-1- .Qur reference: 15716. New International Patent Application Gesellschaft
fuer Schwerionenforschung nbH Description Superconducting cable and net hod
for the production thereof The invention relates to a superconducting hol | ow
cabl e having an outer tube which has a circular inner cross-section and,
consequently, a cylindrical inner wall. In addition, the superconducting
hol | ow cabl e has a central cooling chaﬂnel of a ci rcuI ar cross-section that
is smaller than the inner cross-section of the outer tube. Arranged between
the inn uter tube and the cooling channel are profiled

super con %r\tq?%rerg\ncerigfmowch profiled superconducting wires conprise at
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Cross- sec(géég] haﬂrf & 3 GulioferlfEdciimNfp@ds known for Roman stone bridges or
for gro a'e'r‘co'r?guwr ng cabl es having a cross-sectional
proflle of a key stone are known fromthe publication US 6,675, 623 B2.
Further phédfriptioh i s US 2003/0024 730. The known key-stone-shaped

super conducting cabl es consist of superconducting wires of round
cross-section stranded with one another and, after stranding, they are given
a trapezsupbaborsdmmgwidﬂmeah@naétﬁo@forﬂhefﬁrbémﬁidﬂhbﬁécﬁ- The structure of a
super conducti ng holl ow cabl e of the Nuclotron type having round (standard
variant, Figure 16) or profiled (inproved Nuclotron cable, Figure 17)
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Profiled superconducting cables having a cress-sectional profile of a key stone are
known from the publication US 6,675,623 B2. Further prior art is US 2003/0024 730.
The known key-stone-shaped superconducting cables consist of superconducting wires
of round cross-section stranded with one another and, after stranding, they are given a
trapezoidal shape with the aid of profiling rollers.

The structure of a superconducting hollow cable of the Nuclotron type having round
(standard variant, Figure 16} or profiled (improved Nuclotron cable, Figure 17)
superconducting wires is known from the publication "Design and test of new hollow
high current NbTi cable for fast ramped synchratron magnets” Proc. EUCAS 2003,
Sorrento, September 2003, H. Khodzhibagiyan et al.. In the case of the known hollow
cable, first a cooling channe! is formed by means of providing a compact metallic inner
tube of CuNi. Superconducting wires profiled in the longitudinal direction and having a
key-stone-shaped cross-section are placed or wound on the outer wall of the inner tube.
In order to fix the superconducting wires on the compact inner tube, NiCr wires are
wound around the outside of the superconducting wires radially or in a helical
arrangement. A Kapton tape wound over the NiCr wires forms a protective outer jacket.
A fibreglass tape wound around the outer jacket ensures that the superconducting
hollow cable is electrically insulated.



hol l ow cable is electrically insulated. -2- A superconducting hollow cable
that . s so structured has the advantage, anongst others, of being able to
conpensate for high dynam c | oads as occur as a result of the Lorentz
forces in fast-pul sed magnets and hi gh magnetic fields. The heat sources
brought about by those pul sating fleld? by neans of eddy currents,
hysteresis cycles, nechanlcal stress fiel ds and ot her external influences

(e.g. ion beans) can, continuous operation, be very effectively cool ed
by th Th
oy L AR Sy 15 SRR S, T

smooth s Lnth%réeof beindoatde to wr@erlsahedglgimglu:dymﬂtnlc tsida e ontwred awestit ottheonal
resi st anogyrai fordeein rfé'étl&i%d%é@@t&é&ﬁ@gﬁ ﬁmgﬁ&ﬁh fidlid Rfie heBr Mipas helium

stream In addition super con wres are arranged absolutely

symretri ctapvghtaﬁautat}véhowwweﬁﬁdy bwrmans.oaeﬁ@y edrentphdvaierasip @sledi ti ons, as

a resul t qéchaiicahstetagrialRtdna i exieh@hlﬂ‘fflhéhdé%'(e%ufoh%n%ﬁ camn cable with
| ect romagnetc e extent. This

QP f;ﬁSZ'ne%"?Wwﬂ?@e 'Ber%méﬁﬁﬁg( @W#‘B%@F%Q@Y'P%gm 9b¥1wrtwt;ab| e
i nduct i vithy cemgactomree quenThy rélitiiesr Ia@blcﬁdssaée%ﬁon of thé(iumfpaaﬂnrﬁér t@ll:h# ener gy

b pr odudch Gus.g BB et kB a I GriatPle RO B PUNRMPewtel pur Lo

regi me buesistahbe andascondingtyoa b\naorekmrgém@mﬂmt\mfphaselhehumetreamrIgy whi ch has

to be del éo‘ﬁﬂfoﬁdall fﬂe@bgﬁcéﬁéﬂﬁ:ﬂﬁ%‘:ﬁrgs P%aérra gh %ﬁ§ol8§ef%ﬁ{ntletﬂgél HSQT? In that

case, a continuous h he
f ast est pmgewe@ﬂhdatﬂertldqwgaleqpefaimgwentmh@ns eapaewltyofmrhqut@gnadatlgmof cool i ng

the superggRAG bLﬁl’%ﬁt"'ofﬁl% daBle Vg .m;ﬂebg.ﬁg eﬁo@%cuéao% B bigd fpaght . For

that task, the known | ow cabl es of as shown i n Figure 14
wer e deve‘{etﬁlblé‘éﬂ ’Fﬂ%ever, because those cables also increasingly have to
overconme hi gher nechani cal and thernal | oads in practical use, further

devel op t t her eof | ted in rrent cable of the CICC type
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helium in the outer cooling circuit and with two-phase heliumin the
central cooling channel. That conplicated structure not only has technical
and, t heraiaiher cabledype isf ngenerahgprefdirsddhan ttegasl dystemafode @wrotwoedtis natl | y gi ves

rise to qn{eﬂgé‘c? ?odbea&?é’rgtgﬁ irf i re%?ém&? ?a%it-b%s&ﬁ regime but rather has to store a
large amount of inductive energy which has to be delivered in high stochastic heat
pulses of short duration. In that case, a continuous high cooling performance is
secondary whereas the fastest possible heat transfer to the heat capacity of the helium
cooling the superconducting wires in the millisecond range is primarily sought. For that
task, the known hollow cables of the CICC type as shown in Figure 14 were developed.

However, because those cables also increasingly have to overcome higher mechanical
and thermal loads in practical use, further development thereof resulted in a high-
current cable of the CICC type having as a result of additional constructional elements,
complicated cocling with two basically different cooling circuits with supercritical helium
in the outer cooling circuit and with two-phase helium in the central cooling channel.

That complicated structure not only has technical and, therefore', cost-influencing
disadvantages but also automatically gives rise to a reduced average current density of
the hollow cable. A cable of such a kind in accordance with the present prior art is
shown in Figure 15 and is known as a POLO cable (see, for example, "CHATS", FzK,
Karlsruhe, September 2002, L. Bottura ef al.}. It represents the starting point for the
invention explained hereinbelow.



the holl ow cable. A cable of such a kind in accordance with the present
prior. art is shown in Figure 15 and is known as a PO.O cable (see, for
exanpl e, "CHATS', FzK, Karlsruhe, Septenmber 2002, L. Bottura et al.). It
represents the starting point for the invention explained hereinbel ow -3-
The problemof the Invention is to overcone the disadvantages in the prior
art and to provide a superconducting "H6l | ow cabl e whi ch nmakes possi bl e
i ntensive cooling of the superconducting conponents and, in addition, makes
avai l able a high current density for a hollow cable of the CICC type with a
conpact and nechanically stable structure for the hollow cable. Solutions
are to belhs prebldedofdke troehtinm is reodreauie thet digpeilyathgesia tRk @G r arhdvdstowi t h
respect t | ar ge
P Bé’ as Eér%amucft ﬁg \J&*@% éf')ﬁrh{t]:ﬁ k%gga%%lgﬁﬁéﬁé?\%ecc}oﬂggoy@léy 9

extent an OMIt vant es can as far as
possi bl e, Supﬁrcoadu@mgﬁp@ﬁaeml@emIngdwmam mk@aweﬂabﬁw@ i@#hatirrent density| ved by

the subj e} 2 FBiidvEEatM of R mo@e:p@mm cﬁhﬁh&%nd"?ﬁ'é@'&h%!lﬁpé@ble@?rM&h%DfBPnt s

ari se out of Hh dependent clains. In accordance wt he 1 nvention

hol I ow calfif 8ol ekl LRbHIORR PERtoREPraKder peto haypthe m%aﬁva@taae%pfrtealcaetl nner

