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Description

Statement Regarding Federally Sponsored Research and Development

[0001] The present invention was made with United States government support under Contract No. DE-AR0000190
awarded by the Advanced Research Projects Agency-Energy and under contract number DE-SC0012704 awarded by
the U.S. Department of Energy. The United States government may have certain rights in this invention.

Field of Invention

[0002] The present invention generally relates to long length high temperature superconducting ("HTS") wires and
more particularly to such HTS wires having a uniform distribution of nano-size pinning microstructures along their lengths
and widths.

Background

[0003] Since the discovery of HTS materials (i.e. material that can retain its superconducting properties above the
liquid nitrogen temperature of 77K) there have been efforts to develop various engineering applications using such HTS
materials. In thin film superconductor devices and wires, most progress has been made with fabrication of devices
utilizing an oxide superconductor including yttrium, barium, copper and oxygen in the well-known basic composition of
YBa2CuO7-y (hereinafter referred to as Y123 or YBCO) which remains the preferred material for many applications,
including cables, motors, generators, synchronous condensers, transformers, current limiters, and magnet systems for
military, high energy physics, materials processing, transportation and medical uses. HTS wire based on these YBCO
materials, commonly referred to as Coated Conductor or Second Generation (2G) wire is manufactured in continuous
lengths of hundreds of meters or longer with critical current densities, Jc, of 3 MA/cm2 or higher at 77 K and self-field
using roll-to-roll production lines.
[0004] Even though Y123 is the material of choice for HTS applications, these materials exhibit a suppression of Jc
in magnetic fields, especially in fields applied along the crystallographic c-axis of the superconductor. This characteristic
limits the applicability of these materials in applications that require operation in magnetic fields such as motors, trans-
formers, generators, solenoids, accelerator magnets, energy storage magnets and MRI systems. Hence, it has been
important to continue to improve the performance of Y123 superconductors, especially in fields applied in the c-axis
direction. More importantly, it is important to achieve these improvements in a roll-to-roll process that is compatible with
current wire manufacturing operations and produces a highly uniform and reproducible improvement along the length
and width of the production length HTS wires.
[0005] One method to achieve such improvement includes "pinning" of superconducting vortices, which is thought to
be the underlying mechanism for high critical current density, Jc, in HTS materials. To achieve pinning in HTS materi-
als/wires, matching the local potential energy differences as closely as possible to the size of the normal core of the
superconducting flux line or vortex have been attempted. It is generally thought that the cross-sectional core has a size
on the order of the coherence length (which is several nanometers in HTS cuprates and grows with temperature).
Moreover, it is thought that critical currents in polycrystalline HTS materials/wires are still further reduced by weak links
at the grain boundaries, which are made worse by porosity, misalignment of the crystalline axis of adjacent grains, and
by formation and accumulation of non-superconductor phases (compounds) at boundaries between superconducting
grains.
[0006] There have been efforts to improve flux pinning of the RE123 superconducting materials. For example, the
superconducting properties of YBa2Cu307-δ compounds with partial substitutions with europium (Eu), gadolinium (Gd),
and samarium (Sm) were found to show an improvement in intra grain Jc (flux pinning). The doping of YBa2Cu307-δ with
a wide range of dopants at the Y, Ba and Cu sites were also reported. Increased density of twin boundaries was also
reported to provide only moderate improvement in flux pinning.
[0007] The formation of non-superconducting nano-particles by the introduction of dopants, such rare earth (RE), Zr,
Ce, Au, etc., has also been widely evaluated. These materials can form particles by themselves or they may combine
to form particles with other elements.
[0008] Pinning centers are also formed by the formation of columnar defect structures, for instance by the self-assembly
of BaZrO3 into aligned or continuous structures. The most effective of these chemical based approaches has been the
formation of self-assembled nano-columns formed from materials such as BaZrO3 or a combination of these nano-
columns and nano-particles. Although these pinning microstructures are generally easy to prepare in small R&D samples
of the RE123 superconductors, it is much more challenging to incorporate them into continuous lengths of wire. The
reason is that the formation of these complex pinning structures depends on having a highly reproducible growth process.
Thus, any in-homogeneities in the chemical composition, growth parameters or texture of the superconductor layer over
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the length or width of the production length wire can affect the precise structure or density of the pinning defects. This
change in the pinning structure leads to large variations in the current that the superconductor layer can carry in the
presence of magnetic fields. Thus, the performance of the HTS wire varies over its length and/or width and is thus
unsuitable for applications requiring a very consistent and predictable critical current.
[0009] Additionally, the growth process needed for the formation of the self-assembled columnar microstructures is
only applicable to vapor phase deposition processes. Thus, self-assembled columnar pinning microstructures cannot
be incorporated into MOD-derived superconducting films.
[0010] Introducing defects into HTS wire using high energy particle irradiation has been tried using energies in the
100’s of MeV to the 10’s of GeV range. At these energy levels, the irradiation generally produced correlated or columnar
defects structures which results in anisotropic pinning along their axis.
[0011] Although these defect structures were effective in enhancing vortex pinning in the REBCO materials in short
research samples, achieving the necessary particle energy levels required expensive research accelerators are not
amenable with high volume manufacturing of continuous lengths of superconducting wire. In addition, the particle currents
available for the high energy particle irradiation were limited, thus requiring long irradiation times to produce a significant
number of defects in the superconducting layer to provide effective pinning.
[0012] As described in U.S. Patent Publication No. 2015/0263259, irradiation with low energy particles has also been
disclosed. This approach results in point defects that produce a more isotropic pinning structure however it has been
focused on producing short samples using a static irradiation beam.
[0013] A scientific publication by Jia, Y. et al. reports on doubling the critical current density of high temperature
superconducting coated conductors through proton irradiation (APPLIED PHYSICS LETTERS, vol. 103, no. 12, 122601,
2013).
[0014] A scientific publication by Strickland, N.M. et al. reports on flux pinning by discontinuous columnar defects in
74 MeV Ag-irradiated YBa2Cu3O7 coated conductors (PHYSICA C, vol. 469, no. 23-24, pages 2060 - 2067, 2009).
[0015] A scientific publication by Strickland, N.M. et al. reports on effective low-temperature flux pinning by Au ion
irradiation in HTS coated conductors (IEEE TRANSACTIONS ON APPLIED SUPERCONDUCTIVITY, vol. 25, no. 3,
6600905, 2015).
[0016] Thus the research efforts to develop vortex pinning microstructures that can be incorporated into the manufacture
of long length HTS wires has focused on chemical techniques, described above, that attempt to replicate the combination
of correlated and point defects produced by the high energy particle irradiation.

