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(54) CONNECTION STRUCTURE FOR SUPERCONDUCTIVE WIRE ROD

(57) A connection structure of superconducting wires capable of connecting superconducting wires while achieving
a good superconducting characteristic is provided.

In a connection structure connecting superconducting wires (100A, 100B) each formed by laminating a substrate
(101), an intermediate layer (102) and a superconducting layer (103), a non-superconductor (105) is provided at a part
of the surface (103a) of the superconducting layer (103) of the superconducting wire (100A, 100B), whereby a gap (300)
is formed at a joining portion of the superconducting wires (100A, 100B) in an oxygen anneal treatment or the like.
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Description

Technical Field

[0001] The present invention relates to a connection
structure of superconducting wires connecting a plurality
of superconducting wires.

Background Art

[0002] There have been developments in high temper-
ature superconducting wires using high temperature su-
perconductors having superconductivity at a tempera-
ture of liquid nitrogen. When manufacturing supercon-
ducting cables, superconducting coils, etc. for supercon-
ducting devices using such high temperature supercon-
ducting wires, long superconducting wires are required.
A long superconducting wire is obtained by successively
connecting a plurality of superconducting wires. Further,
when a superconducting wire is applied to, for example,
a coil used in a magnetic resonance imaging (MRI) ap-
paratus or a nuclear magnetic resonance (NMR) appa-
ratus, the superconducting wire needs to be formed in a
loop-shape by connecting ends of the superconducting
wire since energization is performed in a persistent cur-
rent mode.
[0003] As a conventional technique for connecting su-
perconducting wires with each other, Patent Document
1, for example, discloses a technique in which a film of
solution containing metal constituting superconducting
thin films is formed at a joint portion between supercon-
ducting thin films, and the thus-formed film of the solution
is subjected to a heat treatment to form a superconduct-
ing junction at the joint portion, thereby connecting high
temperature superconducting thin film wires.

Document List

Patent Document

[0004] Patent Document 1: Japanese Laid-Open Pat-
ent Publication No. 2013-235699

Summary of Invention

Technical Problem

[0005] However, in the conventional technique de-
scribed in Patent Document 1, when connecting the su-
perconducting thin films of the superconducting thin film
wires with each other, a calcination heat treatment and
a firing heat treatment are performed with the supercon-
ducting thin films being stuck to each other, so that the
superconducting characteristic lowered for the following
reasons. First, since the baking treatment is performed
at high temperature, a proper amount of oxygen may not
be supplied to the film formed on the superconducting
thin films and thus the film may not be crystalized.

[0006] Further, although an oxygen introducing treat-
ment is performed after the baking, oxygen cannot be
supplied to the film formed on the superconducting thin
films, and thus there is a problem that it is impossible to
secure the superconducting characteristic after the su-
perconducting thin film wires are connected to each oth-
er.
[0007] The present invention has been implemented
in view of the foregoing point, and it is an object of the
present invention to provide a connection structure of
superconducting wires capable of connecting supercon-
ducting wires to each other while achieving a good su-
perconducting characteristic.

