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[1 Over a decade passed from commercialization of REBCO wire, we

learned much lessons...

B Productivity, for cost reduction

B [ongitudinal Uniformity, for magnet design ability

B Mechanical reliability, for winding process stability

B Middle & low temperature applications should be major market for the time being

NEDO program (2016-2020) assisted wire development in Fujikura
B Aiming for 3 T class compact MRI

BMO-doped REBCO lined up

B Higher in-field performance at temperature below 50 K
B without spoliling

High throughput / high growth rate condition
Good-Uniformity, self & in-field J,

B 2 mm wide tapes (FESC-SCHO02) also lined
B Mechanical strength including delamination evaluated

[l Summary
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Major commercial shipment of Fujikura's REBCO coated conductor

19 km long 5 mm" wire has shipped for Tohoku Univ. 25 T magnet (2013) O pe rati ng tem P.
30 km long 4 mm" wire has shipped for 3T class test MRI by Mitsubishi Electric (2015) 4.2 K~30 K
80 km long 4 mmY wire has shipped for NEDO MRI program (2016-2018) :

1/3 demo of drive mode 3-T class MRI “-_q

http://www.mitsubishielectric.co.jp/corporate/ra “"“ 0“ ‘ ‘
ndd/spotlight/a32/index.html o a u
adin? ed
\ ul

Bruker 1.2 GHz high field NMR system (2019) t |
2|,
World first 1.2 GHz NMR =
28.2 T magnet st s | 1l 2 =
with 54 mm bore Bethh B3R i PN
REBCO wires shipped for the inner coil - ... - Drcehardgon

"Ultra-High Field Magnets at Bruker"
UHF Workshop at NIH, Nov. 12-13, 2015

at the highest field part

https://ir.bruker.com/press-releases/press-release-details/2019/Bruker-
Announces-Worlds-First-12-GHz-High-Resolution-Protein-NMR-

F Fu » i ku ra Data/default.aspx 3
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Typical specifications of Fujikura's 2G HTS wires

Thlckness Critical Current Material of HTS
Stabilizer [um] lavers

FYSC-SCHO04 0 1 3 GdBCO
FYSC-SCH12 12 0.13 73 20 GdBCO
FESC-SCHO04 4 0.11 50 20 EuBCO+BHO
FESC-SCH12 12 0.11 50 20 EuBCO+BHO

* Dimensions do not include thickness of insulating tapes.

<Schematic of 2G HTS wire>
Stabilizer [electroplated copper] 20 um |

Protection layer [Ag] 2 um~
HTS layer [GdBCO 2 ym] / [EuBCO+BHO 2.5 ym] ———

Buffer layer [MgO, etc.] ~0.7 ym
Substrate [Hastelloy®] 75/ 50 um

Sputtering

Iowr z

Large area IBAD

'\
Hot-Wall[PheD it janes .
Laser IBAD F
T \ \L Substrate
JPRsdishnk '."-'.:"-.__‘,_.:"_ Hot-wall
W' /| Heating
r Reel-to-Reel IBAD systém ' Scanning / GdBCO
F Fujikura e et 4




IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), December 2021.
Invited presentation NM-6 was given at the virtual CCA 2021, October 11-15, 2021.

HTS development program by NEDO (FY2016~2020)

"Project to Promote Commercialization of High-Temperature Superconductivity Technology (2016-2020)"

T, l b d (1) Electric HTS Power TEPCO - Ensuring essential
Ota u g et Cable systems Sumitomo safety functions Ensuring safety M Standards
nJ 50M$ HTS Furukawa - Recovery methods functions for design
BSvar Maekawa - Refrigerators
Cable DC Isikari - Standards for e
systems Association design/operations | fordesin
(2) Rallway HTS Power T RTRI - 2km refrigerator Development of small Verifications of a 2km
Cable systems systems scale refrigerator refrigerator system
—— (3) HTS highly stable = Mitsubishi - Half-scale 3T MRI
/' bkl } D lobirent of 4 hale Development of a half-
magnet system for Electric systems ENEICH scale 5T HTS-MRI
MR] AIST scale 3T HTS-MRI system ot
HTS | joints AIST etc. - superconducting joints Development of superconducting joints .
sf,ommy \ __________ O O W T W OE OE. O E EE O E W FFujikura
ain co Magnet | (4) 2G HTS wires = - In-field Ic and . .
y Systems | ’ Fujikura  uniformity In-field Ic improvement
e ! IBrexemEnt Uniformity Improvement
\ | i - Evaluation of L i
His s Khomi ot 1o i reliability of wires i
Yokoyama et al. | — FFujikufa - High productivity - High productivity

