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High current cables,

DEMO, CERN Dipole-
magnet cable

ITER-
structure materials,
filaments, structures in HTS
composites, structure
materials

New codes,
models

FCL, transformer,
powerline, generators etc.
HVDC components, key
experiments

BASF cooperation
PLD, CSD — REBCO
MgB,, iron-SC



High-temperature superconductors towards &(IT
applications (part of SUPRA):
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2. HTS — coated conductor materials




Superconducting materials for applications:
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Whole Wire Critical Current Density (A/mm?Z, 4.2 K)
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4.2 K LHC insertion
quadruole strand
(Boutboul et al, 2006)

Nb-Ti |

Q Maximal i, at 1.9 K for entire LHC NbTi

strand production (CERN-T. Boutboul
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Coated conductor architecture: ﬂ(IT
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Template — metallic substrate coated with a
multifunctional oxide barrier

Biaxial texturing — within < 3° is needed to
overcome the grain boundary problem

C. Senatore, Plenary talk:
“30 years of HTS Status and perspectives”,
ASC 2016, Denver

Copper Stabilizer

Silver Overlayer

(RE)BCO - HTS (epitaxial)

Buffer Stack

superpower-inc.com

a b a
‘b‘ a . . b

b b a
a a b:
Top view

30 — 100 ym substrate:
Hastelloy C-276 or
stainless steel

20 um




Coated conductor preparation routes: ﬂ(IT

1. Substrate preparation

RABITS — Rolling-Assisted, Biaxial Textured Substrates

Copper Stabilizer

(NiW substrate is textured)

IBAD — lon Beam Assisted Deposition

(polycrystalline Hastelloy, biaxial textured MgO) SUperpower ‘”
inc.com

2. REBCO preparation

Physical routes:

PLD - Pulsed Laser Deposition I%R P Fujikura SUNAN
RCE Reactive Co-Evaporation

Chemical routes:

MOD Metal-Organic Deposition SuperOx &’m‘fﬁ'ﬁ

« American

MOCVD Metal-Organic Chemical Vapour Deposition ~ Superconductor
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COMBIT - communication blackout mitigation S(IT

Karlsruhe Institute of Technology

® Communication interruption due to attenuation and/or reflection of radio waves
by plasma layer that is created during hypersonic or re-entry flight

‘r:rldl:rl

vehicle surface

1
I } : | Courtesy of A. Gilhan, DLR
mufg:nel Cologne, Joint Research Proposal,

r Helmholtz Russia Joint Research
Group
. x [Front View]

» Loss of communication with ground stations or satellites including GPS
signals, data telemetry, and voice communication

P CNINCl  Mission | Duration of blackout phase

Source: ESA

Gemini 2 ~ 4 minutes
Apollo ~ 3 minutes
Mars Pathfinder ~ 30 seconds
Space shuttle (before creation of Tracking ~ 30 minutes

and Data Relay Satellite System)



COMBIT - Angular field dependence of critical current: S(IT
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COMBIT - HTS magnet and produced field: S(IT
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1MVA-Transformer Project KIT-ABB: ﬂ(IT

Karlsruhe In

S. Hellmann, M. Noe AA ll ll

MpD
* Primary winding: 20 kVgys / 28.87

Arus (Warm, copper)

« Secondary winding: 1 kVgys /
577.35 Agys (2G HTS)

ey 4 =

/ cryostat wa
et

\

L L

]
|
I |
I
Il
I
I
I
Il

secondary
winding

* B, iniron-core =1.5T, 77 K, LN, (normal pressure)

Solenoid, one layer winding (tweens back-to-back), 4 mm, SuNAM and
SuperPower SCS4050, Cu-plated



SmartCoil — current limiter: S(IT

ruhe Institute of Technology

SIEMENS

Cryostat with vacuum-isolation

Current in the reactance coil
Cooling medium LN, - 77K normal pressure

shortcut coll

reactance coil

Magnetic field by nominal current (600 Agys)

Hgap| «  Nominal voltage U

g nom
* Current limiting time 100 msec

H(r) |
\
} 5.77 KVrus
\
\

Quelle: GVB SmartCoil

! « 80 ... 95 short-cut 2G HTS-rings (D=1.2 m)

 Soldered contacts



SmartCoil — current limiter: ﬂ(IT

Karlsruhe Institute of Technology
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3S — “"SupraStromSchiene” - superconducting &(IT
current rail: oraruFs it Theflags

Modular construction and exchangeable ralil

system: * Iypc =~20 KA
« Testlength =25 m

» Operation temperature:

~
r

ﬂ

=
Ii-

Source: 3S-Meeting;
Integration of the demonstrator in chlorine electrolyse BASF, Ludwigshafen
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4. Engineering of Coated Conductor towards
low AC loss




Engineering of low AC loss conductors and cables: ﬂ(I.I.