Solution to Problem

[0008] A connection structure of superconducting
wires according to the present invention in which a plu-
rality of superconducting wires are overlapped and con-
nected with each other, each of the plurality of supercon-
ducting wires including a substrate and a superconduct-
ing layer that are laminated, characterized in that a non-
superconductor is provided at a part of a surface of the
superconducting layer of at least one of the supercon-
ducting wires and protrudes from the surface.
[0009] According to the present invention, since the
non-superconductor is provided on a part of the surface
of the superconducting layer of at least one supercon-
ducting wire, a gap is formed at a joining portion between
the superconducting wires. Oxygen is sufficiently sup-
plied from the thus-formed gap to the joining portion be-
tween the superconducting wires, so that the supercon-
ducting layers at the joining portion is crystallized, and
the superconducting wires can be connected to each oth-
er without lowering the electrical characteristics.
[0010] Preferably, the connection structure of super-
conducting wires according to the present invention is
characterized in that a part of the non-superconductor is
embedded in the surface of the superconducting layer.
[0011] Preferably, the connection structure of super-
conducting wires is characterized in that an intermediate
layer is provided between the substrate and the super-
conducting layer.
[0012] Preferably, the connection structure of super-
conducting wires according to the present invention is
characterized in that a connecting superconducting layer
constituting a joining portion with another superconduct-
ing wire is formed on the surface of the superconducting
layer including a protruding portion of the non-supercon-
ductor.
[0013] Preferably, the connection structure of super-
conducting wires according to the present invention is
characterized in that the non-superconductor contains at
least one element among Cu, Ba, Al, Y, Gd, Sm, Eu, Gd,
Dy, Ho, Er, Tm, Yb, Lu, Zr and Hf.
[0014] Preferably, the connection structure of super-
conducting wires according to the present invention is
characterized in that the non-superconductor includes
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CuOx.
[0015] Preferably, the connection structure of super-
conducting wires according to the present invention is
characterized in that the plurality of superconducting
wires are two superconducting wires, and the non-super-
conductor is provided on an overlap portion which is to
be a joining portion on the surface of the superconducting
layer of at least one superconducting wire.
[0016] Preferably, the connection structure of super-
conducting wires according to the present invention is
characterized in that the plurality of superconducting
wires are three superconducting wires, and, in a connec-
tion structure in which first and second superconducting
wires are overlapped with and connected to a third su-
perconducting wire, with the first and second supercon-
ducting wires being in a positional relationship in which
the surfaces of the superconducting layers of the first and
second superconducting wires are in the same direction
with end faces of the first and second superconducting
wires facing each other, and the third superconducting
wire is arranged to oppose the surfaces of the supercon-
ducting layers of the first and second superconducting
wires in a positional relationship in which the third super-
conducting wire extends across and is connected to both
surfaces of the superconducting layers of the first and
second superconducting wires, and the non-supercon-
ductor is provided at an overlap portion which is to be a
joining portion on a surface of the superconducting layer
of at least one of the opposing superconducting wires.

Effects of Invention

[0017] According to the present invention, a connec-
tion structure of superconducting wires capable of con-
necting superconducting wires while achieving a good
superconducting characteristic can be provided.

Brief Description of Drawings

[0018]

[Fig. 1] Figs. 1A and 1B are cross-sectional views
showing a lamination structure of a superconducting
wire.
[Fig. 2] Figs. 2A to 2C are cross-sectional views for
illustrating a connecting step for connecting super-
conducting wires.
[Fig. 3] Fig. 3A is a cross-sectional view showing a
connection structure according to the present inven-
tion, and Fig. 3B is a cross-sectional view showing
a connection structure according to a comparative
example.
[Fig. 4] Figs. 4A and 4B are cross-sectional views
for explaining a non-superconductor according to a
variant embodiment.
[Fig. 5] Fig. 5 is a cross-sectional view for explaining
another application example according to the
present embodiment.

Description of the Embodiment

[0019] A mode for carrying out the present invention
(hereinafter referred to as the present embodiment) will
be described with reference to an illustrative embodi-
ment. The present embodiment relates to a connection
structure of superconducting wires connecting a plurality
of superconducting wires. First, prior to specific descrip-
tion on the connection structure of superconducting
wires, the structure of a high-temperature superconduct-
ing wire will be described as an illustrative embodiment
of the connection structure of superconducting wires with
reference to cross-sectional views in Figs. 1A and 1B.

(1. High-temperature superconducting wire)