Cross- segéawwmtéspeayb tHedddbfadf thé NREIotheth typelcan beeveRBHeto @f vehhBIrge
super con

hol able t s arra central _coolin channel of
a pol ygon t@ﬂd @PWéﬁ? aﬁva@ﬁgeg 0288’9“. Q?HOWPEI%%'F?SS%HIH oS {35238 ppﬁg bleqRer
Cr 0Ss- secd hewm sopertdreluetitigeholiowbemble. Ar r anged between the inner wall and the
cooling channel are profiled superconducting wres. These profiled
superconducting wires have at | east one superconducting filanment (usually
in a Cu nehe preblenHastived b the subjest-matter ofthd indepaidant clagnh #deaitageous
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profil ed superconducting wres have an outer region of curvature which is
mat ched to the circular inner cross-section of the outer tube. Fur t her nor e,
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profile of a key stone,

The cross-sectional profile of the profiled superconducting wires have an outer region of
curvature which is matched to the circular inner cross-section of the outer tube.
Furthermore, the cross-section of the profiled superconducting wires have an inner
region of curvature which is in turn matched to the circular cross-section of the cooling
channel. Finally, the cross-sectional profile has side edges which are oriented profiled
towards the centre-point of the cooling channel. The profiled superconducting wires are
accordingly arranged on the inner wall of the outer tube and their inner regions form the
cooling channel of the superconducting hollow cable.

in summary it can be mentioned that the superconducting cable has three main
elements, which have the following advantages. First, the superconducting filaments are
minimised, as a result of which the Meissner effect and the alternating current losses
are minimised. Second, as large a number of filaments as possible is embedded in a
metallic matrix which mechanically stabilises the filaments and ensures a high degree of
heat conduction. Third, a number of superconducting wires are combined and



In summary it can be nmentioned that the superconducting cable has three main
el ements, which have the foll ow ng advantages. First, the superconducting
filaments are mnimsed, as a result of which the Meissner effect and the
alternating current |osses are mnimsed. Second, as |arge a nunber of
filaments as possible is enbedded in a, netallic matri x which nmechanically
stabilises the filanents and ensures a4h|gh degree of heat conducti on.
Third, a nunber of superconducting wires are conbi ned and -4- mechanically
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cont act ?SHF'BQ)frBWéQ%?ﬁ"SE”H "f"l‘i‘é’ %Weﬂbélﬁ FWCO@P@?%@B'P%C“WSFE% st ance

to flow Imznhéﬁammalgeghﬁ&ﬁamrkh%%eetndﬁofqmad;cslmg@hhmemdngst Muhaat
capacity of the small anpun ercritical o, that the

ey bl i Biann 8 e Piw Bh RS SPina R et ens BTsdl AgTedsSt oY nuant | o
are nuch cayrienhctieved. Altdrnbtively, thait adeitdrml {red oslumeeah ausl sedtiliasdifor Gamgernuous

|l oadi ng) . SL]I;)he?COS uc ntgrvbipe%l and, consequently, for a higher average current density.
Finally, the cooling medium, or cooling channel, is in direct contact with the profiled
superconducting wires. Even though that contact is also present in the above-described
CICC cables, the resistance to flow in the cooling strands therein is considerable and
the heat capacity of the small amount of supercritical helium is limited so that the
cooling effects achievable with the hollow cable according to the invention are much
greater in all time intervals (short heat pulses and continuous loading). The symmetrical
arrangement of all superconducting wires ensures that the cable as a whole has
additional stability against thermal pulses, as described above for the Nuclotron cable.
From the cryotechnical point of view, the now dramatically simpilified cooling, compared
to the starting point, constitutes a decisive advantage because this means that two
cooling circuits, and indeed two qualitatively different cooling circuits, are no longer
required and cooling performance is improved by orders of magnitude in all time scales

(pulse operation to constant continuous operation).

The profiled superconducting wires are arranged so tightly on the inner wall of the outer
tube of the superconducting hollow cabie by means of their outer regions of curvature
and with their radially oriented side edges adjacent to one another that at all operating
temperatures of the superconducting hollow cable they maintain a central cooling



arrangenment of all superconducting wres ensures that the cable as a whole
has additional stability against thermal pul ses, as described above for the
Nucl otron cable. Fromthe cryotechnical point of view, the now dramatically
sinmplified cooling, conpared to the starting point, constitutes a decisive
advant age because this means that two cooling circuits, and indeed two
qualitatively different cooling CIFCUIBS are no longer required and
cooling performance is inproved by ordéers of nagnitude in all time scales
(pul se operation to constant continuous operation). The profiled
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cabl e, snnmbepanQM'hﬂm&ﬁdﬂﬁnence in length 1 between the outer and inner
regi ons of curvature of an individual profiled superconductor. In this
context, I=2(ra-rjIn, n being the nunmber of profiled superconductors
distributed on the inner wall of tlfe2&ur&n, tube, ra being the inner radius
of the outer tube and rl being the inner radius of the flom1 channel .
Because the length Il k of apn outer curvature radjus i,n and the
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and the length [l of the inner region of curvature of a profiled superconductor
k=2,

the following conditions must be satisfied at all operating temperatures of the
superconducting hollow cable:

n-s< lor

n-s <=l
and accordingly the condition is to be met
s < 2(r, - )’

so that the central cooling channel is maintained. Accordingly the number of profiled
superconducting wires is dependent on the manufacturing tolerance and must, where
necessary, be kept as small as possible in order that the resulting gap width s can be
allowed in the case of large tolerances. In general, in order to reduce the influence of
eddy currents, the two main dimensions of the cross-section of the profiled



nS < lak - Ik and accordingly the condition is to be nmet s<2(ra-rj)1n2.

so that the central cooling channel is maintained. Accordingly the nunber of
profi:l ed superconducting wires is dependent on the manufacturing tol erance
and nust, where necessary, be kept as small as possible in order that the
resulting gap width s can be allowed in the case of |arge tolerances. In
general, in order to reduce the influence of eddy currents, the two main
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allowable gap width s, that offset, of a magnitude v, results in the value
s<({ 1+v)n.

The accompanying Figures 2 and 4 show two embodiments of profiled superconductors
having profiled side edges and the respective offset of magnitude v.

In a further embodiment of the invention, the outer tube is of two layers. A first layer
comprises one or more tensioning wires wound in a helical arrangement around a
bundle of superconducting profiled wires. A second layer comprises an electrically
insulating and hermeticétly sealing outer layer, This tensioning wire solution has the
advantage that superconducting hollow cables of any desired length can be produced

continuously.

In a further embodiment of the invention, the profiled superconducting wires comprise
stranded or twisted superconducting filaments. Examples of embodiments of such
profiled superconducting wires are shown in the further Figures 6, 7 and 8 and are
explained later. The superconducting filaments are provided with a ductile metallic core
and a ductile metaliic jacket so thaf that the superconducting wires are accessible to
profiling shaping. For the purpose, the profiled superconducting wires comprise a
metallic matrix (having a metallic core or centre, usually of Cu) and, for reducing eddy
currents, optionally additional high-resistance intermediate layers, for example of CuNi



advant age that superconducting holl ow cabl es of any desired | ength can be
produced continuously. In a further enbodi nent of the invention, the
profil ed superconducting wires conprise stranded or tw sted superconducting
filaments. Exanpl es of enbodi ments of such profiled superconducting wres
are shown in the further Figures 6, 7 Qnd 8 and are explained later. The
superconducting filanents are provided'with a ductile netallic core and a
ductile netallic jacket so that that the superconducting wires are
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made fr oncappeebddds andomayoomprise additions of lead oxides, comprlse up to 90 %
superconducting orthorhombic material, which can be processed into profiled
superconducting wires.

