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Advanced Conductor Technologies LLC (ACT)

Advanced Conductor Technologies focuses
on the commercialization of
high-temperature superconducting (HTS)
Conductor on Round Core (CORC®) cables
for high-density power transmission and
high-field magnets.

SBIR/STTR programs

e 25SBIR/STTR programs awarded since 2012

e 16 Phasel, 8 Phase Il and 1 Phase IIB awards

* Funding from: the U.S. Navy (25 %), U.S.
Department of Energy (75 %) (Offices of
Fusion Energy Sciences and High Energy
Physics)

Selected as a DOE SBIR success story in 2018
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igh-temperature superconductor (HTS)
H cables offer & potential breakthrough
for developing & lower cost path to fusion
enargy, as well as for the next generation of
proton-proton colliders. Current fusion and
accelerator magnets are built using low-
temperature superconductors (LTS) made of
Nb-Ti and NbsSn, in which suparconductivity
breaks down not far above the temperature
of liquid helium (4.2 K] and at relatively small
applied fiedds of nearly 16 T. In Fusion Energy
applications, limitations In  current ws.
magnetic field characteristics of LTS result in
very large reactor structures like ITER and in
associated costs In the range of tens of
billions. Because HTS can sustain much larger
operating currents at higher magnetic fields
than LTS, HTS cables can be used to produce
fusion magnets generating flelds of over 20T
in @ much smaller machine.

0., S DEPARTSENT OF

SEBRISTTR
Programs Office

Oese-up of the CORC® cable
made from Individual tapes of
second generation high
temperature supercanductior
REBCO.
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CORC® magnet cables and wires

W._ Single tape wound into a CORC® cable

B (i

CORC® wires (2.5 — 4.5 mm diameter)

* Wound from 2 — 3 mm wide tapes with 30 um substrate
* Typically no more than about 30 tapes

e Highly flexible with bending down to < 50 mm diameter

CORC® cable (5 — 8 mm diameter)
* Wound from 3 -4 mm wide tapes with 30 — 50 um substrate
e Typically no more than about 50 tapes '
* Flexible with bending down to > 100 mm diameter

Advanced Conductor Technologies
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CORC® cable production

Winding of long CORC® cables with custom Cumulative CORC® production
cable machine e about 800 meters since 2012
e Accurate control of cable layout * includes 400 meters for commercial
* Long cable lengths possible (> 100 meters) orders (including about 130 meters
e [_retention after winding 95-100 % for open orders)

1000

900 § =E=—Totalcables wound

800 r -o-Total cables wound {Commercial)

Total cable production [m]

2012 2014 2016 2018 2020
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CORC® production expansion

We successfully moved the CORC® cable production to the cloud!
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CORC® conductor development for magnet applications

CORC® conductors for accelerator magnets

(Main sponsor DOE — High Energy Physics)

* Engineering current density J,(20 T) > 600 A/mm?
e Operating currents 10 — 20 kA

* Small cable bending diameters 20 - 60 mm

Large Hadron Collider at CERN

Advanced Conductor Technologies
cedconductor. com
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CORC® conductors for accelerator magnets

Increasing J, (> 600 A/mm?) and /_ (> 10 kA) of CORC® cables at 4.2 Kand 20 T
1. Winding many REBCO tapes, while not compromising conductor flexibility
2. Incorporating tapes with the highest performance (/) at 20 T
3. Using tapes with thin substrate that allow smaller formers:
* 50 um substrate (2012 —2013)
e 38 um substrate (2014)
* 30 wm substrate (2015 —)
e 25 um substrate (2019 -)

37-tape CORC® cable

Advanced Conductor Technologies
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Increase J,(20 T) by reducing the former size

Thinner substrates allow smaller formers in CORC® cables
* Winding a tape at 45 degrees with the REBCO layer under compression
* Measure /_ at different former diameters

T T T T T T T T T T A ¥
- W a
100 | bl SREER B
:;- k l"’. / r’ i
< 80 | JA g -
& [ 2015/ 2014 ’
'..Eo 60 = /l ; ’r -
[4b] s .,'. ‘ II
90 “Or / .," 7 Minimum former diameter
g IS a ¢ - m 30umsubstrate| | * 4 mm for 50 um substrate
. o : 353“"‘ S“:*":’a:e |+ 3.2 mm for 38 um substrate
Ly KLy, LS SISl e 2.4 mm for 30 um substrate
2 3 4

Former diameter (mm)
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Increasing J,(20 T) in CORC® cables