[0020] As shown in Fig. 1A, a high-temperature super-
conducting wire 100 is one mode of a superconducting
wire according to the present invention, and includes a
substrate 101, an intermediate layer 102, a supercon-
ducting layer 103, and a protection layer 104.
[0021] The substrate 101 is formed to have a tape-like
shape. For example, a low-magnetic non-oriented metal
substrate or a non-oriented ceramic substrate is used as
the substrate 101. As a material of the metal substrate,
a metal such as Co, Cu, Ni, Ti, Mo, Nb, Ta, W, Mn, Fe,
Ag or Cr, or an alloy thereof is used, which are excellent
in strength and heat resistance. Stainless steels and nick-
el-based alloys represented by Hastelloy (registered
trademark) which are excellent in corrosion resistance
and heat resistance are particularly preferable. Further,
for example, MgO, SrTiO3 or yttrium stabilized zirconia
or the like is used as a material of the ceramic substrate.
[0022] The intermediate layer 102 is an arbitrary layer
serving as a base of the superconducting layer 103, and
is a layer formed on the substrate 101 in order to achieve
a high biaxial orientation property in the superconducting
layer 103. For the intermediate layer 102, materials such
as MgO and CeO2 are used in which values of physical
characteristics such as a coefficient of thermal expansion
and a lattice constant are intermediate values between
the substrate 101 and a superconductor constituting the
superconducting layer 103. The intermediate layer 102
may have a monolayer structure or a multilayer structure.
In a case where the substrate 101 is as metal substrate,
the intermediate layer 102 may be a ceramic thin film.
[0023] The superconducting layer 103 is formed on a
surface of the intermediate layer 102, and with a super-
conductor as a main component, comprises at least one
of elements among Cu, Ba, Y, Gd, Sm, Eu, Gd, Dy, Ho,
Er, Tm, Yb, Lu, Zr and Hf. Specifically, a RE-based su-
perconductor represented by REBa2Cu3O7-λ (λ repre-
sents an integer from 0 to 6) is used as the supercon-
ductor. RE in the RE-based superconductor contains a
single rare earth element or a plurality of rare earth ele-
ments of Y, Nd, Sm, Eu, Gd, Dy, Ho, Er, Tm, Yb or Lu.
[0024] In order to connect superconducting wires 100,
100 with each other while achieving a good supercon-
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ducting characteristic as described later, a non-super-
conductor 105 such as CuxO is provided at a surface
103a of the superconducting layer 103 as shown in FIG.
1B.
[0025] Specifically, as shown in Fig. 1B, when the su-
perconducting layer 103 is formed to have a multilayer
structure by a chemical vapor deposition (CVD) method
such that a film thickness per layer is less than 200 nm
in a lower layer region 1031 which is from the lowermost
layer to the sixth layer, and a film thickness of an upper-
most layer 1032 (seventh layer) is greater than or equal
to 200 nm, it is possible to cause the non-superconductor
105 (for example, copper oxide) to precipitate at the sur-
face 103a of the superconducting layer 103 without af-
fecting the superconducting characteristic of the super-
conducting layer 103. More specifically, the non-super-
conductor 105 can be formed such that a part of the non-
superconductor 105 is embedded in the superconducting
layer 103 while the remaining part of the non-supercon-
ductor 105 protrudes from the surface 103a of the super-
conducting layer 103. Further, an area density of the non-
superconductors 105 on the surface 103a of the super-
conducting layer 103 can be checked or measured by
observing the surface 103a of the superconducting layer
103 with an electron microscope or the like.
[0026] As described above, in the lamination step of
the superconducting layer 103 by the CVD method, by
thickening the film thickness per layer to greater than or
equal to 200 nm, copper oxide (CuxO) particles which
are the non-superconductor 105 can be produced more
easily. The non-superconductor 105 is not limited to cop-
per oxide (CuxO) described above, but may be formed
of at least one of elements among Cu, Ba, Al, Y, Gd, Sm,
Eu, Gd, Dy, Ho, Er, Tm, Yb, Lu, Zr and Hf.
[0027] Furthermore, the non-superconductor 105 may
be provided to protrude from the surface 103a of the su-
perconducting layer 103 by not only a CVD method, but
also other methods such as a MOD method and a sol-
gel method.
[0028] The protection layer 104 is any layer covering
the surface of the superconducting layer 103. For exam-
ple, Ag or the like is used for the protection layer 104.

(2. Connection structure of superconducting wires)

[0029] Next, two superconducting wires 100 each hav-
ing the foregoing lamination structure are prepared, and
a connecting step of connecting the prepared supercon-
ducting wires 100, 100 will be described with reference
to Figs. 2A to 2C. For convenience’s sake, one super-
conducting wire 100 will be referred to as a supercon-
ducting wire 100A, and the other superconducting wire
100 will be referred to as a superconducting wire 100B.
[0030] First, as shown in Fig. 2A, for each of the su-
perconducting wire 100A and the superconducting wire
100B, the protection layer 104 is etched only at a region
necessary for connection to expose the superconducting
layer 103.

