6 Decenber 2006 -1 Qur reference: 15716. New International Patent
Application GCeselischaft fuer Schwerionenforschung nbH Descrlpglfggmbmzeo6J
Super conducti ng cabl e and nethod for the production thereof The

invention relates to a superconducting hollow cable having an outer

tube which has a circular inner cross- sectlon and, consequently, a
cylindrical inner wall. In addition, t'He" superconducting hol | ow

cabl e has a central cooling channel of a circular cross-section that

is snaller(ynaaé@hgangnﬁg cross-section of the outer tube. Arranged
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have a cross-sectional profile of a key stone as known for Roman

stone bridges or for groin vaults. Profiled superconducting cabl es

having a crfS&MBEM j onal profile of a key stone are known fromthe
publication US 6,675,623 B2. Further prior art is US 2003/0024 730.
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(superconducting filament) and have a cross-sectional profile of a key stone as known
for Roman stone bridges or for groin vauits.

Profiled superconducting cables having a cross-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 cabie for fast ramped synchrotron magnets” Proc. EUCAS 2003,
Sorrento, September 2003, H. Khodzhibagiyan et al.. In the case of the known hollow i
cable, first a cooling channel 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.
tn 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.
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Another cable type is, in general, preferred when the coil system to be produced is not
intended to be operated in an extremely fast-pulsed 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 fransfer 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 cooling with two basically different cooling circuits with supercritical hefium
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 et al)). It represents the starting point for the
invention explained hereinbelow.
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cabl e. Arranged between the inner wall and the cooling channel are profiled superconducting
wires. These profiled superconducting wires have at least one superconducting filament
(usually in a-Cu matrix). Furthermore, the superconducting wires have a cross-sectional

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.
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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 hoilow cable.

In summary it can be mentioned that the superconducting cabie has three main
clements, 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
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can be achieved. Alternatively, that additional free volume can also be utilised for larger
superconducting wires 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 achievabie with the hollow cable according to the invention are much
1‘(\ greater in all time intervals (short heat pulses and continuous loading). The symmetrical
V arrangement of all superconducting wires ensures that the cable as a whole has
additional stability against thermal pulses, as described abave for the Nuclotron cable.
From the cryotechnical point of view, the now dramatically simplified cooling, compared
to the starling 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
(puise operation to constant continuous operation).

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

superconducting hollow cable:

n-s< Alor

N s < g -l
and accordingly the condition is to be met
s < 21 (r, - r}n%

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 o reduce the influence of
eddy currents, the two main dimensions of the cross-section of the profiled
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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 hermetically 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 metallic jacket so that 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
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of appropriate melting and annealing processes. Even the so-called BSCCO
superconductors, which consist of bismuth oxides, strontium oxides, calcium oxides and
copper oxides and may comprise additions of lead oxides, comprise up to 80 %
superconducting erthorhombic 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, stainiess steel, GFRP or organic material and
can have a circular, square or trapezoidal external contour or any other shape required.
( The outer tube in question can be wound in appropriate Kapton tapes andj/or fibreglass
' tapes for electrical insulation. The square external contour 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 channeis 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 ~ .
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Wi res are spaiidan a,]éid‘nﬁ ;nlfg&&({]tloﬁsgures 6, 7 and 8 and are explained
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| ater. The supercon anents are provided with a ductile
nmetallic core and a ductile netallic jacket so that that the
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superconduc ment s consi st of for exa TI w res, I ch

tl
o 6t ot o0t prerTHa G o RheHaPesRSH AT SUpHEOT Al MR REUR Sier
pr jf er abl yemwnpthabibs shap@udsid intagritpyf. the gerdraf mt:rh;;aashaenéj@cb pres¢rved. At he

i nvention, s {h& &&&gl'rt%é?gna?%@ &Gl %H@tﬁ‘u fﬁrgtpﬁf”g%@fstuﬁéﬁ rﬁﬁ@g& cal FHSlstanc? hat

hi gh-tenperature superconduct or
their cri S8y cyresibewhilst pavingssuliisisethaleh aeriEniRgHEnathan i n the case
of netallic superconductors. The critical tenperature in the case of

| metal lic SHRRLSOHSH R d SipBREWCAD 179K 88 can comprise a plurafity of

method steps in different arders. Furthermore, the method of producing a

superconducting hollow cable according to the invention is also dependent on the
possibilities for producing profited superconducting wires.

One of the methods, according to the invention, of praducing 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 vauits are

| produced. For the purpose, the cross-sectional profite 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 channe! 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 channel. 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



kelvin. Wth the HTSC s, the critical tenperatures are in sone cases

above 80 degrees kelvin, associated with which is the advant agggelg@}gbergooﬁ
substantially cheaper coolants can be used or higher magnetic

can be achieved at |ower tenperatures. Even if the processing of

HTSC s into profiled superconducting wires is nore difficult, it is
neverthel ess to be foreseen that the sdé-called YBCO based ceramic

super conductors based on Y303, BaCO3 and CuO with adm xtures of
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cal ci um ommc;@{l,qdep%gmg P¥idesyapd may conprise additions of |ead
oxi des, conprise up 't % superconducting orthorhonbic material,

whi ch can be pr ocessed | nt o profiled superconducting wires. The
out er t ube loé further sethed carizay did dderhaid ionoigaddueed B thatbemfdf @rb@pact

ot at | OtcoBikerlTk tihinl BNl S HER R OB Pl Stal Nl ess

steel, GFRP or organicC a crrcalar, square or
trapezoi dalSU%%E%%FH%Hng Eioeabley theapiglilest pproandusing Wikes rredticed Fresheit er
tube in que&bed)hsﬁafheb%if%@l&dThé\hMeWérb%b@seﬁa@it@fbrdl.@ﬁﬁt%g@cﬁéi'/vﬂih

fibregl ass trical..ins uar xt er nal

cont our grc{fﬁe%ﬁd‘gr% dg&gpt]}q 9'”5@88[‘??}%@ ‘ﬁ@ﬁﬁ%fa gg ﬁ‘ﬁ?@glﬁepor at ed

W| thin the 36!ﬁné’=\geﬁhﬁ§eafﬁehtmweeldlrmwgpcefa:mtra@pnef:thﬁ@nter Yipetchapcrpvhigh| y
are the IOF@’iﬂdlt@rﬁieolﬁgybﬁﬁé&%@ﬁﬂ'@ﬂﬁ:@es‘é%%:ﬁ@éﬁ%&f e pVMﬂfe%%uﬁ&%r%Qctﬂﬁé the

