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. A superconducting magnet apparatus including:

a plurality of windings through which supercurrents can flow to
create a magnetic field;

current means for producing supercurrents in sald windings, said
windings being comprised of a supevrioiductive composition having a
transition temparature in excess of 26°K and having crystallographic planes
along which said supercurrents can flow, sald superconductive composition
exhibiting an anisotropy in maximum supercurrent such that said
supercurrents are maximum in a direction substantially parallel to saild
crystallographic planes, said planes being oriented substantially parallel

to the direction of the magnetic field produced by sald supercurrents in
sald windings.

21, A supercurrent structure, including:
a current source; and
a conductor for carrying electrical current from sald current

source, sald conductor being comprised of a high Tc superconducting
U /2
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(11) AU-B-16322/88 -2-

(10) 604119 _ _
composition exhibiting a current'an1sotropy wherein the amcunt. of
supercurrent that can flow in a first direction is greater than the amount
of supercurrent that can flow in a second direction substantfally
perpendicular to said first direction, said cbmposition being substantially
parallel to a direction of magnetic field produced by the supercurrent and
substantially parallel to the lewngth of said conductor so that the
supercurrent flow therealong is primarily in said first direction.

27. A supercurrent conductor comprised of a conductor having a
_%ength-alongrwhiéh a supercurrent can flow, said conductor being a high
Tc copper oxide superconductor including Cu-0 planes therein, said Cu-0
planes being substantially parallel to one another along the length of satd

conductor.
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HIGH CURRENT CONDUCTORS AND HIGH FIELD MAGNETS

SING ANISOTROPIZ SUPERCONDUCTORS e
%

BACKGROUND OF THE INVENTION

Field of the Invéntion

This invention relates to conductors and magnets foy

producing large magnetic fields, and mose particularly

' to such magnets employing anisotropic superconductors

where the field anisotropies in such superconductors are

utilized to provide improved designs.

Description of Related Art

Supercond¢ictors of many types are known in the prior
art, including bo elemental metals and compounds of

various types, such as oxides. The recent technical

breakthréugh reported by Bednorz and Mueller in Z. Phys.

B, 64, 189 (1986) was the first major improéement in a
superconducting materiaI;in the last. decade. The mate-
rials of Bednorz and Mualler exhibited‘critical transi-

tion temperatu‘res‘Tc that were substantially above the

¥0987-071 -1 '(a> "
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critical transition temperatures of materials previously
known. In particular, Bednorz and Mueller described
copper oxide materials inélvding a rare earth element,
or rare earth-like element, where the rare earth element
could be substituted for by an alkaline earth element
such as Ca, Ba, or Sr.

The work of Bednorz and Mueller has led to intensive
investigation in many laboratories in order to develop
materials having still higher TC. For the most part,
these high Tc oxida superconductors consist of compounds
of La, Sr, Cu, and O, or compounds of Y, Ba, Cu, and O.
A highlight of this activity was the attainment of
superconductivity at temperatures of about 95°K, as re-
ported by M.K, Wu et al and C.W. Chu et al, Phys. Rev.
Lett. .3, 908 (1987). Later, YlBaZCu307_X was isolated
as the superconducting phase of these Y-Ba-Cu-0 mixed
phase compositions, as reported by P.M. Grant et al,
Phys. Rev. B, and R.J. Cava et al, Phys. Rev. Lett., 58,
1676 (1987). These materials have a layered perovskite
struiture comprising two dimensional CuO layers which
are balieved necessary for the attainment of high tran-
sition gemperatures. Hidgka.;t al, Japanese J. Appl.
Phys. 26, L377 (1987) repo;fed upper c¢ritical field
anisotropies of 5 in single crystals of La

2_xBaxCUOA.

¥0987-071 -2 -



These superconducting materidals are generally termed
high Tc superconductors, and are materials having
superconducting transition temperatures greater than
2¢€°K. This class of superconductors includes Cu-0
5 planes separated by rare earth or rare earth-like ele-
ments and alkaline earth elements. The crystalline
structure of these materials is now well characterized

as reported in the above-cited technical papers.

High Tc superconductors of many forms have been prepared

10 n:°o°§ by a variety of techniques, including standard ceramic

00 o

o %6l processing of oxide, carbonate, nitrate, powders, etc.
90 oo

¢ % e° to form of bulk materials, vapor transport for deposit-
o oo
0 o

0s00° ing thin films, and plasma spray coating. A copending
000003 : .

°oe application of=P—Chaudhari—et=—al=S-N-=0275584—F1Fed |

15 Mareh 181987 and_ascignad—to—the—present=assignesy

¢ ot

o ¢ .

: e describes a technique for producing thin films of these
ea
[

‘e high Tc superconductors. Another copending application
A ;
tee :‘ -:\'-___‘“_ ¥ Eil"ed » : — i

describes a plasma
20 spray coating technique for depositing these high Tc
¢ tee .
cceees superconductors, More recently, epitaxial single crys-

< "

tal films have been repo?ted by P. Chaudhari et al in a

paper submitted to Phys. Rav. Lett.

