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Fabrication, Qualification and Test of High J
Roebel YBaCu;0,; Coated Conductor Cable
for HEP magnets

V. Lombardo, E. Barzi, D. Turrioni, A.V. Zlobin, N.J. Long and R.A. Badcock

engineering current densitl of YBCO tapes in unfavorable
Abstract — The Roebel concept allows for the cabling of high.  field direction is still comparable with state of the art Bi2212
YBa,CuzO75 CC tapes which are commercially available in wires. YBCO conductors are presently only manufactured as
reasonable lengths. This approach to cable design leads to severaknin tapes, which requires a new approach to cable

technological improvements for the manufacture of the next ... actiring. In the following, the Roebel cabling concept is
generation of high field magnets. For instance, a reduction in

inductance is a key point for the protection of HTS coils presented, criteria for tape quality and selection are discussed

generating fields in the range of 40-50 T, such as those needed forand test results are presented.

the last stage of the cooling channel of a Muon Collider. Here we

describe the measurement of the current density uniformity of Il. CABLE FABRICATION PROCESS
YBCO coated conductors at 77 K, the manufacture of Roebel

cables from these coated conductors at IRL and the measurement o . .
of the critical current of the assembled cable in liquid nitrogen. The Roebel cable fabrication entails cutting YBCO tapes

The results compare favorably to thd . of single tapes, permitting into a serpentine shaped conductor that can be used to wind
an estimation of the cabld at 4.2 K. the final cable. This is achieved by mechanically punching the
virgin YBCO tape into the desired shape (Fig. 1) which is then
fed into an automated winding machine. Any approach based
on laser cutting cannot be followed because of the risk of
heating the conductor to temperatures above® Z50vhich
might cause degradation.

Index Terms— 2G HTS YBCO tapes, Roebel cable, critical
current 2D homogeneity.

I. INTRODUCTION

he final stage of muon cooling [1-5] in a Muon Collider

calls for solenoids generating magnetic fields in the range
of 40-50 T. The conceptual design of the new machine relies
on the use of high temperature superconductors (HTS) for
mainly because of their high irreversibility fields.

Currently, only two high temperature superconductors show
the J. potential for application in the required field range:
YBa,CuO;; (YBCO) and BjSrCaCuyOy (Bi2212). Bi2212
wires have a round cross section and thus can be formed into
Rutherford cables with the same approach used witySiNb
and NbTi wires [6]. The technology involved in cabling
Bi2212 is currently investigated at Fermilab [7].

Although the Bi2212 conductor doesn’t show anisotropic

effects with respect to field orientation, it requires a VerY. . 1 From left to right. (a) Original 12 mm wide virgin Y&ak0-.; tape;

precise heat treatment in pure Oxygen after which it becon'@gsingle punched tape a with final width of 5 mm; (c) assembled Roebel
extremely brittle and therefore highly strain sensitive. On thmble. The completely assembled cable consists of 15 tapes.
other hand, YBCO shows better mechanical properties [7], o
doesn't need reaction, but its highly anisotropic behavior The conductor chosen for the cable presented in this paper
needs to be accounted for in magnet design. Nevertheless,igh@ commercially available YBEwO;, tape manufactured
by SuperPower. It has a width of 12 mm, an YBCO layer

. . _ thickness of 1 um on top of a 50 um thick Hastelloy substrate
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Department of Energy. an |F is comp_ete_ with two _um layers of copper for

V. Lombardo, E. Barzi, D. Turrioni and A.V. Zlobin are with Fermielectrical stabilization. The details of the conductor are

National Accelerator Laboratory (Fermilab), P.O. Box 500, Batavia, IL 60518ymmarized in Table I, while the geometry of the Roebel
USA (phone: 630-840-6319; fax: 630-840-3369; e-nhaihbardo@fnal.goy . . .
N.J. Long and R.A. Badcock are with Industrial Research Limited, Lowe(?able is shown in Fig.2.

Hutt, New Zealand.