[0031] Thereafter, a connecting superconducting layer
200 is formed by a metal organic decomposition (MOD)
method. Specifically, first, a raw material solution 20 con-
taining organic metal complex of Y, Ba, Cu or the like is
prepared. The prepared raw material solution 20 is coat-
ed on a surface of the exposed superconducting layer
103. Here, the raw material solution 20 is coated over
the entire surface of the exposed superconducting layer
103, but the coating amount is not specifically limited,
and may be determined as appropriate. In the present
embodiment, the method of coating the raw material so-
lution 20 by the MOD method is presented, but the
present embodiment is not limited thereto.
[0032] Subsequently, as shown in Fig. 2B, each of the
superconducting wire 100A and the superconducting
wire 100B is subjected to calcination, so that organic sol-
vent is vaporized from the raw material solution 20 coated
on the surface of the superconducting layer 103. Here,
calcination is performed by conducting a heat treatment
at 400 to 600°C, for example. The organic metal complex
contained in the raw material solution 20 is decomposed
by calcination. By performing calcination as described
above, the connecting superconducting layer 200 is
formed over the entire surface of the superconducting
layer 103 including a portion where the non-supercon-
ductor 105 is protruding.
[0033] Subsequently, as shown in Fig. 2C, the con-
necting superconducting layers 200 which have been re-
spectively formed on the superconducting layers 103 of
the superconducting wires 100A and 100B are over-
lapped with each other and pressed against each other
with a predetermined pressure. Thereafter, the connect-
ing superconducting layers are placed in an atmosphere
of a low oxygen concentration, for example in an Ar at-
mosphere with oxygen concentration of 50 to 1000 ppm,
and subjected to a firing treatment at a temperature of
about 750°C to 850°C while being pressed against each
other. Through the firing treatment, the connecting su-
perconducting layers 200 are crystallized, whereby the
connecting superconducting layers 200 are bonded to
each other. Furthermore, as an oxygen anneal treatment,
the temperature is decreased in an Ar atmosphere with
an in oxygen concentration of greater than or equal to
50% to introduce oxygen into the connecting supercon-
ducting layers 200 which have been subjected to the firing
treatment. This introduction of oxygen causes the con-
necting superconducting layers 200 to have a structure
exhibiting the superconducting characteristic.
[0034] Fig. 3A is an enlarged view showing the struc-
ture of a connecting region of the superconducting wires
100A and 100B in the step of introducing oxygen de-
scribed above. As is apparent from Fig. 3A, since each
of the superconducting wires 100A and 100B is provided
with the non-superconductor 105 at the surface 103a of
the superconducting layer 103, the surfaces of the con-
necting superconducting layers 200 have irregularities.
By overlapping the superconducting wires 100A and
100B with each other in such a manner that the connect-
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ing superconducting layers 200 having the uneven sur-
faces as described above oppose each other, a gap 300
is formed at a joining portions of the superconducting
wires 100A and 100B, that is, between the connecting
superconducting layers 200 and 200. By forming the gap
300 described above, oxygen is sufficiently supplied to
the connecting superconducting layers 200, 200 in the
oxygen introducing step, so that the connecting super-
conducting layers 200, 200 are crystalized, and voids
301 are formed around the non-superconductors 105.
[0035] As described above, the non-superconductors
105 protrude from the surface 103a of the superconduct-
ing layers 103. It is preferable that the protruding portions
of the non-superconductors 105 have an average diam-
eter ranging from 0.1 to 10 mm and an average height
ranging from 0.01 to 5 mm. The average diameter is ob-
tained by observing with SEM to measure longest diam-
eters and calculating an average value of the longest
diameters. The average height can be measured by cut-
ting the protruding portions in the thickness direction and
observing cross-sections with SEM. When the average
diameter and the average height are excessively large,
there is a tendency that lots of voids are formed around
the non-superconductors, and the connection strength
decreases. When the average diameter and the average
height are excessively small, the voids formed are small,
and oxygen cannot be supplied sufficiently, so that a good
superconducting characteristic cannot be obtained.
[0036] In comparison to the embodiment described
above, Fig. 3B is an enlarged view of the structure of a
connecting region of superconducting wires 400A and
400B according to a comparative example. Each of the
superconducting wires 400A and 400B according to the
comparative example is obtained by polishing a non-su-
perconductor 405 provided on a surface of a supercon-
ducting layer 403 to flatten the surface of the supercon-
ducting layer 403. When the surfaces of the supercon-
ducting layers 403 are flat in this manner, the surfaces
of connecting superconducting layers 500, 500 are also
flat, so that almost no gap 300 as shown in Fig. 3A is
formed. As a result, the connecting superconducting lay-
ers 500 and 500 are not crystallized, and a good super-
conducting characteristic cannot be achieved.
[0037] As is apparent from the result of comparison
between the foregoing comparative example and the
present embodiment, according to the connection struc-
ture of the superconducting wires 100A and 100B of the
present embodiment, since the connecting supercon-
ducting layers 200, 200 respectively formed on the su-
perconducting wires 100A and 100B are positively crys-
tallized, the superconducting wires 100A and 100B can
be connected with each other without deteriorating the
electrical characteristics.
[0038] The film thickness of the connecting supercon-
ducting layer 200 ranges, when film formation is per-
formed by a MOD method, preferably from 10 nm to 5
mm. This is because excessively small film thickness
causes a decrease in the connection area between the