vol.94 (2017) p76~

Abstract of CSSJ] conf.

| Fujikura supplied 80km 2G HTS wires to Mitsubishi Electric for the magnet in 2016-2017 /

r

Fujikura

https://www.nedo.qgo.jp/events/report/ZZDA 100015.html
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Conductor requirement for 3T class compact MRI magnet

3T class "2 size MRI Required Specification for REBCO Wire by NEDO
Total wire length: 80km

Field uniformity: 10ppm
Designed by Mitsubishi Electric

Operation temperature: 30 K (for lig. He free)
Max. Experience Field: 7T

i Max. Je: 400 A/mm?
W (for compact system as large as 1.5 T class)
y » Piece length with good homogeneity: 1 km
(to reduce joints for stable driven mode
0w ) & B operation)
ol Elemental technology For Future PC mode
) | Joint resistance ~10-2 Q by solder splicing

Yokoyama et al. Abstract of CSSJ . . . g < =
Conf. w0l 04 (2017) pr6~ (for PC mode operation with inter-coil 100 joints )

to be presented in MT-27 /1SS2021

-

Fujikura
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BMO doped REBCO by Hot-wall PLD

/Key issues for BMO doped REBCO wire : T Selffield 3
"High in-field /. & Reproducibility” -
"Long-length & Longitudinal /, uniformity" = \/J\A/m
Longitudinal direction s
\_ Additional deposition parameters: BMO nanorod structure P,

Hot-wall PLD system has furnace-like stable substrate heating

ater Block aust Hot-wall PLD system Window width Y <Gd <Eu
cater block system Initial set up 2003-2008 APC < non-APC
Used 1990s-2005 reformed 2016-2018
@ Excimer Multi-lanes -
heater Laser IBAD APC
<> Tl ‘ || H\L Substrate =y
R g7 2 _
g' | Hot-wall = BB
- I~ V' | Heating N
* 4 ' = >
RE123 target plume Scanning /L/» ----- L.-'EL"'E: REBCO deposition condition
s Target

P Fuiikura
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Growth rate dependence for J_.-B-@ properties of BMO-EuBCO

EUBCO-HfBaO3 ¢ i |
%o ® High-throughput
A Slow:5-7 nm/sec B Fast:20 nm/sec over _ 5 e BESSER
£ SLOW ™~ _ FAST
Scatterd short nanorods T 4 i & ® JsAMA/cm?
observed = .
in high-growth rate > 30K 7T
FAST samples BHO-EuBCO thickness: 1 ~ 2.5 um
iz
40 K, 5T 20 K, 5T deposition rate [nm/sec]
L B '/’C 30
g ’ A Els more isotropic property
<, S In wide temperature
= =’ and field range
- 2 - 6 —
pure CcO _
,LThickness ~1 pm,
3
-50 0 50 100 150 150 -50 0 50 100 150

U [deg]
P Fujikura 8
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Scaling of flux pinning force density, FE