central COOlIQ chan which i's in direct contact wt
superconducf% also in addition, they can addltlonally be
cool ed by the outer tube or the cooling channel running through the

outer tubejy é\fuhh@r rhém&l @éﬂghﬂwnsféhh@%rw&e m?é*aﬁd mlﬁéﬁaqraﬂ?&%érﬁ%mtuﬁd

t rapezoi dal %] P cont our s because, hat case too nP
four addit FS’H ol hey PerRRfatiag &’5‘?? Béef%?‘?JY/ FENHior RS o § dirgeticRa
out er t ubethemupgrtalductfigevicust &n elecdtallp hsclatmy@idsherastidaly omting akterigyct he

i nner val | isQfbdddBelyLBhidd4REr A% ensionink Wikt & HEtod vai@Hit has the
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.

f{ Afterwards the outer tube shrinks onto the circular bundle of longitudinally extended

' profiled supercanducting wires and causes the superconducting wires to press against

one anather 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
onty the solidly constructed auter tube to be heated or for only the bundle of profiled
superconducting wires to be cooled.

A preferred method of producing profited superconducting wires comprises the following
method steps. First, in the standard method, superconducting multifilament 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



6 Decenber 2006 -8 The twi sted profiled superconducting wires cross

those channels at an angle that is not too acute and accordingly N
after each quarter turn of the helical displacement are additi O@dj)chmbeﬂo%
cooled fromthe outside in direct contact with the cool ant.

Accordingly, in this variant too, all t((ge wires are subject to

i dentical electromagnetic, nechanical and thermal conditions.

Dependi ng on the production technology (with or wthout mechani cal
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t he met hodwhichdt dredireepss.dhe higariernd ém tibensectiénappotieds mgditied. A further
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Firlst, a congact out er, ¢ \Li%f avi ng i nner ‘cross-section
and a cyl i AEFTTHI2PPIARERe (Y eIng PrRgedyres. as smooth as possible is
produced. Aside therefrom profiled super conducting wres having a

cr oss- seot il of o BERR dfislodh Jftk1ORBARG kNALRIHK SOBNALGRS

bridges or for groin vaults are
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Cross- subsequently produced, for example by means of polymerisation.

In accordance with one embodiment, the invention accordingiy refates to a
superconducting hollow cable having the following features:

- anouter tube (2) having a circular inner cross-section and a cylindrical inner
wall (3);
{ - a central 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 wali (3) and the cooling channe! (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 {o 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



section of the outer tube. Furthernore, the cross-sectional profile
has an inner region of curvature which is matched to the circul ar
cross-section of the cooling channel. Finally, the cross-sectional
profile has side edges which are orienfed profiled towards the
centre-point of a cooling channel to D Tfornmed. After those two main
components of the hollow cable according to the invention have been

produced, the proflled anduct i r are f r.st brou

Pogether to fornie ooty BhFRAP) Lo o7 orleh arar o R8tnd a
central cool i ngvikchdbneding amangesl @olbeswer pall {Half ther dutgi uge (Dgendine,

ai ds such as aqﬂ§§i t re
a material -based con ect@%hﬁﬁg ’@ﬁ&?fyé&%PgﬁmvgﬁgsSﬂgfﬁgﬁnﬁéﬁ?ﬁgaﬁﬁ
wires. That 6 B8 @ﬁﬁéﬁ‘f@U%SUW%FQﬂdP@ﬁBdFm@ﬁﬁéWé(ébnprlS|ng profiled
superconducting wires is then drawn into the conpact outer tube of

t he superco cting hollow cable. This nethod has,t da e that
Lhe hol T o daRLPRaA dke Bl bEREY 2bit Fumpt som edaneste GoViRs Brvas be
produced i ndepesdehicliyg ofres(® amaatrarged dantightlf onttieinneethlo@) vhitheantsr
the outer t i f

but rather {2k Ghof B BREUARshd by LAIF10 by ERERR ey SRATREERE )
super conductof pgrvaiore avd wilbtheir rapielperisnitedeids apegsc@ndcadjangniviorans
produced ar anbiefinaPbagesharaRiglerhruiat br alalbecolitihghbneldis g e

subsequent | broug et her “wi super cond uct ors

et de-and WREDBANELBERETA CTRTS SherRUA“ AT RE TR GETR8) PlvaTe
after the welding process, contraction of the outer tube can occur
brof 1 ed sulbSoRarat Ry ORI 88 SHbe B BR ENalatR REAPEH A2 Sinct B
vari ant, temddtonisgf psside m@al\mpﬁdrma’moas heweealth%pnoaieg@mmorai@tmm
a bundl e of \nJ%Qf(eE)':@%t%ﬂ%ﬁ%@%@ﬁ%b&g% d §ihe UL ES AR COSIOLALY

the twi st directi'on o erconduct i ng wires. g1Cec Prcal
i nsul ating &fa! Wéh%th%ﬁ$f§n§%@l Ippgih & Betwegy &e outer (7) and inner (8) reglons

of curvature of an individual profiled superconducting wire.

Furthermore, the superconducting hollow cable can be characterised in that the
profiled superconducting wires (3) 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).



i s subsequently applied over the tensioning wires. This nethod

variant has the advantage that unlimtedly | ong superconducting

hol | ow cabl es conprising profiled superconducting wres can be

continuously produced. A further method variant provides the 6 December 2006
possibility of heating the outer tube in the formof a conpact

conponent and cooling a bundle of profi4ed superconducting wires

having a central cooling channel. The two conponents are then pushed

one into the other. Afterwards the outer tube shrinks onto the

circul ar dbundFerﬂm‘rmbmmwetmﬁém@{dum_irQ%W@éble el dhehcrped manduet | ng
wires and ca | t 0. press .agai.nst _ one
Bhot er ht o TP e 8 R A D T PO AR iRl e ¢ he

