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DESCRIPTION

Technical Field

[0001] The invention relates to a superconductor and a method of manufacturing a
superconductor.

Background Art

[0002] Superconductors have a zero electrical resistance at very low temperatures.

[0003] In some applications, such as in magnetic resonance imaging apparatus or scanners
(MRI), superconductors are wound in various windings to form coils. These coils are
impregnated with resin.

[0004] The various windings need to be physically isolated and electrically and thermally
insulated from each other. Physical isolation is needed to allow resin impregnation. Electrical
separation of adjacent windings is needed to avoid short-circuit. Thermal insulation is needed
between adjacent windings to a certain degree but not too much as a thermal disturbance
must spread relatively quickly within the winding pack so that it can become detectable. In
addition, the insulation material together with the resin must have a dielectric strength that is as
high as possible.

[0005] In the prior art different techniques are available for this insulation.

[0006] One existing technique is the use of an insulating lacquer that surrounds the
superconductor.

[0007] Another technique is the use of a fabric, a woven fabric or a braided fabric, with
polymer or glass fibres, that is wound around the superconductor.

[0008] DE-A1-3 609 624 discloses an internally-cooled superconducting cable. The cable has
a hollow core for cooling. Superconductor wires are laid around the core together with a first
group of strengthening elements that can also be insulating elements. A second group of
insulating elements surrounds the cable.

[0009] All existing techniques suffer from the fact that it is cumbersome and time consuming to
apply the insulation around the superconductor.

Disclosure of Invention
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[0010] It is a general object of the present invention to mitigate the drawbacks of the prior art.

[0011] It is a specific object of the present invention to provide in a simple way insulation on a
superconductor.

[0012] It is a further object of the present invention to apply the insulation on a superconductor
in line with other manufacturing steps. The terms "in line" herein refer to a continuous process
in contrast with a batch process.

[0013] According to a first aspect of the present invention, there is provided superconductor
with a twisted structure and adapted to form windings in a superconducting coil. The
superconductor comprises superconductor wires. The superconductor further comprises
elongated electrical insulation elements. The elongated electrical insulation elements are
twisted with or around the superconductor wire in order to create a separation distance with an
adjacent superconductor wire in a neighbouring winding.

[0014] The twisting operation results in one or more elongated insulation elements that are
wrapped or twisted with or around the superconductor wire or wires without the elongated
insulation elements crossing each other. The elongation insulation elements may be
overlapping with each other or may have windings that overlap with each other. This twisting
operation may be done in line with other upstream or downstream manufacturing steps.

[0015] The superconductor wire can have a cross-section in the form of a circle or a square or
rectangle with rounded corners. The elongated insulation element can have a cross-section in
the form of a circle, or a square, or a rectangle or any other suitable form that enables twisting.

[0016] The superconductor wire may be a multiflament wire or a monofilament wire. A
multiflament wire forms physically one wire where superconducting filaments are embedded in
a non-superconducting matrix, e.g. MgB» filaments with or without a diffusion barrier and

embedded in a copper matrix.

[0017] The twisted superconductor wires are particularly advantageous in case a sintering
operation is applied after twisting. Two or more metal tubes with the powders (Mg, B, and / or
MgB,) are twisted with each other without difficulties, since the brittle contiguous material of

MgB> has not yet been formed. Only after twisting, a thermal treatment is applied to make the

brittle ceramic MgB». This is particularly the case with the in-situ route with MgB».

[0018] Reversing the order of these steps, i.e. first applying a sintering and thereafter twisting
the superconductors, would be more difficult since MgB5 is a brittle material.

[0019] For the sake of understanding, the in-situ route starts from unreacted powders, Mg and
B, and possible addition of one or more dopants. A heat treatment such as sintering is needed
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to obtain MgB..

[0020] In contrast, the ex-situ route already employs MgB> powder as starting material
together with some dopants but still needs a thermal treatment as sintering to bond the MgB»

particles.

[0021] The superconductor wires are twisted with a first twist step or twist pitch or lay length. It
is hereby understood that the terms twist step, twist pitch and lay length are synonyms. The
elongated electrical insulation elements have a second twist step or twist pitch or lay length.

[0022] Most preferable the first twist step is equal to the second twist step. Equal twist steps in
the same twist direction means that the twisting of the superconductor wires with each other
and the twisting of the elongated electrical insulation element can be done in one and the
same twisting operation. An advantage of using the same twist direction and twist step is that
point to point to point pressure points are avoided since line contacts are established between
the superconductor wires and the elongated electrical insulation elements. Particularly with
respect to the brittleness of MgB» material, line contacts are the preferred solution.

