p———

BRERT RN DEREZDHE LT
RKERELBCESEEDORRSE

."’fﬁ ¥ ‘

i £ y

2168 QUEST Ha
2019%E10A4H
TR T DR R

1/33



Poloidal Coils
NbTi-CICC (world first)

Construction : 1990-1998
Operation : 1998-

Electron Beam
Welds

What kind of superconductor should be used?

SC Material Selection  Conductor Selection

1. LTS = Nb,Al, Nb,Sn 1. Force-cooled LTS-CIC conductor

2. Indirectly-cooled LTS conductor E

. Helium gas cooled HTS conducto
A. Sagara et al., Fusion Engineering and Design 89 (2014) 2114 2/33
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Critical Temperature (K)

High-Temperature Superconductors (HTS)
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Bismuth-based 15t generation
HTS (Bi-2212, Bi-2223)

200 A (4.2 mm-w) @77 K, s.f.

| ® Discovery of superconductivity of
copper-oxide materials in 1986

| ® Tremendous progress of wire

(tape) production technology

| ® Applicable to semi-conductor

production, power cable, motor,
transformer, MRI, medical
accelerator, MAGLEV, SMES

B> @ What about for fusion magnets?

Rare Earth-based
2nd generation HTS (YBCO, GdBCO)
Copper 650 A (10 mm-w) @77 K, s.f.
REBCO | N

Hastelloy




High-Temperature Superconductor (HTS)

Rare-Earth Barium

(1)
2)
(3)
(4)
()
(6)

High critical current to high field

High cryogenic stability
Low cryogenic power

High mechanical rigidity
Industrial production of tapes

Saving helium resources

Copper Oxide
(REBCO)

Hastelloy

Critical Current Density (A/mm?)
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Magnetic Field (T)

Specific Heat (J/m3-K)

Stability Margin
AQ <CppAT

CpPAT »2x10° (IM3K)x10 (K)

» High field

» High temp.
» High heat

107 ~ 2 (J/cc)
106 Helium (6 MPa) ]
Higher than CIC conductor
L = Low quench risk!
104
1000 Stainless-steel
100 AB061-T6 Cp-,D N. Yanagi, S. It(?, et al.,
10 . ) ) ; . Plasma and Fusion Research
0O 10 20 30 40 50 60 9(2014)1405013

Temperature (K) 4/33



Pioneering Work of
applying HTS to tokamak reactor designs

Iron core

Terminal
{HTS!CU}

Sample r

Bi-2212 CIC conductor
10 KA@20K, 12T
T. Isono et al.

Bi-2212

YBCO ~ (2003)
F. Dahlgren et al. "
(2006) YBCO
T. Ando, S. Nishio, H. Yoshimura Insulator (21)

pp Bi2212/Ag/Ag alloy

(2004) = amm | Strand 5/33



Pioneering Work of
applying HTS to helical reactor designs

H. Hashizume, S. Kitajima, S. 1to, K. Yagi, Y. Usui, Y. Hida, A. Sagara
“Advanced Fusion Reactor Design using Remountable HTc SC Magnet”
J. Plasma Fusion Res. SERIES 5 (2002) 532.

(1) Construction cost reduction of magnet
(2) Repair of magnet module if damaged
(3) Maintenance of blanket modules

= continuous helical winding
(1995-1996) 6/33



@ Application of HTS to Plasma Research
RT Project at Univ. of Tokyo




HTS Magnet Concepts for Fusion in the World (2018)

FFHR-d1 (NIFS, Japan)
CFETR-Phase Il -

ARC (MIT, US)
T ———— (ASIPP, China)

107 =

10-TF HTS magnet HTS PF coils
system



Large-Current HTS Conductors

Twisted and Transposed REBCO Conductors

7 -
tape stack
Al or Cu spacer (or wires)

Roebel (CERN)

L

Slotted Core (ENEA)

CORC (ACT)

QI (NCEPU)
(ASIPP)

Simply-Stacked REBCO Conductors

STARS (NIFS)

Bi-2212 CIC Conductors

Bi-2212 (ASIPP)

9/33




100 kA-class HTS Conductor for FFHR-d1
”STARS” (Stacked Tapes Assembled in Rigid Structure)

Operation current 94 KA@12T | Copper stabilizer

Operation temperature 20 K | YBCO Tapes

Conductor size 62 mm X 62 mm 1 I

Current density 24.5 A/lmm?