advantage that drawi ng-in of the circular bundle of superconducting

Wi r esdhaw ng Burdenhomel th@Q‘Dbe’ter@}dU;&{h@%%v‘l béﬁ&énhﬁbcﬁgﬁ?@%ed)ﬁ}tr%'ttﬁﬁwe
is made easie ont ext i al so._paqssi bl e for nly the
solidly const Er;Out:"(]:cdceﬂeéTE gﬂut %rr%"atl kgl B#etﬁ%g\gfeézapo&a CPB'Paﬁr‘?PVrfL&’S (%Uﬁdl e of
profiled sup@&Ffeighthas thegpeflicientofthermel expaisin. of Megrefer supdr-met hod of
produci ng pr ofdrkigelogyper conducting wires conprises the follow ng

met hod steps. First, in the standard net hod, superconducting
multifilament wires of round cross-section are produced which, in
accor dance wi infrcedrdanastvdihdedrntiomrdibbdiorst, 0fe inustion RS HAdb t@RErhébe of

m crostructur : [ j, t I Ll LSL
Decen;er u2086&0%§§%£§?%%g02&%%§g%§%? ‘?3W %Vhtgﬁ?%ﬂé\@%ﬁ%g}rg@gﬁ%cti ng

wires are profff8Y4SeBSform profiled superconducting wires. That
profiling can beredmchgen citdr tibe (2) lgrBat dratietyer efosva¥&ion@dkhe one

hand it is possicpjir% 9 M@??@p@s.opri ate profile rollers, which produce
the inner region o{ curvature”and the outer region of curvature as

wel | as the Key PYSBIFeiirs sypercenseciiggdress8dmving @ oressfagrtidnel profieof
poSSi 3| e al so ta ne;etq@ecafsikih@\m feat I:agmgn Efgh? bl;k%ef iﬁd\%r g@%@}e\fagg@, th@bdes 1o
ng\élr cgngﬂc?i nS%\%\nCt‘roggrtJ}:gﬂ?s 8&%35’1’9?@ ’S‘éped?oé'gf’@m&%tegh@ hgWNA&_EHETy into
a bundl e havi ng regi¥edt phturedek imhigh 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:
- 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 (8, 10) which are oriented profiled
towards the centre-point (11) of a cooling channe! (4) to be formed;



channel . Instead of profile rollers it is also possible to provide

profile drawing through an appropriate profile block, through gyghber 2006
the prepared wire is drawn and by neans of which, in the process,

the shape of its cross-sectional profile is nodified. A further
possibility lies in so-called reshapiﬂg forging, in which the desired
profile is produced by neans of appropriate forging procedures.

I nstead of a solidly constructed outer tube, jacketing of the

profiled supercm@mg&agagnermerpﬁér:%péﬂcaﬁmﬁagw& oS58 HpbiR@inally
hel i cal l y wound ensi, on Fi gure
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subsequent | y- prwiddioget ledsd bnesemriphieg bie amandsthefoupdie ynehelgat i on. I n
accordance Wt hyy o8 ?Hodl ment, the invention accordi ngI y relates to
a superconducti ng %o | ow cabl e having the foll ow ng ures: - an
outer tube (2) FAFINFghawerICaPHM lieﬁﬂ@wngcw't?s@'ﬂs%b%fﬁ%caﬁﬁwsa'at'ng and
cylindrical innesmetially sdaBhg outerdage bt thakumoaindagingahnetat(el) having a
pol ygonal or circular cross-section which is smaller than the inner
cross-section of the outer tube (2), there being arranged between

t he inner walNlace@yanggavithiadudionsienbgdiateai el invenfiorpieltey lgp to a method of

super conduct piagushy £8upefdonducting Bliolabie YPewRIOR Botabriseg thd folksvidd) whi ch
conprise at |e st %ne superconducting filament (6) and which have a
cross-secti ofgl © Tle of a key stone as known for Ronman stone
bri dges or for rgpdwmg\mqhtal§sheithafagcnremacwderthbq Zahayipga circular inner

cross-secti onal orpdOfelolidh £d atmmprcgp‘,h,l,e@q,amg})erconduct| ng W res (5) has
t ched
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regi on (8) of calkeyataneeasnbwh farRommaatstoine dhridgestanéorgireic ubdis, the cross-
Ccross-section ofechhg, ﬁB\?E 'opgae%%%lupéréandu@tﬂ‘@ WiRg (Q)rﬁ)ail%g aﬁ%@% onal

profile has side ,e% WhICh are or|ented profil ? fd
t he region {7/) of curvature which is matched to the circular mner cross -section o

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 criented profiled
towards the cenire-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.

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

forging.



-11- centre-point (11) of the cooling channel (4), the profiled
superconducting wres (5) being arranged on the inner wall (3) @f

the outer tube (2), and the inner regions (8) of the profiled 8December 2006
superconducting wires (5) formng the cooling channel (4) of the

super conducting holl ow cable (1). The superconducting hol |l ow cabl e

can be characterised in that the profil'éd superconducting wires (5)

are arranged so tightly on the inner wall (3) of the outer tube (2)

Cegi ons (7 QLS R Bihd B dckbindos TR ndrerohe hdiires e
(9, 10) adj acéPfanedf Bital coaling herbe pravidest al | oper ating t enper at ur es

of the superconducting hollow cable (1) they naintain a central

cool i ng chann 4 i heir i nner,.reqgions .of curvature. - This
super conduct i ?Se&ﬁ’%m\({)&v@ ‘@5@?‘%‘3%8¥Pr?%%e%’ﬁ§%§gﬁf8?&2@@&“ [FeEAcR o sum of
gap Wi dt hs (@fcanrasgsgirigueesr adi al gap formations between the
profiled superconducting wres (5) is, at all operating tenperatures
of the super, oppgucti &% hol | ow cabl e 5 1), smaller than the difference
in length ( et WM 3 HRSSSRACHRN. (nAiadigmitiyierm (P ugted isupricongrcting
curvature of an i nbdlgivaable apecwafing eda frgpenmameknt bi tAg inveAten:

Furt hernore, the superconducting holl ow cable can be characterised in
t hat the ‘ofi] ed superconducting wires (5) have internmeshing
profiled si'®™e ge%ho("f%’f, crasgysectiqn, iy digararpinatic fotve thrapeh @ svrRieanduaing

hol | ow cabl e can bkoliowanbletzetdrdiegltd Nisdcbad embiim@it of iHegflention:
sup;grconducti ng wres (5) have special surface coatings or partial
hi gh- resistance jacketing nmeans in order to reduce eddy current

ef fects and'Hfe? ne$hows Gsess sertinn; eliagpramatictierns dpevatomdetet pfige hol | ow

cabl e can be char aaiperdos@dtindihdlibatcablB@ccdidifd ol Bglrs gper conduct i ng
wres (5 are twi sted around the central cooling channel.

