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SUPERCONDUCTING COIL DEVICE AND ELECTRIC CURRENT INTRODUCTION

LINE

RELATED APPLICATIONS
[0001] The content of Japanese Patent Application No.
2021-116492, on the basis of which priority benefits are claimed
in an accompanying application data sheet, is in its entirety

incorporated herein by reference.

BACKGROUND
Technical Field
[0002] Certain embodiments of the present invention relate
to a superconducting coil device and an electric current
introduction line to the superconducting coil device.
Description of Related Art
[0003] A superconducting coil is disposed in a vacuum vessel
and is connected to an external power source device by anelectric
current introduction line. The superconducting coil can be
cooled to a cryogenic temperature in the vacuum vessel in order
to bring it into a superconducting state, and receive electric
power that is fed from the external power source device through
theelectriccurrent introductionline togenerateahighmagnetic

field.
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[0004] According to an embodiment of the present invention,
there is provided a superconducting coil device including: a
vacuum vessel; a superconducting coil located inside the vacuum
vessel; aheat shield surrounding the superconductingcoil within
the vacuum vessel; and an electric current introduction line
for introducing an electric current into the superconducting
coil. Theelectric current introduction line including an outer
current lead part that is located outside of the heat shield,
within the vacuum vessel, and that is thermally coupled to the
heat shield, and an inner current lead part that is located inside
of the heat shield and connects the outer current lead part to
the superconducting coil. The outer current lead part includes
a main body serving as an electric current path to the
superconducting coil, an insulation layer that covers the main
body, and a heat shield layer that covers the insulation layer
and has a lower emissivity than the insulation layer.

[0005] According to another embodiment of the present
invention, there is provided an electric current introduction
line for introducing an electric current into a superconducting
coil that is disposed in a vacuum vessel. The electric current
introduction line includes an outer current lead part located
inside the vacuum vessel and outside a heat shield disposed to
surround the superconducting coil within the vacuum vessel, and
that is thermally coupled to the heat shield. The outer current

lead part includes a main body serving as an electric current
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path to the superconducting coil, an insulation layer that covers
the main body, and a heat shield layer that covers the insulation

layer and that has a lower emissivity than the insulation layer.

BRIEF DESCRIPTION OF THE DRAWINGS
[0006] Fig. 1 is a side view schematically showing a
superconducting coil device according to an embodiment.

Fig. 2 is a diagram schematically showing a cross section
of a laminated structure of an outer current lead part of an
electric current introduction line according to the embodiment.

Fig. 3 is a perspective view schematically showing an
exemplary outer current lead part.

Fig. 4 is a diagram schematically showing a cross section
taken along line A-A of the superconducting coil device shown
in Fig. 1.

Fig. 5 is a diagram schematically showing another example

of the outer current lead part.

DETAILED DESCRIPTION
[0007] It is known in a related art that an electric current
introduction line brings input heat to a superconducting coil
due to the following two factors. One of the factors is Joule
heat that is generated when an electric current flows through
theelectriccurrent introductionline. Theother factorisinput

heat from the outside to the superconducting coil due to heat
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conduction using the electric current introduction line as a
heat transfer path, which occurs because one end of the electric
current introduction line is drawn out of a vacuum vessel and
is at ambient temperature (for example, room temperature) and
the other end is cooled to a cryogenic temperature together with
the superconducting coil.

[0008] The inventor of the present invention has noticed that
in addition to these two factors, there is a third input heat
factor. It is radiant heat. A portion of the electric current
introduction line may be disposed in the vicinity of a vacuum
vessel wall within the vacuum vessel. Therefore, the radiant
heat that is generated by the vacuum vessel wall may be incident
on the portion of the electric current introduction line and
may be transferred to the superconducting coil through the
electric current introduction line. 1In order to reliably
maintain the superconducting coil in a superconducting state,
it is desirable to suppress input heat to the electric current
introduction line as much as possible.

[0009] It is desirable to suppress radiant input heat to an
electric current introduction line of a superconducting coil.
[0010] Any combinations of the above components or
replacements of components or expressions of the present
invention between methods, devices, systems, or the like are
also effective as aspects of the present invention.