Number of tapes 40 £

Cabling method Simple Stacking ©

Stabilizer OFC N s

Outer jacket Stainless Steel - 4 \ : _ I
- - - - . Electrical insulation

Electrical insulation Organic or Inorganic S

Cooling method GHe or LNe

Superconductor REBCO Type-1 Type-2

Critical current >900 Alcm @77 K, s.f. rotatable not rotatable

Simply-stacked HTS conductor for DC helical coils

» Non-uniform current distribution may be allowed
» High mechanical strength (no void & no local deformation)
» Low cost and low resistance joint

10/33



100 kA-Class Prototype Conductor Test

| g (o sas WY
o

55 mm

A
v

40 mm

N

y / \
OFC Jacket /GdBCO Tapes
SS316 Jacket (3rows, 18 layers)

® GdBCO tapes
Fujikura, FYSC-SC10 (IBAD + PLD)
Width: 10 mm, Thickness: 0.22 mm
(Copper lamination : 0.1 mm) J
Ic ~600 A @77 K, self-field
® Simple stacking of 54 GABCO tapes

Stainless-steel jacket for reinforcement U | __M .
QY sample = L coil

® FRP jacket for thermal insulation VAR ™ sample 11/33
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Joint Section




Sample Current (kA)

YVVY @@

100 kA-Class Prototype Conductor Test

4.2 K3
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o
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~100 kA, ~1 hour
>

P
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-
o
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60

(@)]
pIa14 onsubely seig

Sample Current (kA)
3

O =~ N W A OO N
(1) p1ai4 onsube seig

40 4
100 kKA @5.3 T E 40
20 13
] 20
0 - 42 0
_20...|...|...|...|...'1 _20................'
0 2 4 6 8 10 0 0.5 1 15 2
Time (min) Time (hour)
Joint resistance
~1.8 nQ

100 kA achieved @20 K, 5.3 T (quench)

118 kA achieved @4.2 K, 0.45 T (no quench)

100 KA current was successfully sustained for 1 hour @4.2 K
Decay time constant : ~ 1000 s = Joint resistance : ~1.8 nQ
Quench occurred due to a failure in the joint manufacturing




“Joint-Winding” of Helical Coils

Helical Coils

Bridge-type
Mechanical
Lap Joint

390 turns X 5 segments X 2 coils
= 3,900 joints

Welding of neighboring windings
‘ = No VPI

Helium gas cooling
=» Simple cooling system

NITA Cnil

—

if 1 day/joint
and 4 parallel works (2 helical coils, 2 directions)
= 3,900/4 = 2.7 years

if 0.5 day/joint
and 4 parallel works (2 helical coils, 2 directions)

= 3,900/2/4 = 1.3 years

13/33



@ Evaluation of qunt

Bridge-type mechanical lap joint |
“Invisible joint” S. Ito (Tohoku Univ.)