Furthernore, the superconducting hollow cabl e can be characterised in
‘that the pHi9gKi4 ecshowperceamdactionniy didaramsmits)formaveougr astiperconducting

- super conduct ors orhdibwBable according to 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 profiling;

Figure 6  shows a cross-section, in diagrammatic form, through a profiled
superconducting wire after being provided with a profiled shape fora
superconducting hoflow cable of the first embodiment of the invention

L, 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;



t enper at ure superconductors. Furthernore, the superconducting hol |l ow
cable can be characterised in that the outer tube (2) has a

circular, square or trapezoidal external contour (17). 6 Decenber

2006 -12 Furthernore, the superconducting hollow cabl e can be 6December 2006
characterised in that the outer tube (2) conprises cooling channels

(18) in its longitudinal direction. Fu.thernore, the superconducting

hol | ow cabl e can be characterised in that the coefficient of thernal
expansion of the material of a conmpact outer tube (2) is greater

than the cbe@kiSci showoé ctdsesesibn ax pagsiromatio fortnhthrqugafa dupdrcstfueting

conductors (5). | mofidk Q4RSS rdMdltE aBolritrdnlRbinRPOdh&R Entich e

invention relates also to a nethod of producing a supercohducting
hol | ow cable (1), which conprises the followi ng nethod steps: -
produci ng Eigureuf e showsite cBsshastiongn diagiantrhdti@forin Bresuctrtas Yaseed éfen and

a cylindrical ingg G [ fei nduct i ng
wres (5) having a é:?%@sdl}l gté tqog%mépgbgérj%%%ggégﬂgh %&93@'5‘ %hg:&é@e known
for Roman stone b!MV8G¥¥:or for groin vaults, the cross- sectional

profile of the profiled superconducting wires (5) having an outer

region (7)g r ich.is. , e.circular inner.
cross-sectfi:E@jr{e g? gﬁ@%ﬁ%$ g%&%@ 'f@%&éﬁﬁ' E'Q{/o}r'ﬁgth Yl gﬁ ner erlpgqueu(%ng( 8)
which is nmatched f8llasheablericolingds asixtredmbngineant efthe ivesetioni on of a
central cooling channel (4), and the cross-sectional profile having
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longi tudinally extended circular bundle (28) around a central
cooling C*ﬁé‘u@é"%a ( él)ldws a cross-section, in 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).

i 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
holiow 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



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

enbodi-nent, the invention relates also to a nethod of producing a
super conducting hollow cable (1), mhlcg conprises the follow ng

nmet hod steps: - producing profiled sudperconducting wires (5) having a
cross-secti onal profile of a key stone as known for Roman stone
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because otherwise the annular structure of the profiled superconducting wires 5 and, as
a result, the cooling channel 4 in operation is destroyed. The sum n - s of all gap
widths s must therefore be less than the difference in length Al of the curvature length
lx Of the outer region 7 of curvature minus the curvature length % of the inner region 8

of curvature of the profile of the profiled superconducting wires 5.

Because twenty profiled superconducting wires 5 are provided in this first embaodiment
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 fube 2 and the
inner radius r; of the cooling channel 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
components: 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 all the variants corresponding to Figs. 1, 2,
4,9, 10, 11 and 12.



f. - 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
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W re can bhe orrpllshed by neans of profile rollers. Furthernore,
profili n8 Bef%{eli i re can be acconpl i shed by neans of a profile

bl ock. Furthernore, profiling of the Wi re can be acconplished by

nmeans of {ﬁggghg\lgsa i&' g&t,o@f[.l?‘a |te§n thidhighY 4181 SRRE,  an

addi tional” parti etin superconducting wires by
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expl ai negichofl 88hhe BRRHIngWid et afai8MFRd bY thd'8ame reference symbols and
not separately discussed. Figure 3 shows, to an enlarged scale, the intermeshing of the
profiled superconducting wires 5 by means of the offset 19 of adjacent profiled side
edges 12 and 13.

Figure 4 shows a cross-section, in diagrammatic form, through a superconducting
hollow cable 1 according to a third embodiment of the invention. This third embodiment
of the invention differs from the preceding embodiments 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 Al 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 profited
superconducting wire 5 after being provided with a profiled shape for a superconducting



acconpanylng Flgures Flgure 1 shoms a Cross- sectlon i n diagrammatic

form through a superconductin hol | ow cabl e according to a fir

enmbodi ment gf t he anention; F?gure 2 shows a cross- segtlon é%mcmnm“2006
di agrammatic form through a superconducting hollow cable accordlng

to a second enbodi nent of the |nvent|0ﬂ3 Figure 3 shows a

cross-section, in diagrammatic form through a detail of the
superconducting hol | ow cabl e according to Figure 2; Figure 4 shows a
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'+ 8 shows a sxctesgseateddn thd dradinggiearmatic form through a profiled
superconductor after being provided with a profiled shape for a

super conduct| hol | ow conductor cable of the third enbodi nent of the
i nventi on; '8‘” ERYe R cosgectionsindiagianemaicderpwihrer abraorrstiséct i on, in

di q%gr ammat supefcondoctihdwioe g after teieiredRduaEth IGofiled shape for a superconducting

cable 1 of the second embodiment of the invention according to Figure 2. Instead of
smooth side edges as are still shown in Figure 6, in the case of this profiling profiled
side edges 12 and 13 are shaped or drawn through a drawing block. In the process
there are formed stepped shoulders 19, which make possible intermeshing of the
profiled superconducting wires 5 when the hollow cable is assembled.