FAST BHO- SLOW BHO- _Pure GdBCO
| | I [ B/ c :
FAST g//c >4.2K
1.0E+07 Sl — i ]
e . —— 042K i
10E+06 F e S \H\:\‘\ peeiny b m 1 - 20K
o +OE00 oy ~  -20K g .
E \ \\\ 30K h " la=6.11]" 230K
2 | 040K I b 4 _
< 1.08+05 % | 050K 1 g L p=0.65 | 040K
RUAEAE 8 %lgma7 | o5
1.0E+04 - — fitting 1 % i + 65K
| \& \ | 11 e 1 x77.3K
HOERDS O‘ 5 | I10 . 15 20‘ | 25 i +¥“ : o Flttlng
B[T] : , ] *xx :
E," (T)or B™*(T) 0 l 2 4 6 0 2 4 6 0 2 4 6
T —a T B B/Bmax B/Bmax B/Bmax
= A (T_) (1 — F) A good scaling behavior of F, curves can be seen as same as the Pure sample.
C C

— Random pinning-like behavior of BHO.
In case that F, scales, Scaling law for F, P

Biyy = aB™* by —C b

Fujikura F,max —  \ pmax

r
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Thickness dependence for in-field /. properties of FAST BHO-EuBCO

4 !

Less thickness dependent
for FAST BHO-EuBCO

Almost the same /c-B-0 shape up to 4.2 um thick

- 4000 -
~ 8.0E+06 24um F O O 2.6um 20K 20 K
1.1um %\ BEST 3500 PO 0 3.3um 20K B//c
6.0E+06 3000 OO O 4.2um 20K
c 6.2um (L\\ [ a3 O
'E 4.0E+06 0 S | o — 2500 | 300
(o) s n Ao an 12K o ' OO
- ' S 5000 9% 02
2.0E+06 —FI ﬂl ﬁ Oo
- — 1500 |
0.0e+00 Lo lovw . |
0 20 40 60 80 1000
T [K] 500 ]
i [ oc B @
12E+07 | #\OSW B=5T & &8 45 @5 95 0 5 10 15 20
1.0E+07 _23!”" B[T]
E 8.0E+06
& 6.0E+06 |
4.0E+06 —_— e e A G R S S
2.0E+06 <L 100 M lona 2R 2 .um thick eamnpnle
L. —_ - WS S | I B | I\JIIS [ e Plulll CIIT I JU'III-I'\.J
00E+00 (@) s00.0 =7 \/ N\ T
0 20 40 60 80 ~ /7 Ul
T [K] . o | b b00 20000 sgon " " osods © © dodon - 1zcoom
45 0 45 90 135 Position [m]
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In-field Ic Performance — FESC type — (AP)

J.=595 A/mm? @30K,7T

681A@30K, 2T ,
448A@30K, 5T 663A@20K, 5T

FYSC
357A@30K, 7T 412@20K, 10T 753A@4.2K, 10T S
242A@50K, 3T 6000
542A@4.2K, 16T
5000
- : E 4000 C 8 B
B - o 3000
~~ o — \M%N@'@-BM . :d;i‘
; %ﬁw&@%»% le-AP' 1000
£ i 5 ® 42K, 5T
N 20K-AP| 5 —a5 042K, 10T
'2 40K—AP ———— 7 e 20K, 5T
g | A0k FESC 0 20K, 10T
*%el sok-ap A 30K 5T
: _ . ‘A W 6000 - i A 30K, 10T
77.3K-AP 65K-AP 4m m 5000
101 EuBCO-BHO
5.0 10.0 15.0 20.0 25.0 g R0 - rReT

Perpendicular Magnetic Field (B//c) [T]

AP specification is recommendable for use in magnet applications at lower temperature
and higher magnetic field. O

FFu

jikura
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In-field Ic Performance — FYSC type — (Non-AP)

J.~300A/mm< @30K,7T

425A@30K, 2T
260A@30K, 5T | | 368A@20K, 5T |
171A@50K, 3T 210A@30K,7T | 231@20K, 10T | ‘

> - e
360A@4.2K, 10T
. J TIA tape
259A@4.2K, 16T
3 / 42K
c :l —2 10K
£ T 20K
= 10 30K
% 40K
b~
50K
4m mW
101
0.0 5.0 10.0 15.0 20.0
Perpendicular Magnetic Field (B//c) [T]
Non-AP specification is recommendable for cables or other general use at .,f *’:’;“‘J‘
relatively higher temperature. ""«" y

‘\ﬂ«. y!