£ 350 | ® Fundamental test (77 K, 0 T)

=
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F M 10-layer, 2-row (4.2 K, <1.0T)
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Joint resistance : ~2 nQ =» Joint resistivity : ~10 pQm?
Required electrical power of the cryoplant at R.T. <5 MW (for 3,900 joints) 14/33




@ — XT3 U FE—RERLVE
= EAE MRSy 7 <R D

________ Joint piece
: 120 mm : Cu jacket
i‘f{REBCO tape S. Ito, et al.
Current lead i- e NP, [ Cu foil Spa_cer presented II"I SOFT 2018
Cukrent 1omm hioe. . oumine to be published in FED
mn

(1) Conductor

region \

Polyimide tape
_~REBCO tape

:

In foil _ |
Cu foil spacer !
:

Cu ribbon '
(50 mm thick) (100 pm thick)
Cu ribbon voltage tap Cu jacket

L1 L2 L3 L4 L4 L3 L2 L1

Conductor region Conductor region

ﬁv_S“’téinfe,_; el‘

N

jacket =
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@ LHD {2 #E5TEl & NIFS REAGTIE|

LHD project 1998-2022
LHD upgrade 2023-2028

Divertor tiles will be changed from graphite to tungsten
High-power steady-state plasma production (2 MW x 3 hours)

Post-LHD project 2029-2038

Presently, two proposals are being examined in parallel
» HTS heliotron by optimizing LHD magnetic configuraion

» Modular stellarator with new magnetic configurtion

16/58



) HTS NJAILEREBE D KRS S LG R E
6 ] T. Goto, K. Takahata
5.6
5.2 | TS5XTEE—EDODRD
48 PEREE+ & HT-8HI,
. BREE: 80 A/mm?
4 > R=33mB=4T
3.6 (BRTE D ixHH)
3.2 I LHD :
R=39mB~27T
2.8

40 A/mm? (E%X&t)
(35 A/mm? £#8)

REASVIThD DT BVEREBEENERSID

> VT FREHNFE > EREBEN (REE) . RRH, VT FE—45, Rig&?
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@ Vacuum Magnetic Surfaces of a LHD-similar configuration
- with j,,c = 80 A/mm?

0.6

(@) ¢ =0° (a) ¢ =0°

2 T IREEENLELEN RELEE LELEE LY LN - LB LA rfrrrrgerrrpererr]
1 0.4k :
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: : N : :
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@ Three Candidate Cono

uctors (HTS 10 kA-class)

STARS

20 mm

\

(Stacked-Tapes Assembled in Rigid Structure)

L L\

Copper / ReBCO&apeS

Stainless-steel Insulation

FAIR

(FSW, Al-alloy, Indirect-cooling, REBCO)

Friction Stir Welding (FSW)

Aluminum alloy

Pure aluminum sheet

Stacked REBCO tapes

T. Mito, Y. Onodera,
N. Hirano

N. Yanagi, Y. Ter

azaki, S. Matsunaga,

S. Ito (Tohoku Univ.)

J. Miyazawa,
Y. Narushima,
S. Matsunaga

WISE

(Wound and Impregnated Stacked Elastic tapes)

Kﬁu»rs%—j,

19/33




Conductor for Helical Colls
LTS vs. HTS

LTS (for LHD)
NbTi/Cu+ Al + Cu
13 kA @6.9 T, 57.8 A/mm?

Copper NbTi/Cu
| 180 |

/Solder CuN‘i[
.

cpo%a )
| 5000000

\ Aluminum J

L. "SE 1 Sg zion 1 %

12.5

Electron Beam Welds

Effective Young’s modulus: 100 GPa

HTS (for Post-LHD)
REBCO + Cu + SS
18 KA @ ~10 T, 80 A/mm?

Bi-2223 can also be used

Stainless Steel REBCO Tapes

Copper Indium Foll
ik \ zz.s/ /

N A

10

Laser Beam Welds

Effective Young’s modulus: 150 Gpa
Similar bending (winding) by further
flattening



FERIEHES(FSW). ZILE =Y LEE£HZE (Aluminum

alloy jacket), [z /m#A(Indirect cooling), REBCOE{A

NDEEXFEHEHDTFAIREREAT A

EEBITES (Fsw)

EMETILE=OL
ZEIL#

REBCOT —7
bl

2R AEHR
TFILSZOLEEWBE 912

6 mm x 8 mm

RYmIT

Q(lﬂlﬁliﬁll m)

Friction stir welding (FSW)




