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Conductor on Round Core (CORC®) cables

CORC® cable principle based on strain management

Winding many high-temperature superconducting YBCO coated
conductors from SuperPower in a helical fashion with the YBCO under
compression around a small former to obtain high cable currents

COPPCI’ Stabilizer

Silver Overlayer

RE-Ba,Cu;0, 5 coated conductor made by Single tape wound into a CORC® cable
SuperPower Inc.

Benefits of CORC® cables and wires

- Very high currents and current densities
- Mechanically very strong

- Very flexible

- High level of conductor transposition

Advanced Conductor Technologies LLC
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CORC® cable production at ACT

Winding of long CORC® cables with custom cable machine
* Accurate control of cable layout

* Long cable lengths possible (> 100 meters)
* [_retention after winding 95-100 %

First commercial sale (CERN)

12 meter CORC® cable (38 tapes)
e (Cable for detector magnets

e Delivered August 2014

Many commercial orders followed
About 200 meters of CORC® cable
and wire total between 2014 and
Oct. 2017

Advanced Conductor Technologies LLC —




CORC® magnet cables and wires

CORC® wires (2.5-4.5 mm diameter)
* Wound from 2-3 mm wide tapes with 30 um substrate

e Typically no more than 30 tapes e i
* Highly flexible with bending down to < 50 mm diameter g

CORC® cable (5-8 mm diameter) [T S e
* Wound from 3-4 mm wide tapes with 30-50 um substrate

* Typically no more than 50 tapes

* Flexible with bending down to > 100 mm diameter

CORC®-Cable In Conduit Conductor (CICC)

* Performance as high as 100,000 A (4.2 K, 20T)
e Combination of multiple CORC® cables or wires
* Bending diameter about 1 meter

Advanced Conductor Technologles LLC
www.advancedconductor.co




CORC® cable development for accelerator magnets

Overall goals

1. High engineering current density J, (20 T) > 600 A/mm?

2. Small cable bending diameters 20 - 50 mm

3. Develop CORC® cables and wires for new magnet configurations

LHC




Canted-Cosine-Theta accelerator magnets

CORC® magnet program #1 with Berkeley National Laboratory
* Develop CORC® wires that enable Canted-Cosine Theta (CCT) magnets
* Develop the magnet technology for CORC®-CCT magnets

Conductor
Canted-Cosine-Theta magnets

* Conductor-friendly magnet design resulting in low stresses
* Delivers excellent geometric field quality in straight section and coil ends

21




The road to 20 T in CORC®-CCT magnets

Overall goal

* Generate5Tina 15 T background field
* Multi-year program performed in several steps

Step 1: 2-Layer, 40-turns CCT magnet (C1)
* Generate 1-2 T in self-field

* CORC® wire J,(20 T) = 150-200 A/mm? CCT-C1
e Learnto wind and protect CORC®-CCT magnets

Step 2: 4-Layer, 40-turns magnet (C2)

* Generate 2.5-3Tin a 10 T background field
» CORC® wire J (20 T) = 300-400 A/mm?

e CORC® wire bendable to 30 mm diameter

Step 3: 6-Layer, 40-turns CCT magnet (C3)
e Generate 5Tina 15T background field

* CORC® wire J (20 T) = 600 A/mm?

e CORC® wire bendable to 20 mm diameter

CCT-C2

i Advanced Conductor Technologies LLC




CORC® wires in Canted-Cosine-Theta magnets

CORC®-CCT parameters to consider

e Fixed aperture of 50 mm 7
 Tilt angle.determmes field efﬁcnency " €2 wire
* CORC® wire needs to be flexible O N I
* Current and current density of the i
CORC® wire needs to be sufficient to ';:; 5
deliver the required field performance ; ~—D:tmin' 50, mm
~—D.min =40 mm
1 .
0.7 , 70 5 - ‘ | -'—D.mm = 30 mm |
0.6 - 60 0 2000 4000 6000 8000 10000 12000 14000
' 50 E Current (A)
<05 40 £
E : e
w 0.4 30 g Currently focusing on 40-50 mm
\ 20 © bending diameter, hoping to allow
G2 - 10 20-30 mm in the coming years
0.2 3 | | | | | 0
0O 10 20 30 40 50 60
Tilt angle (degree)