The outer tube of the superconducting hollow cable is made from a metallic or non-
metallic material, such as a CuNi alloy, stainless steel, GFRP or organic material and
can have a circular, square or trapezoidal externalt contour or any other shape required.
The outer tube in gquestion can be wound in appropriate Kapton tapes and/or fibreglass
tapes for electrical insulation. The square external confour has the advantage that
cooling channels can be incorporated within the outer tube in the longitudinal direction
so that not only are the profiled key-stone-shaped superconducting wires cooled by the
central cooling channel, which is in direct contact with the superconductors, but also, in
addition, they can additionally be cooled by the outer tube or the cooling channel
running through the outer tube in the longitudinal direction. The same also applies to
trapezoidal external contours because, in that case too, for example, four additional
cooling channels can be provided directly in the outer tube material.

The outer cooling channels can be open along the inner wall of the outer tube over a
finite width ~ lx.



metallic material, such as a CuNi alloy, stainless steel, GFRP or organic
mat er.i al and can have a circular, square or trapezoi dal external contour or
any other shape required. The outer tube in question can be wound in
appropriate Kapton tapes andlor fibreglass tapes for electrical insulation.
The square external contour has the adﬁantage that cooling channels can be
i ncorporated within the outer tube int'he |ongitudinal direction so that
not only are the profiled key-stone-shaped superconducting wires cool ed by
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possibilities for producing profiled superconducting wires.

One of the methods, according to the invention, of producing a superconducting hollow
cable comprises the following method steps. First, a compact outer tube having a
circular inner cross-section and a cylindrical inner wall that is as smooth as possible is
produced. Aside therefrom, profiled superconducting wires having a cross-sectional
profile of a key stone as known for Roman stone bridges or for groin vaults are
produced. For the purpose, the cross-sectional profile of the profiled superconducting
wires have an outer region of curvature which is matched to the circular inner cross-
section of the outer tube. Furthermore, the cross-sectional profile has an inner region of
curvature which is matched to the circular cross-section of the cooling channel.

Finally, the cross-sectional profile has side edges which are oriented profiled towards
the centre-point of a cooling channel to be formed. '

After those two main components of the hollow cable according to the invention have
been produced, the profiled superconducting wires are first brought together to form a
longitudinally extended circular bundle around a central cooling channei. In the course
of that bringing together, aids such as adhesive substances can also be used in order to
ensure a material-based connection between the profiled superconducting wires. That



One of the nethods, according to the invention, of producing a
super.conducting holl ow cable conprises the follow ng nethod steps. First, a
conpact outer tube having a circular inner cross-section and a cylindrical
inner wall that is as snooth as possible is produced. Aside therefrom
profiled superconducting wires having a cross-sectional profile of a key
stone as known for Roman stone bridgesgdr for groin vaults are produced.

For the purpose, the cross-sectional profile of the profiled superconducting
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advantage that unlimitedly long superconducting hollow cables comprising profiled

superconducting wires can be continuously produced.

A further method variant provides the possibility of heating the outer tube in the form of
a compact component and cooling a bundle of profiled superconducting wires having a
central cooling channel. The two components are then pushed one into the other.
Afterwards the outer tube shrinks onto the circular bundle of longitudinally extended
profiled superconducting wires and causes the superconducting wires to press against
one another whilst forming a central cooling channel. This method has the advantage
that drawing-in of the circular bundle of superconducting wires having a central cooling
channel into the compact outer tube is made easier. In this context it is also possible for
only the solidly constructed outer tube to be heated or for only the bundle of profiled
superconducting wires to be cooled.

A preferred method of producing profiled superconducting wires comprises the following
method steps. First, in the standard method, superconducting mulfifilament wires of
round cross-section are produced which, in accordance with the intended conditions of
use, have an optimum microstructure, where appropriate with additional resistive



t he superconducting wires. An electrically insulating and hernetically

seal i.ng outer layer is subsequently applied over the tensioning wires. This
net hod variant has the advantage that unlimtedly | ong superconducting

hol | ow cabl es conprising profiled superconducting wires can be continuously
produced, A further nethod vari ant prox'des the possibility of heating the
outer tube in the formof a conpact ¢ #bonent and cooling a bundl e of
profiled superconducting wires having a central cooling channel. The two
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In accordance with one embodiment, the invention accordingly relates to a
superconducting hollow cable having the following features:

- an outer tube (2) having a cirgular inner cross-section and a cylindrical inner
wall (3): |

- acentral cooling channel {4) having a polygonal or circular cross-section which
is smaller than the inner cross-section of the outer tube (2), there being
arranged between the inner wall (3) and the cooling channel (4) profiled
superconducting wires (5);

- profiled superconducting wires (5) which comprise at least one
superconducting filament (6) and which have a cross-sectional profile of a key
stone as known for Roman stone bridges or for groin vaults,
characterised in that
the cross-sectional profile of the profiled superconducting wires (5) has an
outer region (7) of curvature which is matched to the polygonal or circular inner
cross-section of the outer tube (2) and an inner region (8) of curvature which is
matched to the circular cross-section of the cooling channel (4), and the cross-
sectional profile has side edges (9, 10) which are oriented profiled towards the



Instead of a solidly constructed outer tube, jacketing of the profiled
super.conducting wres can al so be acconplished using helically wound
tensioning wire, for exanple nade of NiCr, Figure 13: The electrically
insulating, hernmetically tight outer layer is subsequently produced, for
exanpl e by means of polynerisation. In, accordance with one enbodi nent, the
i nvention accordingly relates to a subh?conductlng hol | ow cabl e haV|ng t he
followi ng features: - an outer tube (2) having a circular inner

cross-section and, a i hner entral cooling channel
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cooling channel (4) of the superconducting hollow cable (1). The
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of curvature of an individual profiled superconducting wire.

Furthermore, the superconducting hollow cable can be characterised in that the
profiled superconducting wires (5) have intermeshing profiled side edges (12, 13).

Furthermore, the superconducting hollow cable can be characterised in that the
profiled superconducting wires (5) have special surface coatings or partial high-
resistance jacketing means in order to reduce eddy current effects and thermal
losses.

Furthermore, the superconducting hollow cable can be characterised in that the
profiled superconducting wires (5) are twisted around the central cooling channel.

Furthermore, the superconducting hollow cable can be characterised in that the
profiled superconducting wires (5) have ceramic superconductors or high-
temperature superconductors.

Furthermore, the superconducting hollow cable can be characterised in that the
outer tube (2) has a circular, square or trapezoidal external contour {17).



they maintain a central cooling channel (4) wth their inner regions (8) of
curvature. This superconducting holl ow cable can be characterised in that
the sumof gap w dths (s) of possible radial gap formations between the
profiled superconducting wres (5) is, at all operating tenperatures of the
superconducting hollow cable (1), smaller than the difference in length (1)
between the outer (7) and inner (8) regfons of curvature of an individual
profiled superconducting wire. Furthernore, the superconducting hollow cable
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wires (5) have special surface coatings or partial high- resistance
jacketing neans in order to reduce eddy current effects and thermal | osses.
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(2) has a circular, square or trapezoidal external contour (17). -12-
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and a cylindri@ ggy siane As apwn | ﬁonzan stone brldges or for groin vaults, the cross-
sectional profile of the prof' iled superconducting wires (5) having an outer

region (7) of curvature which is matched fo the circular inner cross-section of
the outer tube (2} and having an inner region (8) which is matched to the
polygonal or circular cross-section of a central cooling channel (4}, and the
cross-sectional profile having side edges (9, 10) which are oriented profiled
towards the centre-point (11) of a cooling channel (4) to be formed,

- bringing together the profiled superconducting wires (5} to form a longitudinally
extended circular bundle (28) around a central cooling channel (4);

- drawing the circular bundle (28) having a central cooling channel (4) into the
outer tube (2).