FIRST TRIAL PRODUCTION OF
FAIR CONDUCTOR

Cross section of FAIR conductor

Twist pitch: 2 rotations / m

REBCO tapes : SuperPower Inc. SCS4050-AP



TEST RESULTS OF THE SECOND TRIAL PRODUCTION
CONDUCTOR

@ : No rotation Rev. 2
W 1rotaton/mRev.2  Thermal cycle

1000 pd

800 ;;;:; s

' ' ' ' ] ' '
' ' ' ' ' ' ' ' '
' ' ' ' ' ' ' ' '
' ' ' ' ' ' ' ' ' '
' ' ' ' ' ' ' ' ' ' ' ' ' ' '
' ' ' ' ' ' ' ' ' ' ' ' ' ' '
' ' ' ' ' ' ' ' ' ' ' ' ' ' '
TR S R A S T P Ty Ryt IRy Uy . RSP SRR, AR S, gUpa —i
' ' ' ' ' ' ' ' ' ' ' ' ' ' '
' ' ' ' ' ' ' ' ' ' ' ' ' ' '
' ' ' ' ' ' ' ' ' ' ' ' ' ' '
' ' ' ' ' ' ' ' ' ' ' ' ' ' '
' ' ' ' ' ' ' ' ' ' ' ' ' ' '

AN
(e "" \
4 24 ]
A:\ 2 08
AN Vel
| /¥
i
s
1

| [A]

400 fidded il L L L LD
bbb i e =10 vim)

oo+ @+ v+ i [ Distance of
200 |odebed i i L) voltage terminals

Y  + f 687mm
487mm
287mm

oliii i}

0) 2 4 6 8 10 12 14 16
No rotation Ic:1056 A

1rotation/mic:954 A Current-carrying No.




“Wound and Impregnated” on the WISE concept

Wound and Impregnated Stacked
Elastic tapes (WISE) concept

Flexible metal tube
\ N\ / /\ / /\ / /' \
/ N

Tapes

y4 b4 y4 N

AN A4
A— 7 K7 paN AN
A4 / L /| L / \ N\

)

(ory
winding

Low-melting

RYAIRT—T¥
\ % 71/4’-9'7‘11/
"'/-‘ / ?J_j

mety

MRV 4 IRFT—FHLBHTA

Tapes naturally deform
= No hard bending




Wound and Impregnated




Achieved 0.16 T @ 800 A, 77 K

-

. Etape
Despite

C

guench did not

occur.

\_

~10,

Strength [T]

Normalized sample Magnetic field
electric field [-]

Current [A]
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| I I I I I
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Development Plan of HTS-STARS Conductor
for the Next-Generation Helical Device

Short sample (~3 m) test
Coiled (¢0.5 m) @20K, 9T

_ gt —— ( “
Short sample (~3 m) test

Straight @77 K,0T . @ % )
TN L -~ JNE

3960 mm

Short sample (>3 m) test
Coiled ($0.6 m) @20 K, 13 T

A
Short sample (~3 m) test K
Bent radius :1-0.2 m \E_”_f’i —
@77K 0T Mechanical lap-joint
FY2019 FY2020 FY2021 (developed by Tohoku Univ.)
Short length (~3 m) > Longer length (>3 m) >
- \ 3D helical coil
Conductor test > winding
Magnetic field O T 9T 13T 7 technology




@ Helical Coil Winding
Continuous vs. Joint

® Continuous Winding
» Experience by LHD construction

» Long conductor (~ 1 km) necessary
» Optimized twisting angle ( | NIT} Bl
® Joint-Winding | i
» Challenging but rewarding . .
> ~ 4000 joints = high risk /
» Industrial robot (manufacturing P o, EEEEEE
and inspection)

wm e (0 :
Lap Joint .
0.2

HTS STARS
Conductors
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ARC & SPARC @MIT

SPARC
R=165m,B,~12T
P, ~ 50-100 MW

R=33m,B,~9T,B,, ~23T
P, ~ 500 MW

31/33




ARC is a student-led fusion pilot plant concept that leverages high-field REBCO Ps FC
magnets to achieve numerous innovations at 10x smaller scale

S22

==\ y//,,///" =

B.N. Sorbom, “ARC: A compact, high-field fusion nuclear science
facility and demonstration power plant with demountable magnets,

Fus. Eng. and Design 100 (2015) 378.

