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Y-based coated conductors can be applied to the superconducting magnet with a magnetic 
field over 20 T which was not realized by conventional materials, due to their high critical 
current performance in strong magnetic fields and robust property in mechanical strength.. 
In this section, applications for the strong magnetic fields, for example, nuclear magnetic 
resonance (NMR) instrument with extra-high resolution utilizing a resonance frequency over 
1 GHz are briefly introduced, and our recent R&D activities for those applications are also 
reported.

1. Introduction

1.1  Yttrium (Y)-Based Coated Conductor

A Y-based coated conductor is any of a group of sub-
stances expressed by the chemical formula RE1Ba2C-
u3Oy (RE denotes the rare earths). The reason why 
this group is collectively referred to as the Y-based 
coated conductor is that the rare earth element of the 
conductor found first was Yttrium (Y). While the criti-
cal current characteristics of typical superconductors 
are greatly lowered in magnetic fields, the Y-based 
coated conductor maintains high critical current char-
acteristics. For this reason, the Y-based coated con-
ductor is expected to find the widest range of applica-
tions.

Figures 1 and 2 show our Y-based coated conductor 
and its structure. The conductor has a structure such 
that the buffer layer, superconducting layer, protec-
tion layer, and stabilizer are laminated in order from 
the bottom on the flexible metal tape. It is character-
ized by high critical current and superior mechanical 
strength 1).

1.2   Equipment Generating Strong Magnetic Fields 
and Its Applications

Various pieces of equipment generating strong 
magnetic fields are currently provided, because of the 
popularization of superconducting wires and the de-
velopment of refrigeration technology for the use of 
superconductivity. The most common type among 
these equipments is the medical MRI (Magnetic Reso-
nance Imaging) system, which is an imaging system 
that uses the nuclear magnetic-resonance phenome-

non in which atoms placed in a magnetic field absorb 
and emit certain high frequencies corresponding to 
magnetic field strength and nuclear spins. The system 
is essential for modern medical care because it can ac-
quire fine images of the inside of the human body, in-
cluding the brain and other organs. Mainstream MRI 
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Fig. 1. Photograph of Y-based coated conductor.
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Fig. 2. The structure of Y-based coated conductor.
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systems currently have a magnetic field region of 1.5 
to 3 T. From the viewpoint of magnetic field strength, 
this region is regarded as low to medium for equip-
ment generating high magnetic fields. Since there are 
demands for higher magnetic fields for high definition 
images, liquid He-free, compact MRI systems using 
high Tc superconducting wires have been developed.

On the other hand, there is equipment that requires 
stronger magnetic fields than MRI systems, such as a 
high field magnet and an NMR (Nuclear Magnetic 
Resonance) system. As illustrated in Fig. 3, the high 
field magnet is a device that generates a strong sta-
tionary magnetic field in a “bore” space inside of the 
magnet. High field magnets are used to study physical 
properties in a magnetic field, the behavior of sub-
stances in a magnetic field called magneto-science, 
and other purposes. In particular, high field magnets 
of more than 20 T are planned for construction in sev-
eral national laboratories in the world to develop con-
densed matter physics 2). The NMR system is an ana-
lyzer that uses nuclear magnetic-resonance, and is 
similar to MRI systems. It is mainly used for determin-
ing molecular structures of organic compounds. Nu-
clear magnetic-resonance itself is a low-sensitivity phe-
nomenon, and analysis sensitivity and resolution are 
increased with the stronger magnetic field. This is the 
reason why NMR systems particularly require strong 
fields. Incidentally, in the field of NMR, the magnetic 
field strength (T) is often and conventionally ex-
pressed as a proportional resonance frequency (MHz) 
of a hydrogen nucleus. According to this expression, 
2.35 T corresponds to 100 MHz. Recently, a NMR sys-
tem with an ultrahigh resolution, whose magnetic field 
is more than 23.5 T (1 GHz), has been realized. Ex-
amination has shown that the strong magnetic field of 
23.5 T (1 GHz) obviously improves NMR systems of 

700 MHz 3).
Provision of such a kind of NMR system by metal 

superconductors only is difficult, because a magnetic 
field region of more than 20 T is near a critical mag-
netic field of those materials. As shown in Fig. 4, the 
NMR system with an ultrahigh resolution has a struc-
ture such that a coil made of a high Tc superconductor 
with a critical magnetic field of much higher than 20 T 
in a low temperature region is placed inside of a coil 
made of a metal superconductor. This structure re-
quires superior mechanical strength for the conductor 
of a insert coil, because a large electromagnetic force 
(hoop stress) is subjected when a current is applied. In 
this respect, it can be said that the Y-based coated con-
ductor that we manufacture is most suitable.