Summary

[0017] The invention is defined by the appended claims. Disclosed is also a method for producing a long length high
temperature superconductor wire. The method includes providing a substrate, having a surface with a length of at least
50 meters and a width. The surface supporting a biaxially textured high temperature superconducting layer and the
biaxially textured high temperature superconducting layer having a length and a width corresponding to the length and
width of the surface of the substrate. The method also includes irradiating the biaxially textured high temperature su-
perconductor layer with an ion beam impinging uniformly along the length and across the width of the biaxially textured
high temperature superconductor layer to produce a uniform distribution of pinning microstructures in the biaxially textured
high temperature superconductor layer by moving the biaxially textured high temperature superconductor layer in a
continuous manner under the ion beam which is shaped in a rectangular pattern.
[0018] In other aspects of the invention, one or more of the following features may be included. The step of providing
may comprise disposing at least one buffer layer on the substrate, forming the biaxially textured high temperature
superconductor layer on the at least one buffer layer and depositing a metallic protective coating on the biaxially textured
high temperature superconductor layer. The step of providing may also include performing an oxygenation heat treatment
to anneal the metallic protective coating and oxygenating the biaxially textured high temperature superconductor layer.
The step of irradiating may include impinging the ion beam uniformly on the surface of the metallic protective coating.
The step of irradiating includes moving the biaxially textured high temperature superconductor layer in a continuous
manner under the ion beam. The ion beam is shaped in a rectangular pattern and the rectangular pattern of the ion
beam may have an aspect ratio of between 1.1:1 to 20:1 or between 2:1 to 10:1. A long edge of the rectangular pattern
ion beam may be oriented perpendicular to the length of the biaxially textured high temperature superconductor layer,
and the beam may be wider than the moving tape by a factor of at least two. Alternatively, the long edge of the rectangular
pattern ion beam may be oriented parallel to the length of the biaxially textured high temperature superconductor layer.
[0019] In yet other aspects of the invention, one or more of the following features may be included. The ion beam may
be rastered at a rate of 0 - 100 kHz and traverses a distance 1.0 - 10 cm greater than the width of the moving the biaxially
textured high temperature superconductor layer. The ion beam may comprise a positively charged ion with energy in
the range of 1 - 25 MeV. The ion beam may comprise Au ions with a charge of from 1+ to 8+. The Au ions may have a
charge of 5+. The ion beam may comprise Ar ions with a charge of 1+ to 10+. The ion beam may comprise Xe ions with
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a charge of 1+ to 10+. The moving step may include moving the biaxially textured high temperature superconductor wire
in a continuous manner under the ion beam, at a rate of between 6 m/hr and 1000 m/hr. The step of moving the biaxially
textured high temperature superconductor layer in a continuous manner under the ion beam may include moving the
biaxially textured high temperature superconductor layer under the ion beam a plurality of times. Moving the biaxially
textured high temperature superconductor layer high temperature superconductor layer under the ion beam a plurality
of times may include using a reel to reel process with the high temperature superconductor wire being wound helically
around the reels. When the biaxially textured high temperature superconductor is moved under the ion beam a plurality
of times, each time the ion beam may utilize different ion particles and/or different energies.
[0020] In yet further aspects of the invention, one or more of the following features may be included. The irradiating
step may include impinging on the metallic protective coating the ion beam with an ion energy of 1 to 25 MeV. The ion
beam energy may be selected to achieve substantially full penetration of the impinging ions in the metallic protective
coating and the biaxially textured high temperature superconductor superconductor layer. The beam may have an ion
bean current selected to prevent heating of the biaxially textured high temperature superconductor layer to temperatures
above about 300°C during the irradiation step. The biaxially textured high temperature superconductor layer may be
actively cooled to maintain the temperature below 300°C. The metallic protective layer may comprise Ag with a thickness
of between 0.25 to 1.5 mm. The area of the biaxially textured high temperature superconductor layer irradiated per minute
may be greater than 0.25 m2. The ion beam may have an ion particle current of > 0.5 mA. The ion beam may have an
ion particle current of > 1 mA. The ion beam may have an ion particle current of > 2 mA. The ion beam May have an ion
particle current of > 4 mA. The width of the biaxially textured high temperature superconductor layer may be between 4
mm to 200 mm. The superconductor wire may be configured as a single strip or as multiple strips along the length.
[0021] In yet additional aspects of the invention, one or more of the following features may be included. The ion beam
may impinge on the biaxially textured high temperature superconductor layer at an angle perpendicular to the surface
of the biaxially textured high temperature superconductor layer. The ion beam may impinge on the biaxially textured
high temperature superconductor layer at an angle of between 0 and 75° from an axis perpendicular to the surface of
the biaxially textured high temperature superconductor layer. The ion beam may impinge on the biaxially textured high
temperature superconductor layer simultaneously at a continuous range of angles from 0 to 645° from an axis perpen-
dicular to the surface of the biaxially textured high temperature superconductor layer. The pinning microstructures may
have a substantially uniform size. The substantially uniform size of the pinning microstructures may be defined as at
least 90% of the pinning microstructures in a volume of the biaxially textured superconductor layer having a size of <
20nm. The biaxially textured high temperature superconducting layer may have a thickness of greater than 1 mm. The
biaxially textured high temperature superconducting layer may comprise a rare earth metal-alkaline earth metal-transition
metal-oxide superconductor layer having a material with the general formula: (RE)Ba2Cu3O7 where RE is at least one
rare earth metal. RE may comprise yttrium.
[0022] Additional features, advantages, and embodiments of the present invention may be set forth from consideration
of the following detailed description, drawings, and claims. Moreover, it is to be understood that both the foregoing
summary of the present disclosure and the following detailed description are exemplary and intended to provide further
explanation without further limiting the scope of the present disclosure claimed.

Description of Drawings

[0023]

FIG. 1A is an illustration showing the roll-to-roll irradiation of a HTS tape with a particle beam.
FIG. 1B is an illustration showing the helically wound roll-to-roll irradiation of a HTS tape with a particle beam.
FIG. 1C is an illustration showing the roll-to-roll irradiation of a wide HTS tape with a particle beam.
FIG. 2 shows the basic architecture of a typical HTS wire which may be used in with the irradiation process according
to this invention.
FIG. 3 illustrates a roll-to-roll process for manufacturing the 2G HTS wire of FIG. 2 by the RABiTS/MOD process
with insertion of roll-to-roll particle beam irradiation.
FIGS. 4A-4C are SRIM calculations showing the number of defects formed through the depth of the superconductor
layer for 15, 10 and 5 MeV Au particle beams.
FIG. 5 illustrates the reduced penetration of the 10 MeV Au particle beam into the HTS layer with a 3 micrometer
Ag protective layer on the HTS wire surface.
FIG. 6A illustrates an ion beam impinging on an HTS tape parallel to crystallographic c-axis of the HTS tape.
FIG. 6B is a SRIM calculation showing ion depth through thickness of the HTS film of the ion beam of FIG. 6A.
FIG. 7A illustrates an ion beam impinging on an HTS tape at a 10° angle displaced from the crystallographic c-axis
of the HTS tape
FIG. 7B is a SRIM calculation showing ion depth through thickness of the HTS film of the ion beam of FIG. 7A.
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FIG. 8 is an illustration of a nose roller that allows the particle beam to impinge on the HTS tape at a range of angles.
FIG. 9 illustrates a roll-to-roll process for manufacturing 2G HTS wire by the RABiTS/MOD process.
FIG. 10 shows the critical current of a standard HTS wire made from a 46 mm wide insert strip, as described in
Example 1, as a function of temperature in an applied magnetic field oriented perpendicular to the crystallographic
c-axis of the YBCO.
FIG. 11 shows the critical current of a standard HTS wire made from a 46 mm wide insert strip, as described in
Example 1, as a function of temperature and applied magnetic field orientation.
FIGS. 12A and 12B depict the improvement in critical current at about 30K as function of magnetic field for HTS
samples for static (FIG. 12A) and moving irradiation (FIG. 12B) under same conditions relative to un-irradiated
sample.
FIG. 13 shows the ion flux as a function of tape length during roll-to-roll irradiation and the 77K self-field Ic along length.
FIG. 14 shows enhancement (relative to un-irradiated sample) of critical current at 27K as function of applied magnetic
field oriented perpendicular to the crystallographic c-axis of the YBCO layer for different dosages of Au5+ ions.
FIG. 15 shows the critical current of a wire irradiated with Au ions and an un-irradiated wire at about 30K as a function
of applied magnetic field oriented perpendicular to the HTS wire surface.
Fig. 16 shows the critical current, measured at 77K, self-field, of a 4 mm wire slit from an 80 meter long, 46 mm
wide insert after irradiation with 18 MeV Au5+ ions to a dose of 6x1011 ions/cm2 in a roll-to-roll process compared
to critical current measured at 77K, self-field on a section of the 80 meter strip before irradiation.
Fig. 17 shows the critical current of a wire as a function of temperature and applied magnetic field (perpendicular
to the tape surface) made from a 46 mm wide insert strip irradiated with 18 MeV Au5+ ions to a dose of 6x1011

ions/cm2 in a roll-to-roll process and the critical current of an un-irradiated wire.
FIGS. 18A and 18B show the transport current of the wire made as described in Example 6 as a function of the
orientation of the applied magnetic field at multiple temperatures. In FIG. 18A the applied magnetic field is oriented
in the H//ab-plane direction and in FIG. 18B the applied magnetic field is oriented in the H//c-axis direction