Design Parameters Value
Fusion Power 500 MW
Total Thermal Power 700 MW
Conversion Efficiency 0.40-0.50
Net Electric Power ~200 MW
Plasma Gain, Q >10
Major Radius, R 3.3 m
Inverse Aspect Ratio, € 0.34
Toroidal Field, By 9.2T
Plasma Current, L, 8 MA
Bootstrap Fraction >60 %
Normalized Beta, By 2.5
Avg. Plasma Temperature, < T, > 14 keV
Avg. Plasma Density, < n, > 1.75x 10 m"3
Tritium Breeding Ratio 1.10
Plant Lifetime ~10 FPY

20180323 — HTS4Fusion — Nagoya, Japan

17
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F. J. Mangiarotti, Ph.D. Thesis, MIT, 2016
pﬂ_‘( https://dspace.mit.edu/handle/1721.1/103659

Electrical joint: resistive terminations
linked with “jumper” plate

Jumper

Electrical
connection area

REBCO

Hastelloy

Coil terminations

Orientation of REBCO tape respect joint
surface is critical

Four electrical joint designs considered
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277 - .
& Improvement of in-field I,
Effective Combination of REBCO & BMO(APC)

SN EUBCO-BHO —u :
™M 141 A/Cm-W /’ - 77K 2 100 : : -
x- 120 /: _______ 3T - gz - I. min.=141.2 A/cm-w —
4 =
l': 100 GdBCO+BHO o O 20 Thickness=3.6pm -
1 o AlAam~ 1nr 0 oSN 0 1 1 L 1 |
@ 85 A/Cm-W 0 45 90 135 180 225 270
'E' 80 [ A . 6 (deg.)
700 .
- —~ b
E 60 4:0 ________ 2 600 H/./a :/./c
< -------------- Sapnumnnnnnmnnge IE 500 '\Q M
= A0 e 65K g 400 3 ¢
20 SNl | = BHO4 BSO 3T = igg I, min.=411.4 A/cm-w
0 Base ¢ pure« BZO Lo Thickness=3.6um
0
0.0 1.0 2.0 3.0 4.0 20 30 8 130 180 230

0 (deg.)

Thickness [um]

Courtesy of T. Izumi (AIST) 34/33




Extra Slides
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@ HTS BHRERVIAVHLERICET 5ER
» IYDUIAXHIT D IS5V T A XHIF+HEYTRA

e ANJAILERBAFRISHLTRYEZHRE
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o DS5YNGEEKEE 2 75V 74 X FAOTFLY

(a)

mandrel

of developed surface of tape.

K. Takahashi, N. Amemiya, et al.,
IEEE TAS 22 (2012)

36/33



Edgewise strain on the HTS tape
In the FFHR-d1 helical coils

BRSIEHR7TO0>T 2 F

*
EEEEE A G A A A E A A E A A E A A A A A A EE & /

Strain for edge-wise bending (%)

-0.15
» Difference of path length inside a conductor is calculated 0 60 120 180 240 300 360
for evaluating edgewise strain Toroidal Angle (degree)



Edgewise strain on the HTS tape
In the FFHR-d1 helical coils

BRSIEHR7TO0>T 2 F

0.15

0.1 £ | preliminary

0.05

Strain for edge-wise bending (%)

_015 : ..... Lasaas Las s as Las sy Lasaaslasaag :
» Difference of path length (edge strain) can be minimized by 0 60 120 180 240 300 360

tilting the whole winding package Toroidal Angle (degree)