connecting superconducting layers 200, 200, whereas
with an excessively large film thickness, the gap 300 can-
not be formed and crystallization is made difficult.
[0039] According to the connection structure of the su-
perconducting wires 100A and 100B of the present em-
bodiment, the voids 301 are formed, and thus it is pref-
erable in that oxygen can be sufficiently supplied to the
connecting superconducting layers 200 until crystalliza-
tion is positively performed.
[0040] Furthermore, in the present embodiment, the
non-superconductor 105 protrudes from the surfaces
103a of the superconducting layers 103, and is also em-
bedded in the surfaces 103a of the superconducting lay-
ers 103, so that the connection strength can be en-
hanced. Particularly, although existence of the voids 301
described above causes reduction in connection
strength, the present embodiment is preferable in that a
strong connection structure can be achieved because
the non-superconductors 105 are embedded in the sur-
faces 103a of the superconducting layers 103.

(3. Variant Embodiment)

[0041] The non-superconductor 105 of the present em-
bodiment is not limited to those protruding from the sur-
faces 103a of the superconducting layers 103 and em-
bedded in the surfaces 103a of the superconducting lay-
ers 103. For example, Figs. 4A and 4B show a non-su-
perconductor 105B according to a variant embodiment.
That is, as shown in Fig. 4A, on a surface of a supercon-
ducting layer 103B grown to have a flat surface, fine par-
ticles of alumina or the like may be provided as the non-
superconductor 105B. Subsequently, as shown in Fig.
4B, on the superconducting layer 103B provided with the
non-superconductors 105B, a raw material solution is
coated and subjected to calcination to form a connecting
superconducting layer 200B having an uneven surface.
Particularly, according to the variant embodiment shown
in Figs. 4A and 4B, the uneven shape (the number of
protrusions and recesses) of the surface 103a of the su-
perconducting layer 103 can be easily adjusted by ad-
justing the density of the fine particles or the like without
changing any of the conditions of the film formation of
the superconducting layer 103. That is, the surface 103a
of the superconducting layer 103 can be configured to
have a surface shape suitable for crystallization of the
connecting superconducting layer 200 by a simple meth-
od.

(4. Other application examples)

[0042] Further, in the present embodiment, as shown
in Figs. 2A to 2C and Figs. 3A and 3B, a case in which,
in the connection structure in which the two supercon-
ducting wires 100A and 100B are overlapped with and
connected to each other so that the superconducting lay-
ers 103 face each other, a non-superconducting layer
105 is provided at the overlapped portions at the surfaces
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of the superconducting layers has been illustrated. How-
ever, even in various connection structures, the super-
conducting wires can be connected to each other while
achieving good superconducting characteristics. Here,
"the overlapped portion at the surface of the supercon-
ducting layer" indicates a portion which will be afterwards
joined to another superconducting layer and to be a join-
ing portion. Specifically, it means a region of the surface
of the superconducting layer which is exposed by etching
and removing the protection layer.
[0043] For example, as shown in Fig. 5, as another
application example, a connection structure is illustrated
in which first and second superconducting wires 100C
and 100D are overlapped with and connected to a third
superconducting wire 100E, with the first and second su-
perconducting wires 100C and 100D being in a positional
relationship in which the surfaces of the superconducting
layers of the first and second superconducting wires
100C and 100D are in the same direction with end faces
of the first and second superconducting wires 100C and
100D facing each other, and the third superconducting
wire 100E is arranged to oppose the surfaces of the su-
perconducting layers of the first and second supercon-
ducting wires 100C and 100D in a positional relationship
in which the third superconducting wire extends across
and is connected to both of surfaces of the supercon-
ducting layers of the first and second superconducting
wires 100C and 100D. The non-superconductors 105 are
provided at the surface of the superconducting layer 103
of each of the first to third superconducting wires 100C,
100D and 100E, whereby the first to third superconduct-
ing wires 100C, 100D and 100E can be connected to one
another while achieving a good superconducting char-
acteristic.
[0044] In an application example other than the appli-
cation example shown in Fig. 5, it is possible to achieve
a substantially Y-shaped branched connection structure,
for example, by dividing a termination region of one su-
perconducting wire into two regions and making two dif-
ferent superconducting wires come face to face with each
other in each of the regions.