In 2013, we received an order for Y-based coated 
conductors for the 25 T cryogen-free superconducting 
magnet system from the Institute for Materials Re-
search, Tohoku University for strong magnetic field 
applications 4). Centering on this order, the following 
describes the required performance for the order, 
variations of the conductor actually manufactured, and 
a result of an excitation test using a coil consisting of 
the conductor as a typical example of development of 
conductors for strong magnetic field applications.

2.  Conductors for the 25 T Cryogen-free  
Superconducting Magnet

2.1  Conductor Structure and Dimensional Tolerance

The conductor for this order adopted copper plating 
for the stabilizer, which covers the whole circumfer-
ence of the conductor in the across-the-width direc-
tion. When plating is applied to a plate-like object, plat-
ing at the edge of the object usually becomes 
thickened, a phenomenon called dog bone, which 
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Fig. 4. Schematic illustration of cross-sectinaol 
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Fig. 3. Photograph of superconducting magnet.
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makes it difficult to control the dimensional tolerance. 
For this reason, a plating condition was devised in or-
der to reduce the phenomenon. Figure 5 shows cross-
sectional photographs of a finally completed copper-
plated conductor. It was confirmed that the copper 
plating thicknesses on both edges and the center are 
uniform in the across-the-width direction. Figure 6 il-
lustrates an example of the longitudinal distribution of 
the width and thickness for the conductor along its 
entire length. The dimensional tolerance is important 
in designing coils; the measured width and thickness 
satisfied specification limits of 5 ± 0.1 mm and 120 ± 10 
mm, respectively.

2.2   Critical Current Characteristics in Magnetic 
Fields

The required performance of the critical current of 
this order is 300 A/cm in the actual use environment 

of 20 K, 15 T. At first, Ic of several samples were mea-
sured at 20 K under 15 T, at 77 K in self-field, and at 77 
K under 0.6 T to compare the measurement results, 
which are shown in Fig. 7. According to this figure, 
whereas the correlation coefficient R between Ic at 
77K in self-field and that at 20K under 15 T is 0.373, the 
comparison between Ic at 77K under 0.6 T and that at 
20K under 15 T had a good correlation, where R = 
0.847 5). This indicates that Ic at 20K under 15 T can be 
estimated to some extent from Ic at 77K under 0.6 T, 
which can be easily measured in-house. Figure 7 
showed that the critical current of more than 150 A/
cm at 77 K under 0.6 T satisfied the required perfor-
mance of the critical current at 20 K under 15 T with a 
margin. This performance was slightly higher than 
that of a typical conductor at the initial stage of devel-
opment. Therefore, the thickness of the superconduct-
ing layer was increased. Although this improved the 
critical current characteristics, mechanical character-
istics were lowered with the thickness of the super-
conducting layer, as shown in Fig. 8. Hence, it was 

Fig. 5. Cross-sectional photographs of copper plated wire.
(a)(c) Both edges across the width direction. 
(b) Center part across the width direction.
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Fig. 6. Longitudinal distribution of wire dimensions. 
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Fig. 7. Ic at 20 K, 15 T (B // c) as a function of Ic 77 K, s.f. or 77 
K, 0.6 T (B // c).The values of R in the graph are correlation 

coefficients.
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Fig. 8. Relationship between a thickness of superconducting 
layer and a mechanical strength.
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necessary to form a superconducting layer providing a 
good balance between the critical current characteris-
tics and mechanical characteristics, and several trials 
were made to optimize the condition. Figure 9 is a his-
togram of a conductor that met the required perfor-
mance of 150 A/cm (75 A/5 mm-w) at 77.3 K under 0.6 
T. Although some characteristic variations were 
shown between lots, a total of more than 140 lots of the 
conductors satisfied the required performance.