Y0987-071 -3 -




« . " Thus, significant technical achievements have been made
in the science of superconducting materials in order to
provide materials which exhibit critical transition
temperatures above liquid nitrogen temperature (77°K).
However, applications of these materjials, being obvi-
ously desireable, have not yet been possible. As will
be seen; the invention herein is an application of these
materials to the design of'improved superconducting
magnets, and is based on a discovery of the present ap-
plicants that these high TC superconductors c¢an exhibit

a significant critical magnetic field anisotropy and

L4 ]
e %58 high critical currents.
- Q
o o
¢ Q4
:0000
]
“.e Superconducting magnets are known in the art, and are
[ eQ )
¢ a a
“°°°° conventionally used when large magnetic fields are to
Qeo0ooo0
§ ) . . * R
be produced. In fact, a great deal of speculation has
. oo occurred about the use of high 'I‘c materials for high
¢ ¢
¢ ¢
e oo field magnets for such diverse applications as nuclear
[ ¥
¢ o0 "
fusion, nuclear magnetic resonance (NMR) imaging, and
t  ¢o
i ¢ .
tee o vehicle propulsion systems. Generally, in order to
manufacture a useful magnet, the superconductor must
C e satisfy two criteria; (1) it must have a high upper
& .
cgress critfcal field H., so that the superconductor does not

e

lose {ts zero resistance due to the field produced in

the windings by the current through other windings, and

Y0987-071 - <4 - .
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(2) it must have a high critical current so that the
magnetic field it creates is large. With traditional
superconducting materials’ (i.e., non high TC materials)
the upper critical field is a composition-dependent
property. However, high criticsl current in the pres-
ence of large magnetic fields is very dependent on the
exact éreparation techniques used to manufacture the
material.  Thus, high crifical field and high critical
current are not necessarily related to one another.
Further, the initial studies on the new high Tc materi-
als indicated that they exhibited a very high critical
field but very low critical current. Thus, while the
desireability of using these materials in magnets was
apparent; it was not apparent that they could be suc-
cessfully employed to make a good superconducting mag-
net. Still further, how one would implement them to make

such a magnet was also not clear.

In their experimentation, applicants have discovered
that these high Tc materials exhibit a very large crit-
ical field anisotropy and also exhiibit a large critical
current density along preferreﬁ.directions. The nattre
of this” anisotropy is that these materials can support

large currents only in certain crystallographic planes.

By proper design of the magnet windings, the current'can

Y0987-071 =35 -
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be made to flow in the directions of large critical current, yet the field
from the windings lies in directions of high critical field. This design
will satisfy the two criteria previously described. Prior to the discovery
of this large field anisotropy and the possibility of large critical
currents, the dasign of an improved magnet was not possible. This was so
even though small upper critical field anisotropies had been observed in
some of these high Tc materials, as noted in the aforementioned Hidaka et
al reference.

Accordingly, it is a primary object of the present invention to
provirie an improved design for a superconducting magnet.

In accordance with one aspect of the present invention there is
disclosed a superconducting magnet apparatus including:

a plurality of windinygs through which supercurrents can flow to
create a magnetic field;

current means for producing supercurrents in said windings, said
windings being comprised of a superconductive composition having a
transition temperature in excess of 26°K and having crystallographic planes
along which said supercurrents can flow, said superconductive composition
exhibiting an anisotropy in maximum supercurrent such that said
supercurref:%s are maximum in a direction substantially parallel to said
crystallographic planes, said planes being oriented substantially parallel
to the direction of the magnetic field produced by said supercurrents in
said windings.

In accordance with another aspect of the present invention there is
disclosed a superconducting magnet, comprising:

a plurality of current-carrying windings, said windings being
comprised of high Tc superconducting materials having a supercondunting
phase therein exhibiting a critical transition temperature greater than
26°K, sa’d superconducting phase being characterized by an anisotropy in
critical current density and having a crystallographic structure including
two dimensional planes in which supercurrents flow, said superconducting
phase further exnhibiting critical magnetic field anisotropy such that the
critical field ch is greater in a direction substantially parallel to
sald crystallographic planes than it is in a direction substantially normal
to said crystallographic planes, sald windings being arranged so that said
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crystallographic planes are substantially parallel to the magnetic fieid
produced by supercurrents flowing in said planes; and

current means for providing said superconducting currents in said
windings.

In accordance with another aspect of the present invention there 1is
disclosed a superconducting magnet, including:

a plurality of windings for carrying supercurrents therethrough, said
sitnercurrents producing a magnetic field H, said windings being comprised
of a high TC superconducting composition exhibiting a critical magnetic
field anisotropy effect wherein the critical magnetic field ch required
to destroy superconductivity in said windings is greater in a first
direction than in a second direction, said superconducting composition
being further characterized by supercurrent density anisotropy and having
two dimensional planes in which said supercurrents flow to produce said
magnetic field H, the direction of maximum supercurrent flow being
substantially along said two-dimensional planes, the windings being
arranged in a geometry wherein said two dimensional current-carrying planes
are substantially paraliel to said first direction of saild critical
magnetic field ch; and

current means for providing an electrical current in said windings.