(5. Others)

[0045] In the present embodiment, the non-supercon-
ductors are provided on the surfaces of the supercon-
ducting layers of all the superconducting wires to be con-
nected. However, the present invention is not limited to
such an embodiment. For example, non-superconduc-
tors may be provided on only one superconducting layer
of two superconducting layers facing each other. When
the surface of the connecting superconducting layer of
one superconducting wire has irregularities, a gap is
formed between the connecting superconducting layers,
and the connecting superconducting layers can be pos-
itively crystallized. Furthermore, as shown in Fig. 2C,
when parts of the superconducting layers are connected
with each other, it is not necessary to provide the non-

superconductors on the entire surfaces of the supercon-
ducting layers, and the non-superconductors may be pro-
vided on at least the overlap portions of the surfaces of
the superconducting layers.

List of Reference Signs

[0046]

100, 100A, 100B, 100C, 100D, 100E superconduct-
ing wire
101 substrate
102 intermediate layer
103 superconducting layer
103a surface
104 protection layer
105 non-superconductor
300 gap
301 void

Claims

1. A connection structure of superconducting wires in
which a plurality of superconducting wires are over-
lapped and connected with each other, each of the
plurality of superconducting wires including a sub-
strate and a superconducting layer that are laminat-
ed, characterized in that a non-superconductor is
provided at a part of a surface of the superconducting
layer of at least one of the superconducting wires
and protrudes from the surface.

2. The connection structure of superconducting wires
according to claim 1, characterized in that a part
of the non-superconductor is embedded in the sur-
face of the superconducting layer.

3. The connection structure of superconducting wires
according to claim 1 or 2, characterized in that an
intermediate layer is provided between the substrate
and the superconducting layer.

4. The connection structure of superconducting wires
according to any one of claims 1 to 3, characterized
in that a connecting superconducting layer consti-
tuting a joining portion with another superconducting
wire is formed on the surface of the superconducting
layer including a protruding portion of the non-super-
conductor.

5. The connection structure of superconducting wires
according to any one of claims 1 to 4, characterized
in that the non-superconductor contains at least one
element among Cu, Ba, Al, Y, Gd, Sm, Eu, Gd, Dy,
Ho, Er, Tm, Yb, Lu, Zr and Hf.

6. The connection structure of superconducting wires
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according to any one of claims 1 to 5, characterized
in that the non-superconductor includes CuOx.

7. The connection structure of superconducting wires
according to any one of claims 1 to 6, characterized
in that the plurality of superconducting wires are two
superconducting wires, and the non-superconductor
is provided on an overlap portion which is to be a
joining portion on the surface of the superconducting
layer of at least one superconducting wire.

8. The connection structure of superconducting wires
according to any one of claims 1 to 6, characterized
in that
the plurality of superconducting wires are three su-
perconducting wires, and,
in a connection structure in which first and second
superconducting wires are overlapped with and con-
nected to a third superconducting wire, with the first
and second superconducting wires being in a posi-
tional relationship in which the surfaces of the su-
perconducting layers of the first and second super-
conducting wires are in the same direction with end
faces of the first and second superconducting wires
facing each other, and the third superconducting wire
is arranged to oppose the surfaces of the supercon-
ducting layers of the first and second superconduct-
ing wires in a positional relationship in which the third
superconducting wire extends across and is con-
nected to both surfaces of the superconducting lay-
ers of the first and second superconducting wires,
and
the non-superconductor is provided at an overlap
portion which is to be a joining portion on a surface
of the superconducting layer of at least one of the
opposing superconducting wires.
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