In accordance with a further embodiment, the invention relates also to a method of
producing a superconducting hollow cable (1), which comprises the following
method steps:

- producing profiled superconducting wires (5) having a cross-sectional profile of
a key stone as known for Roman stone bridges or for groin vaults, the cross-
sectional profile of the profiled superconducting wires (5) having an outer
region (7) of curvature which is matched to the circular inner cross-section of
the outer tube (2) and having an inner region (8) which is matched to the
polygonal or circular cross-section of a central cooling channel (4), and the
cross-sectional profile having side edges (9, 10) which are oriented profiled
towards the centre-point (11) of a cooling channel (4) to be formed,;



- producing profiled superconducting wires (5) having a cross-sectional
profile of a key stone as known for Roman stone bridges or for groin
vaults, the cross- sectional profile of the profiled superconducting wres
(5) having an outer region (7) of curvature which is matched to the
circular inner cross-section of the orter tube (2) and having an inner
region (8) which is matched to the gonal or circular cross-section of a
central cooling channel (4), and the cross-sectional profile having side
edges (9, 10) |ch t owar ds centre- (11) of
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accordance wi t hareangemehtr enbodi nent, the invention relates also to a nethod
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following neth steps produci ng pr super con res (5)
having a cr oss-Reswetiealyseplingrouter layer ogtmesypgltcgn@.@gg IbﬁBWhCEPQiﬁP Roman stone
bridges or for groin vaults, the cross- sectional proflle of the profiled
super conduct | W I es \&m% hav n an outer region %ﬁﬁf curvature which Is
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havi ng an i nieduditph edpdrédndutishdidwabrh@y v&rm:rimn r&@k%ﬁﬂ@ﬂéwuﬁ@ circular
Cross-section central cooling channel (4), the cross-secti onal

f
profile haw'ﬁﬁt?'gfja@pédges (9, 10) which are ori ent ed profiled towards the
centre- poi nt- ( Igrpdudingatwadredif-shglls bban oerhpdet butes tube (Ephashey a citddadintergi ng
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I n accordance wiectongl prafi aw@frth@mﬁtﬁdmerconw@tmawﬁs |(@mavmaane@tq1 so to a
met hod of region (7) of curvature which is matched to the circular inner cross-section of
the outer tube (2) and having an inner region {8) which is matched fo the
polygonal or circular cross-section of a central cooling channel (4), and-the
cross-sectional profile having side edges (9, 10) which are oriented profiled
towards the centre-point (11} of a cooling channel (4) to be formed;
- bringing together the profiled superconducting wires (5) to form a longitudinally
extended circular bundle (28) around a central cooling channel (4),
- bringing together the half-shells, with the bundle lying inside, to form a compact
outer tube of the superconducting hollow cable.

Those methods of producing profiled superconducting wires for a superconducting
hollow cable can comprise the following method step.

- profiling the round standard shape of superconducting wires (5).

Profiling of the wire can be accomplished by means of profile rollers.

Furthermore, profiling of the wire can be accomplished by means of a profile block.

Furthermore, profiling of the wire can be accomplished by means of reshaping

forging.



produci ng a superconducting hollow cable (1), which conprises the foll ow ng
met hod steps: - producing two half-shells of a conmpact outer tube (2) having
a circular inner cross-section and a cylindrical inner wall (3); -

produci ng profil ed superconducting wires (5) having a cross-sectional
profile of a key stone as known for ?man stone bridges or for groin
vaults, the cross- sectional profile of 4t he profiled superconducting wres
(5) having an outer region (7) of curvature which is matched to the
circular inngr_ cross-section gf and hayi an _inner
eqion (8)  vhrderore, anerdoee rerte pRetngar e BenEh sBra Bl Met B on of a
central cool megnzbimaial cdating cantbetphavidedk oss- sect i onal profil e having side
edges (9, 10) which are oriented profiled towards the centre-point (11) of
a cooling channel (4) to be fornmed; - bringing together the profiled '
super conduct The)inkemtien V(IIBFOW(befQXPPW@dII@I@atetﬂdlﬁ’r?dlwm% retexermededheci rcul ar bundl e
(28) around Qcébﬁ{btalh% %Qg channel (4); - bringing together the

hal f - shel | s, e"bundle lying inside, to forma conpact outer tube of
t he super conduct i ng hol |l ow cabl e. Those nethods of producing profiled

super condggltdg V\&Hcﬁ\ﬁsefé]’fos@-séd}ti@:ﬂr iﬁQﬂéb%rhhﬂﬂcfd?ﬁh' trevudgred b gpcrdhauelny | se the
fol |l ow ng net hod stegl C{y%nﬁ% ne rou(PFgmstacg(il%%d shape of

super conduct i ng W@ :{ange acch 9 10 1y sbsmbomGity OVERIOAc conpl i shed by
means of profile rollers. Furthernore, proflllng of the wire can be
acconpl i shed ans of a l & pl ock nore, profiling of the

o e Can” BEURE onBi By troBy Shlehs Rt amats i P sibeteanduiheber ror e,
an additional par hélew gahékatcordingio a sexopd efmbbdithent pethe mantion;ng Wi res by
means of netal coating can be provided. The invention will now be explai ned

in greater detail with reference to the acconpanying Figures. Figure 1
shows a cFigese Secshays a cmsaﬁa@noammlagfammm farmy; Buigighea detgéptiheduct i ng

hol | ow cabl e accog,ﬂjelp(g),{dgcﬂ,, of hdiidly C%Hg%?%ﬁ‘b t9Fidupeoi nvention; Figure 2

shows a cross-section, in dragrammatic form through a superconductl ng

Figure 4 shows a cross-section, in diagrammatic form, through a superconducting
hollow cable according fo a third embodiment of the invention;

Figure 5 shows a cross-section, in diagrammatic form, through the initial form of a
superconducting wire before being provided with profiting;

Figure 6  shows a cross-section, in diagrammatic form, through a profiled
superconducting wire after being provided with a profiled shape for a
superconducting hollow cable of the first embodiment of the invention
according to Figure 1;

Figure 7 shows a cross-section, in diagrammatic form, through a profiled
superconducting wire after being provided with a profiled shape for a
superconducting cable of the second embodiment of the invention according
to Figure 2;

Figure 8 shows a cross-section, in diagrammatic form, through a profiled
superconductor after being provided with a profiled shape for a
superconducting hollow conductor cable of the third embodiment of the

invention;



hol | ow cabl e according to a second enbodi nent of the invention; Figure 3
shows a cross-section, in diagrammtic form through a detail of the
superconducting holl ow cable according to Figure 2; Figure 4 shows a
cross-section, in diagramuatic form through a superconducting hollow cable
according to a third enbodi nrent of the invention; Figure 5 shows a
cross-section, in diagrammatic form t'ﬂlf-'(')ugh the initial formof a
superconducting wire before being provided with profiling; Figure 6 shows a
CroSs- secti indiaarammtic. form. through.a profiled superconducting
wire afte&iggg g %&%é&sﬁs?ﬁ'%’ 'B;Héqqr?'gﬁmgﬁfa%@' hS?“gé‘ a§'ﬂ&?é€%8'i‘]&i ng

hol | ow cabl e of thallofv gable ancbutiionier foafth ehbodimenbbf tha imaation:di ng to Figure
1; Figure 7 shows a cross-section, in diagranmatic form through a profiled
superconducting wire after being provided with a profiled shape for a

super condbigtrent cesves the crase-seefiam in diagreminmatintforof, throagh tweeveriaats afecor di ng

to Figure 2 I guseRoraumonalbaeans detig 1h A fih WNAMBLIGr b ™ I ough a

profiled superconductor after being provid for a
super conduct i ng hB¥¢$¥®conduct or cabl e of the third enbodi ment of the
invention; - 15 Figure 9 shows a cross-section, in diagramatic form

t hrough a-superconductin hol ] ow cabl e according to a fourth enbodi nent of
the invenf iga%: {ﬁl ?jlﬂwé QB%E?TB?\‘E'OPHB §'§m§'3‘&¥q"6'n, rPUghA BYRSEFAREUPING or m

through two vari amillewafabke acsogimgciortsiah iefrbobiipddn®of habhengegording to a fifth
enbodi mrent of the invention; Figure 11 shows a cross-section, in
diagrammatic form through a superconducting hollow cable according to a

si xt h enbbighreet gifowsieecross-eettioonn diggammati@fasothsowhca sgRerceductng, | n

diagrammt | ¢ Tor Mool ML RoRiRAbCPAdMh dithodilrd ARl gyRCOr ding to a

sevent h enbodi nent o e 1 nventlon; Frgure OWs & cross-'section, in
diagrammatic form through a superconducting hollow cable according to an

ei ght h enpigdig Nt sthvst G ob¥EMh OR diagrammatic form, through a superconducting
hollow cable according to an eighth embodiment of the invention;