[0023] The elongated electrical insulating element may be made of any material that is suitable
for use in cryogenic environment, for example below 40 K and that may be twisted with the
superconductor wire(s). Preferably, the elongated electrical insulating material must be
compatible with vacuum impregnation.

[0024] The elongated electrical insulation element needs to withstand 1 kV (kilovolt), i.e. the
electrical insulation needs to prevent jumps between cables in a coil of a potential of 1 kV or
less.

[0025] The elongated electrical insulating element may be made of polymer such as polyester
or polyimide.

[0026] The elongated electrical insulating element may be also made of glass. The elongated
electrical insulating element may be a yarn comprising glass fibres. Typical glass fibres may be
S-glass fibres or E-glass fibres. S-glass fibres are preferred in case a heat treatment step
comes after the elongated insulation elements have been twisted with or around the
superconductor wire(s). The reason is that S-glass fibres must survive the heat treatment.

[0027] For example S-glass fibres are preferred in case the in-situ route for MgB, is used and

the sintering treatment of this in-situ route comes after the twist step.

[0028] In general a thermal treatment may reach temperatures in the range of 625 °C to 900
°C, e.g. from 675 °C to 725 °C, and this during several minutes to several hours, e.g. from 3
minutes to 15 minutes. A lower temperature of e.g. 650 °C may take several hours, a higher
temperature of e.g. 800 °C may take some minutes.
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[0029] Other glass fibres, different from S-glass fibres which survive the above-mentioned heat
treatment are also preferred. In general glass fibres that survive the heat treatment are called
heat-resistant glass fibres.

[0030] In contrast herewith E-glass fibres are not heat-resistant and may be used in case there
is no longer a thermal treatment after the twisting. This may be the case in the ex-situ route.
This may be also the case where the twist step comes after the thermal treatment.

[0031] In an alternative embodiment, the electrical insulation material may be incorporated in a
tape. The tape has a radially inner side and a radially outer side after twisting around or with
the superconductor. The radially outer side or layer is the electrical insulation material. The
radially inner side or layer may be an electrically and thermally conducting material such as
copper or aluminium.

[0032] The cross-sectional dimensions or thickness of the elongated electrical insulation
elements determine the separation distance between neighbouring windings. The purpose is to
keep this thickness as thin as possible when the superconductor is to be used in magnets for
MRI scanners, since empty and unused spaces must be avoided as much as possible. This
separation distance may range from 30 pm to 300 pm, e.g. from 50 ym to 250 ym.

[0033] The superconductor may also further comprise thermally and electrically conducting
material. This material is needed in case of a slight increase above the critical temperature Tg.

In such circumstances current is then transferred to any present electrically conductive and
thermally conductive material so that local overheating is prevented. High conductivity
materials such as copper, aluminium and silver are suitable materials for this purpose.

[0034] In case the powder-in-tube (PIT) technique is used, as is the case with MgB,, Mg, B,
MgB> and dopant powders are packed in one or more metal tubes or sheaths in order to be
able to compact the Mg, B, MgB> and dopant powder mix until their final properties and

dimensions. So the sheath material must be a material that can be mechanically deformed and
that survives any heat treatments. Suitable sheath materials are copper, copper alloys, nickel,
niobium, titanium, iron, stainless steel, nickel alloys as Monel, silver-magnesium, niobium-
titanium. The sheath may also be a bimetallic sheath, with e.g. an inner layer of copper and an
outer layer of stainless steel.

[0035] As superconducting material niobium-titanium, NbsSn, NbZr or Nb3zAl may be used.

Preferably, as already mentioned, magnesium diboride MgB- is used.

[0036] WO-A 1-2014/135893 discloses a preferable embodiment of the composition and
arrangement of superconducting material inside the sheath.

[0037] Afirst set of in-situ constituents such as Mg with B, Nb with Ti, Nb with Zr, Nb with Al or
Nb with Sn may form the core at the start of the manufacturing process.
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[0038] A second set of ex-situ constituents such as MgB»>, NbTi, Nba, Snb, NBZr, or Nb3Al are

arranged between the core and the sheath. This second set of constituents, next to acting as
superconducting material, acts as barrier between the first set of constituents and the sheath
material to prevent the first set of constituents from reacting with the sheath material.
Furthermore, dopants may be added to the superconducting material in order to pin any
entering magnetic vortex. Examples of dopants are nitride boroxides, silicides such as SiC,
carbon or carbon inorganics, metal oxides, metallic elements or organic compounds.