CORC® cables limited to 100 mm bending diameter 100 mm diameter sample holder

e Wound from 3 and 4 mm wide REBCO tapes TETUSTENe

 Tested on a 10 mm diameter sample holder

* Main test facility used to be the 17 T large bore
resistive magnet at the NHMFL

* Test bed decommissioned Nov. 2015

700
600 | I.
~ /
E 500 1 /
E [ CORC® cable performance end of 2015
'E' 00T / * Operating current about 10 kAat20 T
= _ 30 um, 7.5 % Zr I )
& 300 * J(20T) of 309 A/mm? achieved in Oct.
® 38 um, 7.5%Z :
@ 20 | M & 2015 using 30 um substrates
— New test bed needed to continue
. _ the push to J (20 T) > 600 A/mm?
6/16/11 8/4/12 9/23/13 11/12/14 1/1/16 2/19/17

Date
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ceecerszers . Increasing J.(20 T) in CORC® wires

CORC® wires introduced 2016

* Typically smaller than 4 mm thickness

* Wound from 2 and 3 mm wide tapes

* Wound from tapes with 30 um substrates

e Bending down to 50 mm diameter allows
testing in typical superconducting R&D
magnets

* Testing now in 12 T solenoid magnet

Testing in 1r2 T magnet

CORC® wire mounted on 60 mm diameter probe

. Advanced Conductor Technologies
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Record J.(20 T) in CORC® wires with 30 um substrates

High-J, CORC® wire layout (pushing the limits)
e 50 tapes, 2 -3 mm wide, 30 um substrate

L e 4.46 mm CORC® wire diameter
* Relatively inflexible conductor
L - 120T _ 18 " ® Sum of tape |_
- v 115T 1 1 6 it B a=0-78 - IQuench
| A 1ot 1 14
- | e 105T v 4 * o |
§ sk | o y 12 12
; i fn 2
= _ o 10 588 Amrnr
w |
| Loriterion ool sl | 8 429 Amm2
0 B -
- 42K 6 FAssuming o = 0.78, J,(20T, 4.2K) = 379 Amm * —gs -
8000 I A9000 10 12 14 16 18 20
(A) Results 2 (L)

* [.=8591A(4.2K,12T, 1 nV/cm)
* Projected J (20 T) between 379 and 429 A/mm?
* Retentionin/_only 74.5 %
* Slope of I (B) deviates from that of the tapes
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Introduction of REBCO tape with 25 um substrates

SuperPower produced first batch of tape with 25 um substrate

* 400 meters of high-quality tape of 2 mm width delivered
* (77 K) = 65 A and 4.2 K pinning similar to 30 um N _4:2 K tape performance
o . 700 ¢ — - M3-1347 - 81
* Piece lengths in the order of 30 meters 600 | g & 137 . 52
* Actual substrate 22 — 23 um thick i’gg e - M4-500 . 52
* Enables CORC® wires with 2 mm former \'\.‘;\ Tapee with 30 sm sl
< B | *u.i\
~ a00 kb By N\ SRR
,-,3!_.,‘\'_3 :
BN
100 ""?a%
' EE TR 15 20
Picture courtesy of B(T)

Michael Small (ASC-NHMFL)

TapeStar /(77 K) data
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Next generation CORC® wires with 25 um substrate

Tapes with 25 um substrate
e Allow CORC® wires with 2 mm thick formers instead of 2.5 mm
e Resultis a significant reduction in CORC® wire thickness

29-Tape CORC® wire used in CCT-C2 .
e 30 um substrate: 3.75 mm thick - CCT-C2 wire
e 25 um substrate: 3.33 mm thick :

" T —— CCT-C2* wire
Record J (20 T) wires — New record Je
e 25 um substrate: 3.42 mm thick

next il R 01d record Je
e 30 um substrate: 4.46 mm thick

(few slides back)

Advanced Conductor Technologies
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Performance of next generation CORC® wires

CORC® wire CCT-C2 based on 25 um it e
» Same as CORC® wire for CCT-C2 wof " a0 1
e 29 tapes with 25 um substrate ,§ z so00 b “‘._‘%‘ﬂ g
* Outer diameter 3.33 mm instead = . “~~\g:='mw~-
of 3.75 mm : LY
* Average pinning of tapes ot =g et 3
* 81% I, retention Y Tam S
CORC?® wire to increase /(20 T) L -‘-_.s;,,; T ek
e 32tapes(2mm(25um)and ot TN <Y
3 mm (30 um) width) § T ool “a _
* Outer diameter 3.42 mm 3 = ool suem oy T
* Average pinning A
* 81 %I, retention , , ‘ 4000 | e e
4000 6000 8000 10 12 14 16 18 20
I (A) B(T)
New record J, (12 T) 678 A/mm?
Extrapolated J, (20 T) 451 A/mm?
1(B) closely follows that of the tapes P