In accordance with another aspect of the present invention there is
disclosed a supercurrent structure, including:

a current source; and

a conductor for carrying electrical current from said current source,
said conductor being comprised of a high Tc superconducting composition
exhibiting a current anisotropy wherein the amount of supercurrent that can
flow in a first direction 1s greater than the amount of supercurrent that
can flow in a second direction substantially perpendicular to saia first
direction, said composition being substantially parallel to a direction of
magnetic field produced by the supercurrent and substantially parallel to
the length of said conductor so that the supercurrent flow therealong is
primarily in said first direction.

Other aspects of the present invention are also disclosed.

Summary of the Invention

Superconducting magnets are described in which the windings are

comprised of superconducting materials ex-

<3 E“efépl 19}430
% ,{_;‘
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hibiting critical field anisotropy, i.e., materials in
which the critical field ch is larger in one direction
than in another direction. 4 large magnetic field
anisotropy has been discovered in the high TC supercon-
ductors, and it has also been fcund that these¢ materials
are capable of carrying high critical currents. In the
practice of this invention, these. factors are utilized
to provide a design in which the current flows in the
directions of high critical current and pro&uces flelds
in the direction of high critical field. More specif-
ically, the magnet windings are arranged so that the
current direction through the windings is substantially
parallel to the direction having the largest critical
magnetic field. In particular, the current-carrying
planes ‘in these high Tc superconducting materials are
arranged to be parallel to the direction in which the
critical magnetic field ch is largest so that the mag-
netic field H produced by supercurrents in the windings
will be in a direction substantially parallel to the
direction of maximum ch, if the windings are arranged

as described in this invention.
The impfoved conductors and magnet windings can be com=-
prised of a plurality of single crystals oriented in the

same direction. Thin epibaxial films formed on flexible

Y0987-071 -8 -
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substrates are a particularly preferrad embodiment to
provide the magnet windings. Highly textured films,
textured polycrystalline éeramics, etc., can also be
utilized, A representative material for a superconduc-
tor winding in accordance with the present invention is
a film or crystals of Y18a20u307~x’ in which very large

magnetic field anisotropies and high critical currents

have recently been discovered,
These and otlier objects, features, and advantages will

be apparent from the following more particular de-

scription of the prefe:ired embodiments.

Brief Description of the Drawings

FIG., 1 schematically illustrates the directions large
super currents can flow in designater! crystallographic

planes of a high T, superconductor.

.

FIGS. 2A and 2B illustrate the field anisotropy effect
for these high Tc superconductors. In FIG. 2A, the
criticai'field H,, is small ina direction perpendicular
to the current-carrying planes, while in FIG. 2B the

critical field H_, is significantly larger in & direc=
Ca

Y0987-071 -9 -
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tion parallel to the current-carrying crystallographic
mlanes. This anisotropy difference is at least an order

of magnitude in some materials,

FIG, 3A illustrates the design of a superconducting
solenoid in accordance with the principles of the pres-
ent invéntion, wherein the curreng-carrying planes are
substantially parallel to the magnetic field produced
by the magnet, thereby providing & superior high field

magnet.

FIG, 3B more clearly shows the orientation of the
superconducting cturrent-narrying planes with respect to
the axlis of the solenoid and the magnetic field H

produced by current I in the solenoid windings.

FIG, 3C schematleally illustrates a portion of the

solenoid of FiG, 3A, and more specifically shows a plu-

‘rality of superconducting layers 20, separated by sup-

port material 22, which could ba stainless steel or

other structural material.

FIG, 4A schematically illustrates an inferior, alterna-
tive design for a superconducting solenoid, which does

not take into account the discoveries of the present

Y0987-071 - - 10 -
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invention. This design is characterized by a very low
critical magnetic field which lvads to poor performance

of the magnet,

FIG. 4B shows a portion of the windings of the solenoid
of FIG, %A, and more particularly illustrates the ori-
entation of the current-carrying .planes with respect to
the solenoid axis, and the magnetic field H produced by

the solenoid.,

FIG, 5A illustrates a refinement of the solanoid design
of FIG. 34 which compensates for the fringing oé the
magnetic field H at the ends of the solenoid, tha
crystallographic current-carrying planes being inclined
at the ends of the solenoid to be substantially parallel

to the fringing field.

FIG. 5B illustrates a layered structure which will tilt
the crystallographic current-carrying planes at the ends

of the solerioid.

FIGS. 6A-6C illustrate a magnecié toroid made in acs
cordance with the praesent invention, where FIG. 64
schematically shows the toreld and FIGS. 6B and 6C show

poctions of the interior of the towaid.

Y0987-071 « 11 -
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Dascription of the Preferred Embodiments

As. noted, this invention is directed to improved con-
ductors and supercondu~ting magnets having windings
comprised of superconducting material exhibiting a
critical magnetic field anisotropy, where the design of
the windings is such that the critical current through
the windings is miximum, thereby allowing the production
of large magnetic fields, This type of anisotropy is
present in high Tc supercoﬁductors such as the Y-Ba-Cu-0

systems described in the references hereinabove.