[0011] Hereinafter, anembodiment for carrying out the present
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invention will be described in detail with reference to the
drawings. In the description and drawings, identical or
equivalent components, members, and processes are denoted by
the same reference numerals, and overlapping description is
omitted as appropriate. The scale or shape of each of the
illustrated parts is conveniently set for ease of description
andisnottobeinterpretedaslimitingunlessotherwisespecified.
The embodiment is exemplary and does not limit the scope of the
present invention in any way. All features described in the
embodiment or combinations thereof are not essential to the
invention.

[0012] Fig. 1 is a side view schematically showing a
superconducting coil device 10 according to an embodiment. The
superconducting coil device 10 is mounted to high magnetic field
utilizationequipment asamagnetic fieldsource for, forexample,
a single crystal pulling device, an NMR system, an MRI system,
an accelerator such as a cyclotron, a high-energy physical system
such as a nuclear fusion system, or other high magnetic field
utilization equipment (not shown), and can generate a high
magnetic field that is required for the equipment.

[0013] The superconducting coil device 10 includes a
superconducting coil 12, a vacuum vessel 14, a heat shield 16,
and an electric current introduction line 20. The
superconducting coil 12 is connected to an external power source

18 disposed outside the vacuum vessel 14 via the electric current
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introduction line 20. An excitation current is supplied from
theexternal power source 18 tothe superconductingcoil 12 through
the electric current introduction line 20. In this way, the
superconducting coil device 10 can generate a strong magnetic
field.

[0014] The superconducting coil 12 is disposed in the vacuum
vessel 14. The superconducting coil 12 is thermally coupled to,
for example, a two-stage Gifford-McMahon (GM) cryocooler or other
type of cryocooler 15 installed to the vacuum vessel 14, and
is used in a state of being cooled to a cryogenic temperature
equal to or lower than a superconducting transition temperature.
In this embodiment, the superconducting coil device 10 is
configured as a so-called conduction cooling type in which the
superconducting coil 12 is directly cooled by the cryocooler
15, instead of as an immersion cooling type in which the
superconducting coil 12 is immersed in a cryogenic liquid
refrigerant such as liquid helium. The superconducting coil
device 10 may be an immersion cooling type.

[0015] The vacuum vessel 14 is an adiabatic vacuum vessel that
provides a cryogenic vacuum environment suitable for bringing
the superconducting coil 12 into a superconducting state, and
is also called a cryostat. Typically, the vacuum vessel 14 has
a columnar shape or a cylindrical shape having a hollow portion
at a central portion. Therefore, the vacuum vessel 14 has a

substantially flat circular or annular top plate 14a and bottom
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plate 14b, and a cylindrical side wall (a cylindrical outer
peripheral wall, or coaxially disposed cylindrical outer
peripheral wall and inner peripheral wall) connecting the top
plate 14a and the bottom plate 14b. The cryocooler 15 may be
installedon the topplate 14a of the vacuumvessel 14. The vacuum
vessel 14 is formed of, for example, a metal material such as
stainless steel or other suitable high strength material to
withstand ambient pressure (for example, atmospheric pressure) .
[0016] The heat shield 16 is disposed so as to surround the
superconducting coil 12 within the vacuum vessel 14. The heat
shield 16 is formed of, for example, a metal material such as
copper or other material having high thermal conductivity. The
heat shield 16 may be cooled by a first-stage cooling stage of
the two-stage cryocooler 15 that cools the superconducting coil
12, or by a single-stage cryocooler different from the two-stage
cryocooler. During the operation of the superconducting coil
device 10, the heat shield 16 is cooled to a first cooling
temperature, for example, a temperature in a range of 30 K to
50 K, and the superconducting coil 12 is cooled to a second cooling
temperature, for example, a temperature in a range of 3 K to
20 K, which is lower than the first cooling temperature. The
heat shield 16 can thermally protect a low-temperature section
such as the superconducting coil 12, which is disposed inside
the heat shield 16 and is cooled to a lower temperature than