P Fujikura




IEEE CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), December 2021.
Invited presentation NM-6 was given at the virtual CCA 2021, October 11-15, 2021.

I. uniformity of BHO-EuBCO wire of 12 mmV

B Magnetization measurement of longitudinal /_ distribution for 1 km class wire

5D (D) | ittt i e B T et bt 1048 it M et e P bt i PO = e e im0 e
'<_E| S Homogeneity:3.1 %
I—I (standard /, deviation / average /.) ~2.5 U 77.3 K
|\|U 0 T T T T T T T T T T T T T T T T T T T
0 200 400 600 800 1000

Position [m]

B Two dimensional /. measurement by Scanning Hall Probe Microscope (SHPM)
£5 60 600 1
gﬁ 50 T T
S5 .40 | ~ 400 | - '
ooL ayp | f_f,gg% - 1 M SlizZe
gz_o% : - 108 [ ' ' | i =
58 0 632 1634 163 1638 164 DOInt defeCt
® - Position in lenath direction  x (m)
ga.. affect E-to-E
28 E et
63y T §La ——— voltage for
& p i ® e
H E = 20 narrower
= g t z E63 p EEEENNessLe——
£ >E o g § ﬁ A MO LS M I
32 & 8 NI XRMRGTEMRPES, * KANA Mt 8.5 8ANAOERE ASuY LRSS S22 00,50 228" 2N
5 8 < dinal fluctuations &
5 o — § .74 -
Ll T | §‘£ £ \n‘h/
e e e e e e e E =5 #

=

10m 100 mm
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Self & in-field /. uniformity of 4 mm¥ BHO-EuBCO wire

B current conduction measurement

H rot-to-rot variation of

160 80 in-field I_/ I (77 K, s.f.)
o 140 70
© 800
= 120 " 60 —_
$ 100 77K, SEIf-erld * e criterion - 1IuV,/rm 50 ) ,f_: 30K; 3T FESC
E 30 Avg. Ic 136A, g=1.3A, Min. n-value : 20.7 * Range of n-values:10%~107V/cm 40 % < - (=with AP)
> s
= &0 e e N 0 & 0.0
= . T RA, 00000, P At | : 8® | &;@
S 20 10 g © NG o
0 0 g FYSC
= (w/o AP)
< 200
0 100 200 Position (m)300 400 500 g’
1 2 3 4 b o B//c
; — — — — 0
‘; e = - ‘:’ 0 100 200 300
Ic @77K, Self-field (4 A
450 m (FESC-SCHO04) 6 c @771 seffield (ammw) (4]
2500 k ES i 30K, 7T FESC (=with AP) N=9
B//c : L. X
2000 B In-field magnetization measurement N4
- 2120 ——— — I
< - 80 N
— 1000 | 2 60 . $1
240 [anntastie apma st st atane ne P T T . .
500 /77 K S 20 | | . :‘.‘.'0-45 45 90 135
.: 0 H
)
0 . T e e rr—r—=9 Longit?udinal positi%nx(m) 0 - 0 [deg] \\'ﬁ //
;
0 1 B[T] 2 3 77 K B=0.025 T~2.0 T ﬁ W2
»® KYUSHU
u-l I u ra UNIVERSITY 1 4
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Example data of longitudinal /. distribution of 2mm-wide tape

2 mm-wide tape: FESC-SCHO02

B 4-terminal method current conduction measurement at every 4.7 m

120
< 100
=
z R S A 22 A A A4 I A A X XYY X2 L FYT PUS TIRTI AL I AL X X3P
g 60
28
—~ 40
% i *¢ lc criterion: 1 yV/cm Ave.lc 76 A,jo=1.5 A
0 77 K(LN,) ,Self-field
0 50 100 150 200 250
Position (m)
B Magnetic measurement @Tapestar™ (2mm-wide with AP / FESC-SCHO02)
120
100
. 80 LA R TN TR P L (il
= 60
~ 40
20
0

0 50 100 i 150 200

P Fuii
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Comparison of transporting /. and numerically estimated