BERKELEY LAB
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16-Tape CORC® magnet wire for Cl

Low-J, CORC® wire layout

Developed to learn how to wind CORC®- ST T o e e 7 -
CCT magnets 5 : 0 + E.=01 chm"E g g A 4T 9T |
e+ - 122 v 6T ® 10T

16 tapes, 2 mm wide, 30 um substrate € E T . L%, g o
3.0 mm diameter £0.05 (- e .
5 turns on 60 mm diameter mandrel E 0
for testing at 10.5T L

0.00 i

P | = -

100 1000

e 1.=2,560A(4.2K, 10T, 1 uV/cm)

16-
20 Ll «  Projected J,(20 T) = 210 A/mm?

CORC® wire

for CCT-C1 / 50 Meter long CORC® wire delivered to LBNL
to wind CCT-C1

www.qavanceaco
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Fabrication of 3-turn baby CCT coils

3-Turn baby coils C1-0 and C2-0
e Evaluate the CORC® wire performance and identify potential
issues before moving to the 40-layer coils

Printed mandrels Individual layers Assembly before test

N
N

Sl Advanced Conductor Technologies LLC




Baby coil C1-0: CORC® wire test for CCT-C1

CCT C1-0: CORC® wire with 16 tapes

2 layers

e 3 Turns per layer

* Innerlayer[.D. 70 mm

*  Minimum bending diameter 50 mm

0.60
CCT C1-0 performance 5 | g
* 1. (77K) =646 A (layer A) and 675 A s |47 K 42K &
(layer B) 040 ¢ P
* [.(4.2K)=6,700 A (both layers) = S
€ 0301
§ 0.20
> o
oo & @ |
°-°°I“*‘f*lf"k‘~<~ 'Is o
-0.105

1000 2000 3000 4000 5000 60100 70'00 800(
Current (A) ﬁ |
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CORC® CCT-C1

CCT-C1 Magnet wound at LBNL
e 2 lLayers, 40 turns per layer
 LBNL ordered 50 m of CORC® wire in 2016

Initial results look promising, will continue Dec. 2017
r T T 1.2

0.04

TAV2
B.V2 -
0.03 - 1.0
_0.02} 0.8
> ~~
E =
0.01 2 06
g 8
'g (a)
0 0.4 |
0.01 0.2
meas. &
-0.02 : ' - . 0.0 calc. — -
V0 1000 2000 3000 4000 500( 0 1 2 3 4 5 _ -

Current (A)

www.advancedconductor.com

Advanced Conductor Technologies LLC . p— . :}I rﬁl

BERKELEY LAB



27-Tape CORC® magnet wire for C2

High-J, CORC® wire layout
e 27 tapes, 2 mm wide, 30 um substrate

e 3.6 mm diameter
* 5turns on 60 mm diameter mandrel

I 5 1
Appled external field
- = 12T run55
® 12T run01

A 11T
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« 9T A
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T
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J, in CORC® wires for CCT-C2

———— o0 B . —— i
" Projected | (4.2K, 20T) = 2648 A 16 E p:
10 . Projected ], (4.2K, 20T) =259 Amm2 | : ;
i \ 1 12 F .. 3§ 2
. ; v ¢
—~~ 8 i \‘ 1 —_ L .N‘\N‘.=:\ \.'~ '
L i i T Bs .‘-. -
S 6l 12 °F o i T
% W, "m0 =0.761
_o E l\- { _o - \‘§
4 \.‘l\-‘~ - ; '\.~\
L R o 4 s [ Comblned tape Ic (A) .\-ga 0. 783) —
2 L &l - = - CORC wire |_(A) a=0.753
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s 2 32 2 1 ., ., . . 1 2 .2 2 . F .. . 5. . ) 2 M M M 1
o 10 15 20 1 10
B + SF (T) B + SF (T)

I.=3,831A(4.2K,12T, 1 uwV/cm)
Projected J (20 T) 259 A/mm?