Figure 14 shows, as Figure 14a, a photograph and, as Figure 14 b, a drawing, in
_diagrammatic form, of a superconducting hollow cable of the CICC type in a
standard arrangement

Figure 15 shows, as Figure 15 a, a photograph and, as Figure 15 b, a cross-section, in
diagrammatic form, through a superconducting hollow cable of the CICC
type according to the prior art (POLO cable).

Figure 16 shows, as Figure 16 a, a photograph and, as Figure 16 b, a drawing, in
diagrammatic form, of a superconducting cable of the Nuclotron type in a
standard arrangement.

Figure 17 shows a cross-section, in diagrammatic form, through a superconducting
hollow cable of the Nuclotron type in an improved arrangement.

Figure 1 shows a cross-section, in diagrammatic form, through a superconducting
hollow cable 1 according to a first embodiment of the invention. This hollow cable 1 has
a central cooling channel 4, which is surrounded by profiled superconducting wires 5,
which are usually twisted multifilament wires. In the cross-section shown here, these
profiled superconducting wires 5 form a ring directly surrounding the central cooling
channel 4 so that those profiled superconducting wires can be intensively cooled by the



Figure 14 shows, as Figure 14a, a photograph and, as Figure 14 b, a draw ng,
in diagrammatic form of a superconducting hollow cable of the CICC type in
a standard arrangenent Figure 15 shows, as Figure 15 a, a photograph and,
as Figure 15 b, a cross-section, in diagrammatic form through a

super conducti ng holl ow cabl e of the Clﬁg type according to the prior art
(POLO cable). Figure 16 shows, as Figure 16 a, a photograph and, as Figure
16 b, a drawing, in diagrammatic form of a superconducting cable of the
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here, these profiled superconducting wires 5 forma ring directly
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oriented towa ntre-point 11 of the
ooyl B besti hBieaRirl chaPneiin GaBr ot A At BYt, I B SUE e Bldart il acent
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ot herw se 1‘tne nul ar _? uct re of tl"he (E)I‘Ofl Iq %H (ionductl n% vg rfes 5 and,
as of the outer region 7 of curva ure minus t urvature leng of the Inner regon 8 o
curvature of the profile of the profiled superconducting wires 5.

Because twenty profiled superconducting wires 5 are provided in this first embodiment
of the invention, the gap width s that can be tolerated between the side edges of
adjacent superconducting wires 5 is extremely limited. Also, this limitation is not least
dependent on the difference between the inner radius r, of the outer tube 2 and the
inner radius r; of the cooling channe! 4, as explained in the formulae hereinbefore. A
superconducting hollow cable 1 of such a kind has the advantage that the resistance to
flow within the cooling channel 4 is extremely low and, as a result, a high cooling rate
and high mechanical stability can be achieved. It furthermore has the advantage that
the cooling medium directly contacts the profiled superconducting wires 5 and,
accordingly, intensive cooling is ensured even for short heat pulses. Finally, this hollow
cable has the advantage that it is made up of substantially only two layers or
componenits: namely the concentric bundle of key-stone-shaped profiled
superconducting wires 5 and the solidly constructed outer tube 2. Further thereto, for
the purpose of (additional) electrical insulation, this superconducting hollow cable 1
according to the invention can have a Kapton tape wound around the external

contour 17 of the outer tube 2 and, if necessary, further electrically insulating layers, for
example of fibreglass tapes. This applies to ali the variants corresponding to Figs. 1, 2,
4, 9,10, 11 and 12,



a result, the cooling channel 4 in operation is destroyed. The sumn s of
all gap widths s nust therefore be less than the difference in length I of
the curvature length ax of the outer region 7 of curvature mnus the
curvature length I;k of the inner region 8 of curvature of the profile of
the profiled superconducting wres 5. Because twenty profiled
superconducting wires 5 are provided Ip,this first enbodinent of the

i nvention, the gap width s that can be tol erated between the side edges of
adj acent superconducting wires 5 is extrenely limted. Also, this limtation
is not |east dependent on the difference between the inner radius r, of the
outer tube 2 and the inner radius r; of the cooling channel 4, as explalned

in the foffrinellewrabls hekthesecond ergbgsiimerkifers irag theMebiaw sale d of theffirsiuch a
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el ectri cadnd Hnstmunltud\e vphthe csﬂsptefnaﬁcﬂimdr bagﬂ thotussed ireddtail Nerelnbeforeli ng to t he
I nvention can have a Kapton tape wound around the external contour 17 of the

outer tube 2 and, if necessary, further electrically insulating |ayers, for
exanpl e ofigHient slfwesa croagesctionhingiagsammatic fasmathroygtea detail 8hthe cor r espondi ng

to Figs. dup e?condé}ctm? ‘hollBw c&ﬁlea[nétcé%m B_F LIFQQ b@hb@ﬁérﬁéhhﬁn tHef sdnfte second

enbodlrrent differs fromthe 1o first enbodinent in the
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magni t ude_v addi.tiona mpr.ov. t shi n rofiled
super condB@f'PH&uﬁ?rng IJOGTIH%WHE%PEM\H% EI”QPSBF‘ %%8 véa ﬁag&%&cﬂp@i 2 adj acent
profil ed sdgks f2dgeisi3l2 and 13 of these profiled superconducting wires 5.
The rel ati onship between the possible gap width s and the difference in

|l ength | between the outer and inner regions of curvature and the magnitude
v of the bigfitsed shoves abiossdgctivaein didgremymsdid farm, theodH a Repascondoieting e.

hollow cable 1 according to a third emhodiment of the invention. This third embodiment
of the invention differs from the preceding emhodiments in that the number of profiled
superconducting wires 5 has been reduced from twenty in Figures 1 and 2 to ten in
Figure 4. The intermeshing of the profiled superconducting wires 5 is enhanced by
means of the fact that the superconducting wires 5 have pointed profiles 20 on their
profiled side edges 12 and 13. These pointed profiles 20 form an offset of magnitude v,
which in co-operation with the difference in length | between the outer and inner
regions 7 and 8 of curvature of the cross-sections of the profiled superconducting
wires 5 increases the tolerance for the gap width s, so that a higher tolerance with
respect to gap widths s that are formed can be permitted without the structure of the
superconducting wires 5 arranged inside the outer tube 2 collapsing.

Figure 5 shows a cross-section, in diagrammatic form, through a superconducting
multifilament wire in a standard arrangement. Such wires have a circular cross-section
and comprise, as described hereinbefore, twisted superconducting filaments in a more
or less complex Cu matrix.