The field anisotropy effect is illustrated more partic-
ularly with respect to FIGS. 1, 2A, and 2B, A repre-
sentative high Tc macerial 1is YlBaZCu307~x’ A single
crystal of this material can be prepared by techniques
simildr to those used by Iwazumi et al, Jap. J. Appl.
Phys. 26, L386 (1987). = A sintered powder containing

three phasas Ylﬂa Cu,,0 Cu0, and BaCuO, 4and having a

277377=-x" 2
- " .. i I3 v M ’ o .
rominal composition of *O"SBaO.6lcuOQ.62 is formed in
4 pellet and fired in a slightly reducing atmosphere at
a75°C for 12 hours, During the 975°C soak, an oxidizing

atmosphere iz introduced to promote growth of the

Y,84,Cu,0

2040, crystallites alréady present in the parti-

Y0987-071 - 12 -
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¢ ampact. This'technique routinely produces highly

faceied crystals of high quality.

As grown, these crystalé typically display supercon-
ducting diamagnetic transitions in the 40-50K region.
Annealing in .lowing oxygen for extended periods at

450-500°C raises the transition temperatures to about

85°K.

aAs is known for these materials, Cu-0O planes exist which
are parallel to one another.and comprise the sy~.ercur-
rent carrying planes of the material. This is illus-
trated: in FIG. 1, wliere four such superconducting planes
10A, 10B, 10C, and 10D are illustrated. These Cu-0 basal
planes are planes substantially perpendicular to the
¢-axis of the crystal that ara separated by about 4
angstroms and are capable of carrying large critical
currents in the x-y directions in the C{u-0 planes.
Supercurrent conduction in the z direction perpendicular

to these planes is minimal.

.

FIGS. 2A and 2B illustrate the large critical field
anisotroby discovered in these materials. In FIG. 2A
the critical magnetic field ch is in a direction sub-

stantially perpendicular to the current carrying planes

Y0987-071 - 13 -
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10A-10D. In this case, the critical transition field
Hc’ in which the superconductor loses its zero resist-

=~

ance state is relatively low.

In contrast with the situation depicted in FIG. 2A, the
magnetic field orientation in FIG. 2B is parallel to the
Cu-0 current-carrying planes lOALHOD. This field can
be in eithgr the X or y direction, and the critical field
ch is very large, and can be an order of magnitude
higher critical field than.the critical field which re-

sults when the field is oriented perpendicular to the

current-carrying planes.

It has also been discovered that the high T, supercon-
ductor YlBazCu307_x can carry large supercurrent densi-
ties (approximately 3 106 A/cmz) in favorable
directions at 4,5°K, and that lafge SUpercurréiit carry-
ing capability can exist in moderate fields, as indi-=
cated in FIG, 2B, These factors are utilized in the
design of improved superconducting magnets, 4s will be
illustrated in FIG, 3A-6B, It is anticipated that with
improved processing these high aritical currents will

persist to higher temperatures as has been demonstrated

for films of these mécerials,

Y0987-071 = 14 -
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The superconducting magnets of this. invention have
windings which are constructed such that the magnetic
field produced by current in the windings is parallel
to the crystallographic planes which carry the super-
currents in these materials. If this design is fol-
lowed, the field produced by the windings will not
easily destroy the superconductivity, so that large
magnetic fields can be generated. An example of this
désign is illustrated by the solenoid of FIG. 34, a
portion of whicl, is shown. It will be understood by
those of skill in the art that the remaining portion of
the solenoid completes the current carrying path and is
generally circular about the axis A, FIG. 3B provides
more detai'~- of the windings and in particular the ori-
entation of the currsnt=carrying planes in the super=
conductors: compris.ing the windings. FIG, 3C is a
sectional view of a portion of the windings, illustriat-

ing their fabrication as oriented layers,

In more detail, solenoid 12 i§ comprised of & plurality
of windings 14, illustrated by the vertical lines which
are repgesentative of the current-carrying planes in a
high Tc superconductor material. The magnetic field H
produced by current I in the superconductive windings

is parallel te¢ the axis A of the solenoid and is more

Y0987-071 =15 -
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heavily concéntrated in the hollow core 16 of the
solenoid. Electrical current is provided by one ur more
current sources 17, as is ;ell known in the art. In
operation, the magnet would be immersed in liquid He or
N, or these liquids would be passed through tubes in the
structure in a manner well known in the art. When the
solenoid is providing a constant field, only very little
heat is produced. It is only when the field H is
changed. that a greater amount of heat will be produced.
The superconducting windings can also be clad with cop-
per, or some other thermally and/or electrically.
conductive material such as Ag, as is well known in the
art. High currents would flow into the copper cladding
when the field is cﬂanged, then would flow back into the

superconductors when cooling is achieved.

The vertical lines 14 in FIG. 3A represent the current
carrying planes of the superconductor coﬁprising the
magret windings. These windings are used to provide
circumferential currents in order to produce the axial
magnetic field H:. This field is most intense along the
hollow core 16 of the solenoid, and diminishes in a ra-
dial direction, as indicated by the arrows 18 of dimin-
ishing length measured in a radial direction from the

axis A.