2.3  Mechanical Characteristics

Mechanical torelance is important for the concuc-
tors of a insert coil as described above. Figure 10 
shows the tensile strength of the conductor manufac-
tured at the early stage of the development. The verti-
cal axis of the figure is Ic during the loading of tensile 
stress, which is normalized by Ic0 before the loading. 
Assuming that Ic / Ic0 = 0.99 is regarded as a point of 
degradation, in consideration of the measurement er-
ror of about 1%, the tensile strength of this sample was 
790 MPa, which met the required performance. In ad-
dition, to evaluate the durability of the conductor, a 
tensile strain of about 0.45% (about 729 MPa in terms 

of the stress for this sample) was repeatedly applied to 
the conductor 10000 times and the decrease rate of Ic 
was evaluated. Figure 11 indicates that Ic was not de-
graded even after 10000 tests. The conductors were 
manufactured while controlling the superconducting 
layer thickness, because it affects tensile strength as 
described in the previous paragraph. Figure 12 shows 
the evaluation result of the obtained tensile strength of 
them. Assuming that the acceptance criterion was set 
to the tensile strain of 0.45% (around 700 MPa in terms 
of the strength), about 90% of the conductors were ac-
cepted.

3.  Evaluation Results of Insert Coil for the 25  
T Cryogen-free Superconducting Magnet 6, 7)

The 25 T cryogen-free superconducting magnet was 
designed such that it produces a magnetic field of 25 T 
at the center bore when the insert coil is operated with 
a current of 138 A and generates a field of 11 T under 
a baukup field of 14 T generated by the outsert coil 
made of a metal superconductor.

To verify torelance against hoop stress, a prototype 
coil made of our Y-based coated conductors was used 
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Fig. 9. Histogram of Ic (77 K, 0.6 T) on developed wires for 
25 T magnet.

Fig. 10. Ic degradation ratio against tensile stress for 
a typical sample.
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to perform an excitation test under an backup mag-
netic field of 11 T at Tohoku University. The prototype 
coil consisted of 4 single-pancake coils with the same 
size of the coil for the actual magnet. When a current 
of up to 192 A was operated, no abnormal current-volt-
age characteristics were obsereved. The maximum 
hoop stress at this test was 391 MPa, therefore, It was 
confirmed that no problems occur due to a hoop stress 
of more than 387 MPa, which was an expected stress 
generated by the actual magnet.

After that, the actual insert coil consisting of 56 sin-
gle-pancake coils was fabricated, and an excitation test 
was carried out under no backup field. The operation 
current was increased up to 131.3 A in one hour, which 
corresponds to a calculated central magnetic field of 
10.5 T. The actual magnetic field value measured at 
that time was 9.9 T. Then, a current was increased to 
132.6 A (calculated value of 10.61 T) to finally obtain 
an actual measured magnetic field of 10.15 T. This is 
the strongest magnetic field for a unit test of a Y-based 
superconducting coil cooled without cryogens.

4. Conclusion
For strong magnetic field applications, we received 

an order for Y-based coated conductors for a 25 T cryo-
gen-free superconducting magnet system from Insti-
tute for Materials Research, Tohoku University. Cop-
per plating was used for the stabilizer of the conductor, 
and dog bone and other factors were eliminated to suc-
ceed in strictly controlling the dimension of the con-
ductor. The conductor showed a good correlation be-
tween the critical current characteristics in an actual 
use environment at 20K under 15 T and that at 77K 
under 0.6 T. We achieved Ic > 150 A / cm at 77 K under 
0.6 T, which was higher value than the required criti-
cal current performance of Ic > 300 A / cm at 20K un-
der 15 T. To examine the mechanical characteristics, a 
tensile test in liquid nitrogen was performed to deter-
mine a tensile strength of more than 700 MPa. In addi-

tion, it was demonstrated that Ic of the conductor was 
not degraded even after a tensile load corresponding 
to this strength was repeatedly applied to the conduc-
tor 10000 times.

The conductors we developed this time were made 
into coils for a hoop force test and a test for the actual 
machine. In a hoop stress test, a current was operated 
into the test coil under an backup magnetic field of 11 
T, and normal current-voltage behaviors were shown 
even under a maximum hoop stress of 391 MPa. In a 
unit excitation test of a coil for the actual magnet con-
sisting of 56 single-pancake coils, an actual magnetic 
field of 10.15 T was attained when a current of 132.6 A 
was operated. This is the strongest magnetic field for 
a unit test of a Y-based superconducting coil cooled 
without cryogens.
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