5LPA-03

TABLE | 2GHTS CONDUCTORPROPERTIES

Tape Manufacturer Superpower
2G HTS Tape SCS12050
Nominal Width 12 mm
Nominal Thickness 0.1 mm
Stabilizer Copper (2 x 20 pm)
Substrate

Hastelloy® C276 (50 pm)

YBCO layer thickness 1pum

Although several cable geometries can be achievégla
[9][10], the geometry chosen for this particulableais a
“15/5”, which requires scaling the tape width freine original
12 mm down to 5 mm and using a total of 15 tape<akele.

Wx , Wr
We : j |1
& Lisg
R e
L

Fig. 2. Schematic of Roebel cable and its main gegooal parameters.
Fig. 2 shows a schematic of the cable geometryyeesein

Table 1l the full set of geometrical parameters foe 15/5
configuration is summarized.

TABLE Il 15/5ROEBEL CABLE PROPERTIES

Lirans Transposition Length 300 mm
W, Strand width 5 mm
W Crossover width 6 mm
W, Strand edge clearance 2 mm
W Cable width 12 mm
@ Roebel angle 30°
Lisg Interstrand gap 60 mm
R Cut-out fillet radius 3 mm

[1l.  QUALIFICATION OF 2G YBCO TAPES FORCABLING

Since the process requires reducing the width @& t
conductor to less than half of its original nominalue, it is
extremely important thal, is uniform over the entire width
and length of the original conductor. One way tdrads this
problem is to measure the field penetration aldvegvtidth of
the tape using several Hall sensors [11] and cimethe
obtained curve to the expected field distributiamick can be
computed via finite element analysis. The corretatfactor
between measuredf(x)) and expected field profileB{(x;))
was calculated with Eq.1, whexgare the measuring locations
across the tape width (at a given longitudinal fmsj. An
array of Hall sensors picked up the magnetic fisddmal to
the tape surface at 77 K in a homogeneous appbédiin the
same direction.

3 (B.(%)-B,) [{B,(x)—B.)
V2 (B.(%)~B,)* X (B.(%) -B.)’

Corr(B,,B.) = (Ea. 1)

In Fig. 3 two field profiles are shown. The firsteo shows
an example of a defect-free cross section, regultina very
high correlation factor. The second one shows sewéent

2

divergence from the expected triangle-shaped patigtr
curve, especially on the right side of the crosgisas,
resulting in a much lower correlation factor.
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Fig. 3. Example of two measured field penetratioofifes along the width of
the tape (12 mm).

For this particular cable, two 50-meter spools wesed
(called in the following Spool A and Spool B). Measd
average critical current and values for each spool are
summarized in Table III..

TABLE Il UNITS FORMAGNETIC PROPERTIES

Virgin Tape Average
SPooLID Averagel, (77 K, SF)  nvalue
Spool A 277 A 38
Spool B 296 A 39

The correlation factor, plotted for the whole Idmgtof
available conductors in Figs. 4 and 5, was usecddiect
sections suitable for cabling.
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Fig. 4. Correlation between magnetic field penaradata and theoretical
model as measured on 50 meters of 12 mm wide YB(P® (Spool A).

Although the average critical current of the SpBdhpe is
higher than the one of Spool A (Table 110}, of the tape on
Spool A is less scattered and more homogeneous4Jidhe
best sections of Spools A and B were chosen aauptdi the
described approach. Of the 15 tapes needed focabke, 12
were chosen from Spool A and 3 from Spool B (Fig. 6
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100% section as shown in Fig. Iz.andn values agree closely.
98% e Ie=104 A
Te =106 A N_value = 34
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R Fig. 7. Schematics of voltage tapsneasurements on straight and cross-over
86% r T T T sections.
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After testing every single tape individually, ant@uated
winding machine, developed at IRL, assembled thxecaNo
Fig. 5. Correlation between magnetic field pertiiradata and theoretical inter-strand insulation was included for this cablehe
model as measured on 50 meters of 12 mm wide YB(P® (Spool B). completed 3.25m |ong cable was wound on a G-1p@up
and the ends soldered to copper leads as showg.i8.F

Tape length (m)

V. PUNCHEDTAPES ANDCABLE TESTS

After punching the 15 strands and before proceeduiith
the actual cabling, the critical current of evemygée strand
was measured at liquid nitrogen temperature in &eld.
Table IV shows a summary of all measurements, Eithe
complete E-I curves.