Detailed Description

[0024] Uniformly distributed defects of a substantially uniform size may be formed continuously along the length and
width of a superconducting tape by passing the tape through a focused beam of medium energy ions, i.e. 1 to 25 MeV
in order to improve the electrical performance of the superconductor tape. In a preferred embodiment, system 10, FIG.
1A, there is shown HTS tape 12 having a length of at least 50m and more typically of 100 to 2000 m and a width of 2
mm to 1m. HTS tape is passed through the raster beam 14 of ion particles by transporting the tape from a first roll 16a
to a second roll 16b. In a preferred embodiment, the irradiated superconducting tape may be sectioned along its length
and converted into multiple superconducting wires. Raster beam 14 is produced by ion source 18 which outputs an ion
beam 20 to raster device 22, which focuses ion beam 20 and raster beam 14 across the HTS tape 20 in irradiation area 24.
[0025] In FIG. 1B there is depicted an alternative HTS wire manufacturing configuration which uses a helically wound
HTS tape 12b on a roll-to-roll system being irradiated with a particle beam from ion source 18b. In FIG. 1C there is
depicted the roll-to-roll irradiation of a wide HTS tape 12c with a wide HTS tape being irradiated with a particle beam
from ion source 18c. Wide, in this context is a relative term, where the width of the tape may typically be between 4 mm
and 200 mm. In this case, tape 12c is depicted as a much wider tape or web than HTS tape 12 shown in Fig. 1A. The
irradiation process according to this invention is equally applicable to the manufacturing processes of tapes 12a-c.
[0026] The irradiation process according to this invention may be introduced or inserted into a HTS wire manufacturing
process. The details of the ion beam and the irradiation process are provided below. The process depicted in FIG. 1 is
only one step which may be implemented in an overall wire manufacturing process.
[0027] An exemplary architecture of an HTS wire 30 which may utilize the ion irradiation process according to this
invention is depicted in FIG. 2. In this architecture, HTS wire 30 includes a polycrystalline superconductor layer 32
disposed over and supported by a substrate 36, between which are one or more buffer layers 34. The substrate 36
comprises a flexible metal foil which may be formed of any suitable metal containing material. According to one embod-
iment, the flexible metal substrate is a nickel containing alloy.
[0028] The substrate 36 may include texture that is transferred to the superconductor layer 32. As described herein,
texture refers to a microstructure including crystal plane alignment. A high degree of crystal plane alignment in the
superconductor layer allows the polycrystalline superconductor layer 32 to exhibit single crystal-like performance. The
textured substrate may be the flexible metal film or one of the other layers described above. Alternatively, the textured
substrate 36 may be a separate layer within the coated conductor.
[0029] The textured substrate 36 may be produced by any appropriate process. According to one embodiment, the
textured substrate 36 may be produced by a rolling-assisted biaxially textured substrate (RABiTS) process. The RABiTS
process includes the production of a biaxially textured metal foil by a rolling assisted process. At least one oxide buffer
layer 34 is then provided on the textured metal substrate 36, with the oxide buffer layer exhibiting the same biaxially
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textured microstructure as the metal film. A biaxially textured high temperature superconductor layer 32 is then deposited
over the oxide buffer layer(s) 34. The oxide buffer layer 34 prevents the diffusion of metal from the film to the supercon-
ductor layer.
[0030] As is known in the field, HTS wire 30 also may include a metallic protective layer 38a, such as an Ag layer,
disposed on superconductor layer 32 and a stabilizer layer 40a disposed on the metallic layer 38a. Another metallic
layer 38b and stabilizer layer 40b may be disposed on the opposite side of the HTS wire 30, attached to the substrate 36.
[0031] According to another embodiment, the textured substrate may be produced by a process utilizing ion-beam
assisted deposition (IBAD). The IBAD process includes the ion-beam assisted deposition of a textured ceramic buffer
layer on the surface of an untextured metal foil. A superconductor layer is then deposited over the textured ceramic
buffer layer. Additional buffer layers may be provided between the textured ceramic buffer layer and the superconductor
layer and/or between the metal film and the textured ceramic buffer layer. The IBAD coated conductor includes a metal
film substrate, a textured ceramic oxide buffer layer, oxide buffer layers, a superconductor layer, a metallic protective
layer and a stabilizer layer.
[0032] It is understood that other methods or materials can be used to construct similar tapes and that they can also
be used in accordance with this invention.
[0033] The superconductor layer may be deposited over the substrate of the coated conductor structure by any suitable
process. According to one embodiment, the superconductor layer may be deposited by a metal-organic deposition
process. According to another embodiment, the superconductor layer may be deposited by a pulsed laser deposition
(PLD), reactive co-evaporation (RCE), metal-organic chemical vapor deposition (MOCVD), electron beam deposition,
chemical vapor deposition (CVD), or sputtering process. The superconductor layer may have any appropriate thickness.
According to one embodiment, the superconductor layer has a thickness greater than 1 mm. In another embodiment,
the superconductor layer has a thickness in the range of about 1 mm to about 2 mm. According to some embodiments,
the superconductor may have a thickness of less than about 5 mm.
[0034] A protective metal layer may be deposited over the superconductor layer of the superconducting tape for the
purposes of protecting the superconductor layer. The protective metal layer may be any suitable metal containing material.
According to one embodiment, the protective metal layer is a silver layer. The protective layer may have any appropriate
thickness. According to one embodiment, the protective layer has a thickness of 3 mm. According to another embodiment
the protective layer has a thickness of about 1 mm.
[0035] A stabilizer layer may be deposited over the protective metal layer. According to one embodiment the stabilizer
layer may include copper. The stabilizer layer may have a thickness greater than 10 mm. In another embodiment the
stabilizer layer may have a thickness of 1 to 2 mm. In one embodiment, the stabilizer layer may be added after the
superconductor layer is irradiated.
[0036] The superconductor layer may be formed of any appropriate superconductor. According to one embodiment
the superconductor layer may be a rare earth metal-alkaline earth metal-transition metal-oxide superconductor. According
to one embodiment, the superconductor layer may contain a superconductor with the general formula:

(RE)Ba2Cu3O7-δ

where RE includes at least one rare earth metal and 0 ≤ δ ≤ 0.65. According to another embodiment, the superconductor
layer may contain a superconductor with the general formula:

(RE)Ba2Cu3O7

where RE includes at least one rare earth metal. In one embodiment, RE may include yttrium, producing a superconductor
layer of the general formula YBa2Cu3O7 (YBCO). While the superconductor layer will be referred to herein as a YBCO
superconductor layer for the purposes of convenience, the methods discussed in this application apply equally to other
appropriate superconductor materials. In some cases, RE may be a mixture of two or more rare earth metals.
[0037] The superconductor layer may also include a dopant in addition to the primary rare earth metal. The dopant
may be a rare earth metal. According to one embodiment, a YBCO superconductor layer may include a dysprosium
dopant. The dopant may be present in an amount of up to 75% relative to the primary rare earth metal. According to
one embodiment, the dopant is present in an amount of at least about 1 % and at most about 50% of the primary rare
earth metal.
[0038] According to another embodiment the dopant may be a transition metal such as Zr, Nb, Ta, Hf or Au. The
dopant may combine with other elements in the superconductor to form a single or mixed metal oxide.
[0039] In one embodiment, the superconducting tape may be sectioned along its length in to multiple strips. The
sectioning can be done by any appropriate means including laser cutting, roll slitting or punching. An additional metallic
stabilizer layer may be may be laminated to both surfaces of the sectioned tape to form a superconducting wire. The
stabilizer layer can be any suitable metal containing material. In one embodiment the stabilizer layer is copper. In other
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embodiments, the stabilizer layer is stainless steel, brass or any other suitable metal containing material. In one em-
bodiment, the width of the stabilizer is the same as that of the sectioned tape. In another embodiment, the width of the
stabilizer layer is greater than that of the sectioned tape. In another embodiment, the stabilizer layer can wrap around
all sides of the sectioned tape. In another embodiment, two or more sectioned tapes may be joined between the stabilizer
layers. In a preferred embodiment the stabilizer layers are bonded to the to the sectioned insert strip with solder.
[0040] FIG. 3 illustrates the basic roll-to-roll manufacturing process 50 for producing a superconducting wire, using
the RABiTS process for the template and MOD process for the YBCO layer, with a uniform dispersion of particle irradiation
induced pinning defects along its length and width. The process includes substrate rolling and texture annealing at
process step 52, buffer layer deposition and sputter buffer deposition of buffer layers are steps 54 and 56, respectively.
At steps 50, 60 and 62 the HTS layer is deposited by coating the buffered substrate with a solution based (RE)BCO
precursor, the precursor is decomposed and the (RE)BCO layer is grown. Next, at step 64 an Ag protective layer is
deposited on the HTS layer and at step 66 there is an oxygenation heat treatment performed. In the standard process,
the next step in the process would be the deposition of a stabilizer layer, such as a copper stabilizer, a step 68, followed
by slitting and laminations at steps 70 and 72, respectively. However, with the present invention an ion irradiation step,
such as 10, FIG. 1, is inserted between oxygenation heat treatment step 66 and the stabilizer deposition step 68.
[0041] It is understood that individual process steps depicted in FIG. 3 can be replaced when other processes are
used for the template, YBCO deposition, or stabilization. Moreover, the irradiation process may be carried out directly
on a surface of the biaxially textured high temperature superconductor layer if a metallic protective layer is not disposed
over the biaxially textured high temperature superconductor layer.
[0042] In order for the ions to produce the desired defects in the superconductor layer, they must have sufficient energy
to pass through any layers (e.g. a protective metal layer) on the surface of the superconducting layer and uniformly into
the superconductor layer. Acceptable ion energies can be calculated using programs such as SRIM (Stopping and
Range of Ions in Matter). According to one embodiment, ions may be Au ions with energy of about 1 to 25 MeV (medium
energy) or more preferably with energy of about 14 to 20 MeV for a YBCO layer with a thickness about 1.2 mm and a
protective Ag layer thickness of about 1 mm. In another embodiment where there is no protective metal layer, ions may
be Au ions with energy of about 1 to 14 MeV or more preferably with energy of about 7 to 14 MeV for a YBCO layer with
a thickness about 1.2 mm.
[0043] For a YBCO layer with a thickness about 1.2 mm and a protective Ag layer thickness of about 1 mm, in the case
that the energy of the ions is too low, e.g. approximately 5 MeV, the ions may not travel far enough into the superconductor
layer to produce uniformly distributed randomly dispersed defects as shown in FIG. 4C. As shown in Fig. 4B, at an ion
energy of 10MeV, the distribution across the HTS layer is not uniform as the concentration tails off significantly towards
the bottom of the HTS layer. As shown in Fig. 4A, with the ion energy at 15MeV, there is a uniform ion distribution across
the HTS layer. In each case the Ag protective layer thickness was approximately 1 mm.
[0044] According to an alternative embodiment, the medium energy ions of other elements such as Ar, W, Ni, Cu, O,
Ag, Xe, Pb, H ions may be used to form the randomly dispersed defects continuously along the length and width of a
superconducting tape.
[0045] The irradiation may be carried out through a metallic protective layer of the HTS wire that is disposed over the
biaxially textured high temperature superconductor layer or directly on the biaxially textured high temperature super-
conductor layer if there is no protective layer provided. In one embodiment the protective metal layer is Ag. According
to one embodiment the thickness of the Ag layer is about 0.25 mm to 3 mm or more preferably 0.5 mm to 1 mm.
[0046] Since the protective metal layer will interact with the impinging particles their penetration depth is reduced as
the thickness of the layer increases for a given particle energy. As illustrated in FIG. 5, for a 3 mm thick Ag layer with a
10 MeV Au particle beam the particle concentration falls off rapidly at about one half the depth of the HTS layer and
quickly diminishes to zero.
[0047] In order to minimize the energy needed to insure a uniform penetration of the particle beam through the underlying
HTS layer, the Ag layer preferably has a thickness of 0.5 to 1 mm. This thickness allows the use of lower energy particle
beams and still provides protection of the HTS layer from the atmosphere and later processing steps.
[0048] In one embodiment, the irradiation 80 of the HTS layer on the moving HTS tape 82 may take place along the
crystallographic c-axis 84 of the superconductor layer as illustrated in FIGS. 6A and B. In this embodiment, when the
energy of the ion is properly selected, i.e. 15MeV, the defect formation is uniform throughout the thickness of the HTS
layer as shown at 86.
[0049] In an alternative embodiment the irradiation 90 impinging on the moving HTS tape 92 may take place along
an angle displaced from the c-axis 94 of the superconductor. In this embodiment, as illustrated in FIGS. 7A and B the
path of the ion through the HTS layer increases, in proportion to the angle. Thus, for the same energy, the defect density
will decrease along the c-axis 94 of the HTS layer.
[0050] According to another preferred embodiment, the irradiation of the HTS layer on moving tape 102 may be applied
at a continuous range of angles about the c-axis 104 of the HTS layer by bending the tape around a nose roller 106
located in the ion beam as illustrated in FIG 8. In this alternative embodiment, by selecting the diameter of the bend, the
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penetration depth of the ion beam through the HTS layer can be adjusted at each angle allowing the defect density to
be selectively tuned along the depth of the crystallographic c-axis 104 of the superconductor layer.
[0051] The dosage of ion particles should be selected such that the density of resulting defects results an increase in
the critical current at a desired temperature and field for the intended application. For instance, in the case of HTS wire
intended use in HTS coils for motor or generator applications, it is desirable to have the current optimized at around
30K-50K in a magnetic field of 2 - 4 Tesla. In the case of Au ions, the irradiation fluence may be at least 1 x 1011

particles/cm2. According to one embodiment, the irradiation fluence may be in the range of 1 x 1011 particles/cm2 to 1
x 1012 particles/cm2.
[0052] When other ions are used, the preferred range of irradiation fluence may be selected based on the effectiveness,
size and microstructure of the defects to enhance the critical current at the desired operating conditions. In general, the
number of effective defects depends on the atomic mass of the ions. Thus ions with higher atomic mass generally require
less total dosage to achieve the same pinning enhancement than ions with lower atomic mass.
[0053] With the process described herein, the defects formed by the ions with energies in the 1-25 MeV range are
generally point defects which are uniformly distributed across the width and length and through the depth of the super-
conductor layer and which have uniform dimensions of < 20 nm and preferably < 10 nm. More specifically, what is meant
by uniform dimensions is that over any given volume of the superconductor layer made according to this invention at
least ninety percent (90%) of point defects will have dimensions of < 20 nm and preferably < 10 nm.
[0054] Existing chemical techniques for producing vortex pinning microstructures in the superconductor layer do not
produce uniformly sized defects. The defects produced are varied and can be from 10nm to 200nm in size. The uniformity
in defect size achieved through the ion radiation approach described herein results in improved current carrying per-
formance in the superconductor layer.
[0055] In certain applications, larger point defects (e.g. 2 to 3 times the size) may be desired and this can be achieved
by heating the superconductor layer in which small point defects according to this invention have been or are being
formed to temperatures of about 100 to 300°C during or after the irradiation. This causes the point defects to combine
to form larger cluster defects. If the superconductor layer is heated substantially above 300°C, the defects can be
annealed away reducing their ability to increase the critical current as selected temperatures and fields.
[0056] In one embodiment, optimal pinning enhancement may be achieved with an irradiation fluence of range of
1x1013 to 10x1013 particles/cm2 when O ions are used. In an alternate embodiment, preferred range of irradiation fluence
may be in the range of 2x1016 to 10x1016 particles/cm2 when H ions are used.
[0057] The particle beam currents employed in the irradiation process may be any appropriate amount that generates
a sufficient number of defects without heating the tape to temperatures above about 300°C during the irradiation process.
In one embodiment it is desirable that the particle beam current is as high as possible. In general, the higher the particle
current the more defects are formed in a given volume of the superconductor for a set time. Thus in the case of a moving
tape, higher particle currents allow higher tape transport speeds. In a preferred embodiment the particle beam current
is selected to maintain the tape at a temperature below 200°C. In one embodiment, if the particle current causes the
HTS layer to exceed 200°C, the moving tape can be actively cooled to maintain the temperature below 200°C.
[0058] In one embodiment the particle beam is generated using a sputtering process to generate the atoms that are
then accelerated to the desired voltage by use of an accelerator. In another embodiment, the ions are generated from
a gaseous source. In a preferred embodiment the ions are generated using an ECR source (Electron Cyclotron Resonance
Ion Source). The advantages of the ECR sources are reliability and ability to produce high current of multiple ionized
chemical species. ECR sources are can produce ion beams with high charge states (higher than 5+) of elements with
high atomic mass, such as Au, W, Kr, Ar etc. The acceleration of the ions can be achieved by use of a Van de Graff
generator or a tandem Van de Graff generator which can generate voltages in the tens of MV range. Magnets in the
accelerator system can be used to isolate ions with different charge states. The energy of the ion is determined by the
relationship, E(ion) = (1+g) eV, where g is the charge state of the ion. In general, the charge state of the ion is selected
based on the available terminal voltage of the accelerator and, the necessary particle energy needed to fully irradiate
the superconductor layer and desired particle current.
[0059] In a preferred embodiment, the ions are accelerated using a Pellerton charging chain to a voltage of 1 - 25
MeV. The advantage of this system is that it is more stable and compact than the Van de Graff or tandem accelerators.
[0060] In a preferred embodiment, ions with a charge state of 5+ are used with an accelerating voltage of 3MeV,
providing a particle energy of 15 MeV. In another embodiment, an accelerating voltage of 5 MeV can be applied to ions
with a 3+ charge state, generating a particle energy of 15 MeV. Other combinations of accelerating energies and particle
charges can be used to achieve the desired energies and particle currents.
[0061] Since the defect density affects the flux pinning and thus the critical current density at a given temperature and
applied field, it is important that the moving tape is uniformly exposed to the particle beam. In one embodiment, the
particle beam is shaped into a rectangular pattern with an aspect ratio of between 1.1:1 to 10:1 or 20:1. The longest
edge can be oriented perpendicular to the tape movement if the beam is wider than the moving tape by a factor of 2 or
more. In a preferred embodiment, the long direction of the rectangular beam is oriented parallel to the tape movement