[0039] The superconductor according to the invention, has a core + n + m structure, where n
and m are integer numbers.

[0040] Preferably n and m range from three to nine and more, so n and m can be three, four,
five, six, seven, eight, nine, .... n is equal to m.

[0041] The core may be formed by a thermally and electrically conducting material or by a
superconductor wire.

[0042] In a particular preferable embodiment, n superconductor wires are twisted around this
core. n elongated electrically insulating elements are twisted with the n superconducting wires
with the same twist step and same twist direction. Each elongated electrically insulating
element faces two superconductors.

[0043] Since the same twist step is used, only one twist step is required for both the
superconductor wires and the elongated electrically insulating elements.

[0044] Further advantages on this core + n + m structure will become apparent below in
relation to Figure 3.

[0045] During coil winding all voids are preferably avoided by a applying a resin to fill any
empty spaces. Examples of suitable resins are epoxy based resins, urea resins, phenolic
resins, unsaturated polyester resins, polyurethane resins, alkyd resins and melamine resins.

[0046] As mentioned before in a method of manufacturing a superconductor according to the
this methodalso comprises a heating step. The above-mentioned twisting step may be done
before or after this heating step, and is preferably done before this heating step.

Brief Description of Figures in the Drawings

[0047]

Figure 1 shows a cross-section of a not claimed example of a superconductor;
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Figure 2 shows a longitudinal view of this not claimed example of a superconductor

Figure 3 is a cross-section of of a superconductor according to the invention.

Mode(s) for Carrying Out the Invention

[0048] Figure 1 shows a cross-section of a not claimed example of a superconductor 10 and
Figure 2 shows a longitudinal view of this not claimed example of a superconductor 10.

[0049] A first winding 12 is shown in full lines.

[0050] The superconductor 10 has a core 14 with superconductive material, e.g. with MgB,

and some dopants. The core 14 is surrounded by a sheath or tube 16 out of copper. Six
polyester filaments 18 are wrapped around the sheath. As is clearly shown in Figure 2, the
polyester filaments 18 do not cross each other and thus avoid to create pressure points.

[0051] Part of a cross-section of a second adjacent winding 19 is shown in dash lines in Figure
1.

[0052] By selecting the diameter and the number of the polyester filaments 18, the separation
distance between two windings may be determined.

[0053] Figure 3 is a cross-section of a of a superconductor 30 cable according to the invention.
Superconductor cable 30 has a core 31 of copper that functions as thermally and electrically
conducting material in case of an increase in temperature. The copper core 31 has a sheath
32 of tin. The function of tin is to enhance temperature and current transfer between
superconductor wires in case of a fracture of a wire or in case of a quench of one or more
wires in the superconductor. Another advantage of tin is that tin consolidates the structure. Six
superconductor wires are twisted around the copper core 31. Each superconductor wire has a
core 34 with superconducting material, e.g. MgB> and a metallic sheath 35. The metallic

sheath 35 can be made of iron or can be made of copper. The six superconductor wires with
the sheath 34-35 form a circumscribed circle 36, that is shown in dash lines. Six S-glass yarns
37 are also twisted around the around the copper core 31 with the same twist step and in the
same direction as the superconductor wires. Each S-glass yarn 37 faces two superconductor
wires. Each S-glass yarn 37 protrudes out of the circumscribed circle 36 to create the
separation distance. The six S-glass fibres 37 form a circumscribed circle 38, that is shown in a
dot and dash lines. The distance between the circumscribed circle 36 and the circumscribed
circle 38 is the separation distance. By their positioning the six S-glass fibres 37 fill part of the
empty space that is created radially outside and between two superconducting wires leaving
only small voids 39. The six S-glass fibres 37 provide stability to the twisted construction of the
superconductor 30. In addition, the six S-glass fibres 37 function as distance holder between
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neighbouring windings so that resin can infiltrate. The diameter or thickness of the S-glass
yarns 37 is greater than the separation distance. This means that thicker and stronger
elongated electrically insulating elements can be used and still have a limited separation
distance between windings. Thicker elongated electrically insulated elements are stronger and
more robust and will allow faster twisting and production.

[0054] Typical dimensions for the superconductor cable 30 are:

» diameter of the superconductor wire 34 with sheath 35: 750 pm;
« diameter of the S-glass fibre 37: 200 uym.

[0055] In general for MRI applications, the diameter of the superconductor wires may range
between 250 ym and 1000 um, as long as the total diameter of the superconductor does not
exceed 3.0 mm, preferably does not exceed 2.5 mm.