No degradation due to stress cycling
I retention is 75.7 % of initial tape /_
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Baby coil C2-0: CORC® wire test for CCT-C2

CCT C2-0: CORC® wire with 29 tapes 0.400

' B layer vertical '

e 3-turn per layer g || et
* Inner layer I.D. 85 mm 2300 | : A4.2K e
e CORC® wire J,(20T) =~300 A/mm? ' :

0.250 - :
CCT C2-0 performance %E:) ol :
e I.(77K)=1.092, 1,067 A (layerA,B) 5~ : :

« | (4.2K)=12,141, 11,078 A (layer A,B) 30 e

. Dlpole field 0.68 T (4.2 K) ~0.100 ¢ ‘
* PeakJ,(4.2K)=1,198 A/mm? 0050 | L
e Expected field of CCT-C2 (40 turns) ~5 T 0.000 bptlocsEiasy 2 e P o %_a ﬁh ™ w
| -o.osoc}; 2 4 6 8 10 12 14
Current (kA)

e Coil B burned out at 12,400 A at 4.2 K due to unprotected quench
e CORC® wire has been replaced to finalize testing

* Order for 75 m of high-J, CORC® wire received from LBNL
e Full-size coil C2 expected to be wound in Q2 2018

Advanced Conductor Technologies LLC
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CORC® wire racetrack coil

CORC® wire magnet program #2 in collaboration with CERN

* Develop CORC® wire technology for 20 T racetrack coils for accelerators
* 8 meters of CORC® wire (29 tapes) delivered last month

e Racetrack with 2 layers and 8 turns per layer

e Coil performance of 0.38 T per kA

* Expected performance4.5kAat10T

www.aavanceacor tC
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High-field insert solenoid wound from CORC® wires

CORC® wire magnet program #3 in collaboration with ASC-NHMFL

* Develop high-field insert solenoid wound from CORC® wires

* Test insert magnet at 14 T background field at ASC-NHMFL

 Aim for added field of at least 2-3 T, maybe 5 T depending on tape performance

Copper bus bars

14 T LTS outsert

CORC® solenoid

Advanced Conductor Technolog/es LLC
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CORC® insert wire details

Coil 1 Coil 2

* Wound form ~17 meters of CORC® wire * Wound form ~6 meters of CORC® wire

* Coil I, at 100 % retention about 5,000 A Coil /. at 100 % retention about 5,000 A

* J (17 T) about 200 A/mm? * J(17T) about 200 A/mm?

 Total of 48 turnsin 4 layers * Total of 24 turns in 2 layers

* Field generated 2.6 T in 14 T background Field generated 1.7 T in 16-17 T background
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Common coil magnet from CORC® cables

CORC® cable magnet program #4 with Brookhaven National Laboratory
* CORC® cable common coil insert

e Combine with 10 T LTS common coil outsert
* Operating J, 400-500 A/mm? (15-20 T)

, e T

Coil #2

Common coil benefits
* Only large bending diameters required
* Allowing CORC® cables to be used

* Allowing use of highest J, cables

NATIONAL LABORATORY
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Record CORC® magnet wire performance

High-J, CORC® wire layout

e 50 tapes, 2-3 mm wide, 30 um substrate

* 4.46 mm CORC® wire diameter

* 62 mm hairpin (much tighter bend than in Common Coil)

10 — T = 18 T . T . T — T
. = Sum of tape ||
3 L]
L v " = - . IQuench
] . |
L A " a c
| i