the heat shield 16, from radiant heat from the vacuum vessel
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[0017] The electric current introduction line 20 for
introducing an electric current into the superconducting coil
12 includes an external wire 22, a feedthrough part 24, an outer
current lead part 26, and an inner current lead part 28, and
forms an electric current path from the external power source
18 to the superconducting coil 12. For simplicity, in Fig. 1,
onlyoneelectriccurrent introductionline20isshown. However,
in general, a plurality of electric current introduction lines
20 may be provided in the superconducting coil device 10, and,
for example, one electric current introduction line 20 on a
positive electrode side and one electric current introduction
line 20 on a negative electrode side may be provided.

[0018] The external wire 22 disposed outside the vacuum vessel
14 connects the external power source 18 to the feedthrough part
24providedinawallportionof thevacuumvessel 14. Theexternal
wire 22 maybe an appropriate power supply cable. The feedthrough
part24 isanairtight terminal forintroducinganelectriccurrent
into the vacuum vessel 14, and connects the external wire 22
to an internal wire (that is, the outer current lead part 26
and the inner current lead part 28) in the vacuum vessel 14.
The electric current introduction line 20 can penetrate the wall
portionof the vacuumvessel 14dwhilemaintainingtheairtightness
of the vacuum vessel 14 by means of the feedthrough part 24.

[0019] In this embodiment, as shown in the drawings, the
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feedthrough part 24 is installed to the bottom plate 14b of the
vacuum vessel 14, and the electric current introduction line
20 is disposed at an outer peripheral portion on a lower side
of the vacuum vessel 14. This disposition is advantageous from
the viewpoint of workability. Depending on the field of
application of the superconducting coil device 10, the vacuum
vessel 14 is often considerably large (for example, having a
diameter of several meters or more) compared to a worker. If
the feedthroughpart 24 isprovidedat theouterperipheral portion
of the vacuum vessel 14, the worker can easily access theelectric
current introduction line 20 from the periphery of the
superconducting coil device 10. The feedthrough part 24 may be
installed on an upper surface of the vacuum vessel 14, and the
electric current introduction line 20 may be disposed at an outer
peripheral portion on an upper side of the vacuum vessel 14.
Alternatively, the feedthrough part 24 and the electric current
introduction line 20 may be provided at other locations of the
vacuum vessel 14.

[0020] The outer current lead part 26 is disposed outside the
heat shield 16 within the vacuum vessel 14 and connects the
feedthrough part 24 to the inner current lead part 28. A heat
insulating layer 17 may be provided between the vacuum vessel
14 and the heat shield 16 in order to protect the heat shield
16 from the radiant heat that is emitted from the vacuum vessel

14. The heat insulating layer 17 may be, for example, multilayer
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insulation (MLI) or may be disposed so as to surround the heat
shield 16. The outer current leadpart 26 may be disposed outside
the heat insulating layer 17.

[0021] As will be described later, the outer current lead part
26 includes a first end portion, a second end portion, and a
connecting portion that connects both end portions, and is fixed
to the feedthrough part 24 at the first end portion and to the
inner current lead part 28 at the second end portion. An
appropriate joining method such as bolt fastening or solder
fastening can be used for the fixation of the outer current lead
part 26 to the feedthrough part 24 (and the inner current lead
part 28).

[0022] Further, the outer current lead part 26 is thermally
coupled to the heat shield 16. The second end portion of the
outer current lead part 26 is fixed to the heat shield 16 or
is connected to the heat shield 16 through an appropriate heat
transfer member to be cooled to the first cooling temperature,
similar to the heat shield 16. However, the outer current lead
part 26 is in a state of being electrically insulated from the
heat shield 16.

[0023] In this embodiment, the outer current lead part 26
extends along the wall portion (for example, the bottom plate
14b) of the vacuum vessel 14. As shown in the drawings, in a
case where the vacuum vessel 14 is disposed with the top plate

l4a facing upward and the bottom plate 14b facing downward, the
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outer current lead part 26 extends in a traverse direction (a
horizontal direction) within the vacuum vessel 14. Depending
on the disposition of the internal equipment such as the
superconducting coil 12 and the heat shield 16 within the vacuum
vessel 14, the outer current lead part 26 may extend in another
direction, for example, in a lengthwise direction (a vertical
direction) within the wvacuum vessel 14.