-uhe Institute of Technology

1. Applications with time varying magnetic fields:

» Reduction of AC losses (filaments)
§

B
— W2],Byg (= °>
Q ] o9 (Ho]c

kg(x) = ;ln(cosh(x)) — tanh(x)

Analytic solution for single strip:

E.H. Brandt (Phys. Rev. B vol.48 no.17, 1993) <

« Most often need a stabilizer (copper)

2. Challenge:

* Filaments with small deterioration of critical current

« Low losses with high number of filaments

« Application of coated conductors into cable structure



Engineering of low AC loss conductors: &(IT
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1. SAE - Striated After Electroplating

_ ==
—_—

2. SBE Striated Before Electroplating

Cu

AJ REBCO
Buffer
Hastelloy

Cu

Cu

A9 REBCO
Buffer
Hastelloy

20um

Laser ablation - Electroplating
then Oxidized




Normalized Loss per cycle Q/Ba? [J/m/T?]

AC loss of Ag cap coated conductor after oxidation: S(IT

100

== Brandt
O=YBCO 12mm
® - 10fil_12Hz
=--10fil_72Hz

10

20fil_12Hz
20fil_72Hz
40fil_12Hz
40fil_72Hz

0.1
0.001

= FEM_10fil
FEM_20fil
FEM_40fil
— FEM_60fil

LN,, calibration free method
12, 72 Hz, SuperOx

Karlsruhe Institute of Technology

Cross-sectlon
\

\%

IFW Dresde J Schelter



AC loss of coated conductor with 5 an 10 um Cu

stabilisation:
1 . : 'll " Vl : : : :
| 10 Filaments, 6 Hz
0.9 — ; = : i ii
& 1+ |-O-5um-SAE
0.8} @ |“9-5 #m-SBE | -
VWi |-%-10 um-SAE} :
0.7 ;s\f “\' Q -BE-10 Um'SBE i
¥\ g [ -FUL-1ofil |
A (1 S

o
o)

Normalized loss reduction ratio 3
©o o o o
N w i ($)]

o
-
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G | } \ .l "‘ -—
20.44 pm i
Hastelloy A M i
IFW Dresden, J. Scheiter

* LN,, calibration free method
» SuperOx



Transverse resistance and possible resistive current Q(IT
path across conductor:

* 10 filaments
%10 . . . « SAE & SBE

-©-SAE -5 ym-Cu

° -
ol ot ] 5 & 10 um-Cu
-5-SBE -5 ym-Cu °
—Hastelloy - 60 ym 77 K
- --Cu - 5 ym shifted 5
4+ 3 x10°
— v CU = 5 pm
< -©-SAE - 10 ym-Cu
0] SBE - 10 pm-Cu
8 3r 251 ——Hastelloy - 60pm
i) ---Cu-10 um
1)
o
o 2r 2k
1 -

Resistance (Q2)
(&3]

i
T

0 0002 0004 0006 0.008 0.01 0.012
Lateral Position (m)

0.5F

0 l" i i 1 " 1
0 0.002 0.004 0.006 0.008 001 0.012
Lateral Position (m)

—> PathA —>




Engineering of low AC loss cables — CORC:

CORC
(Coated Conductor on Round Core)

T

Karlsruhe Institute of Technology

4 mm tape

Tape * Determined by core diameter
transpo- . Partial
sition artia
« Each layer has a different transposition
length
Critical * Increases with the number of layers
current
J E:‘;"“ee' * Depends on used core
€ current
density
Anisotropy | * Averaged

* filament width
0.8 mm




AC loss with AC field and AC current conditions: N(IT

Karlsruhe Institute of Technology

flow [V]
Gas 2.0 /\—I [‘
° a= B/ I ﬂowm?ter 1.54 LAC_AC losses E losses from heater
| !' : -calibration
« 0.03,0.07, 0.1 mT/A 10__;
!
1
Coils, transformer 0.5+
and bubble catcher i
are in LN, %0 1000 2000 3000 4000 5000 6000 7000
time (s)
Copper
racetrack
coils
AC magnetic ggblTeC
field :
with
resistive
heater