[0056] For use as power transmission, the dimensions may be much greater.

[0057] Figure 3 shows a 1+6+6 superconductor cable 30. However, any 1+n+m
superconductor with n and m ranging from three on, has the same advantages as long as the
superconductor wires and the elongated electrical insulating elements have the same twist
direction and twist step.

[0058] A superconductor according to the invention is preferably used in a superconducting
magnet of a magnetic resonance imaging apparatus. A superconductor according to the
invention may also be applied in magnetic levitating vehicles, superconducting electromagnetic
propulsion ships, nuclear fusion reactors, superconducting generators, accelerators, electron
microscopes, energy storing apparatus, magnetic separators and power cables.

List of reference numbers

[0059]

10 first embodiment of a superconductor
12 one winding of superconductor 10

14 core with superconducting material
16 metal tube or sheath

18 insulating polymer fibre

19 adjacent winding
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30 second embodiment of a superconductor

31 copper core of superconductor

32 sheath of tin around copper core 31

34 core of superconducting material of superconductor wire
35 copper sheath around core of superconducting wire

36 circumscribed circle formed by superconducting wire

37 insulating S-glass yarn

38 circumscribed circle formed by S-glass yarns

39 voids inside twisted structure of superconductor
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Patentkrav

1. Superleder (30) med en snoet struktur og tilpasset til at
danne viklinger i1 en superledende spole,

hvor superlederen (30) har en kerne+n+m struktur,

n og m er heltal,

kernen (31, 32) er dannet af et termisk og elektrisk ledende
materiale eller af en superlederledning,

n superlederledninger (34, 35) er snoet rundt om kernen (31),

m aflange elektriske isoleringselementer (37) er snoet med de n
superledende ledninger rundt om kernen,

n og m er stegrre end tre,

kendetegnet wved, at

n er lig med m

og ved at hvert aflange elektriske isoleringselement vender mod
to superlederledninger (34, 35)

og ved at m aflange elektriske isoleringselementer (37) skaber
en adskillelsesafstand med en tilstedende superlederledning i

en tilstedende vikling.

2. Superleder (30) ifelge krav 1,
hvor adskillelsesafstanden er mellem 30 pm til 300 um.

3. Superleder (30) ifelge krav 1 eller 2,

hvor superlederledningerne (34, 35) er snoet med hinanden med
et forste snoningstrin,

hvor de elektriske 1isoleringselementer (37) har et andet
snoningstrin,

det fogrste snoningstrin er lig med det andet snoningstrin.

4, Superleder (30) ifglge et hvilket som helst af de foregaende
krav,
hvor de aflange elektriske isoleringselementer (37) er

fremstillet af en polymer eller af glas.

5. Superleder (30) ifglge et hvilket som helst af de foregaende
krav,

hvor superlederledningerne (34, 35) omfatter MgR2 som det
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_2_
superledende materiale (34).
6. Superleder (30) ifelge krav 4 eller 5, hvor de aflange
elektriske isoleringselementer (37) er fremstillet at
varmebestandige glasfibre.
7. Superleder (30) ifelge krav 6, hvor de varmebestandige
glasfibre er S-glasfibre (37).
8. Superleder (30) ifelge krav 4 eller 5, hvor de aflange

elektriske isoleringselementer er inkorporeret i et Dband,
hvilket band har en radialt indvendig side og en radialt udvendig
side efter snoning, idet den radiale udvendige side er det

elektriske isoleringsmateriale.

9. Superleder (30) ifeglge krav 8, hvor den radiale indvendige

side er et termisk og elektrisk ledende materiale.

10. Superleder (30) ifwlge et hvilket som helst af de foregaende
krav,

hvor kernen (31, 32) omfatter en kobberkerne (31).

11. Superleder (30) ifelge krav 10, hvor kernen (31, 32) har
en tinkappe (32).

12. Fremgangsmade til fremstilling af en superleder (30) ifglge
krav 1, hvilken fremgangsmadde omfatter trinene til snoning af
de aflange elektriske isoleringselementer (37) sammen med
superlederledningerne (34, 35) for at skabe en
adskillelsesafstand med en tilstedende superlederledning i en

tilstewdende vikling.

13. Fremgangsmade ifglge krav 12,

hvor fremgangsmédden omfatter et yderligere opvarmningstrin.

14. Fremgangsmade ifelge krav 13,

hvor det yderligere opvarmningstrin anvendes efter snoning.
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DRAWINGS
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