[0024] The outer current lead part 26 may be a thin plate having
a belt-like or rectangular shape, as an example. In this case,
the dimension (length) in a longitudinal direction of the outer
current lead part 26 is larger than the dimension (width) in
a lateral direction, and the dimension in the lateral direction
is larger than the thickness of the outer current lead part 26.
In the illustrated example, the longitudinal direction of the
outer current lead part 26 corresponds to a first direction (a
left-right direction in Fig. 1) in a horizontal plane, and a
thickness direction of the outer current lead part 26 corresponds
to a second direction (a depth direction in the paper surface
of Fig. 1) perpendicular to the first direction in the horizontal
plane. The lateral direction of the outer current lead part 26
corresponds to a vertical direction (an up-down direction in
Fig. 1) perpendicular to the horizontal plane.

[0025] The outer current lead part 26 may have other shapes.
For example, the outer current lead part 26 may be formed, for

example, as a bundle of a large number of thin wires or a large
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number of foils so as to have flexibility. Further, the outer
current lead part 26 may have, for example, a rod-like shape
such as a columnar shape, instead of the thin plate-like shape.
[0026] The inner current lead part 28 is disposed inside the
heat shield 16 and connects the outer current lead part 26 to
the superconducting coil 12. The inner current lead part 28 may
extend in a direction different from that of the outer current
lead part 26 within the vacuum vessel 14. In the illustrated
example, the inner current lead part 28 extends in the lengthwise
direction (the vertical direction) from the second end portion
of the outer current lead part 26 to the superconducting coil
12. Alternatively, the inner current lead part 28 may extend
in the same direction as the outer current lead part 26. The
inner current lead part 28 may include terminal portions at both
ends, which are respectively connected to the outer current lead
part 26 and the superconducting coil 12, and a superconducting
current lead that connects the terminal portions. The
superconducting current lead may have, for example, a rod-like
shape such as a columnar shape, or may be formed of a copper
oxide superconductor or other high-temperature superconducting
material. Alternatively, the superconducting current lead may
be formed of a low-temperature superconductingmaterial typified
by NbTi.

[0027] Fig. 2isadiagramschematicallyshowingacross section

of a laminated structure of the outer current lead part 26 of
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the electric current introduction line 20 according to the
embodiment. As shown in the drawing, the outer current lead part
26 includes a main body 30, an insulation layer 32a, and a heat
shield layer 34a. In a case where the outer current lead part
26 has a thin plate shape as described above, the insulation
layer 32a and the heat shield layer 34a are laminated on the
main body 30 in the thickness direction of the outer current
lead part 26.

[0028] The main body 30 of the outer current lead part 26 is
formed of a conductive material, for example, a metal material
having excellent conductivity and represented by pure copper
such as oxygen-free copper, and serves as an electric current
path to the superconducting coil 12.

[0029] The insulation layer 32a covers the main body 30. The
insulation layer 32a may be formed of, for example, a synthetic
resinmaterial having insulation properties, such as a polyimide
filmcalled Kapton (registered trademark), or another insulating
material. The outer current lead part 26 may include an
insulation tape 32 having one surface as the insulation layer
32a and the other surface as an adhesion layer 32b to the main
body 30. Consequently, the insulation layer 32a can be easily
provided on the main body 30 by attaching the insulation tape
32 to the main body 30. Alternatively, the insulation layer 32a
may be formed on the main body 30 by attaching an insulating

material to the surface of the main body 30 via application or
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the like.