Figure 6 shows a cross-section, in diagrammatic form, through a profiled
superconducting wire 5 after being provided with a profiled shape for a superconducting



Figure 3 shows a cross-section, in diagrammatic form through a detail of

t he .superconducting hollow cable 1 according to Figure 2. Conponents havi ng
the sane functions as in the preceding Figures are identified by the same
reference synbols and not separately discussed. Figure 3 shows, to an

enl arged scal e, the interneshing of thf profiled superconducting wires 5 by
means of the offset 19 of adjacent pro $7ed side edges 12 and 13. Figure 4
shows a cross-section, in diagranmatic form through a superconducting
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mechani sm draw ng through an appropriate shape-
Figure 8 shows a cross-section, in diagrammatic form, through a profiled
superconducting wire 5 after being provided with a profiled shape for a superconducting
hollow cable 1 of the third embodiment of the invention according to Figure 4. This
profile too, which has a profile point 20 on the side edge 12, can be obtained by
appropriate shaping of an initially ¢ircular cross-section as shown in Figure 5. For the
purpose, either four differently shaping profile rollers or a drawing orifice of appropriate
shape can be used in order o produce the four profile edges of the cross-section of the
profiled superconducting wires 5. An advantage of these profiled superconducting
wires 5 of Figure 8 over Figure 7 is that an outwardly bulging pointed profile 20 of the
profiled side edge 12 is easier to produce by means of profile rollers than is possible for
the prdfile having a stepped shoulder 19 of Figure 7 and that the intermeshing of those
shapes contributes to the profiled superconducting wires' orienting themselves around
the cooling channel.

Figure 9 shows a cross-section, in diagrammatic form, through a superconducting
hollow conductor cable 1 according to a fourth embodiment of the invention.
Components having the same functions as in the preceding Figures are identified by the
same reference symbols and not separately discussed. The difference from the
preceding embodiments lies in the fact that, as the solidly constructed outer tube 2,



providing drawing die can al so be enployed. In the case of this nethod, the
round wire shown in Figure 5 is re-shaped into a profiled superconducti ng
wire 5 having a cross- section governed by the drawing die. Figure 7 shows a
cross-section, in diagramatic form through a profiled superconducting
wire 5 after being provided with a profél ed shape for a superconducting
cable 1 of the second embodi ment of thé&?invention according to Figure 2.
Instead of snooth side edges as are still shown in Figure 6, in the case of
this profjlin fided .side edges 12 and 13 are.shaped or drawn through a
i awi g b6t sPleeleHa g ol6e SPRE utpE Pafie d SBrel R e o e 3. il ch
make posssdlage extemahestiourd 7o fs ahesultmf efhidhe dn thepemredemduthel signaihraishes when t he
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form b Stk uBe 235 Fifesda sha b (e B Rt dne pREGAFL BRpal LALEAE™Y 1
profiled Syhspantialysimplfigder conducting hollow cable 1 of the third embodi nent
of the invention according to Figure 4. This profile too, which has a
profile paint 20 on the side edge 12, can be obtained by appropriate
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of the invention. Conponents having the sanme functions as in the preceding

Figures are identified by the sane reference synbols and not separately
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external aonees dédotingprefiled subdrcarfdusirgokires) reféleace® nembaand dehbtthgsthe engt h - of
the outer tube and reference numeral 18 denoting cooling channels in the outer tube 2 in
the longitudinal direction of the latter. By virtue of these outer cooling channels 18,
which extend along the inner waill of the outer tube and which have an opening to the
bundle of profiled superconducting wires, the twisted profiled superconducting wires are
accordingly additionally cooled from the outside in direct contact with the coolant after
each quarter-turn of the helical displacement. In this variant too, all the wires are subject

to absolutely identical electromagnetic, mechanical and thermal conditions.

Figure 12 shows a cross-section, in diagrammatic form, through a superconducting
hollow conductor cable 1 according to a seventh embodiment of the invention. The sixth
embodiment of the invention differs from the preceding embodiments in that the outer
tube 2 has a trapezoidal external contour 17. This trapezoidal external contour 17 can
be advantageous when a piurality of these superconducting hollow cables 1 are
assembled into a circular coil or when specific coil geometries have to be produced in a
mechanically compact manner and in as stable a manner as possible.

Figure 13 shows a cross-section, in diagramm_atic form, through a superconducting
hollow cable 1 according to an eighth embodiment of the invention. Components having
the same functions as in the preceding Figures are identified by the same reference



outer tube 2 is increased and, on the other hand, the production of conpact
coils can be substantially sinplified. Figure 10 shows cross-sections, in
di agrammatic form through two variants of a superconducting hol |l ow
conductor cable | according to a fifth enbodi nent of the invention.
Components having the same functions aé in the preceding Figures are
identified by the sane reference synbo €-and not separately discussed. The
difference of this fifth enbodi nent of the invention differs fromthe
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superconducting wires, the twisted profiled superconducting wires are

accordi ngky, .ad a f ct with the
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that the outer tube has a trapezoi dal external "contour 17. Thi

trapezoi diibecét er nal cont our 17 can be advantageous when a pl ural ity of

t hese superconducti ng hollow cables 1 are assenbled into a circular coil or

when spec flc trie have, t,0 be, produced i nmechani cal l.y conpact
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refer enceprecedmg Figures are identified by the same reference symbols and not separate[y

discussed. In this case, superconducting wires 30 are arranged on a solidly constructed
inner fube 21 as an inner supporting tube, the inner cooling channel being provided for
a two-phase helium stream and the direct passage of supercritical helium between the
superconducting wires 30 being possible with a high resistance to flow.

Figure 16 shows, as Figure 16 a, a photograph and, as Figure 16 b, a drawing, in
diagrammatic form, of a superconducting cable of the Nuclotron type in a standard
arrangement. Components having the same functions as in the preceding Figures are
identified by the same reference symbols and not separately discussed. Figure 16
shows, in a central cooling channel formed by a compact inner tube 21 of CuNi, two-
phase helium 35 that is passed through therein. On the inner tube 21 there are wound
superconducting wires 30, which are held together by an NiCr tensioning wire 33. A
Kapton tape 24 forms electrical insulation and a fibreglass tape 25 serves for thermal
insulation of the superconducting hollow cable.

Figure 17 shows a cross-section, in diagrammatic form, through a superconducting
hollow cable 1 of the Nuclotron type in an improved arrangement. Components having



-20- synbol s and not separately discussed. The outer tube in this case is
formed fromtwo |ayers: a first layer having a tensioning wire 33, for
exanple of NNCr, wound in a helical arrangenent, and an electrically
insulating, hernmetically sealing outer |ayer 34, for exanple produced by
means of pol ynerisation. As already degcribed hereinbefore, this eighth
enbodi nent of the invention differs frromthe precedi ng enbodi nents in that,
i nstead of a solidly constructed outer tube, jacketing of the profiled

2 el | oait AR RigrE e i} v BRI PEeoR o P RO L GRS Bl Tl

ti ght outsgmboblayed nobsepabatelyukiatussedapigureeth shdwsgueentid cotliogshasrsl Bi gure 14a,

a phot og j , B T T I j i rm of a
cuper condine et BHEPLEE .ot ER 3 (e ud) ZOLBITRE oS T enent.
COrrponenmgoquﬁgrqonduwgéwm&;whwhﬁrgbelriﬁogﬁ@ermv@tﬁﬂlﬂﬁgemi@mge@l@%@

i denti fi ebchibalyiRs PRy, hBFSStRAMEIGH BhRl fayanth RAkrapgedbA LA ndbmiryssed.
Figure 14 shows a bundle of tw sted supéerconducting wires 30 running inside
a hernmet %133 tight tube 32. Figure 15 shows, as Figure 15 a, a phot ograph
and, as Figure 15 b, a cross-section, in diagramatic form through a

super conducti ng hol |l ow cable of the CICC type according to the prior art
(POLO cabl e). Conponents having the sane functions as in the preceding
Figures are identified by the sane reference synbols and not separately

di scussed. In this case, superconducting wires 30 are arranged on a solidly
constructed inner tube 21 as an inner supporting tube, the inner cooling
channel being provided for a two-phase helium stream and the direct passage
of supercritical helium between the superconducting w res 30 being possible
with a high resistance to flow Figure 16 shows, as Figure 16 a, a