IE for wounded coil of BMO-doBed EuBCO wire

S.Muto et.al ., Abstracts of CSSJ Conference, vol. 98 (2019) p.124.

g magnetic field inside coil A/B  B=0.56 T, 6~35°
N 46turn 1turn ™
5 \ | (I,,=100 A) -
o ST A = - L
- 5 0 -
1.(8, B) fitting for 2 peak V3 Festesesseserer o B | i -
: T=30K i:'i : Bmax = 066T
1:(0,B) = aj f; (w; (B).el) + ayf>(w,(B), 0) ; Wik | 30 .K i T
B ,9 == = — 45 30 -15 0 15 30 45 60 75 90 105 120 135
f1(@1(8).9) w? cos? 61+ sin? 6 B//c ArElS [H5E.] m4-layer single pancake coils
B).B) = N
2 0x(E.0) Jw?sin20 +cos20 B//ab "
5 V.=0.34 mV
N - _
D= G T (Ec = 0.01 pVfemy 2"
o _ 2 2 EEEEEEETE R T
IC(gO'B)_al-I_wZ(B) 5 S ; = %l O 50K
N e O 40K
fitting parameter: w,(B), @, (B) 0 : %_DIT-ST. BEER 40 K I;I O 35K
45 30 15 0 15 30 45 60 75 90 105 120 135 (@) == O 30K
arranged from the equation derived by Angle [deg.] .S
D K Hillton et. al., SuST 28 (2015) 074002 . 3 0.01
o 12
E -~~~ ~<noise level
3
Aiacaas: = 0.001
: 1m[}
05 F B=0.1-5T .
r ey 50K Transporting current [A]
we 45 30 15 0 15 30 45 60 75 90 105 120 135
F Fujikura pnge [dea] 16
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Improvement of delamination strength

=

<Delamination stress test by thermal stress inside impregnated coil>

Epoxy-impregnated coil

Cooling

Epoxy,
Polyimide \g

Coated conductor

© 0
(o |
s | R.T.(298 K) ?ng\\ 0D/ID
a / %1.6 -
D s % < .
3 !
= X\ =
o) \
2 4 \

10 15 20 25

Radial position [mm]
H. Miyazaki et al., IEEE TAS, 25 (2015)
6602305

Average delamination stress of
2G HTS tapes have improved
by Weibull analysis

—

—

Fujikura

=

<Heat cycle test (R.T. ~ 77K)>

60.0
50.0 4
400 ©
30.0 |
200 ©
10.0 |

0.0

= 0.4

035 € 2013 production

8_ . B 2016 production ’.

c 03 F ® 2018 production (EuBCO+BHO) = 2

o ; 1 s , |

(T N 1 PR g

g J ] S ot R

5 | | ral

R Rl e — e

© | I' | =

Y o1 ”" """"""""""""""" = e

O o+ ---- -T’ "s

& W e I By P i

E 0 ___h-_‘-\-t:.'u-r'?—l-J T T T l‘-;’.

3 0 2 4 6 8 10

o _ _

a Maximum radial thermal stress o [MPa]
L

cooling rate: 20 K/min
No degradation up to 100 cycles
0 20 40 60 0 100

number of heat cycles

120

coil #1
—=— coil #2
—— coil #3
— coil #4
- coil #5
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Fujikura REBCO wire by IBAD and hot-wall PLD

NEDO Program " Project to Promote Commercialization of High-Temperature Superconductivity
Technology (2016-2020)“ which aimed for 3-T class compact MRI system strongly assisted
Fujikura REBCO wire development

BMO-doped line-up launched with enhanced in-field Ic below 50 K

High throughput BMO-doped EuBCO films of enhanced J, had uniformly scattered nanorod
structure with the improved temperature stability in hot-wall type PLD system

Good /. homogeneity & in-field /. predictability obtained in 1 km long tapes
Mechanical strength evaluated including improved delamination strength

New tape width joined in line-up

B 2mm width (FESC-FCHO02)

P Fujikura .
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END

Thank you for attention
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