[0030] The heat shield layer 34a covers the insulation layer
32a. The heat shield layer 34a isprovidedas the outermost layer
of the outer current lead part 26, and is exposed to the vacuum
environment in the vacuum vessel 14. The heat shield layer 34a
is formed of a material having an emissivity lower than that
of the insulation layer 32a. It is sufficient if the emissivity
of the heat shield layer 34a is lower than the emissivity of
the insulation layer 32a at a reference wavelength (for example,
a predetermined infrared wavelength such as 1 um). The heat
shield layer 34a has a surface having a metallic luster in order
to obtain a high emissivity, and may be formed of, for example,
metal such as aluminum or copper. The emissivity of the
insulating material forming the insulation layer 32a typically
significantly exceeds 0.5, whereas the metal surface usually
has an emissivity less than 0.1, such as about 0.02 in the case
of analuminumvapor depositionsurfaceandabout 0.06onapolished
surface of phosphorous-deoxidized copper.

[0031] The outer current lead part 26 may include a heat shield
tape 34 having one surface as the heat shield layer 34a and the
other surface as an adhesion layer 34b to the insulation layer
32a. Consequently, the heat shield layer 34a can be easily
provided on the insulation layer 32a by attaching the heat shield
tape 34 to the insulation layer 32a or the insulation tape 32.

Alternatively, the heat shield layer 34a may be formed on the
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insulation layer 32a by attaching a metal material to the
insulation layer 32a via plating or the like.

[0032] It is not essential that the insulation tape 32 1is
composed of two layers, the insulation layer 32a and the adhesion
layer 32b, and at least one intermediate layer may be provided
between the insulation layer 32a and the adhesion layer 32b.
The insulation tape 32 may have at least one coating layer on
the outside of the insulation layer 32a. The main body 30 may
have some coating layer covering the surface thereof, and the
coating layer may be covered with the insulation layer 32a, or
the insulation tape 32 may be attached to the coating layer.
Further, it is not essential that the heat shield tape 34 is
composed of two layers, the heat shield layer 34a and the adhesion
layer 34b, and at least one intermediate layer may be provided
between the heat shield layer 34a and the adhesion layer 34b.
As long as the emissivity of the heat shield layer 34a is not
significantly affected, the heat shield layer 34a may be covered
with at least one coating layer (for example, a protective layer
formed of a transparent material), or the heat shield tape 34
may have at least one coating layer on the outside of the heat
shield layer 34a.

[0033] Even in a case where themain body 30 of the outer current
lead part 26 has another shape, similarly, the main body 30 may
be covered with the insulation layer 32a and the heat shield

layer 34a. For example, in a case where themainbody 30 is formed
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as a bundle of a large number of thin wires or a large number
of foils, each of the thin wires or the foils may be covered
with the insulation layer 32a and the heat shield layer 34a.
Even in a case where the main body 30 has a rod-like shape, it
may be covered with the insulation layer 32a and the heat shield
layer 34a.

[0034] Assuming that the heat shield layer 34a does not exist
and the insulation layer 32a is exposed, the insulation layer
32a generally has a high emissivity, as described above, and
therefore, there is a concern that the radiant input heat that
is emitted from an inner wall surface of the vacuum vessel 14
and that is received by the outer current lead part 26 may increase
accordingly.

[0035] In contrast, according to the embodiment, the outer
current lead part 26 is covered with the heat shield layer 34a
and has a low emissivity. Therefore, it becomes difficult for
the outer current lead part 26 to absorb the radiant heat emitted
from the inner wall surface of the vacuum vessel 14, and the
radiant input heat to the outer current leadpart 26 andeventually
the input heat to the superconducting coil 12 through the electric
current introduction line 20 can be suppressed.

[0036] In particular, in a case where the outer current lead
part 26 is disposed near the vacuum vessel 14 such that the outer
current lead part 26 is disposed outside the heat insulating

layer 17 and extends along the wall surface of the vacuum vessel
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14, the radiant heat from the vacuum vessel 14 easily reaches
the outer current lead part 26. However, according to the
embodiment, since the outer current lead part 26 is covered with
the heat shield layer 34a, the inflow of the radiant heat can
be effectively reduced.