EP 3 338 312 B1

10

5

10

15

20

25

30

35

40

45

50

55

direction and is rastered across the width of the moving tape. The width of the tape may be 1 cm or more preferably
between 40 to 200 mm. The particle beam can be rastered at a rate of 0 to 100 kHz and traverse a distance of 1 - 10
cm greater than the tape width. In a preferred embodiment, the particle beam dimensions, the raster rate of the particle
beam, the movement of the particle beam, the superconductor tape width and the tape speed through the particle beam
are selected to insure that the particle flux is uniform across the tape length and width.
[0062] In one embodiment, the tape can be passed through a particle beam multiple times to achieve the desired
dose. In a preferred embodiment, the desired dose is achieved with one pass through the particle beam. In an alternate
embodiment, the tape is passed through particle beams with different ions or the same ion with different energies in
order to produce different pinning structures or to optimize the pinning at different temperatures and magnetic fields. In
one embodiment, the tape can be passed through a particle beam with 15 MeV Au ions and through a second beam of
250 MeV Au ions to produce a combination of point defects from the lower energy particle beam and correlated defects
from the higher energy beam.
[0063] In one embodiment, the tape can be sectioned along its length after the irradiation process and the individual
strips laminated between two metal strips to form a composite superconducting wire.
[0064] In another embodiment, a copper layer is electroplated on the surface of the Ag after the irradiation is complete.
The copper can be deposited directly on the Ag layer by a standard electroplating process using a sulfuric acid based
copper plating solution. In one embodiment the copper is deposited on the HTS side of the tape. In a preferred embodiment,
the copper is deposited both on the surface of the HTS and the back side of the substrate. In one embodiment, the
thickness of the copper layer is in the range of 0.5 to 20 mm. In a preferred embodiment, the copper thickness is in the
range of 0.5 to 2 mm. In one embodiment, the copper plated tape can be sectioned along its length and the individual
strips laminated between two metal strips to form a composite superconducting wire.
[0065] The roll-to-roll irradiation process allows the uniform addition of randomly dispersed defects to a superconductor
with a pre-existing defect structure. This combination of defect structures in the superconductor layer may allow for
synergistic improvement in the pinning of enhancement in the superconductor layer. The irradiation process may be
employed to treat production-line YBCO coated conductors in a continuous process. According to one embodiment, the
irradiation process may be a continuous process utilizing a roll-to-roll or reel-to-reel system.
[0066] The increased critical currents of the HTS wires produced as a result of the irradiation process render them
especially suitable for use in applications subject to an applied magnetic field. The irradiated coated conductors may be
employed in motors, transformers, generators, high field magnetics, and solenoids.

EXAMPLES

[0067] A high temperature superconducting (HTS) wire containing a uniform dispersion of random point defects along
the entire length and width and a method for introducing these defects by a roll-to-roll process are described. The point
defects can be introduced into the fully formed HTS layer by exposing the HTS layer to an ion beam of a specific
composition, energy and particle current as the wire is moved from one a first reel to a second reel. The HTS wire made
in accordance with certain embodiments can carry a significantly larger critical current, over its entire length and width,
in the presence of magnetic fields of approximately 1 T and greater that are oriented primarily along the c-axis of the
superconductor.
[0068] In the following detailed description, reference is made to the accompanying drawings, which form a part thereof.
The illustrative embodiments described in the detailed description, drawings, and claims are not meant to be limiting.
Other embodiments may be utilized, and other changes may be made, without departing from the spirit or scope of the
subject matter presented here. It will be readily understood that the aspects of the present invention, as generally
described herein, and illustrated in the figures, can be arranged, substituted, combined, and designed in a wide variety
of different configurations, all of which are explicitly contemplated and made part of this disclosure.

Example 1

[0069] Continuous lengths of HTS insert strip, with a width of 46 mm, were produced with a Y(Dy)BCO film deposited
by metal-organic deposition onto rolling assisted biaxially textured substrates as illustrated in FIG. 9. The YBa2Cu3O7-δ
superconducting layer was Dy-doped and had a nominal thickness of 1.2 mm, calculated on the basis of a YBCO coating
of 7200 mg/cm2 and excluding porosity and Dy2O3. The bi-axially textured substrate consisted of a 75 mm thick Ni
(5at%)W alloy with 75 nm thick epitaxial layers of Y2O3, YSZ, and CeO2 on its surface. A silver layer of approximately
1-2 mm thickness was deposited on HTS surface and backside of the substrate. The sample was then oxygenated at a
temperature ≥400°C and a ∼ 1 mm thick copper layer was deposited on both surfaces. All process steps were carried
out using roll-to-roll manufacturing processes.
[0070] The 46 mm wide HTS insert strip was roll-roll-slit along its length into multiple strips with widths of 4mm or 10
mm. Short samples were cut from these strips to measure the critical current. The 4mm of 10 mm strips were laminated
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between two copper strips to form the standard composite HTS wire.

Example 2

[0071] The transport critical current of a wire prepared as described in Example 1 was measured as a function of
temperature and applied magnetic field. FIG. 10 shows the critical current as a function of temperature when the applied
magnetic field is oriented perpendicular to the surface of the taped shaped wire. FIG. 11 shows the transport current as
a function of the orientation of the applied magnetic field at multiple temperatures.

Example 3

[0072] A HTS wire was prepared as described in Example 1 except that after the slitting process to a 10 mm wide
strip, a short coupon (∼1 x 2 cm) was exposed to a 18 MeV Au5+ ion beam. The sample was kept in the Au5+ beam for
sufficient time to achieve a dosage of 6x1011 ions/cm2. A separate meter long section of the same 10 mm strip was
passed through the same static Au5+ beam by transporting it from a first roll to a second roll. The speed that the tape
was transported from the first roll to the second roll was adjusted such that the dosage of the moving tape was equivalent
to 6x1011 ions/cm2.
[0073] After the irradiation of the static and moving samples, the critical current of the samples was measured by a
magnetization technique and compared to the critical current of the sample that was not exposed to the 18 MeV Au5+

irradiation. FIGS. 12A and B show the critical current of the static and moving sample at about 30K as a function of the
magnetic field oriented perpendicular to the crystallographic c-axis of the YBCO, relative to the un-irradiated sample,
were essentially identical.

Example 4

[0074] A HTS wire was prepared as described in Example 1 except that after the oxygenation process, the 46 mm
strip was passed, using a roll-to-roll process through a beam of Au5+ ions with an energy having an energy of 18 MeV
as shown in FIG. 3. The particle current of the beam was 148 nA. The Au beam had dimensions of approximately 1 x
3.4 cm and was continuously rastered at a rate of 1 kHz across the width of the 46 mm strip. To insure the entire width
of the 46 mm strip was uniformly exposed to the Au5+ beam, the rastering covered a width of 65 mm.
[0075] The speed of the tape, moving from one roll to the other, was changed from 28.8 m/hr to 6 m/hr. Between each
of the speed changes, the Au5+ beam was blocked so that no Au5+ ions reached the tape.