L © L .0..—0.78
SF | =

L 588 Amm™

|_ criterion

e 429 Amm™

OF ... ¥ P e

Assuming o = 0.78, J (20T, 4.2K) = 379 Amm? ——ms =
1 M 1 M 1 M

10 12 14 16 18
B (T)

18 20

* /.=8591A(4.2K,12T,1 uV/cm)
* Projected J (20 T) between 379 and 429 A/mm?
* [ retention is 74.5 % of initial tape /.
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CORC® cable development for fusion magnets

Main program goals

Develop CORC®-CICC with operating current 50-100 kA at 4.2 Kand 12-20T
Develop CORC® cable terminations that allow for high-current cable joints

www.aavanceaconauctor.cc
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CORC®-CICC for fusion and detector magnets

6-around-1 CORC®-CICC

35 mm

80 kA (4.2K,11T)
42 tapes per CORC® cable
Stainless steel or copper jacket

Sample 1 for detector magnets Sample 2 for fusion magnets
 High thermal & electrical stability ¢ Can sustains High Stress

* Practical cooling e Can cope with large heat loads
« 80kAat12T/4K e 80kAat 12T/4K

35 mm Copper

Steel

Voids

ReBCO tapes
40 mm 40 mm =

Advanced Conductor Technologies LLC
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CORC®-CICC SULTAN test

Some issues were encountered:

- One bad joint (in field) .
> Only I (B, T) measurements at 40-55 K were possible
- Exotic hydraulic layout

Joint 1 Joint 2 : | :
( S AT Loop Resistance of 23 nQ! E
Conductor 1 Cooling direction ---->|
HTS Adapter‘ i Conducter £ <---- Cooling direction E i
i
B
i o) Z .
Joint 5 Joint 4 O g Joint 3
0.6 nQ 1.4 nQ) Si» 17nQ=~40 W @ 50 kA

[V
e
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Electric Field (V/m)

CORC®-CICC SULTAN test: 4.5 K vs. 50 K

120

] | L 1 LI l
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@  Stainless Steel CICC .- =

100

80 109 Tand 4.5 K

60
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Temperature (K)
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..............

Current (kA)
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100 @ Stainless Steel CICC p = = T
Effect of heating at joint § sob ~ ®  109Tand 50K ]
* Heating at bottom joint causes thermal runaway at ;E L ?l= ]
45K E 40 » : ; ]
* Only the fusion sample could be measured at4.5K 2 | & :
 Heating not much of a problem at 50 K L e d
e Both samples perform as expected at 50K, 10.9 T % 4 & ® o 1

§ Advanced Conductor Technologies LLC
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CORC®-CICC fusion sample at 46 K

Fusion CORC®-CICC at 46 K
* Field dependence could be measured up downto7 T

 Sample performed as expected
10.9T10T 9T 8T 77T

E]T 46 +1K L i

]00---------------ﬁ-----EL-‘

N

120

Electric Field (4£V/m)

ol |
':"'rlr-!‘l"m .
L el e P G :

30

Current (kA)

* Bottom joint has been, but detector sample still showed lower /.
 Detector sample now being inspected and may possibly be replaced

Advanced Conductor Technologies LLC




Summary

CORC® wires and cables have matured into magnet conductors

* High currents have been demonstrated (> 8,000 A (4.2 K, 12 T)

* High current densities have been reached (> 400 A/mm?2 (4.2 K, 20 T)
 CORC® wires are highly flexible (< 50 mm bending diameter)

Several CORC® magnet programs underway

15T Canted Cosine Theta magnets from CORC® wires
e 12 T Racetrack coil from CORC® wires

e 18 T CORC® wire insert solenoid

e 15T Common Coil from CORC® cables

CORC®-CICC for fusion and detector magnets

e 80kA(4.2K,11T) 6-around-1 CORCP®-CICC test ongoing

* Technical problems with one of the samples is being resolved
 SULTAN test will continue in coming months

Advanced Conductor Technologies LLC