¥2987-071 - 16 -
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FIG. 3B shows only two of the many Cu-0 supercurrent
conducting planes 14 which can be present in a single
layer or crystai of high fc superconductor, or in adja<
cent layers of such crystals. As is well known, the Cu-0
planes in these materials are separated from one another
by approximately 4 angstroms. As is apparent from FIG.
3B, these Cu-0 planes 14 are arranged substantially
parallel to one anurper and circumferentially about the
axis A of the solenoid. . Supercurrents I flow in the
planes 14 in a circumferential manner around the
solenoid. These supevcurrents produce a magnetic field
H which is parallel to the current carrying planes and
therefore the critical magnetic field is not exceeded
until the larger ch is reached. Since the amount of
critical gurrent that can exist in the Cu-0 planes can
be high, this allows the production of high magnetic
fields without a loss of supercondpctivity in the planes
14,

FIG. 3C schematically illustrates a plurality of super-
conducting material layers 20, separidted by support ma-
terial 22, which could be staiiless steel or another
materiai. The support maCeriglﬁ are flexible and can

be formed to provide the windings of the magnet, whure

the superconducting materigls 20 are deposited as

Y0987-071 =17 -
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epitaxial thin film layers. As an alternative, the

superconductive laygrs_ZO can be polycrystalline films
where the crystallites are substantially aligned to
provide the Cu-b superconducting planes in a directién
substantially parallel to the field H. These fabri-
cation techniques will be Qe5cribed in more detail

later.

~

"FIG. 4A illustrates another solenoid, except that the

design of the superconductive windings in this solenoid
is such that the critical magnetic field will be quite.
low, and at least an order of magnitude less than that
obtained with the geometry of FIG. 3A. In ordef to
contrast the designs of FIG. 3A and FIG. 4A, the sgme
reference numerals will be used to indicate_the same or
functionally.simila: components. Acéordingly, solenoid
24 of FIG. 4A is comprised of a piu;ality of current-
carrying planes_14-which are érranged circumferentiaily
around tﬁe hollow center portion.16 of the solenoid.
The magnetic field H prodnced by.current in the du~0'
planes is designated by tﬁe arrows H. The strength of
field H is maximum in the center pdrticn 16 of the
solenoid 24, and is difeéied along the axis of the

solenoid.

.
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The arrangement of the current-carrying CuTO planes 14
in the windings of the solenoid of FIG, AA;isa shown in
more detail in FIG. 4B, These Cu-0 current-carrying
planes are disposed horizontally so that the magnetic
field H is in a direction substantially perpendicular
to the current-carrying pianeg. Referring to FIG. 24,
this orientation of the current:barrying planes and the
magnetic field H leads to a situation where the magnetic
field produced by the Qindings is in the direction of
the lower ch. This means that the solenoid 24 of FIG.
4A cannot be used to produce magnetic fields as large
as ghose that éan be produced by the solenoid 12 of FIG.

3A.

In the'design of ?IG. 34, the field p;oduced By current
in the windings is in a direction that is parallel to
the‘cufrenﬁ-ca:rying planes, while in thz design of FIG.
4A the fiald is in a direction substantially perpendic-
ular to the currentfcarfying planes. Wﬁile these
structures show the extremes of the design consider-
ations, it will be appreciated by those of skill in the
art that, to the extent the field is substantially par-
allel to the current-carrying planés,; an improvement in
the amount of magnetic field tha% can be produced by the
solenoid will be achieved, Thus, even designs where the

.
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magnetic field makes an angle with the current-carrying
planes will provide some enhancement of the strength of
the magnetic field that can be produced. Since the easy
direction for the current is along the Cu-0O planes, it
is believed that some misalignment of the field H and.
the Cu-0 élanes can be tolerated, as can a misa'lgnment

of the Cu-U planes themselves. .

FIG. 5A illustrates a refinement of the solenoid design
of FIG. 3A which compensates for the fringing of the
magnetic field H at the ends of the solenoid. In order
to relate FIG. 5 to FIGS. 3A and 3B, the same reference
numerals will be used. Therefore, the superconducting
current-carrying plares 14 are arranged in a direction
substantial parallel to the magnetic field H'in the
center of the solenoid: This is a direction parallel
to the axis A of the solenoid. As was noted with respect
to FIG. 3B, the current-carrying planes 14 circumferen-
tially wrap around the solenoid,; being generally paral-
14l to the axis A. However, in order to have these
current-carrying planes be substantially parallel to the
magnetic field H at the end of the solenoid whare the
field H is distorted from a direction perfectly parallel
to the axis A, the superconducting material comprising
the windings of the solenoid is oriented such that the

.
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Cu-0 current-carrying planes ares tilted outwardly at the
ends of the solenoid, as is schematically illustrated
with respect to the planes ‘in rows 144, 14B, and 14C.
This i{s easily accomplished by using conventional tech-
niques wherein windings are stacked to make a solenoid,
the substrates on which tiie superconducting layers are
formed hgving a tapered width in the regions near the

end of the solenoid. Whrere=the=tindings—including
engrent-cgrring—y.las Hrds—tiB—and—t4E—are—i =

This is illustrated in FIG. 5B, where the substrates 32
have varying width so that the superconducting layers