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 circular cross-section as shown in Figure 5. For the
purpose, either four differently shaping profile rollers or a drawing orifice of appropriate

1 shape can be used in order to 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 profile 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,



hol | ow cabl e according to a fourth enbodi nent of the invention;
Figure- 10 shows the cross-section, in diagranmmatic form through two
variants of a superconducting hollow cable according to a fifth
enbodi ment of the invention; Figure 15 shows a cross-section, in

di agrammatic form through a supercond 8fing hol | ow cabl e accordi ng
to a sixth enbodi nent of the invention; Figure 12 shows a
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Figure 11 shows a cross-section, in diagrammatic form, through a superconducting

hollow conductor cable 1 according to a sixth embodiment of the invention, reference
numeral 5 denoting profiled superconducting wires, reference numeral 2 denoting 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 wall of the outer tube and which have an opening to the
bundie 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
seventh 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 plurality 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 diagrammatic form, through a superconducting
holiow 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
symbols and not separately discussed. The outer tube in this case is formed from two



channel 4 so that those profiled superconducting wires can be

intensively cooled by the 16- coolant stream The profiled 6Dmmmbm2006
superconducting wires 5 are held together by a solidly constructed

outer tube 2, which has an inner wall 3, against which the profiled
superconducting wires 5 are in close ag tment. The profiled
superconducting wires 5 have a cross-$ection which corresponds to a

key stone of a Roman bridge and/or of a Gothic vault. This profile
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wires 5 i ssrmxsmhmbge df twiktbe dupeftaducting wered BOTHinAG MitideSa Mineli@@ptight
dependent pp.the difference between the inner radius ra of the outer
tube 2 and tﬁe “inner radius r; of the cooling channel 4, as
explained in the formul ae hereinbefore. A superconducting hollow

cabl e 1 of FiguehsahkivedshFagrs hea a@lyrwﬂégagﬁ drBads Fti@.ﬁe ey, %to?d%(:}-%eétfén if | ow
‘m BE' gogrfcri{%&%wbﬂgc Fopl%ntﬂ%lug a's?:p&éond%ct1ng¥1ohow ca%le of tﬁe C?Cé ?ype alcdorcii ing
he prior art {(POLO cable). Components having the same functiens as in the
preceding Figures are identified by the same reference symbols and not separately
discussed. 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 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



and hi gh nmechanical stability can be achieved. It furthernore has the
advantage that the cooling nmediumdirectly 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 s#istantially only two |ayers or
conponents: namely the concentric bundl e of key-stone-shaped profiled
superconq%ctingfmﬁ[es 5 and the @ol'dl constrycted outer tube 2.
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hol | ow c¥##é31 of the first enbodinent in the profiling of the
profiled superconducting wires 5. In addition to the Kkey stone
shape, these profiled superconducting wires 5 have an offset of

magni tude v, which additionally inproves the internmeshing of the
profiled superconducting wires 5 and allows |arger gap widths s

bet ween the adj acent profiled side edges 12 and 13 of these profiled
superconducting wires 5. The relationship between the possible gap
width s and the difference in length Al between the outer and inner
regions of curvature and the magnitude v of the offset has already
been di scussed in detail hereinbefore. Figure 3 shows a
cross-section, in diagramuatic form through a detail of the
superconducting hollow cable 1 according to Figure 2. Conponents
havi ng the same functions as in the preceding Figures are identified
by the sane reference synbols and not separately discussed. Figure 3
shows, to an enlarged scale, the interneshing of the profiled
superconducting wires 5 by neans of the offset 19 of adjacent
profiled side
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edges 12 and 13 Flgure 4 shows a cross- section, in dlagrannatlc

form through a superconducting hollow cable 1 according to a third.-. .
enbodi ment of the invention. This third enbodi ment of the i nvehPtwmber 2006 .
differs fromthe precedi ng enbodi nents in that the nunber of profiled
superconducting wires 5 has been reduced fromtwenty in Figures 1 and
2 totenin Figure 4. The interneshi+##-of the profiled
superconducting wires 5 is enhanced by neans of the fact that the
super condu AT es > have pointed profiles 20 on their profiled
si de edgesEliJZg} 8reﬁf?s‘e$5*f'hbé’§e poi nted profiles 20 forman of fset of
magni tude v, which in co-operation with the difference in |length Al
bet ween the outer a@qpér@@rﬁ{ucﬂ gergill&ﬁ‘éab? and 8 of curvature of the
Cross- sect%ons of the pr@]@ superconducting wres 5 increases the
tol erance for the g& h s, so that a higher tolerance with
respect to3gap w dt hrmeswalhatowreuh‘eor med can be permitted w thout the
structure @f the Slég,e;tmg&g;r\gtch%ew res 5 arranged inside the outer
tube 2 collapsing. Figure cross-section, in diagramatic
form throvtigh a sup@f%‘!ﬁﬁ’oﬁ&'@?r‘?ﬁ'@ducﬁ*ﬁﬂ"ﬁ'fﬁl | ament wire in a standard
arrangenmens. Such wisuescdraveting fidnteptl ar cross-section and conpri se,
as describged herei n%g{e&e%mn va\nsuwgtg superconducting filanents in a
nore or |ess conpléx |gure 6 shows a cross-section, in
di agrammat®c form {Mebiggienaf prwdtiieed superconducting wire 5 after
bei ng provgded wthsa;ogchgﬁdelﬁgeshape for a superconducti ng 6 Decenber
2006 -18 I 1 ow catgl %0111 CI téjhe first enbodi nent of the invention
ac((:ordl ng to Figure PORRE% cour se of bei ng provided with that
shape, a wire accor @emitp-rantm@f gealiag Bhanselr ol | ed, using different
roller profdles, soppdﬁ% std@eercgeare formed, on the one hand, an outer
region 7 o{ curvat ur 3 esc@ t he ot her hand an i nner region 8 of
curvat ure. "Furt her mBrde H{? Bie edges 9 and 10 are rolled by neans
of rollersl4set at aaum@ﬂdpctmtﬂ{amﬂgl e to one

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

16 jacket of the stabilising matrix of a superconducting muitifilament
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 fitaments and stabilising
matrix

30 superconducting wires

31 bundle of twisted superconducting wires

32 hermetically tight tube

33 tensioning wire wound in a helical arrangement



another. Instead of a rolling mechanism draw ng through an
appropriate shape- providing drawi ng die can also be enployed. In the
case of this nmethod, the round wire shown in Figure 5 is re-shaped
into a profiled superconducting wire 55,having a cross- section
governed by the drawing die. Figure 7 shows a cross-section, in

di agrammatic form through a profiled superconducting wire 5 after
bei ng proyj ded wi t hegepealy ih&fbttgaR&nicptalld sSHRRY &98dUEd ng cable 1
of the seg nd enbodj nent of the i'nvention according to Figure 2.