phot ograph and, as Figure 16 b, a drawing, in diagrammatic form of a
superconducting cable of the Nuclotron type in a standard arrangenent.
Components having the same functions as in the preceding Figures are
identified by the sane reference synbols and not separately discussed.
Figure 16 shows, in a central cooling channel formed by a conpact inner
tube 21 of CuNi, two- phase helium 35 that is passed through therein. On the
i nner tube 21 there are wound superconducting wires 30, which are held
together by an NNCr tensioning wwre 33. A Kapton tape 24 forns el ectrical
insulation and a fibreglass tape 25 serves for thernal



i nsul ation of the superconducting hollow cable. Figure 17 shows a
cross-section, in diagrammatic form through a superconducting hollow cable
| of .the Nuclotron type in an inproved arrangenent. Conponents having -21
the sane functions as in the preceding Figures are identified by the sanme
reference synbols and not separately discussed. Figure 16 shows a central
cooling channel 4 formed by a conpact,d nner tube 21 of CuNi. On the inner
tube 21 there are wound profiled superconducting wires 5, which are held
together by an NNCr tensioning wire. An electrically insulating,

her met i calidpys tdrglthc@Rbols ayer 34 is arranged on the tensioning wire 33.
-22- List of reference synbols 1 superconducting hollow cable 2 outer tube
3 inner wall of outer tube 4 central cooling channel 5 profiled
superconducting w r@peﬁoﬁmmgganbwbamg filament 7 outer region of curvature
8 inner :ﬂegi on of curvature snoot h side edge 10 snooth side edge 11
centre-pof nt of cooqqt?fgue?]annel 12 profiled side edge 13 profiled side edge
14 super cdnduct i ng ifimdravadirdf olifer toteal | i ¢ core or centre of stabilising matrix
of a supeyconductin tifil conductor 16 jacket of the stabilising
mat ri x of‘{a super co%agg?éoﬁgm%ﬁﬁﬁ?flanent conductor of a profiled wre 17
ext ernal ZTont our ofproiiledsuparbenducting wire

6 superconducting filament

7 outer region of curvature

8 inner region of curvature

9 smooth side edge

10 smooth side edge

11 centre-point of cooling channel

12 profiled side edge

13 profiled side edge

14 superconducting filament

15 metallic core or centre of stabilising matrix of a superconducting
multifilament conductor

16 jacket of the stabilising matrix of a superconducting multifilament
conductor of a profiled wire

17 external contour of outer tube

18 cooling channels of the outer tube in a longitudinal direction

19 stepped shoulder {stepped profile}

20 pointed profile of a side edge

21 compact inner tube

24 Kapton tape

25 fibreglass tape

26 outer jacket of inner tube

27 inner wall of inner tube

28 bundle comprising superconducting filaments

29 wire from a bundle comprising superconducting filaments and stabilising
matrix

30 superconducting wires

31 bundle of twisted superconducting wires

32 hermetically tight tube

33 tensioning wire wound in a helical arrangement



18 cooling channels of the outer tube in a longitudinal direction 19

st epped shoul der (stepped profile) 20 pointed profile of a side edge 21
conpact inner tube 24 Kapton tape 25 fibreglass tape 26 outer jacket of
inner tube 27 inner wall of inner tube 28 bundl e conprising superconducting
filaments 29 wire froma bundle conpriiapg superconducting filaments and
stabilising matrix 30 superconductingwres 31 bundl e of tw sted
superconducting wires 32 hernetically tight tube 33 tensioning wire wound

in a heligal arrang e trical ly.insulating, hernetically

seal i ng 05 er Iayerglggtgz;?t{xé'?%ﬁag@g’ llﬁ%ﬁeﬂ?r?q@ISQXII'n@n%#%ﬁ% ®lout er regi on of
curvat ure3Si| k | engtto-piaseredumr egi on of curvature | difference in length s
gap width v nagnitude of offset n nunber of profiled superconducting wres
per superconducting hollow cable ra inner radius of outer tube r; radius of
central chioling chalghgih of pyter regiemef @ureatw® 1. Super conducting hol | ow cabl e

(1) having the fol | guhtRcrigRE s ofduridirer tube (2) having a circular inner

cross-sectjon and a i ndrical inner
I di?fgrence En length

8 gap width

v magnitude of offset

n number of profiled superconducting wires per superconducting hollow
cable

la inner radius of outer tube

I radius of central cooling channel



wall (3); a central cooling channel (4) having a pol ygonal or circular
cross-section which is smaller than the inner cross-section of the outer
tube (2); profiled superconducting wires (5) which are arranged between the
inner wall (3) and the cooling channel (4) and which conprise at |east one
superconducting filament (6) and which_,have a cross-sectional profile of a
key stone as known for Roman stone br?ﬁges or for groin vaults, the
cross-sectional profile of the profiled superconducting wires (5) having an
outer reglLomn: g%&ngf curvature which is matched to the polygonal or circul ar
I nner cross-section of the outer tube (2), and the cross-sectional profile
of the profiled superconducting wres (6) having side edges (9, 10) which

are orieny edSEBé’V@&r%cﬁﬁ%h@l%Wéa%Teo ) Rhvig the f@liowﬁé"f’eaﬁﬂ@é ing channel (4);

characterised in th rofi| superconducting wres (5) are arranged on

the inner waPP opigy tube (?Héﬂ‘“'?ﬂﬁ’ E'FC'-HQM@G(EPSS‘[SI%U%%E sidiiehdnepr of i | e of

the profilwapl(®uperconducting wires (5) has an inner region (8) of curvature
channel (4);

which is matched to the Cross-secti t he coolin

the’ pr of i | edd SEE ComaRERBEN haAness P A By Sireizh s SEHAM WRTBY et pns
(8) of gumnnﬁrwmm tlhlbhrmewtjosechecﬁmi ofctn@butegmbmnel (4) of tge ]

super conduct | ol low ¢ 1 sai.d wires arr ed wit eir
radially ori é’%’ﬁ'@g SEP‘aESf’%%‘ ?vgjes @)Wa@%' ?’P&H?P?e‘!' g%&‘eﬁg RS P(ﬁ and
with thei anobtlteemohr@cltamel((?l) and wbich atprige atdeastg:helsypemomdmtinmner vval | of

t he outer of a
shape- baglrg @%Bégécgas% Cﬁ% ﬁoﬁeh I?aéyg%af&ér‘]%kc annef@@@ﬁ at all
operat i ngStOﬂéﬁﬂ@G%thrf@ngme \awls, superconductl ng hol | ow cable (1). 2.

Super conduct tHé%rS@-ééE%ﬁeﬂBhﬁn@&Hﬁé gfd’ii%dté&pﬁ}c%h&ﬂxchn g vER3TBHRidoSHodtsr t hat
the sum of gap _w dths (s) ossi | gap formatlons bet ween t he

profil ed r%ﬁbaﬁmmww @sm‘ft?s')'eq tg the polygonal gfitauian NEE RINER-2EEHBs of t he
super conduﬁﬁhe Reter A (va aalhe clotd-sestonbl wbfilk fwﬂwetm@mdd fsu;%’r@cﬁ}ﬁﬁlcllﬁy I engt h
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the cooling channel (4};

characterised in that

the profiled superconducting wires (5) are arranged on the inner wall (3} of the
outer tube (2);

the cross-sectional profile of the profiled superconducting wires (5) has an inner
region (8) of curvature which is matched fo the circular cross-section of the cooling
channel (4);

the profiled superconducting wires (5) form, by means of their inner regions (8) of
curvature, the cylindrical cooling channel (4) of the superconducting hollow cable (1),
said wires being arranged with their radially oriented side edges (9, 10) so tightly
against one another and with their outer regions (7) of curvature so tightly on the inner
wall of the outer tube (2) that they can hold themselves in position by means of a shape-
based and force-based fit and maintain the cooling channel (4) at all operating
temperatures of the superconducting hollow cable (1).