AC current



Reduction of the AC losses using striated tapes in ﬂ(IT
CORC cable:

Q (J/m) Q(J/m)
02 |~A Ccorc 130 Haz
—A— CORC with 5 filaments 0.4 -
0.1 ]
i —-CORC 100 uT/A
034 | O CORCwith 5
filaments 100 uT/A
Noris strip
0.2-
0.03-
0.1
—@— CORC 66 uT/A
130 Hz, magnetisation losses —O— CORC with 5
0.01 ———— filaments 66 pT/A
0.02 0.03 0.04 005 006 007 5 400 600 ' 800 1000

B, (M | (A)

Magnetisation losses + AC-AC losses 0.07 and 0.1 mT/A

Calorimetric method at 77 K

l. corc With 5 filaments - 951 A (9% reduction)

e Calorimetric method at 77 K




Engineering of low AC loss conductors and cables: g(IT

Karlsruhe Institute of Technology

« Laser striation of Ag-cap conductors with additional oxidation leads to
reduction of AC loss.
» Laser striation of Cu-cap conductors is not straightforward and the ‘ideal’

level of resistance between filaments need to be found.

e CORC cable structure is the ideal architecture for striated conductor —

natural twist of filaments and AC loss reduction.
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Cables

5. Roebel Coated Conductor cable in EUCARD?
— future magnets program

7 EUCARD?
\v

EuCARD-2 is co-funded by the partners
and the European Commission under

Capacities 7th Framework Programme,
Grant Agreement 312453

CAPACITIES




HTS magnet insert development and co-authors: S(IT

Conductor
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Future magnets program of EUCARD?: ﬂ(I.I.

uhe Institute chnology

1. Develop a 10 kA-class cable in HTS suitable for accelerator
magnets

« Large current to reduce magnet protection issues
« Cable properties suitable for accelerator

» Uniformity of properties over long lengths

2. Design, manufacture and test a first accelerator quality, small
prototype, dipole magnet:
Aligned block coil design

« Bore diameter 40 mm, outside diameter 99 mm %

 Length > 400 mm
Cos-theta design

S 4

i
'

« Field 5T, good homogeneity (< 10-4) stand-alone

e

 Field > 15T in a high field magnet (Fresca2) —
outside EUCARD?

_“_.,‘_
7 - v

S
T

HTHIH T HIHE

2 EERAn



Coated conductor performance at 4.2 K:

M ALY | RAAMALAAL | RAALALAAL | RAALALAAL | RAAALALY | RALALAALA | RAAAALALA | RAAMALALA | ALY | ALY T
r —l— SuperPower
—@— Fujikura
SuNAM
—@— AMSC
—A— BHTS T191

—¥— BHTS T002
—@— SuperOx

Am_‘

10
I @4.2K,B//c

ITTETETET] [FTTRETEIT [FTTTRTEIT Lisarinnn [FTRTRTRTT] [FTETETTET Lovinaann [FTTRTETET [FETRTRTIT [FETRTRTIT N

0 2 4 6 8 10 12 14 16 18 20
B [T]

Target performance for RE123 tape at 4.2 K
in perpendicular magnetic field:

* Jong =450 Almmzat15 T

Jeng = 400 A/mm? — 600 A/mm2 at 20 T

]

o

[A/mm

J

eng
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" UNIVERSITE
/ DE GENEVE
10000 rrrerrrreepresrrrrrrrrrrrereprrssrrrrrrrprerrrr—rACYLTE DES SCIENCES
C —l— SuperPower
—@— Fujikura
SuNAM
—@— AMSC
—A— BHTS T191
—W¥— BHTS T002
—®— SuperOx
1000 :
100 - @4.2k, B//c .
Colivinnn [FTETRTITET] [FTRTTETET] [FYTETETET [FFTRIRIEN [FFTRTIRIT [FETTRTRTTI ITAT) LIRTTIRTRIRIRITI RTRTRTTAT)
0 2 4 6 8 10 12 14 16 18 20
B [T]
Manufacturer Substrate thickness / Cu thickness
AMSC 75 um/ 100 um
BHTS 100 um / 100pum
FUJIKURA 75 um /75 pm
SUNAM 60 um / 40 pm
SUPEROX 60 um/ 20 um
SUPERPOWER

50 um / 40 um
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60 kN pneumatic

preséT Ay

T
=i
AN

e

"
i;:.“ LI (Y e

Reel-to<reel'system

Coated conductor taie

Punched Roebel strand

* 2 movable punches and dies

« Advantage: flexibility in punching geometry

« Disadvantage: Multiple steps per

transposition needed




Long length tapes for Roebel cable have been
delivered:

Je at 18T, Bf/c, A/fmm?

g 8

» o N
8 8 8 8

3

o

251

252

253

254

255

270

270

"20m" long 12mm wide tapes, sample #

1. (77K, SF), [A]

200
180
160
140
120
100

40
20

T270D-2 (23,7 m x 12 mm)
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BRUKER
12 mm wide Bruker tape

10- 20 m long pieces

Homogeneous |, (+/-10%) along the length

20 micrometre (per side) Cu stabilisation

200

400

600

800

1400 1600 1800 2000 2200 2400
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EuCARD? first Bruker Roebel cable — 5 m long:

”f BRUKER

Z 2
EuCARD
Grant Agreement No: 312453
EuCARD-2
European Coordination for Accelerator Research and Development

MILESTONE REPORT

PROTOTYPE CABLE LENGTHS AND
REPORT

DELIVERABLE: D10.2

Document identifier: EuCARD2-Del-D10-2-Final
Due date of milestone: End of Month 24 (April 2015)
Report release date: 30/04/2015
Work package: ‘WP10: Future Magnets
Lead beneficiary: CERN
Document status: Final
Tape length Number of . strand [A]
Bruker tape ID
[m] strands (average, 77K)

15 strands cable

254D 14.1 2 51.5
255D 18 3 52.6 © 226 mm

270D-1 13 2 61.1 transposition length
270D-2 22.1 % 302 . 5.5 mm strand width
281D 23.2 4 62.8




Cross-section of the first Bruker Roebel cable:

Karlsruhe Institute of Technology

Sum of all strands at 77 K, self-field - 861 A
Roebel |, predicted (with self-field, 77 K) —
749 A (13 % self-field reduction)

Roebel |, predicted (with self-field, 77 K) —
603 A (30 % self-field reduction)

Cross-section

e . ‘ . ;
- = e TS e ~ T . i) =
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Cu-plated tape after punching — at Bruker:
BRUKER

Critical current per unit width

“puaching burr
R g

o i

1-10 1-2 23 34 45 56 6-7 7-8 89 09-10

A Jung (KIT)
» Tape thickness after copper plating.

207 um
181 76 ym
1§l - 185 um 185 um

202 um 176 um

« The average critical current per unit width degraded by 6% after punching and copper
plating.
* No local defects were found.



Kl

First 2 m long Roebel cable made with punch-and ™ %%,
- ' . C><)
coat technique Sl e

 Roebel cable: 226 TL,
15 strands
e Punch + Coat

« 2mlong




New design of the Roebel cable: ﬂ(IT

Karlsruhe Institute of Technology

Unequal shift of tapes leads to problems in coil winding:

Similar effect in cos-8 coil at CEA Saclay
(picture by M. Durante)

Strand ,pop-up*

Aligned block dummy winding
(G. Kirby)

Transposition Strand width (W,)
length (Tp) and

(mm) bridge width (W)
(mm)

226 (old) 5.5

300 (new) 5.85




New punching tool and cable geometry: &(IT

Karlsr uhe Institute of Technology

* New geometry now possible in punching tool

e 5.85 mm strand width

[

5,85+ 0,05

« 300 mm transposition length

5.85410,05

« Baseline for next EUCARD? cables

100.00um
Il

174 um

Cross-section of first punched cable with new
geometry (15 strands).




* Measurement at KIT with
CEA Saclay (77 K, self-field)
« CERN and CEA -3D form print




No degradation of I, with all used molds:

1475
1470
1465
460

o
a o
o o

'S
N
]

Critical current [A]

e e S S
'

440
1435
1430
1425

Roebel cables in CEA torsion mold (T = 77 K, self-field)

Cable 1 (left-hand wound) Cable 2 (right-hand wound)

No degradation observed

Small /, increase (reversible in cable 2)

IT
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i

Twist pitch | Bending radius
[mm] [mm]

Mold 3 535
Mold 2 389
M straight Mold 1 —
® mold no. 3
 mold no. 2

E mold no. 1

B mold removed
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Roebel cable bending — cable suitability for a coil:

Reduced critical current

1.2

1.0

0.8 A

0.6

0.4

0.2

0.0

AT

Karlsruhe Institute of Technology

|
|
|
- =%
|
I | == SuperPower tape
Irreversibility f
point )( i A“gned_ block =& SuperPower cable
I coil
\I |
[ : Bruker tape
| [
=>e=Bruker cable
Cos-theta |
coil |
| [
5 10 15 20 25 30 35 40 45 50

Measurements at LN, s.f.