34 are tilted somewhat from an axial direction,

LN .
¢ o
¢ LR
ee [ ]
‘e Yot As an alternative to the design of FIGS, 54, 5B, the
L0 e
Y windings toward the ends of the solenoid can be com-
L3 a0 .
o @ [} *
""° prised of copper or ancther material which lias a high
[ XX 3 X X}
t e current-carrying capability,
6o ©°o3
e 09 o B B .
KK A particular magnet design that is of significant ad-
e o046
vantdge, as for instance in the generation of fusion
¢ os :
I pawer, is a torofd. A toroid is a magnet that is par-
ticularly well suited for design in accordance with the
2‘0.‘. principles of the present invention, 4s will be illus-
¢
Trvess trated in FIGS. 6A, 6B, and 6C. The toroid 26 is a

generally donut-shaped magnet having an open inner por-

Y0987-071 - 21 -
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tion 28 and an annular, generally circular cross-
sectional opening 30 (FIGS. 6B, 6C) which extends around
the circumference of the toroid. The field H produced
by current I in the toroid is a circumferential field
which is maximum in the annular hollow portion 30. fhe
currents I are provided by current source 31 and flow
through windings wrapped around the toroid ring in
planes substantially normal to the axis of the hollow
annular portion 30. Toroid 26 can also be cocled by

liquid He or liquid N in known ways.

FIG. 6B is a cross-sectional view of the toroid 26 taken
LB

along line 6B-6q, and shows a portion of the toroid 26

of FIG, 6A, to further illustrate its geometry, In

particular, the annular opening 30 in which the maximum

magnetic field H is produced by the currents I, is shown.

FIG. 6C is an end view of the toroid of FIG, 6B and il-
lustrates the érrangement of the éu-O planes in the
superconducting mateyidal which allows maximum currents
to flow through the windings in oFder to maximize the
magnetic field produced by the toroid 26. 'The
superconductive material comprising the magnet windings
is deposited in such a manner tﬁat the Cu-0 current=
carrying planes 33 are oriented to provide windings

.
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whose axis is corncentric to the axis of the annular
opening 30. That is, the Cu-0 planes are disposed con-
centrically and parallel to the circumferential field H

in the hollow annulus 30.

While a particular example (YlBaZCu307_x) of a high Tc
conductor has been detcribed as an example of a material
exhibiting a large magnetic field anisotropy, the
superconductors that can be used for the magnet windings
of this invention can be fabricated from any supercan-
ductors exhibiting this critical field anisotropy, It
is known, for instance, that a large number of rare earth
ions can be substituted for Y in YlBaZCu307_y and the

composition will still maintain a high‘Tc and also the

anisotropy properties of the YlBaQCu material.

307~y
However, in order to make a high field superconducting
magnet, it is preferrable to have the critical field
anisotrophy exhibit a high value, such as 10 or more,
in order to maximize the magnitudes of the fields that
can be produced, Further, materials exhibiting high

critical currents are preferrable as these materials

will be able to provide larger magnetic filalds.

In particular, the invention can use high Tc supercon=

ductors which ¢an‘be fabricated to grient the Cu-0

Y0987~071 - 23 -
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current-carrying planes to take advantage of the large
critical field anisotropy. Fabrication of the super=-
conducting windings can uéilize single crystals,
epitaxial films, highly textuged films in which the Cu-0
planes are generally aligned, textured polycrystalline
ceramics having generally ordered crystallographic Cu-0
planes, or any other technique that induces the Cu-0
planes to orient parallel to one another. For example,
magnetic fields are commonly used to align magnetic do-
main patterns in magnetic films. Accordingly, yttrium
or another rare earth element can be totally or par-
tially replaced with a magnetic element such as
gadolinium or holmium without detracting from the
superconducting properties of the material. Since Gd
and Ho have strong magneatic properties, these properties
can be exploited to encourage the alignment of the mag-
netic ions and therefore, indirecucly align. the Cu-0
planes in a film of this superconducting material,
Further, since the radius of the superconducting
windings is very large in comparison with the
crystallite size in these materials, theé amotint of
bending, and therefore strain on the crystals, will be
very sﬁall and the alignments c¢an be dccomplished, For
example, the orientation of the Cu-0 planes can be ac-
complished as large 'green" sheets of superconducting

3
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material are being deposited. Alternatively, preferred
orientation may be promoted by pressure-assisted

densification, This alignment of the crystallograpli.s

current-carrying planes can also occur during the

annealing process or during deposition of the films.
Howeve;, even if the Cu-0 planes are somewhat tilted
with respect to one #nother, enhancement of magnet de-=
sign will -occur since the principles ~f the present in-
vention will still be exploited (although to a lesser
extent), That is, the general direction of current flow
in the superconductive windings will produce a field

st substantially in the direction of higher H ,.

While it is believed that current flow in these high T,
materials is.most likely along 2 dimensional planes, it
may be that there is some supercurrent conduction aloné
one dimensional Cu-0 chains, and that these
l-dimerisional chains play a role in the anisotropic
superconductivity, Orientation of the planes such that
the chains are along the direction of high supercurrent

flow may further enhance the critical surpercurrent,

While high T, superconducting materials such as Y-Ba~
Cu=0 and variations thereof are particularly suitable
materials {n the practice of this invention, Lt should

.

Y0987-071 - 25 -



10

15

be understood chat layered composite superconductors can
be fabricated to exhibit a critical field anisotroby
that czuld be exploited u;ing the principles c: the
present invention. For example, a layered superlattice
structure comprising a superconductive layer - novmal
metal layer - superconductive layer ... can be fabri-
cated with sufficient orientation® of the |
crystallographic planes to provide aligned pathways for
¢nrrent fiow in a direction‘parallél to the magnetic
field produced by the current flow in order to maximize
the amount of magﬁetic field that can be produced.