Example 5

[0076] The 77K critical current, in self-field, was measured using a TapeStar instrument along the length of a tape
prepared as described in Example 4. FIG. 13 shows the critical current measured along the length along with the
corresponding ion flux during the roll-to-roll irradiation process. The critical current shows a decrease in value each time
the total dose of Au5+ ions is increased relative to the un-irradiated sections.
[0077] The transport critical current of the wire was measured at about 30K as a function the of magnetic field applied
perpendicular to the tape surface. FIG. 14 shows the critical current of the irradiated sections of the wire relative to the
un-irradiated sections. A maximum enhancement in the critical current was measured for the section exposed to a total
dose of ∼ 6 x 1011 Au ions/cm2.
[0078] A comparison of the enhancement in critical current measured at about 30K in a magnetic field oriented per-
pendicular to the crystallographic c-axis of the YBCO layer as a function of the irradiation dose in FIG 14 and the 77K,
self-field critical current as a function of the irradiation dose in FIG. 13 shows a correlation between the Ic enhancement
and 77K, self-field Ic.

Example 6

[0079] An approximately 80 meter length of 46 mm insert strip, prepared as described in Example 4, was irradiated
with a beam of Au5+ ions having an energy of 18 MeV to a dosage of 6 x 1011 Au/cm2 During the run, the beam particle
current was 128 nA and the tape transport speed was 7.2 m/hr. After the roll-to-roll irradiation, the 46 mm insert strip
was roll slit to multiple 4 mm wide slits. The critical current measured, at 77K in self-field, on a section of the 80 meter
long insert strip before the irradiation was about 375 A/cm-w. The 77K critical current, in self-field, was measured along
the length of one of the 4 mm strips after irradiation using a TapeStar instrument as described in Example 4. FIG. 16
shows the critical current was about 250A along the entire length of the 4 mm strip. The uniform decrease in the critical
current at 77K, self-field shows that the irradiation dose and hence defect structure was consistent along the length of
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the 80 meter strip.

Example 7

[0080] The transport critical current of a wire, prepared with the optimum exposure of Au ions as described in Example
4, was measured as a function of the temperature, the strength of the magnetic field and the orientation of the magnetic
field. FIG. 17 shows the critical current of the wire at 27K as a function of applied magnetic field for the field oriented
perpendicular to the wire surface. It also shows the critical current of wire, measured under the same conditions, made
as described in Example 1. It further shows that of the roll-to-roll irradiation of the wire produces an enhancement of
greater than a factor of two at applied magnetic fields of greater than approximately 1.5 T compared to an un-irradiated
wire.
[0081] FIG. 18A and FIG. 18B show the transport current of the wire made as described in Example 6 as a function
of the orientation of the applied magnetic field at multiple temperatures. The YBCO film included rare-earth oxide pre-
cipitates having the general formula RE2O3 where RE is a mixture of Y and Dy and diameters of several tens of nanom-
eters.

Claims

1. A method for producing a long length high temperature superconductor wire, comprising:

providing a substrate having a surface with a length of at least 50 meters and a width, the surface supporting
a biaxially textured high temperature superconducting layer, the biaxially textured high temperature supercon-
ducting layer having a length and a width corresponding to the length and width of the surface of the substrate; and
irradiating the biaxially textured high temperature superconductor layer with an ion beam impinging uniformly
along the length and across the width of the biaxially textured high temperature superconductor layer to produce
a uniform distribution of pinning microstructures in the biaxially textured high temperature superconductor layer;
wherein the step of irradiating includes moving the biaxially textured high temperature superconductor layer in
a continuous manner under the ion beam and wherein the ion beam is shaped in a rectangular pattern.

2. The method of claim 1, wherein the step of providing comprises:

disposing at least one buffer layer on the substrate;
forming the biaxially textured high temperature superconductor layer on the at least one buffer layer;
depositing a metallic protective coating on the biaxially textured high temperature superconductor layer; and
performing an oxygenation heat treatment to anneal the metallic protective coating and oxygenate the biaxially
textured high temperature superconductor layer; and
wherein the step of irradiating includes impinging the ion beam uniformly on the surface of the metallic protective
coating, or
wherein the rectangular pattern of the ion beam has an aspect ratio of between 1.1:1 to 20:1, or
wherein the rectangular pattern of the ion beam has an aspect ratio of between 2:1 to 10:1.

3. The method of claim 1, wherein a long edge of the rectangular pattern is oriented perpendicular to the length of the
biaxially textured high temperature superconductor layer, and wherein the beam is wider than the moving tape by
a factor of at least two.

4. The method of claim 1, wherein a long edge of the rectangular pattern is oriented parallel to the length of the biaxially
textured high temperature superconductor layer.

5. The method of claim 1, wherein the ion beam is rastered at a rate of 0 - 100 kHz and traverses a distance 1.0 - 10
cm greater than the width of the moving biaxially textured high temperature superconductor layer.

6. The method of claim 1, wherein the ion beam comprises a positively charged ion with energy in the range of 1 - 25
MeV, or
wherein the ion beam comprises one of Au ions with a charge of from 1+ to 8+, Ar or Xe ions with a charge of from
1+ to 10+, or
wherein the moving step includes moving the biaxially textured high temperature superconductor wire in a continuous
manner under the ion beam, at a rate of between 6 m/hr and 1000 m/hr.
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7. The method of claim 1, wherein the step of moving the biaxially textured high temperature superconductor layer in
a continuous manner under the ion beam includes moving the biaxially textured high temperature superconductor
layer under the ion beam a plurality of times.

8. The method of claim 7, wherein moving the biaxially textured high temperature superconductor layer high temperature
superconductor layer under the ion beam a plurality of times includes using a reel to reel process with the high
temperature superconductor wire being wound helically around the reels.

9. The method of claim 7, wherein, when the biaxially textured high temperature superconductor layer is moved under
the ion beam a plurality of times, each time the ion beam utilizes different ion particles and/or different energies.

10. The method of claim 2, wherein the irradiating step includes impinging on the metallic protective coating the ion
beam with an ion energy of 1 to 25 MeV,
wherein optionally the ion beam energy is selected to achieve substantially full penetration of the impinging ions in
the metallic protective coating and the biaxially textured high temperature superconductor superconductor layer.

11. The method of claim 1, wherein the beam has an ion beam current selected to prevent heating of the biaxially
textured high temperature superconductor layer to temperatures above about 300°C during the irradiation step.

12. The method of claim 11, wherein the moving biaxially textured high temperature superconductor layer is actively
cooled to maintain the temperature below 300°C.

13. The method of claim 2, wherein the metallic protective layer comprises Ag with a thickness of between 0.25 to 1.5 mm.

14. The method of claim 1, wherein the area of the biaxially textured high temperature superconductor layer irradiated
per minute is greater than 0.25 m2, or wherein the ion beam has an ion particle current of > 0.5 mA, or wherein the
width of the biaxially textured high temperature superconductor layer is between 4 mm to 200 mm, or wherein the
superconductor wire is configured as a single strip or as multiple strips along the length, or
wherein the ion beam impinges on the biaxially textured high temperature superconductor layer at an angle per-
pendicular to the surface of the biaxially textured high temperature superconductor layer, or
wherein the ion beam impinges on the biaxially textured high temperature superconductor layer at an angle of
between 0 and 75° from an axis perpendicular to the surface of the biaxially textured high temperature superconductor
layer, or
wherein the ion beam impinges on the biaxially textured high temperature superconductor layer simultaneously at
a continuous range of angles from 0 to 645° from an axis perpendicular to the surface of the biaxially textured high
temperature superconductor layer, or
wherein the pinning microstructures have a substantially uniform size, said
substantially uniform size of the pinning microstructures being optionally defined as at least 90% of the pinning
microstructures in a volume of the biaxially textured superconductor layer having a size of < 20 nm, or
wherein the biaxially textured high temperature superconducting layer has a thickness of greater than 1 mm, or
wherein the biaxially textured high temperature superconducting layer comprises a rare earth metal-alkaline earth
metal-transition metal-oxide superconductor layer having a material with the general formula: (RE)Ba2Cu3O7 where
RE is at least one rare earth metal.

15. The method of claim 14, wherein, when the biaxially textured high temperature superconducting layer comprises a
rare earth metal-alkaline earth metal-transition metal-oxide superconductor layer having a material with the general
formula: (RE)Ba2Cu3O7 where RE is at least one rare earth metal, RE comprises yttrium.