I nstead of° smooth WURNASEJWEUHs are still shown in Figure 6, in the
case of this profiling profiled side edges 12 and 13 are shaped or
dr awn thrpugh a drann (%Io&#T Hn E e PLocess there are

f or med. st &pped shouder's” PS = Wrd'eh ﬁﬁﬁgaﬁgssible i nternmeshing of the
profil ed lsuper conduenyihgpfires sediomblenintdigehol | ow cabl e i s assenbl ed.
Figure 8 shows a cr - i in diagrammatic form through a
profiled @upercondﬂﬁ??ﬁgg&j@@ﬁg after being provided with a profiled
shape forSa supercof@u¢idtthg hollow cable 1 of the third enbodi nent
of the inyention acgagsituye drefikétgure 4. This profile too, which has

a profile point 20 on the side edge 12 an he obtained by .

appropri dl e shapi ngm‘%ﬁ'b%[rf’fipﬁ‘?c}ﬁdasr‘%‘?r@f‘%{nnﬁrw@rsé’?é-S'é%e(f?‘?r%%m% Klign
in Figure 5. For theblgpurpose, either four differently shaping
profile rollers or ;g Qﬂ%@h%%fﬁ&%ﬁﬁ%@ of appropriate shape can be
used in ofder to proﬁuce the tour profile edges of the cross-section
of the profiled supédiveshderital sgolingrabenme! An advant age of these
profiled superconducting wires 5 of Figure 8 over Figure 7 is that an
outwardly bul ging pointed profile 20 of the profiled side edge 12 is
easier to produce by neans of profile rollers than is possible for
the profile having a stepped shoulder 19 of Figure 7 and that the

i nterneshing of those shapes contributes to the profiled
superconducting wires' orienting thenselves around the cooling
channel . Figure 9 shows a cross-section, in diagrammtic form

t hrough a superconducting hollow conductor cable 1 according to a
fourth enbodi mrent of the invention.



Conmponents having the same functions as in the preceding Figures are
identified by the sane reference synbols and not separately 6 December 2006
di scussed. The difference fromthe preceding enbodinents lies in the

fact that, as the solidly constructed outer tube 2, -19- there is

sel ected an outer tube which, althou having a cylindrical inner

wal | 3, has a square external conto H’l?, as a result of which, on

the one hand, the strength of the outer tube 2 is increased and, on

t he otherpggﬂgdaﬁﬁg production of conpact coils can be substantially
sinmplified. Figure 10 shows cross-sections, in diagranmmatic form

through two variants of a superconducting holl ow conductor cable 1

accordi ngit OSlaJef‘doﬁtjlh'ctlﬁ@bﬂ(ﬂ)Wﬁéﬂte (mjfhatvtfng thd fBMRIMd f@@ture@ormonent s havi ng
i ed by the

th f
saﬁesﬁg?erggétéﬁgﬁ% Sg Ha* ?“@%EQPQQQFS%8?§@ﬁ@géﬂwh¥ﬁ@m&¥F¥erence
of this fWif:enbodi ment of the invention differs fromthe preceding

enbodi nent s a di’edtr’@&toohr{d'tﬁ]aﬂhgl &) h%HH@a%olb@éHan& AcANUGHE-QEHGT WAdeh is
cont our outer tube 2,

addltlonag 260! ahﬂ} WgﬁﬁgpgsTgmpﬁf%ﬁgueBﬁﬁ?ﬁﬂdlnal direction of the
hol | ow cabl I@Of!!ed mewon@mng wirgsh(@) wbioh aregracgddoretwesn thasmnat wab(dy

descri bedaheretsdag erfineh®) arfdwméheéonwﬂ&@é‘ﬁéés& Bk §Lﬂfer$dﬂﬂ§ct|h€| | ow cabl e

1. Figure_11 s-section, tic form Through a
super conaltTPRS B R TE0n 8 st e & ol Sat COPHFIfge o6 <aogl By oran
enbodi nmenstons bridhes onrforgrbinoaylts; ef erence  numner aI 5 denoting profiled

super conductihfigoWd. §@<§one{i ﬁif fleS G bﬂgﬁﬁﬂﬁe%om% Rded (*Sflp_la\fﬂ‘g; £l outdfbe

anp ref erence nu?e enotin ch anne s in uter tube
21in t hereP'BHé &H%%Fred’t’W%F MetENee ta the re lé&ot”é'ro.f %9“'9’ IPp]ySragh-seHigs e
out er coodvfltm'egoméranﬁee(lzg ah8 the Mbuscéaacﬁbdamdfalabuhg ptdﬂ:&adis}mﬁ@rbombtingof t he

outer t ub@@qs‘) H’éﬂlny% c@%\éﬁesa{é ?@ garé ?rteltnpegi tO\Q%gltf?e c? ntr Ipﬁifn{ {Aﬁfe s are

super conducting w super con auc
accor di ngh§ °ec¥ag haswnal #y cool ed fron1the outside in direct contact
wi th t he coahamtteadddas thagach quarter-turn of the helical

di spl acer’rentthe Lgljafllég'%lﬁ)e c%rnld@c@itng EN’CI%'QS (5‘?'3}6' e}reg%ggg orne equ;neer ?vlélu {3‘?% the
outer tube (2);

the cross-sectional profile of the profiled superconducting wires (5} has an inner
region (8) of curvature which is matched to 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 ¢able 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.



to absolutely identical electromagnetic, nechanical and thermnal
conditions. Figure 12 shows a cross-section, in diagrammatic for
t hrough a superconducting hollow conductor cable 1 according térﬂfcemberm%
sevent h enbodi ment of the invention. The seventh enbodi ment of the