Further, it is known in the design of superconducsing

magnets that the magnetic rield strength is maximum in

tae center of the magnet and decreases in an outwardly

radial direction. In these magnets, the inner windings

- are often chosen to be nonsuperconducting materials

which can wiﬁhs:and the high magretic fields in the in-
terior of the magnet, while ﬁhe outer t1indings are the
Sﬁparcondﬁctive WiﬁdingS. Also, conventional magnets
ave made‘by‘fabricéting sections and stacking‘the
sections together to create the large magnet. These

apprraches can be used with the magnets of the present'

K

invention in order to facilitate fabrication and to

achieve very high magnetic fialds.

Y0987-071 - 26 =
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While the invention has been described with respect to
particular embodiments thereof, it will appreciated by
those of skill in the art that variations can be made
therein without departing from the spirit and scope of
the present invention. For example, differ:nt types.of
supercqnductive material can be utilizéd in additién to
those specifically referenced. The important features
are that the windings of the magnet are fabricated so
that the magnetic field produced by current flow in the
windings is in therdirection of high critical field in
order to maximize the amouﬁt of field that can bg
produced by the magnet. Another important feature is
that the crystallite planes ave oriented along the di-
rection that carries a large current. This in turn is
used to make an improved supercurrent conductor, as will

be explained later,

In the further practice of this invention, it should be
noted that these magnets can be operated over a very wide
temperature range, including temperatures down to liquid
kelium temperatures. For example, critical currents at

6 A/cm2 have been

4,5°K in the rauge of about 3 x 10
measured in the direction of Cu-0 planes in crystals of
YiBaZCu307_x. Combining the proper geometry utilizing

the critical field anisétropy in thasa materials with

Y0987-071 - 27 -
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operation at A.S°K,where the critical currents are
largest, will provide a magnet capable of producing ex-

tremely high magnetic fields.

In another aspect of this invention, the use of mixed
copper‘oxide materials of the types known in the art
lemewa as high TC superconductors provides magnets having
unique properties of anisotropy and critical current,
resulting in specialized magnets having superiog prop-
arties.

As was noted previously, the crystallite planes of these
high T, superconductors can be oriented along the di-

rection that carries a large current, Thus, if the

crystal grains of these materials are aligned to provide

this; & conductor can be fabricated wkizh will have the

capability of carrvine a large current, This conductor

‘can be fabricated as a wire,; tape, flat lead, etc. and,

if the current-carrying planes are substantially paral-
lel, the amount of current that is carried can be mors
than 30 times that which can be carried without this

orientation,

"
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The claims defining the invention are as follows:

1. A superconducting magnet apparatus including:

a plurality of windings through which supercurrents can flow to
create a magnetic field;

current means for producing supercurrents in said windings, said
windings being comprised of a superconductive composition having a
transition temperature in excess of 26°K and having crystallographic planes
along which said supercurrents can flow, said superconductive composition
exhibiting an anisotropy in maximum supercurrent such that said
supercurrents are maximum in a direction substantially parallel to said
crystallographic planes, said planes being oriented substantially parallel
to the direction of the magnetic field produced by said supercurrents in
said windings.

2. A magnet apparatus as claimed in claim 1, wherein a critical
field ch required to destroy the superconducting state in said windings
is larger in a direction substantially parallel to said crystallographic
nlanes than in a direction substantially normal to said crystallographic
planes.

3, A magnet apparatus as claimed in claim 2, wherein the critical
magnetic field ch parallel to said crystallographic planes is at jeast
about an order of magnitude greater than the critical magnetic field ch
perpendicular to said crystallographic planes.

4. A magnet apparatus as claimed in claim 2 or 3, wherein said
superconducting composition is a member of the oxide system Ln-Ba-Cu-0,
where Ln i1s a lanthanide element.

5. A magnet apparatus as claimed in claim 4, wherein said
composition includes a magnetic ion.

6. A magnet apparatus as claimed in claim 1, 2 or 3, wherein said
superconductive composition is a mixed copper oxide having a layer-like
structure.

7. A magnet apparatus as claimed in any one of the preceding
claims, wherein siald crystallographic planes are two dimensional Cu-O
planes.

8. A magnet apparatus as claimed in any one of the preceding
claims, wherein said apparatus has a solenoid geometry.

o b e —
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9. . A magnet apparatus as claimed in any one of claims 1 to 8,
wherein said apparatus has a toroid geometry.

10. A superconducting magnet, comprising:

a plurality of current-carrying windings, said windings being
comprised of high Tc superconducting materials having a superconducting
phase therein exhibiting a critical transition temperature greater than
26°K, said superconducting phase being characterized by an anisotropy in
critical current density and having a crystallographic structure including
two dimensional planes in * ‘ch supercurrents flow, said superconducting
phase further exhibiting critical magnetic field anisotropy such that the
critical field ch is greater in a direction substantially parallel to
said crystallographic planes than it is in a direction substantially normal
to said crystallographic planes, said windings being arranged so that said
crystallographic planes are substantially parallel to the magnetic field
produced by supercurrents flowing in said planes; and

current means for providing said superconducting currents in
said windings.

11, A magnet as claimed in claim 10, wherein said superconducting
composition is a mixed copper oxide composition.