2, Superconducting hollow cable according to claim 1,

characterised in that

the sum of gap widths (s) of possible radial gap formations between the profiled
superconducting wires (5) is, at all operating temperatures of the superconducting
hollow cable (1), smaller than the difference in length (Al) between the outer (7) and
inner (8) regions of curvature of an individual profiled superconducting wire.



-25- 3. Superconducting hall ow cable according to claim11, characterised in
that .the profil ed superconducting wres (5) have internmeshing profiled side
edges (12, 13). 4. Superconducting holl ow cable according to claim1l or 2,
characterised in that the profiled superconducting wires (5) have speci al
surface coatings or partial high- resi?gance jacketing nmeans in order to
reduce eddy current effects and thermaf-“losses. 5. Superconducting hol |l ow
cabl e according to one of the preceding clains, characterised in that the

profiled gsup (o [TTor 1 5 - i St around the central cooling
channel . g %E%ég?cc_)néh‘gqg?er{\"éjg\'ﬁ%bfeo%gcgﬁqéeﬂac@%%ﬁdi ng to one of the preceding
claims, chaeRaradieiissddnithett hat the profil ed superconducting wires (5) have

ceram ¢ supefaanshisd %p%r&fndﬂ&%@‘wif'%gﬁ%ﬁ%rﬁgﬁrﬁiﬂ%ﬂﬁﬁtﬁwﬁs -ng7;:| ai s

Super conduct 1 ng_hol | ow cabl e cordi to one o e prece
char act er P4%8% (T4 tHat the outer tube (2) has a circular, square or
trapezoi dal external contour (17). 8. Superconducting holl ow cable

according,to_one of the preceding clajns, characterised in that the outer
tube (2) éonﬁ??@@%”%@l‘q ﬁ‘ﬂﬁw%ﬂ@o(‘:’i’&toiQ’?”i”t"s”l%ngi tudinal direction. 9.
Super conduct thegadtefideavin ¢radtl e according to one of the precedi ng clains,

characteriseg in that the coefficien f thermpl expansion of the npteri al
of a conpact ﬁ!l&ﬁr %filetjiatboeerc(%dugéng @F?a(%%ﬁa‘f%%?ﬁcgﬁ urfaggfcppﬁqggrﬂr p&ﬁ'afh‘gﬁ'nal
expansi onrasfstarive jankefing meassiperdenrtd uedueeed@p purrerk @ffebstand dhemaploesksci ng a
super conducting hollow cable (1), which conprises the follow ng nethod

steps: producing profiled superconducting wires (5) having a cross-sectional
profile of. aSupergonsustieg bellonrmslie aesordrnigronstod e recerdjes cleims, or groi n

vaults, the gkpssedRalih aRAl
the profiled superconducting wires (5) are twisted around the central cooling
channel.

6. Superconducting hollow cable according to one of the preceding claims,
characterised in that
the profiled superconducting wires (5) have ceramic superconductors or high-
temperature superconductors.

7. Superconducting hollow cable according to one of the preceding claims,
characterised in that
the outer tube (2) has a circular, square or trapezoidal external contour (17).

8. Superconducting hollow cable according to one of the preceding claims,
characterised in that
the outer tube (2) comprises cooling channels (18} in its longitudinal direction.

9. Superconducting hollow cable according to one of the preceding claims,
characterised in that
the coefficient of thermal expansion of the material of a compact outer tube (2) is
greater than the coefficient of thermal expansion of the profiled superconductors (5).

10. Method of producing a superconducting hollow cable (1), which comprises the
following method steps:

producing profiled superconducting wires (5) having a cross-sectional profile of a
key stone as known for Roman stone bridges or for groin vaults, the cross-sectional



-26- profile of the profiled superconducting wires (5) having an outer
region (7) of curvature and having an inner region (8) which is matched to
a polygonal or circular cross-section of a central cooling channel (4), and
the cross-sectional profile having side edges (9, 10) which are oriented
towards the centre-point (11) of a cooling channel (4) to be fornmed by the
inner regions (8); bringing together t profiled superconducting wires (5)
to forma longitudinally extended cirCuiar bundle (28), the side edges (9,
10) of the adjacent profiled superconducting wires (5) Iying agai nst one

anot her apdfeh t}‘nenﬂ%ﬁleﬂ %Qbé}@énti@m%m}ﬁéQEH‘ ) halifRg %’bga & r%@@ﬁ f?ﬂ of EQHHUE% channel

(4); and, alternativel draw ng e circular aving t central
cool i ng cﬂ%ﬁwh%\{'“ﬁ'(a’) '”Pﬁi ok (BLwBIEN '%'Hﬁ@h?‘? 0 %PC"VQ)‘?WEIHQH’ W@Ul%ﬁé?csﬁéﬁc QNo
hal f - shel bfsa eéntral mg%hamdl% érhtbﬂhe(c?dssts%‘éhd}ﬁhl Brofilel ey side8dy

Ccross-sectjo nd dri cal h the b 28) lyin
i nsi de, ib)f‘@? %? are %ﬁ{?ggf’wlaﬁ?ﬁé‘?e t rg Qﬂ‘”tt(ﬂfb %Wh%@ﬂ?h@g%?é ow) ca%: eg
11, Met hofbnaedbymmgnéroegdoas B)10, characterised in that at | east one
tensionin e i S bundl.e (28 hel_i.cal. an enent
and the vound B eEBHBRRIRHIE Sikeirate oot GllietodR SufBivePelys

i nsul at i ngxtambdlmncnbt butadi¢ (28 ctak isiig avigee (9, I18yefrthe1’ad,talcentqupﬁied:onduct| ng

hol | ow ca t%&?ﬁ[n&ir% Jgg)é&rtg; ﬁﬂwgtaf}g%ﬁsPSrée éﬁlﬁhé]ﬁ:infd ﬁnb?r{gﬂ%@(@ﬂh&%"ofo“t er

tube. 12. supercon

super cond{Reminge ersttria WOllﬂaﬁh@n%@dor ding to claim 10 or 11, which conprises
the follow nQndr%'itE%tv&thEp profl ling the round standard shape of

super conducting W res Met hod according to claim 12, ~characterised

in that prof fifaning the qrﬁ'éawlf"@q @8aﬁ%‘@?ﬁ3ﬂhﬁ§ﬁﬁtﬂa‘§9°|ﬂﬁ9aﬂ‘@”ﬁ?‘ (ﬂ} 51q FLOWIBY | er s,
14 Met hodyaeqey ding to claim 12, characterised in that

or

bringing together two half-shells of a compact outer tube (2} having a circular inner
cross-section and a cylindrical inner wall (3), with the bundle (28) lying inside, to form a
compact outer tube of the superconducting hollow cable.

11, Method according to claim 10,

characterised in that

at least one tensioning wire is wound around the bundle (28) in a helical
arrangement and the wound-around tensioning wire is covered with an electrically
insulating and hermetically sealing outer fayer of the superconducting hollow cable
before bringing together the half-shells forming the outer tube.

12. Method of producing profiled superconducting wires for a superconducting hollow
cable, according to claim 10 or 11, which comprises the following method step:
profiling the round standard shape of supercenducting wires (5).

13. Method according to claim 12,
characterised in that
profiling of the wire is accomplished by means of profile rollers.

14 WMethod according to claim 12,
characterised in that
profiling of the wire is accomplished by means of a profile block.



profiling of the wire is acconplished by neans of a profile block. -27- 15.
Met hod according to claim 12, characterised in that profiling of the wire is
acconpl i shed by nmeans of reshaping forging. 16. Method according to one of
claims 9 to 13, characterised in that an additional partial jacketing of the
profil ed superconducting wires is accogplished by neans of netal coating.

15. Method according to claim 12,
characterised in that
profiling of the wire is accomplished by means of reshaping forging.

16. Method according to one of claims 9 to 13,
characterised in that

an additional partial jacketing of the profiled superconducting wires is accomplished
by means of metal coating.