[0037] Further, even if the heat shield layer 34a comes into
contact with the heat insulating layer 17, since the insulation
layer 32a is interposed between the heat shield layer 34a and
the main body 30 of the outer current lead part 26, electrical
leakage from the outer current lead part 26 can be avoided.
[0038] Fig. 3 is a perspective view schematically showing the
exemplary outer current lead part 26. The outer current lead
part 26 has a first end portion 26a, a second end portion 26b,
and a connecting portion 26c¢ that connects the first end portion
26a and the second end portion 26b and that has a belt-1ike shape.
As described above, the outer current lead part 26 is fixed to
the feedthrough part 24 at the first end portion 26a and is fixed
to the inner current lead part 28 at the second end portion 26b.
Each of the terminal portions of the feedthrough part 24 and
the inner current lead part 28, to which the first end portion
26a and the second end portion 26b are respectively fixed, is
formed of a metal material having excellent conductivity, such
as pure copper, similar to the outer current lead part 26. Each
of the terminal portions is formedasarectangularparallelepiped

block having a contact surface matching the vertical and
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horizontal dimensions of each of the first end portion 26a and
the second end portion 26b. For electrical contact, the surface
of the main body 30 of the outer current lead part 26 comes into
direct contact with and is fixed to the feedthrough part 24 and
the inner current lead part 28 at the first end portion 26a and
the second end portion 26b, respectively. The insulation layer
32a and the heat shield layer 34a as described above are not
provided on the contact surface.

[0039] It is not essential that the connecting portion 26c¢
is a simple elongated rectangle. As shown in Fig. 3, the
connecting portion 26c may be thinner than the first end portion
26a and the second end portion 26b. That is, the width of the
outer current leadpart26inthelateraldirection (inthedrawing,
the up-down direction) is smaller in the connecting portion 26c¢c
than in the first end portion 26a and the second end portion
26b.

[0040] Bymakingtheconnectingportion26cthininthismanner,
the surface area of the outer current lead part 26 can be reduced,
so that the radiant input heat can also be reduced. On the other
hand, the first end portion 26a and the second end portion 26b
can havearelatively large area, and thus the contact area between
the first end portion 26a and the feedthrough part 24 and the
contact area between the second end portion 26b and the inner
current lead part 28 can be increased. 1In suchacontactportion,

heatmaybe generatedduetoenergization. However, theinfluence
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of heat generation can be reduced by widening the contact area.
[0041] The connecting portion 26c connects the first end
portion 26a and the second end portion 26b on the upper side
in the lateral direction in the drawing. The outer current lead
part 26 may be manufactured by cutting a region 26d below the
connecting portion 26c in the drawing from an elongated
rectangular thin plate. Consequently, the outer current lead
part 26 can be manufactured at low cost.

[0042] Fig. 4isadiagramschematicallyshowingacross section
taken along line A-A of the superconducting coil device 10 shown
in Fig. 1. 1In Fig. 4, a state where the electric current
introduction line 20 and the heat shield 16 are viewed from below
in the vacuum vessel 14 is shown. In Fig. 4, the illustration
of the heat insulating layer 17 is omitted.

[0043] As described above, the outer current lead part 26 has
the first end portion 26a on the vacuum vessel 14 side, the second
end portion 26b on the heat shield 16 side, and the connecting
portion 26c connecting the first end portion 26a and the second
endportion26bandhavingabelt-1like shape. Thebelt-1like shape
of theconnectingportion26ccanbebent inthe thicknessdirection.
The outer current lead part 26 is disposed such that the second
end portion 26b is displaced in the thickness direction with
respect to the first end portion 26a due to thermal contraction
caused by the cooling of the heat shield 16 and the connecting