: 12, A magnet as claimed in claim 11, wherein said mixed copper oxide
composition includes an element selected from the group consisting of rare
earth and rare earth-1ike elements and an alkaline earth element.

13. A magnet as claimed in claim 10, wherein said superconducting
composition {s an oxide in the general system Ln-Ba-Cu-Q where Ln is a
lanthanide element, including Y.

14, A magnet as claimed in any one of claims 10 to 13, wherein ch
in a direction parallel to sald crystallographic planes is at least an
order of magnitude greater than ch in a direction perpendicular to said
crystallographic planes.

15, A magnet as claimed in any one of claims 10 to 14, wherein said
superconducting composition includes a magnetic element.

16. A magnet as claimed in any one of claims 10 to 15, wherein said
windings are arranged to form a solenoid. '

17. A magnet as claimed in any one of claims 10 to 15, wherein said
windings are arranged to form a toroid.
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18. A superconducting magnet, including:

a plurality of windings for carrying supercurrents therethrough,
sald supercurrents producing a magnetic field H, said windings being
comprised of a high Tc superconducting composition exhibiting a critical
magnetic field anisotropy effect wherein the critical magnetic field ch
required to destroy superconductivity in said windings is greater in a
first direction than in a second direction, said superconducting
composition being further characterized by supercurrent density anisotropy
and having two dimensional planes in which said supercurrents flow to
produce said magnetic field H, the direction of maximum supercurrent flow
being substantially along said two-dimensional planes, the windings being

-arranged in a geometry wherein said two dimensional current-carrying planes

L

T ¢ ¢
L2 3

* o0

L)
LI X

are substantially parallel to said first direction of said critical
magnetic field ch; and

current means for providing an electrical current in said
windings.

19. A magnet as claimed in claim 18, in which said crystallographic
current-carrying planes are substantially parallel to the magnetic field
produced by supercurrents in said windings.

20. A magnet as claimed in claim 19, wherein satd superconducting
compos1t1on s comprised of an oxide of a transition metal, said
composition being crystalline and having a layer-1ike structure.

21, A supercurrent structure, including:

a current source; and

a conductor for carrying electrical current from said current
source, sald conductor being comprised of a high Tc superconducting
composition exhibiting a current anisotropy wherein the amount of
supercurrent that can flow in a first direction {s greater than the amount
of supercurrent that can flow in a second direction substantially
perpendicular to said first direction, sald composition being substantially
parallel to a direction of maghetic field produced by the supercurrent and
substantially parallel to the length of said conductor so that the
supercurrent flow therealong is primarily in sald first direction.

22, A structure as claimed in claim 21, wherein said conductor is
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comprised of a crystalline superconducting composition having
crystallographic current-carrying planes therein along which maximum
supercurrents can flow, said current-carrying planes being substantially
parallel to one another along the length of said conductor.

23. A structure as claimed in claim 21, wherein said superconducting
composition is comprised of a mixed copper oxide having 2 dimensional Cu-O
planes therein along which maximum supercurrent can flow, said planes being
substantially aligned with one another along the leng:h of said conductor.

24, A structure as claimed in claim 21, wherein said superconducting
composition includes a transition metal oxide which is multivalent, said
composition having a T, greater than 26°K,

25. A structure as claimed in any one of claims 21 to 24, wherein
the amount of supercurrent flow in said first direction is at least 10
times the amount of supercurrent flow in said second direction.

26. A supercurrent structure comprised of:

a current source for providing electrical current;

a substrate; and

a conductor on said substrate for carrying said electrical
current, said conductor including a high T, copper oxide superconductor
exhibiting an anisotropy in maximum supercurrent therethrough and having
Cu-0 planes therein defining the direction of maximum supercurrent in said
copper oxide superconductor, said superconductor being oriented along its
length with said Cu-O planes being substantially parallel to said
substrate.

27. A supercurrent conductor comprised of a conductor having a
length along which a supercurrent can flow, said conductor being a high
T, copper oxide superconductor including Lu-0 planes therein, said Cu-0
planes being substantially parallel to one another along the length of said
conductor.

28, A supercurrent conductor comprised of a crystalline high TC
copper oxide superconductor having crystalline grains therein, each said
grain having Cu-0 planzs, sa** grains being oriented such that the Cu-0
planes In said grains are § :antially parallel to one another along the
length of said conductor, supercurrent flow along said conductor being
substantially along said Cu-O planes.
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29. A supercurrent conductor, including:

L crystalline high Tc superconductor having supercurrent
anisotropy and having Cu-O current-carrying planes therein, said Cu-0
planes being oriented along the length of said conductor such that the
primary current flow path along said conductor is along said Cu-O planes.

30. A superconducting magnet apparatus substantially as described
herein with reference to Figs. 3A, 3B and 3C, or, Figs. 4A and 4B, or,
Figs. 5A and 5B, or, Figs. 6A, 6B and 6C of the drawings.

31. A supercurrent conductor substantially as described herein with
reference to Figs, 1 and 2A, or Figs. 1 and 2B of the drawings.

DATED this SIXTH day of AUGUST 1990
International Business Machines Corporation

Patent Attorneys for the Applicant
SPRUSON & FERGUSON
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