Patentansprüche

1. Verfahren zur Herstellung eines langen Hochtemperatur-Supraleiterdrahtes, umfassend:

Bereitstellen eines Substrats, das eine Oberfläche mit einer Länge von mindestens 50 Metern und eine Breite
aufweist, wobei die Oberfläche eine biaxial texturierte Hochtemperatur-Supraleitschicht stützt, wobei die biaxial
texturierte Hochtemperatur-Supraleitschicht eine Länge und eine Breite aufweist, die der Länge und der Breite
der Oberfläche des Substrats entsprechen; und
Bestrahlen der biaxial texturierten Hochtemperatur-Supraleiterschicht mit einem Ionenstrahl, der gleichmäßig
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entlang der Länge und über die Breite der biaxial texturierten Hochtemperatur-Supraleiterschicht auftrifft, um
eine gleichmäßige Verteilen von pinnenden Mikrostrukturen in der biaxial texturierten Hochtemperatur-Supra-
leiterschicht zu erzeugen;
wobei der Schritt des Bestrahlens das Bewegen der biaxial texturierten Hochtemperatur-Supraleiterschicht in
einer kontinuierlichen Weise unter dem Ionenstrahl umfasst, und wobei der Ionenstrahl zu einem rechteckigen
Muster geformt ist.

2. Verfahren nach Anspruch 1, wobei der Schritt des Bereitstellens Folgendes umfasst:

Anordnen mindestens einer Pufferschicht auf dem Substrat; Bilden der biaxial texturierten Hochtemperatur-
Supraleiterschicht auf der mindestens einen Pufferschicht;
Abscheiden einer metallischen Schutzschicht auf der biaxial texturierten Hochtemperatur-Supraleiterschicht;
und
Durchführen einer Sauerstoffanreicherungs-Wärmebehandlung zum Glühen der metallischen Schutzschicht
und zur Sauerstoffanreicherung der biaxial texturierten Hochtemperatur-Supraleiterschicht; und
wobei der Schritt des Bestrahlens das gleichmäßige Auftreffen des Ionenstrahls auf die Oberfläche der metal-
lischen Schutzschicht umfasst, oder
wobei das rechteckige Muster des Ionenstrahls ein Seitenverhältnis zwischen 1,1:1 und 20:1 aufweist, oder
wobei das rechteckige Muster des Ionenstrahls ein Seitenverhältnis zwischen 2:1 und 10:1 aufweist.

3. Verfahren nach Anspruch 1, wobei ein langer Rand des rechteckigen Musters senkrecht zur Länge der biaxial
texturierten Hochtemperatur-Supraleiterschicht ausgerichtet ist, und wobei der Strahl um mindestens den Faktor
zwei breiter ist als das sich bewegende Band.

4. Verfahren nach Anspruch 1, wobei ein langer Rand des rechteckigen Musters parallel zur Länge der biaxial textu-
rierten Hochtemperatur-Supraleiterschicht ausgerichtet ist.

5. Verfahren nach Anspruch 1, wobei der Ionenstrahl mit einer Rate von 0-100 kHz gerastert wird und eine Distanz
zurücklegt, die 1,0-10 cm größer ist als die Breite der sich bewegenden biaxial texturierten HochtemperaturSupra-
leiterschicht.

6. Verfahren nach Anspruch 1,
wobei der Ionenstrahl ein positiv geladenes Ion mit einer Energie im Bereich von 1-25 MeV umfasst, oder
wobei der Ionenstrahl eines von Au-Ionen mit einer Ladung von 1+ bis 8+, Ar- oder Xe-Ionen mit einer Ladung von
1+ bis 10+ umfasst, oder
wobei der Schritt des Bewegens das Bewegen des biaxial texturierten Hochtemperatur-Supraleiterdrahtes in einer
kontinuierlichen Weise unter dem Ionenstrahl mit einer Rate zwischen 6 m/h und 1000 m/h umfasst.

7. Verfahren nach Anspruch 1, wobei der Schritt des Bewegens der biaxial texturierten Hochtemperatur-Supraleiter-
schicht in einer kontinuierlichen Weise unter dem Ionenstrahl das mehrmalige Bewegen der biaxial texturierten
Hochtemperatur-Supraleiterschicht unter dem Ionenstrahl umfasst.

8. Verfahren nach Anspruch 7, wobei das mehrmalige Bewegen der biaxial texturierten Hochtemperatur-Supraleiter-
schicht unter dem Ionenstrahl das Verwenden eines Spule-zu-Spule-Prozesses umfasst, wobei der Hochtemperatur-
Supraleiterdraht schraubenförmig um die Spulen gewickelt wird.

9. Verfahren nach Anspruch 7, wobei, wenn die biaxial texturierte Hochtemperatur-Supraleiterschicht mehrmals unter
dem Ionenstrahl bewegt wird, der Ionenstrahl jedes Mal unterschiedliche Ionenteilchen und/oder unterschiedliche
Energien verwendet.

10. Verfahren nach Anspruch 2,
wobei der Bestrahlungsschritt das Auftreffen des Ionenstrahls auf die metallische Schutzschicht mit einer Ionene-
nergie von 1 bis 25 MeV umfasst,
wobei optional die Ionenstrahlenergie so gewählt wird, dass ein im Wesentlichen vollständiges Eindringen der
auftreffenden Ionen in die metallische Schutzschicht und die biaxial texturierte Hochtemperatur-Supraleiterschicht
erreicht wird.

11. Verfahren nach Anspruch 1, wobei der Strahl einen Ionenstrahlstrom aufweist, der so gewählt ist, dass ein Erwärmen
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der biaxial texturierten Hochtemperatur-Supraleiterschicht auf Temperaturen über etwa 300 °C während des Be-
strahlungsschrittes vermieden wird.

12. Verfahren nach Anspruch 11, wobei die sich bewegende biaxial texturierte Hochtemperatur-Supraleiterschicht aktiv
gekühlt wird, um die Temperatur unter 300 °C zu halten.

13. Verfahren nach Anspruch 2, wobei die metallische Schutzschicht Ag mit einer Dicke zwischen 0,25 und 1,5 mm
enthält.

14. Verfahren nach Anspruch 1,
wobei die Fläche der biaxial texturierten Hochtemperatur-Supraleiterschicht, die pro Minute bestrahlt wird, größer
als 0,25 m2 ist, oder
wobei der Ionenstrahl einen Ionenteilchenstrom von > 0,5 mA aufweist, oder
wobei die Breite der biaxial texturierten Hochtemperatur-Supraleiterschicht zwischen 4 mm und 200 mm beträgt,
oder wobei der Supraleiterdraht als ein einzelner Streifen oder als mehrere Streifen entlang der Länge ausgebildet
ist, oder wobei der Ionenstrahl auf die biaxial texturierte Hochtemperatur-Supraleiterschicht in einem Winkel senk-
recht zur Oberfläche der biaxial texturierten Hochtemperatur-Supraleiterschicht auftrifft, oder
wobei der Ionenstrahl auf die biaxial texturierte Hochtemperatur-Supraleiterschicht in einem Winkel zwischen 0 und
75° von einer Achse senkrecht zur Oberfläche der biaxial texturierten Hochtemperatur-Supraleiterschicht auftrifft,
oder wobei der Ionenstrahl auf die biaxial texturierte Hochtemperatur-Supraleiterschicht gleichzeitig in einem kon-
tinuierlichen Winkelbereich von 0 bis 645° von einer Achse senkrecht zur Oberfläche der biaxial texturierten Hoch-
temperatur-Supraleiterschicht auftrifft, oder
wobei die pinnenden Mikrostrukturen eine im Wesentlichen gleichmäßige Größe aufweisen, wobei die im Wesent-
lichen gleichmäßige Größe der pinnenden Mikrostrukturen optional als mindestens 90 % der pinnenden Mikrostruk-
turen in einem Volumen der biaxial texturierten Supraleiterschicht mit einer Größe von < 20 nm definiert ist, oder
wobei die biaxial texturierte Hochtemperatur-Supraleitschicht eine Dicke von mehr als 1 mm aufweist, oder wobei
die biaxial texturierte Hochtemperatur-Supraleitschicht eine Seltenerdmetall-Erdalkalimetall-Übergangsmetall-
Oxid-Supraleiterschicht enthält, die ein Material mit der allgemeinen Formel (RE)Ba2Cu3O7 aufweist, wobei RE
mindestens ein Seltenerdmetall ist.