portion 26c is bent in the thickness direction.
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[0044] More specifically, in a case where each of the vacuum
vessel 14 and the heat shield 16 has a cylindrical shape as an
example, the inner current lead part 28 is provided at the outer
peripheral portion of the heat shield (for example, the outer
peripheral portion of the lower surface of the heat shield, as
described above), and the feedthrough part 24 is provided at
the outer peripheral portion of the vacuumvessel 14 (for example,
the outer peripheral portion of the lower surface of the vacuum
vessel, as described above). The feedthrough part 24 and the
inner current lead part 28 are disposed at positions deviated
from each other in a circumferential direction of the wvacuum
vessel 14 such that the outer current lead part 26 extends
substantially along a tangential direction to the cylindrical
shape of the heat shield 16 (the longitudinal direction of the
outer current lead part 26 substantially coincides with the
tangential direction to the heat shield 16). The connecting
portion 26c of the outer current lead part 26 is disposed such
that the thickness direction faces in a radial direction of the
vacuum vessel 14 and the heat shield 16, and the lateral direction
faces in the up-down direction (in Fig. 4, the depth direction
in the paper surface) of the vacuum vessel 14 and the heat shield
16.

[0045] The heat shield 16 thermally contracts in the radial
direction toward the center due to cooling. Due to this thermal

contraction, the inner current lead part 28 (and the second end
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portion 26b of the outer current lead part 26) is displaced in
the radial direction with respect to the feedthrough part 24
(and the first end portion 26a of the outer current lead part
26) (indicated by arrow B in Fig. 4). This displacement in the
radial direction is absorbed by elastic bending in the thickness
direction of the connecting portion 26c of the outer current
lead part 26. 1In this way, the occurrence of excessive thermal
stress in other portions of the electric current introduction
line 20 and the occurrence of excessive deformation or breakage
of theelectric current introduction line 20 due to the occurrence
of excessive thermal stress can be avoided.

[0046] As another example of the disposition of the outer
current leadpart 26, theouter current leadpart 26 may be disposed
such that the thickness direction of the outer current lead part
26 coincides with the up-down direction of the vacuum vessel
14. Consequently, the outer current lead part 26 can absorb the
thermal contraction in the up-down direction of the heat shield
16 via the bending of the connecting portion 26c.

[0047] Fig. 5 is a diagram schematically showing another
example of the outer current lead part 26. The outer current
lead part 26 may be provided with a tubular magnetic shield 36
surrounding the outer current lead part 26. The connecting
portion 26c connecting the first end portion 26a and the second
end portion 26b of the outer current lead part 26 is inserted

into themagneticshield36. Intheabsenceofthemagneticshield
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36, the Lorentz force due to the high magnetic field that is
generated by the superconducting coil 12 acts on the outer current
lead part 26, and this can pose a risk of deformation or breakage
in the outer current lead part 26. For example, in a case where
an electric current flows through the connecting portion 26c¢c
from the first end portion 26a to the second end portion 26b
in the left-right direction in Fig. 5 and the magnetic field
that is generated by the superconducting coil 12 faces in the
up-down direction in Fig. 5, the Lorentz force acts on the outer
current lead part 26 so as to bend the outer current lead part
26 in the thickness direction. By providing the outer current
lead part 26 with the magnetic shield 36, the Lorentz force can
be suppressed, and the risk of deformation or breakage of the
outer current lead part 26 can be reduced.

[0048] The surfaces (outer surface and inner surface) of the
magnetic shield 36 may be made to be surfaces having a low
emissivity by performing, for example, plating of metal such
as aluminum andpolishing (for example, electrolyticpolishing).
Consequently, it is possible to suppress the radiant input heat
from the vacuum vessel 14 to the magnetic shield 36 and the radiant
input heat from the magnetic shield 36 to the outer current lead
part 26.

[0049] The magnetic shield 36 is formed of a magnetic material
such as iron, for example. Since there is a case where such a

material exhibits low-temperature brittleness, it is preferable
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to avoid cooling. Therefore, the magnetic shield 36 may be
mounted on the first end portion 26a side instead of the second
endportion26btobecooled. Themagneticshield36maybemounted
to the feedthrough part 24 to which the first end portion 26a
is fixed.

[0050] The present invention has been described above based
on the example. It will be understood by those skilled in the
art that the present invention is not limited to the above
embodiment, various design changes are possible, wvarious
modification examples are possible, and such modification
examples are also within the scope of the present invention.
Various features described in relation to an embodiment are also
applicable to other embodiments. Newembodiments resulting from
combinations exhibit the effects of each of the combined
embodiments.