- invention differs fromthe precedi ng enbodinents in that the outer

tube 2 has a trapezoidal external contdur 17. This trapezoi dal

external contour 17 can be advantageous when a plurality of these

super condugt i hol | ow cabl es are assenbled into a circular coil
or when sp 'ci?‘l%@r‘i?iﬂij‘l‘ct'a%gﬂ'kt"ﬂ"iaé? 355788 & HaMph oduced in a

mechani cal | y demptcisedaringr and in as stable a nanner as possible.
Figure 13 shoys ,anchQs 'é?ﬁ{ il [ e f prough a
superconduc%}gfn?p Hol I oé\l/e ca EEH% \g%gé%ﬁg%%?ﬁg%%egl %E@%{j %ﬁ%odi ment of
the i nvent #¥#S (Goriponent s having the sane functions as in the
preceding Figures are identified by the sanme reference synbols and
not separ ajely, 4 : t - iLn.this case is forned from
two 6 Decemeru%t)%%_mlgghg&%%aﬁsé %Eﬁalﬁg% ésﬁﬂrﬁgr‘lg?él y di scussed. The
outer tube irFhercterieas®ha fornmed fromtwo layers: a first |ayer

having a tenSt'h@ﬁioﬂ@d\&hp@c@@uctlfr?rwi@x@ﬁ}?ﬂa% gﬁeciﬂih@rrr,aca\@w ildg&, Br garighigeal
! arrangenent... tr insul ating,. hernetica seal in
qutr T ay o3t ABTLERhE R s BT P B PR T e T
- al ready described hereinbefore, this eighth enbodi nent of the

. invention si fdperohd@ihg AGIoRT RERH-PEHIRHROSHB? HeSorbdddind@iaims | Nst ead of
a solidly con trugt.ed .oqtqr tube, jacketing of the profile

. supéerconducti raclpEbinitae acconpl i shed by neans of tensioning wire

- wound i n a hehé pufiledsppaigentecting wites (Skeretvisier abett the caftta) coatisall at i ng,
her meti cal ¢pankdight outer |ayer is subsequently applied. Figure 14
shows, as Figure 14a, a photograph and, as Figure 14 b, a drawing, in
di agrammatic form of a superconducting hollow cable of the Cl CC type
in a standar duparcoadgéng htllowCGabieanentlisg lerierd teheesdmg daimet i ons as
in the precedihn@cEldH RshAre Iidentified by the sane reference

synbol s and not separately discussed. Figure 14
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-sectiona!



shows a bundl e of tw sted superconducting wires 30 running |nS|de a
hernetically tight tube 32. Figure 15 shows, as Figure 15 a,
phot ograph and, as Figure 15 b, a cross-section, in dlagrannat@P“mmb“Q006
form through a superconducting hollow cable of the CICC type

according to the prior art (POLO cable). Conponents having the sane
functions as in the preceding Flgureszdke identified by the sanme

reference synbols and not separately discussed. In this case,

d | idl t t ed
Cube 51 as ioriB b el R s Bl Sr BLEARARRERD Py bh culhy FRETcRbsdapd ng.
provi ded f &t haying '@W&S@idmdﬁi \wiietsis mpdahed teda pdlpgatiat e ctrcgassesyeseotion

supercriti ead celn&h:l déﬂﬁr@%‘éﬁr%n @ g tﬁ@@@gsc%dm bﬂ%@le\Matfﬁé 3@ ng‘ésf‘(g
possi bl e sta i gure

16 a, a pwﬁ)(ﬁ og#cgpaﬁg%ecﬁ’?edégwﬁr @ﬁ}eecef% 'BO'”ta”Ei)ng\ﬁncﬁas'”nga”'b‘?‘ é‘ﬂrt%l tic

form of afogﬂmbbscfbﬁmmctneggnaéibl e of the Nuclotron type in a standard
arrangenent . ?'ﬂ%@%h%r %‘ﬂr&ﬁbo‘é&‘seééﬁ%cﬁdesQ@)sto m &o b&%d%ﬁ}:ed' ng

Figures are E % ‘3% he sane referen S an
separatel y ’6‘?@8 SEEHRT oEpde (28). fae sidhedgss (§ Hob"fé@i’l??@?e%aﬁffiﬁﬁg channel
fornmed by alpemnptaﬂ:tmg winay (5§ hing agdinstfon€ahbthertand thephaseefiohd @hihdkeot hat

i's passed LhkiRvgh r’itﬂa% R inner tube 21 there are wound
superconductlI g e @dé] gci%}‘mhlrtﬁ)fe hel d together by an N Cr

t ensi oni ng wid®@ %@maﬂ"elKapt on tape 24 forms electrical insulation and
a fibregl ass drayieg 2 cresisasintien28)mavingthe cefittallcadlingh@inel A@into an outer
super condugfd hol | ow cabl e. Figure 17 shows a cross-section, in

di agrammatic form through a superconducting hollow cable | of the
Nucl otron tyg€ in an inproved arrangenent. Conponents having -21- the

sane functi ongingifg icaethbepRERHEIRD! Eicﬂl‘ﬂb@cﬁ o@leftube eMtHaling@ dwulém-.eﬁ ame

ref erence par at e

Contral cosmacihAR St PERRER By Y VB R RePh G ibls Pl
On the i nr@mPegineter jubetnéthe supercomiugting fpflef caldel super conducting wires
5, which are held together by an NCr tensioning wire. An

11. Method according to claim 10,

characterised in that

at least one tensioning wire is wound around the bundie (28) in a helical
arrangement and the wound-around tensioning wire is covered with an electrically
insulating and hermetically sealing outer layer of the superconducting holtow 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 superconducting wires (5).

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

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



electrically insulating, hernmetically tight outer layer 34 is
arranged on the tensioning wire 33. 6 Decenber 2006 -22 List
reference synbols 1 superconducting hollow cable 2 outer tubé?%mMMerMM
inner wall of outer tube 4 central cooling channel 5 profiled
superconducting wire 6 superconducting filanment 7 outer region of
curvature 8 inner region of curvatur&%’g snoot h side edge 10 snooth
side edge 11 centre-point of cooling channel 12 profiled side edge
13 profiled side edge 14 superconducting filament 15 netallic core or
centre of &t detPrdrrrgrdratriceimf2a superconducting rmul tifil ament
conduct or 16 ¢hackefisefintthe stabilising matrix of a superconducting
mul tifilanment d £ Ll e ter cont our of
outer tube 1é”%@@§?ﬁgggﬁ8%%%?€ ggm?%ggg%%%%miéﬁgé%ﬁﬁgab%ngitudinaI
direction 19 stepped shoul der (stepped profile)