TABLE IV |.DATA FORALL STRANDS AT77K
STRAND# | n STRAND# | n
(Spool) ¢ (Spool) ¢
Tape #1 (A) 1051 32.6 Tape#9 (A) 103.8 34.5
Tape #2 (A) 103.9 43.7 Tape#10(A) 105 30.7

Tape #3 (A) 1065 34.9 Tape#l11(A) 106.6 33.3 Fig. 8. The IRL test setup to measure the critizatent in the entire 3.25 m
Tape #4 (A) 108.6 36.1 Tape#12(A) 1056  30.1 long cable.

Tape#5(A) 107.4 39.9 Tape#13(B) 116.6 n/a

Tape #6 (A) 1052 34.4 Tape#l14(B) 1132 nla The cable was equipped with a total of two pairsaifage
Tape #7 (A) 104  34.7 Tape#15(B) 120.7 n/a tap pairs. The first one was used to monitor théage on the
Tape #8 (A) 1043 324 same tape (#5) along the length of the cable coge?.39

meters of cable, whereas the second one was moanteds
Critical current values obtained from punched sisamre two different tapes (#1 and #12) covering 2.61 msetef

compatible with the expected scaled values froméib cable. E-I curves for both taps are shown in Figvéltage
signals from both channels agree closely.
3 o
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Fig. 9. E-I curves for the whole Roebel cable meadwat 77 K under self
field conditions. Voltage taps along the same tape on two different tapes
agree closely.

Fig. 6. E-l curves for each punched tape useddrcabling process.

To ensure that no local damage occurred while pngadhe N
tapes, several tests have been run on short sampleoring Table V shows the critical currents andralues evaluated
the voltage across 5 mm of straight section andseover at1pVicm.
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TABLE V ROEBEL CABLE TESTRESULTS

4

measured using a superconducting transformer amdverse
pressure tests will be run in order to start assgsthe
performances of the cable at 4.2 K. At this levdl o
development, evaluating both electrical and medfani
characteristics in liquid helium is the next stepaksess the
viability of this cabling technique in high fieldfh stress

TAPSID  DISTANCE Ie N NOTES
Voltage taps along
Taps #1 2.39m 1010 28 strand #5
Taps #2 2.61m 1009 2g Voltage taps across

strand #1 and #12

The approximately 40% decrease from the sum of the
strands’ critical currents to the actually measutedf the [
cable is compatible with the expected reductiorseduwby the
computed self field at this current [12].

(2

V. Low TEMPERATUREPERFORMANCEESTIMATION
(3
Although it is very useful to assess Roebel cable
performance at nitrogen temperature, high field meds for
HEP application will most likely need to be opedat liquid
helium temperature to achieve maximudgin the conductor.
For a first approximation, Fermilab data [13][14] to 28 T
have been used to estimate design current levelsl5¢b
Roebel cables at 4.2 K. The nominal design valleteg in
Fig. 10 have been obtained by multiplying short4skm
critical current values by the number of strandshim Roebel
cable and assuming a linear scaling of the criticatent with
the width of the tape.

(4]

(5]
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Fig.10. Nominal design current values for a 15/5eld cable in liquid
helium under parallel and perpendicular field.

VI. CONCLUSION

Before the assembly at IRL of SuperPower coated
conductors into a 15/5 Roebel cable, the Riniformity of
the entire HTS tapes was scanned and suitable seqteons
were selected for cabling. measurements of single strands
and the assembled cable in liquid nitrogen shovied the
punching and cabling process did not affect theetap
performance. The self-field effect explains theuabn of the
cablel. relative to the sum of the strand critical currefise
critical current of the full assembled 15/5 cabldl vbe

applications.
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