[0051] In the embodiment described above, the main body 30
of the outer current lead part 26, which serves as an electric
current path to the superconducting coil 12, is made of only
metal such as copper. However, in an embodiment, the main body
30 may have other configurations. For example, the main body
30 may be another wire rod such as a high-temperature
superconducting wire rod, for example. The main body 30 made
in this manner may be covered with the insulation layer 32a and
the heat shield layer 34a.

[0052] Similarly, whenrequired, in the surfaceof the terminal
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portion of the feedthrough part 24, towhich the first end portion
26a of the outer current lead part 26 is to be attached, the
surface that is exposed to the vacuum environment in the vacuum
vessel 14, with which the first end portion 26a does not come
into contact, may also be covered with the insulation layer 32a
and the heat shield layer 34a. Further, in the surface of the
terminal portion of the inner current lead part 28, to which
the second end portion 26b of the outer current lead part 26
is to be attached, the surface that is exposed to the vacuum
environment in the vacuum vessel 14, with which the second end
portion 26b does not come into contact, may also be covered with
the insulation layer 32a and the heat shield layer 34a.
[0053] The present invention hasbeendescribedusing specific
terms and phrases, based on the embodiment. However, the
embodiment shows only one aspect of the principle and application
of thepresent invention, andin the embodiment, manymodification
examples or changes of disposition are permittedwithin the scope
which does not depart from the idea of the present invention
defined in the claims.

It should be understood that the invention is not limited
to the above-described embodiment, but may be modified into
various forms on the basis of the spirit of the invention.
Additionally, the modifications are included in the scope of

the invention.
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What is claimed is:

1.

A superconducting coil device comprising:

a vacuum vessel;
a superconducting coil located inside the vacuum vessel;

a heat shield surrounding the superconducting coil within

the vacuum vessel; and

an electric current introduction line configured to

introduce an electric current into the superconducting coil,

the electric current introduction line comprising:

2.

an outer current lead part that is located outside
of the heat shield, within the vacuum vessel, and that is
thermally coupled to the heat shield, and

an inner current lead part that is located inside
of the heat shield and connects the outer current lead part
to the superconducting coil,
wherein the outer current lead part comprises:

a main body serving as an electric current path to
the superconducting coil,

an insulation layer that covers the main body, and

a heat shield layer that covers the insulation layer

and has a lower emissivity than the insulation layer.

The superconducting coil device according toclaiml, wherein

the outer current lead part comprises an insulation tape having
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one surface as the insulation layer and an opposite surface as

an adhesion layer to the main body.

3. The superconducting coil device according to claim 1 or 2,
wherein the outer current lead part comprises a heat shield tape
havingone surface as the heat shield layer and an opposite surface

as an adhesion layer to the insulation layer.

4. The superconductingcoil device according toanyoneof claims
1 to 3, wherein the outer current lead part comprises:

a first end portion on a vacuum vessel side,

a second end portion on a heat shield side, and

a connecting portion connecting the first end portion and
the second end portion and having a belt-like shape capable of
being bent in a thickness direction of the outer current lead
part, and wherein

the outer current lead part is disposed such that thermal
contraction of the outer current lead part caused by cooling
of the heat shield generates a displacement of the second end
portion in the thickness direction with respect to the first
endportionwith theconnectingportionbeingbent inthe thickness

direction.

5. The superconductingcoil device according toanyoneof claims

1 to 4, further comprising:
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a tubular magnetic shield that surrounds the outer current

lead part.

6. An electric current introduction line for introducing an
electric current into a superconducting coil that is disposed
in a vacuum vessel, comprising:

an outer current lead part located inside the vacuum vessel
andoutside a heat shielddisposedto surround the superconducting
coil within the vacuum vessel, and that is thermally coupled
to the heat shield,

wherein the outer current lead part comprises:

a main body serving as an electric current path to the
superconducting coil,

an insulation layer that covers the main body, and

a heat shield layer that covers the insulation layer and

that has a lower emissivity than the insulation layer.