REBCO inside / compressive bending

|, of the Roebel cables:

SuperPower: 1427 A

Bruker: 658 A

Bending radius [mm]

SuperPower

e 20 ym Cu, 50 um Hastelloy

Bruker

e 20 pym Cu+, 100 uym SS



Critical current (A)
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Transverse stress for advanced impregnations:
UNIVERSITEIT
TWENTE.
|.(0) summary Cable type | & II: “KIT-type*
+ Araldite CY5538 & Aradur HY5571
—— ’ P « Silica filler powder
phe- W*Wowkwﬂ‘&m&oeg m«o—o—DExiatP 5 ? ‘-‘ -/o-- -
] — "
6008 -v;—.'—a'vm!-“:to-“%‘-‘m*v'v‘va-rﬁ-v-o]- '''''''''' I l —_— ‘ _ :
| - ! - | Cablell
2000 -
D- A 7@ 4% 13
0! fate T=4.2K, B, = 10.5T Cable type Il & IV: “CERN-type
198 o! o Gihewwl a[ - CTD-101KpartAB, C
2 ~0- Cable type | » Glass rope in central space
. ~&-- Cable type I (bare) o
g,g i Czblzégz” s Glass sleeve
%z ¢ Cable type 111
0 : , : )
0 200 400

Transverse stress (MPa)

P. Gao et al., “Effect of tape layout and impregnation method
on transverse pressure dependence of critical current in REBCO

Roebel cables”, presented at ASC2016, Denver E—ﬁ — R gl Sl
able




First cold test of subsize Feather M-0.4 coil: ﬂ(“.

Karlsruhe Institute of Technology

czﬂw
\

o
o 0=t 330/ =
-z Magnet current 1 g
- E 20 =8 Gas temperature 3000 = - 300 5
2 B =] | —— [ cad lQ1lI])C]'ﬂ|lll‘L‘ e E.
; E o H— — Splice 1 resistance - 2800 _;_ 4 270 3
& 1 ‘ E.. Splice 2 resistance ~/ E
b ;g 66 | 4 2600 - 240 ‘é
4\ ‘. = I e S0
W g, ) 64 — 4 2400 4 210 =
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,g 56 4 1600  H 90
oy /| gL 1
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{1 .
 Tests on Feather MO.x coils serve to
advance production and testing
Instrumentation.
0
* Feather M-0.4 performance 100% of

prediction from CC performance.




First winding and impregnation of Feather-M2 coil: ﬂ(“.
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HTS Roebel cables for the EuCARD?
“Future Magnets”

Coated Conductor:

« Tapes for different supplies being tested (tape J,, punching).

* Punch-and-coat process developed with Bruker.

Roebel coated conductor cable:

» First 5 m long cables were made and delivered for coil winding.

* Punch and coat technology used for first 2 m long cable.

« Cable design adopted to magnet design.

Roebel cable for the coil winding:

* ltis possible to wind the cables into small radius coils
without |, degradation and test those at 77 K.
« Cos-theta end design tested-no |, cable degradation.

* First successful test of Feather M0.4.

AT
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Conductor

Cable




ruhe Institute of Technology

Summary:

Conductor g &(IT

Special applications
Electrical engineering
applications:

Low AC loss coated
conductors with filaments
Modulated resistance
between filaments

- fault current limiter

- transformer

- superconducting
current rails

A4

 Roebel cable R&D
« Low AC loss CORC cable
with filaments

« First HTS accelerator type
coil demonstrator using
HTS Roebel cable




Optimized system in KIT wﬂms!l
TRUMPF TruMicro 5025:

» IR Wavelength 1030 nm
» Maximum Energy 25 W

» Pulse duration <10 ps
» Max. Pulse energy 125 uJ
» Pulse frequency 400 kHz

Parameters for the scribing process

» Energy 5W (Ag, 10x), 12.5 W (Cu, 50x) Status
» Repetition rate 400 kHz (Scanner), 100 kHz (Table)
54 cm long samples
» Pulse energy 25 uJ (Ag, 10x), 62.5 pJ (Cu, 50x) cut
uture:
» Speed 90 m/min (Scanner), 22.5 m/min (Table)

» Spot diameter 18 um (Ag), 30 um (Cu) RTR long lengths




