally, most magnets are made in a pan-
cake shape. From the very beginning, we have stud-
ied the solenoid type winding coil that has a broad
uniform magnetic field and the knowledge of the
winding coil and the excitation is more helpful to
wind the coil. The magnet holds the cooling property
of the conductor of each layer by inserting the Fiber
Reinforced Plastics (FRP) spacer between the adja-
cent layers. It was learned from the preliminary study
that when winding a coil, we must contrive ways to
wind the coil so that the edgewise distortion does not
apply to the wire at the portion, in particular, where
the layer changes and the new layer rises up.

3. 3 Liquid nitrogen cooling magnet

Figure 10 shows an overview of the liquid nitrogen
cooling magnet and Table 4 shows the specifications
of the magnet. Figure 11 shows the relationship
between the conducting current when we performed
the excitation test of the manufactured magnet in the
super-cooled liquid nitrogen (66 K) and the measured
magnetic field at the center of the magnet using a hall
element. The maximum magnetic field at the center
of the magnet is 0.27 T at 120 A. The voltage is found
to be generated at the sixth layer to which the 45°
oblique magnetic field is added. This is because the
critical current value of the Y series coated conductor
has dependence on the magnetic field direction and
the critical current value of the wire becomes small-
est at the portion to which the 45° oblique magnetic
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Fig. 8. Cross-sectional view of Y-123 with Cu stabilizer.

Fig. 9. View of Y-123 conductor with insulation.



field is added 7).
In this excitation test, at the excitation current of

100 A or more, a voltage generation is observed, and
as the conductive current increases, the generated
voltage increases. This is owing to the fact that the
conductive current exceeds the critical current at one
portion of the wire. In the superconductive alloy mag-
net, when the conductive current exceeds the critical
current as described above, a minute heating occurs
partially. This heating, even though minute, causes
an increase in the wire temperature because the spe-
cific heats of the wire and other materials at 4 K level
are three digits or smaller than those at normal tem-
perature. For this reason, owing to the temperature
dependence of the critical current, furthermore, the
critical current decreases and the generation voltage
increases, and with those phenomena, the tempera-
ture increase becomes large. Since this cycle occurs
in a short time, finally, the entire magnet transfers to
normal conduction. Therefore, it is important to pre-
vent the magnet from transferring to the normal con-
ducting state from the superconducting state, or to
secure the “stability” to return to the superconduct-
ing state immediately if it transfers to the normal con-
ducting state.

On the other hand, in the oxide superconducting

material, since the critical temperature is high, it is
possible to maintain the magnet in the superconduct-
ing state by the cooling using liquid nitrogen or other
means. In this temperature region, as mentioned
above, the specific heat is larger as compared with
that at 4 K level, even though the heating value is the
same; the temperature increase due to the heating is
minute.

In the present excitation test, a voltage generation
is observed at the excitation current of 100 A or more.
Even though the conductive current is maintained at
that value, the voltage value does not change and no
temperature increase in the wire was observed.

This fact means that the operation of the oxide
superconducting magnet in the liquid nitrogen tem-
perature region is performed stably, indicating that
we can simplify the composition of the oxide super-
conducting magnet.

3. 4 Conduction cooling magnet

The conduction cooling magnet, which is a type of
magnet that cools itself using a refrigerator, cools the
flange part at first and can then cool the magnet using
spacers and the thermal conduction of the conductor
itself; so, it has the feature of allowing one to control
the temperature when exciting the magnet. Using
aluminum nitride (AlN) for the flange and spacers
enhances the cooling ability of the magnet. Figure 12
shows the overview of the conduction cooling magnet
and Table 5 shows the specifications of the magnet.
Furthermore, by combining the magnet with a direct
current magnet with metallic superconductors (LTS),
we can add a 3 T magnetic field outside the magnet.
We conducted the excitation tests at the tempera-
tures of 30, 35, 40, 50, 60, and 77 K. At each tempera-
ture, the magnet reached the set temperature, show-
ing an excellent cooling property.

Figure 13 shows the relationship between the mag-
netic field, at the center of the magnet, which was
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Table 4.  Parameter of solenoid magnet.

Item Parameter

Inner diameter 60 mm

Outer diameter 107 mm

Winding Height 133 mm

Turn number 14

Layer number 22

Tape length 70 m

Fig. 10. View of solenoid magnet of dipping in liquid nitrogen
type.
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obtained using a hall element and the current conduc-
tive value. By combining the applied magnetic field
using the LTS and the magnetic field by running the
current to a conductive cooling magnet, the center
magnetic field is generated along the load line (the
oblique line sloping upward in the figure). The gener-
ated magnetic field is 0.27 T/100 A. When there is no
applied magnetic field (the oblique line sloping
upward from 0 T), we obtained a 1 T generated mag-
netic field at the temperature of 40 K or less.
Furthermore, we generated a 1.1 T magnetic field by
running the conductive current of 400 A for 10 min at
the temperature of 35 K, no voltage generation or
temperature rise occurred. When the applied magnet-
ic field was 3 T, we generated a 0.7 T magnetic field
by running the conductive current of 300 A at the
temperature of 30 K, obtaining a total magnetic field
of 3.7 T. As mentioned above, we have found that the
conduction cooling magnet can produce a stable mag-
net excitation as well as the liquid nitrogen cooled
magnet. 8)

4. Conclusion

The development of the Y series coated conductors
in our company has achieved the intermediate target
value of NEDO in the property of the coated conduc-
tors and is progressing favorably toward accomplish-
ing the development target values. From now on, we
have not only to increase the speed of manufacturing
the coated conductors but also to reduce the opera-
tion cost of the instrument to try to reduce the prod-

uct cost further. On the other hand, for the applica-
tion equipment, we have started supplying the coated
conductors for developing electric power devices
such as motors, transformers, and current-limiting
devices. And we have also started performing verifica-
tion tests on all equipment, reaching the stage where
we can foresee the future of the application of coated
conductors. We will apply the knowledge about the
making of conductive technology, coil winding tech-
nology, and cooling technology, which we have
obtained in the present development of the magnet,
to these devices. And from now on, we aim to supply
the coated conductors stably for developing these
devices.

This work was supported by the New Energy and
Industrial Technology Development Organization
(NEDO) as collaborative Research and Development
of Fundamental Technologies for Superconductivity
Application.
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Table 5.  Parameter of conduction cooling magnet.

Item Parameter

Inner diameter 60 mm

Outer diameter 110 mm

Winding Height 114 mm

Turn  number 14

Layer number 26

Tape length 110 m

Fig. 12. View of conduction cooling magnet. 0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
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