15. Verfahren nach Anspruch 14, wobei, wenn die biaxial texturierte Hochtemperatur-Supraleitschicht eine Seltenerd-
metall-Erdalkalimetall-Übergangsmetall-Oxid-Supraleiterschicht enthält, die ein Material mit der allgemeinen Formel
(RE)Ba2Cu3O7 aufweist, wobei RE mindestens ein Seltenerdmetall ist, RE Yttrium enthält.

Revendications

1. Procédé de production d’un fil supraconducteur haute température de grande longueur, comprenant les étapes
suivantes :

utiliser un substrat présentant une surface d’une longueur d’au moins 50 mètres et une largeur, la surface
supportant une couche de supraconducteur haute température à texturation biaxiale, la couche de supracon-
ducteur haute température à texturation biaxiale présentant une longueur et une largeur correspondant à la
longueur et à la largeur de la surface du substrat ; et
exposer la couche de supraconducteur haute température à texturation biaxiale à un faisceau d’ions frappant
uniformément, sur toute la longueur et toute la largeur, la couche de supraconducteur haute température à
texturation biaxiale pour produire une distribution uniforme de microstructures d’ancrage dans la couche de
supraconducteur haute température à texturation biaxiale ;
dans lequel l’étape d’exposition inclut le déplacement de la couche de supraconducteur haute température à
texturation biaxiale de manière continue, sous le faisceau d’ions et dans lequel le faisceau d’ions est mis en
forme selon une configuration rectangulaire.

2. Procédé selon la revendication 1, dans lequel l’étape d’utilisation comprend les étapes suivantes :

disposer au moins une couche tampon sur le substrat ;
former la couche de supraconducteur haute température à texturation biaxiale sur l’au moins une couche
tampon ;
déposer un revêtement métallique de protection sur la couche de supraconducteur haute température à textu-
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ration biaxiale ; et
effectuer un traitement thermique d’oxygénation pour recuire le revêtement métallique de protection et oxygéner
la couche de supraconducteur haute température à texturation biaxiale ; et
dans lequel l’étape d’exposition inclut de frapper uniformément avec le faisceau d’ions la surface du revêtement
métallique de protection, ou
dans lequel la configuration rectangulaire du faisceau d’ions a un rapport d’aspect compris entre 1,1:1 et 20:1
ou dans lequel la configuration rectangulaire du faisceau d’ions a un rapport d’aspect compris entre 2:1 et 10:1.

3. Procédé selon la revendication 1,
dans lequel un bord long de la configuration rectangulaire est orienté perpendiculairement à la longueur de la couche
de supraconducteur haute température à texturation biaxiale, et dans lequel le faisceau est plus large que le ruban
en mouvement d’un facteur d’au moins deux.

4. Procédé selon la revendication 1, dans lequel :
un bord long de la configuration rectangulaire est orienté parallèlement à la longueur de la couche de supraconducteur
haute température à texturation biaxiale.

5. Procédé selon la revendication 1,
dans lequel le faisceau d’ions effectue un balayage de trame à une fréquence de 0 à 100 kHz et parcourt une
distance de 1,0 à 10 cm supérieure à la largeur de la couche de supraconducteur haute température à texturation
biaxiale en mouvement.

6. Procédé selon la revendication 1, dans lequel le faisceau d’ions comprend un ion chargé positivement d’une énergie
comprise dans la plage de 1 à 25 MeV, ou
dans lequel le faisceau d’ions comprend soit des ions Au ayant une charge de 1+ à 8+, soit des ions Ar ou Xe ayant
une charge de 1+ à 10+, ou
dans lequel l’étape de déplacement inclut le déplacement du fil supraconducteur haute température à texturation
biaxiale de manière continue, sous le faisceau d’ions, à une vitesse comprise entre 6 m/h et 1000 m/h.

7. Procédé selon la revendication 1, dans lequel :
l’étape de déplacement de la couche de supraconducteur haute température à texturation biaxiale de manière
continue, sous le faisceau d’ions inclut le déplacement de la couche de supraconducteur haute température à
texturation biaxiale sous le faisceau d’ions, une pluralité de fois.

8. Procédé selon la revendication 7,
dans lequel le déplacement de la couche de supraconducteur haute température à texturation biaxiale couche de
supraconducteur haute température sous le faisceau d’ions une pluralité de fois inclut le recours à un processus
bobine à bobine, le fil supraconducteur haute température étant enroulé en hélice autour des bobines.

9. Procédé selon la revendication 7, dans lequel,
lorsque la couche de supraconducteur haute température à texturation biaxiale est déplacée sous le faisceau d’ions
une pluralité de fois, le faisceau d’ions utilise à chaque fois des particules ioniques différentes et/ou des énergies
différentes.

10. Procédé selon la revendication 2,
dans lequel l’étape d’exposition inclut de frapper le revêtement métallique de protection avec le faisceau d’ions
d’une énergie ionique de 1 à 25 MeV,
dans lequel, éventuellement, l’énergie du faisceau d’ions est sélectionnée de manière à assurer une pénétration
sensiblement complète des ions incidents, dans le revêtement métallique de protection et la couche de supracon-
ducteur supraconducteur haute température à texturation biaxiale.

11. Procédé selon la revendication 1, dans lequel le faisceau a un courant de faisceau d’ions sélectionné de manière
à éviter de porter la couche de supraconducteur haute température à texturation biaxiale à des températures su-
périeures à environ 300 °C au cours de la phase d’exposition.

12. Procédé selon la revendication 11,
dans lequel la couche de supraconducteur haute température à texturation biaxiale en mouvement est activement
refroidie pour maintenir la température au-dessous de 300 °C.
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13. Procédé selon la revendication 2,
dans lequel la couche métallique de protection comprend de l’Ag selon une épaisseur comprise entre 0,25 et 1,5 mm.

14. Procédé selon la revendication 1,
dans lequel l’aire de la couche de supraconducteur haute température à texturation biaxiale exposée par minute
est supérieure à 0,25 m2, ou
dans lequel le faisceau d’ions a un courant de particules ioniques > 0,5 mA ou
dans lequel la largeur de la couche de supraconducteur haute température à texturation biaxiale est comprise entre
4 mm et 200 mm, ou
dans lequel le fil supraconducteur a la configuration d’une bande unique ou de bandes multiples sur toute la longueur,
ou
dans lequel le faisceau d’ions frappe la couche de supraconducteur haute température à texturation biaxiale à un
angle perpendiculaire à la surface de la couche de supraconducteur haute température à texturation biaxiale, ou
dans lequel le faisceau d’ions frappe la couche de supraconducteur haute température à texturation biaxiale à un
angle compris entre 0 et 75° par rapport à un axe perpendiculaire à la surface de la couche de supraconducteur
haute température à texturation biaxiale, ou
dans lequel le faisceau d’ions frappe la couche de supraconducteur haute température à texturation biaxiale simul-
tanément à une plage continue d’angles de 0 à 645° par rapport à un axe perpendiculaire à la surface de la couche
de supraconducteur haute température à texturation biaxiale, dans lequel les microstructures d’ancrage sont de
taille sensiblement uniforme, ladite taille sensiblement uniforme des microstructures d’ancrage étant éventuellement
définie comme au moins 90 % des microstructures d’ancrage dans un volume de la couche de supraconducteur à
texturation biaxiale ayant une taille < 20 nm, ou
dans lequel la couche de supraconducteur haute température à texturation biaxiale est d’une épaisseur supérieure
à 1 mm, ou
dans lequel la couche de supraconducteur haute température à texturation biaxiale comprend une couche de
supraconducteur métal du groupe des terres rares-métal alcalinoterreux-métal de transition-oxyde ayant un matériau
de formule générale : (RE)Ba2Cu3O7 où RE représente au moins un métal du groupe des terres rares.

15. Procédé selon la revendication 14,
dans lequel, lorsque la couche de supraconducteur haute température à texturation biaxiale comprend une couche
de supraconducteur métal du groupe des terres rares-métal alcalinoterreux-métal de transition-oxyde ayant un
matériau de formule générale : (RE)Ba2Cu3O7 où RE représente au moins un métal du groupe des terres rares,
RE comprend l’yttrium.
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