Advanced Conductor Technologies |
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CORC® cable and wire performance summary

CORC® cable tested at 100 mm 700
diameter (2011 — 2015) coo b~ CORC® cable . B
o R ~#-CORC® wire . ,
sl | d " 25 um,

average pinning

30 wm,
high pinning

Je@ 20T [A/mm2]
g

100

CORC® wire tested at 60 mm .

diameter (2016 —) 6/16/11 2/5/13 9/28/14 5/20/16 1/10/18 9/2/19
Date

Closing in on J_ > 600 A/mm? goal

.+ J,(20T) now exceeded 450 A/mm?in CORC® wire

* Combined with [ (20 T) > 6,500 A

* Next step are taper with 25 um substrates with
above average to high pinning

Advanced Conductor Technologies |
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Program 1: Canted-Cosine-Theta accelerator magnets

Collaboration with Berkeley National Laboratory (Xiaorong Wang)
e Develop CORC®-based Canted-Cosine Theta (CCT) magnets
* Develop the magnet technology for CORC®-CCT magnets

Conductor

Towards 20 T CORC®-based CCT magnets

e Demonstrate 1 T (CCT-C1), 3 T (CCT-C2) and 5 T (CCT-C3) magnets

* When LTS CCT outserts become available, develop 5—7 T CORC®-CCT inserts
that operate in 13 — 15 T outserts to deliver 20 T field

1 |
! . Advanced Conductor Technologies
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Baby coil and actual coil CCT-C1

Baby coil CCT C1 CCT-C1 Magnet wound at LBNL
e 16-tape CORC® wire e 2 lLayers, 40 turns per layer
e 2 Layers, 3 turns per layer  LBNL ordered 25 m of CORC® wire in 2016
* Inner layer I.D. 70 mm, min. bend 50 mm ¢ CORC® wire contains 16 tapes, J, (20 T) =
* I_(77K)=646-675 A ~150 A/mm?
* 1.(4.2K)=6,700 A (both layers)
0.60 - ~ - -
:
0501 77K 4.2 Kg?f
040 ,4' Goal of 1 T has been exceeded: 1.1 T reached
Z 030 / at4,500A “
o 1.0
g 0.20 - .
0.10 ¢ % 0.6
[at
ooop*--l'"l!-‘!cvdl:-o o -
0.2
01°o ‘1000 2000 3000, 4000 5000 6000 7000 800K W 1 -

1 (kA)
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Baby coil for CCT-C2

CCT C2-0: CORC® wire with 27 tapes
e 2 layers, 3 turns per layer

0.400 —
* Inner layer |.D. 85 mm i A -
e |_(77K)=1.067-1,092 A o 1K RaER . 4.2 K
« | (4.2K)=11,078-12,141 A 0300 @ .
0250+ =
= $ '
Eo0200- ¢ :
g : ¢
: :

-

4 o
' 3
-

= n ™ = .' = - s :’,
4 0 8 10 12 14
Current (kA)

80 m of CORC® wire for CCT-C2 was delivered to Berkeley Sept. 2018

Advanced Conductor Technologies
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Manufacturing of CCT-C2 layer 1

CCT-C2 layout

e 3Tat4.2K

e 4 Layers, 40 turns per layer

* Aperture 85 mm

e  Minimum bending diameter 60 mm

A

I I DY

//,.(.'/tw‘,ri.l,w;‘/..,i/////'//,‘), /,n /]
2111111111111 rrr fj (144114
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CCT-C2 Assembly
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CORC®-CCT magnet development: CCT-C3

Magnet specifications CCT-C3 CORC® wire specifications CCT-C3
* Should deliver5 Tat4.2K e 30-tape CORC® wire (30 um)
* 6-layer, 40-turns/layer e Total length about 140 meters

e 70 mm aperture, 60 mm min. bend * Short sample limit (4.2 K): 9,920 A

REBCO tape requirements Performance of 2 mm wide tape over the years
* Minimum average /_(4.2K, 6T) [ ‘ —T—
=400 A for 2 mm wide tape

* Would result in CORC® wire I,
(4.2K,6T)=12 kA
* CORC® wire performance after

—8— M4-372-8-0506 (990m)

—#A— M4-396-5 0508 (1234m) / 2

—¥— M3-1244-5 0506 (260m)
M4-362-12 0506 (196m)