16. Method according to one of claims 9to 13,

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



20 pointed profile of a side edge 21 conpact inner tube 24 Kapton
tape 25 fibreglass tape 26 outer jacket of inner tube 27 i nner Glgpgmber 2006
of inner tube 28 bundle conprising superconducting filanents 29 wre
froma bundl e conprising superconducting filanents and stabilising
matri x 30 superconducting wires 31 bundle of tw sted superconducting
wires 32 hernetically tight tube 33 tensioning wire wound in a
hel i cal arrangement -23- 34 electri/éally insulating, hermetically
sealing outer layer 35 two-phase heliumlak |ength of outer region
of curvature 1;k length of inner region of curvature Al difference
inlength s gap width v magnitude of offset n nunber of profiled
superconductrﬂgémLzes per superconducting hollow cable ra inner
radi us of outér”tube r; radius of central cooling channel 6 Decenber
2006




24 Patent clainms 1. Superconducting hollow cable (1) having the
following features: an outer tube (2) having a circular inner 6 December 2006
cross-section and a cylindrical inner wall (3); a central cooling
channel (4) having a polygonal or circular cross-section which is
smal | er than the inner cross-section of the outer tube (2); profiled
superconducting wires (5) which Abe arranged between the inner wall
(3) and the &f4¢ ong channel (4% and whi,@h, conpy,i se at | east one
superconducti ng f1lament (6) and which
of a key stone as known for Rong <
the cross-sectional profile_g
havi ng an outer region
pol ygonal or circular
the cross-sectional pgk
(5) having side edgg
centre-point (11) ANAE
the profil ed supé 5) are arrs
(3) of the outef p ‘ e~ Cr oss-secti onal
profiled supercpy i ng*wixg$ (5) has an inner )
curvature whic /0 the circul ar cross-sechif
cooling channg ;29 | ed superconducting w kes,
means of their "“('8) of curvature, the cyftndf
e sU@er conducti ng | | ow cabl e ("1}, §
h¥ir radial | 20t { ented side ledges ¥
' and with their outer :

0ss-secti onal 5£ofile
p¥. f Or groin ults
8tingjﬁ;res (5)

annél-(4)~ chapaft

W Fes being arf’a
softightly ag#
curvature so t




A ey — N

wal | of the outer tube (2) that they can hold thenselves in posiébggmbm:mdé
by neans of a shape- based and force-based fit and maintain the ~ -
cooling channel (4) at all operating tenperatures of the
superconducting hollow cable (1). 2. Superconducting holl ow cabl e
according to claim1, <characterised in that the sumof gap w dths
(s) of possible radial gap formations between the profiled
superconducting wires (5) is, at ahzoperating tenperatures of the
superconducting hollow cable (1), snmaller than the difference in

|l ength (Al) between the outer (7) and inner (8) regions of curvature
of an individual profiled superconducting wire. 6 Decenber 2006 25
3. Supercon in?,hoIIOM/cabIe according to claim1, characterised
inthat th fifed superconducting wires (5) have internmeshing
profiled side edges (12, 13), 4. Superconducting holl ow cabl e
according to claim1 or 2, characterised in that the profiled
superconducting wires (5) have special surface coatings gr partial

hi gh- resistance jacketing neans in order to reduce eddy‘current

effects and thermal |osses. 5. Supglgopgducting hol | cabl e
according to one of the ee®di ng cl @i ns, characterised in that the
profiled superconducti r e/t aroqu the central
cooling channel. 6. .80 ueti g i ho ca ccording to one of
t he preceding cl ai s, r sed 3 pr 'Iedé
superconducting wire 5 el ceranx ijsuper con hi gh-
1{‘ RN ~,.-"|~',-..'.. N4 ]lf
T e = e
:'-.-.} :... . 8 - ﬁ‘, -' .: y 20
v : L oL
S i ¥ et

i



t enper at ure superconductors. 7. Superconducting holl ow cabl e

according to one of the preceding claims, characterised in that®{sgmber2006
outer, tube (2) has a circular, square or trapezoi dal external contour

(17). 8. Superconducting hollow cabl e according to one of the

preceding clains, characterised in that the outer tube (2) conprises
cooling channels (18) in its longitudinal direction. 9.

Super conducting hol | ow cabl e accofffiing to one of the preceding

cl ai s, charafgfégsed in that the coefficient of thermal expansion

of the matert 0f/ a conpact outer tube (2) is greater than the
coefficient of thermal expansion of the# ofil28 supggconductors (5).

10. Met hod of produci ng a superconductishg holfl ow cable (1), which

conprises the follow ng neghed-stens\pradugiag.ar-ofll.ed

super conducting wires (5) ot

e of a Kkey

stone as known for Ronman sé,a t he
cross-sectional 6 Decenber ;2 4 ed
superconducting wires (5) Bay ;curvat ure

and having an inner regionif
circular cross-section of #
cross-sectional profile hayg
towards the centre-point (%
by the inner regions (8); It
superconducting wires (5) &k
bupdl e (28), the side edgeg ‘
super conducting wres (5) k3
regi-ons (8) thereof form

{ al or
.9§2d t he

are oriented
be forned

\ded circul ar
J | ed
t he i nner

.: )

FI66 J°




and, alternatively: drawing the circular bundle (28) having the
central cooling channel (4) into an outer tube (2) or bringing December 2006
together two hal f-shells of a conpact outer tube (2) having a
circular inner <cross-section and a cylindrical inner wall (3), with
the bundle (28) lying inside, to forma conpact outer tube of the
super conducting holl ow cable. 11. Method according to claim 10,
characterised in that at | east one &grssioning wire i s wound around
the bundle (28) in a helical arrangenent and the wound-around
tensioning wire is covered with an electrically insulating and
hernmetically sealing outer |ayer of the superconducting hollow cable
before bringingﬁf@b her the half-shells formng the outer tube. 12
Met hod of producing profiled superconducting wires for a
superconducting hollow cable, according to claim10 or 11f which
conprises the follow ng method step: ¥ profilipdsthe gound”standard
shape of superconducting wi rg e ' o claim12,
characterised in that profil d by neans
of profile rollers. 14 Meth acheised
in that profiling of the wr a profile
bl ock. 6 Decenber 2006 27 1 2,
characterised in that 4 19
12 +

S




- . i i

profiling of the wire is acconplished-by nears™6T Féshapi ng for gi ng. _
16. Method according to one of clains 9 to 13, characterised iaﬁebmrtber?()%
an additional partial jacketing of the profiled superconducting wres

is acconplished by neans of netal coating. 6 Decenmber 2006 1/12
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