A 4 — M3-1233-13 0910 (64m)

1 | | 1 1 1
l —8— M4-372-8-0910 (942m)
e

: &

winding at 70 % /. retention: \'3:':’}3}:“ Ay
8.4 kA TR

* Magnet performance could be Vv iﬁﬁq e
ashighas6T "Vv, ko

v"'ﬁ w

CORC® wire for CCT-C3 was \v
ordered by Berkeley Q1, 2019 PR WP WS

8 10 12 14 161820

B (T) -
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Program 2: Common coil magnet from CORC® cables

Collaboration with Brookhaven National Laboratory (Ramesh Gupta)
e 4T CORC® cable common coil insert

e Combine with 10 T LTS common coil outsert

* Operating J, 400 — 500 A/mm?2 (20 T)

e Operating current 10 kA in series with LTS outsert

Coil #2

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

* Allowing use of highest J, cables

Advanced Conductor Technolog:es NATIONAL LABORATORY

www.advoncedconducto om




Common Coil magnet design and construction

Common Coil insert designtoreach 14T
e Based on a pair of double CORC® pancakes =
e Overall CORC® cable length about 50 meters 2400
* Conductor layout depends on tape /_ 200

Field profile

Quter she|| ——

Iron yoke ———————

Magnet support =
Nb,Sn coils

CORC coils

®§o0 200
Magnet design and construction timeline Comocnen B "'“:"m
® Tapes expected Q3 2019 E—— i e —

* CORC® cable layout and testing finalized Q4 2019
* Insert design and construction Q1 2020 — Q2 2020
* |nserttestin 10 T outsert Q3 2020

. Advanced Conductor Technologies \,B,ﬁpp ‘!,E(."‘,
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High-field insert solenoid wound from CORC® wires

Program 3 in collaboration with ASC-NHMFL

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

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

e Aim for added field of at least 2 T with 100 mm inner diameter
e Operating current density > 200 A/mm?

* Hoop stress about 250 MPa

Flexible CORC® S-Bend
allows Vertical travel
of insert due to CTE
mismatch between
probe/coil-insert and

LTS magnet
14T LTS w/ 2 T CORC® coil
161 mm with 100 mm bore
bore

Advanced Conductor Technologies
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CORC® insert design

CORC?® insert coil details CORC® wire performance
e Wound from ~17 meters of CORC® wire ¢ 4.4 mm CORC® wire
* Coil I, about 5,000 A e 28 tape of 3 mm width
e J(16T) about 250 A/mm? —
e Total of 48 turns in 4 layers ! Ao_o*fr_ow fieid] .
* Field generated about2Tin14T 80F |« 77 T -
1§ . |
—~ B0} 07 ’ ‘. | o
Mechanical support between layers > « 1057 }
= q » 11T P 7
Coil cross-section ; 40 -
I 22 mm
i s '
N J. 4 }: - j‘: 20- i
A 4 Il A 5
A4 :: B B O |
Ao~ I -4 w 0'- - 1 . 1 = 1 - 1 . B
A4 A I B B o)
A4 A0 ’ dr JJ 113 2000 4000 6000 8000
111 | 111113 I (A)
A H Al
R Il Al
aaad ! ’J e * 1(12T)=5,932 A (low lift factor tape)
i 100 mm * J (17 T) expected around 300 A/mm?

Magnet construction and test Q3 2019 - Q4 2019

Advanced Conductor Technologies
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Summary

CORC® wires and cables have matured into magnet conductors

* High currents have been demonstrated: > 8,500 A (4.2 K, 12 T)

* High current densities have been reached: > 450 A/mm?2 (4.2 K, 20 T)

* Introduction of the next generation of CORC® wires based on 25 um substrates

Canted Cosine-theta magnets based on CORC® wires

 Goaltoreach 20 Tin an LTS outsert

* Demonstrationsof 1 T,3Tand 5 T to develop conductor and magnet technologies
e CCT-C1 successfully demonstrated 1.1 T

e CCT-C2(3T)ready for testing

e Conductor for CCT-C3 was ordered

Common Coil insert based on CORC® cables

* Goal toreach 14 T in combination with a 10 T LTS outsert
 CORC®insert and outsert connected in series at 10 kA operating current
* Final design and start of construction expected late 2019

Solenoid magnet based on CORC® wires
e Goaltoreach 16 Tina 14 T LTS outsert

* Operating current of 100 mm I.D. CORC® insert about 5,000 A
* Operating at 200 A/mm? overall current density and 250 MPa Hoop stress

e Advanced Conductor Technologies J T




