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Recent Progress in Japan

R & D Direction
*Toward Actual Application by LTS
*High Magnetic Field by LTS and HTS
*High Magnetic Field Application
*Development of Precise Analyzation Method
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Examples of Recent Progress

*High Magnetic Field Magnet (PL-06)
*NMR over 1 GHz
*HTS magnets for compact cyclotron

*Evaluation technology for HTS wire and magnets
(A-01-SI)
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High Magnetic Field Magnet (PL-06)

by Tohoku University
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&%y  PL-06: High field superconducting magnet development with HTS
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Lessons learned for high-field (cryogen-free) superconducting magnets will be presented!
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NMR over 1 GHz

JST .
by MIRAI JST-Mirai Program
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Compact >1 GHz magnet as a model of the 1.3 GHz magnet

* K Hashi et al 2015 J Mag Res

1 '01 GHZ (23'8 T) ':55410;11/2019 IEEE TAS 29

""""""""""" (design 1050 MHz) 4300407
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Bi-2223 |Ts
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(CA)
HTS LTS

B, =X 85%

J: 148 A/mm?
BJR: 189 MPa Increased

Y. Yanagisawa et al., ASC 2022 - Sir Martin Wood Memorial Session: Very High Field and NMR Magnets Il -, 1LOr2D-02, Oct. 24, 2022

J: 225 A/mm?
BJR: 291 MP
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Compact >1 GHz magnet as a model of the 1.3 GHz magnet

1.01 GHz (23.8 T) Slmllarscale 1.3 GHz (30.5 T)

(design 1050 MHz)

HTS coil

e——— 1070mm ——3,
\__
- - ‘ O

ID (mm) 79 81 «
oD (mm) 208 265

Bi-2223 LTS

(NX) Length (mm) 23 678

-Power suply driven-mode
HTS LTS
53% 47% 4mms———)
A >1 GHz magnet with a high field-contribution by HTS coils as a
model of the 1.3 GHz magnet.
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Y. Yanagisawa et al., ASC 2022 - Sir Martin Wood Memorial Session: Very High Field and NMR Magnets Il -, 1LOr2D-02, Oct. 24, 2022
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Magnet performance

V-| curves of Bi-2223 coils Liquid helium level
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* V-l curves are reversible (no degradation and quench).

* No reduction in LHe level through charging and operation using cryocoolers.
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The 1.01 GHz magnet addressed four development issues

1. Detection of the HTS coil degradation with an infinitesimal
change in coil voltage.

2. Stabilization of a temporal fluctuation of the magnetic field due
to the DC power supply and screening currents.

Homogeneous magnetic field using shimming systems.

4. Development of a quench simulation code for an LTS/HTS
magnet.

Y. Yanagisawa et al., ASC 2022 - Sir Martin Wood Memorial Session: Very High Field and NMR Magnets Il -, 1LOr2D-02, Oct. 24, 2022 10
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NMR spectra for proteins at 1.01 GHz s
Solution NMR Solid state NMR

3D tripl NMR (HNCACB) 2D doubl NMR Demonstrating
rrple resonance oupie resonance
for a protein sample (ubiquitin) for a protein sample (GB1) that an LTS/HTS
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Experiment time: 1 day Experiment time: 20 m
Y. Yanagisawa et al., ASC 2022 - Sir Martin Wood Memorial Session: Very High Field and NMR Magnets Il -, 1LOr2D-02, Oct. 24, 2022 11
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HTS magnets for compact cyclotron

by Waseda University

© CRIEPI 2023 12

IEEE-CSC, ESAS and CSSJ SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 55, January, 2024. Plenary presentation given at ACASC 2023, 30 Oct. 2023, Shanghai, China




| e’ ) OSAKA '
Ay U ?' UNIVERSITY 9 ERERRIR
o OKAYAMA hERFTH

UNIVERSITY

Development of No-Insulation REBCO Coil system

for SKeleton Cyclotron Accelerator
NMawvl Namnseallcmm MAadiaal Amel®aall e
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This work was supported by JSPS Grant-in-Aid for Scientific Research(S) from the Ministry of Education, Science, Sports, and Culture
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Targeted a -particle therapy

One third of patients are diagnosed as “advanced cancer” at first visit:

5-year relative survival is 15% or less

Advanced Cancer

2

Cancer Primary Regional lymph | Adjacent Distant
progress organ node metastasis | organ infiltrate | metastasis
Ratio at first

0 0 (i) (i)
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Surgical resection . T
Radiation irradiation o
Chemical treatment » - o
Immunotherapy " ¢ K
L 4
£=2
5-year
relative 74.5% | 47.2%
survival

Suppression of refractory cancer

’ :
v=h Chemical treatment
o Immunotherapy

—

Applying targeted
a-particle therapy
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Magnetic field required for cyclotron accelerator

Isochronism ' Beam trajectory stability

It takes the same time that ! @ Maintain particles in orbit.
particle takes one round.

The orbit radius of accelerated Particles off the mid-plane diverge.
particle is getting larger, and the
mass is also getting heavier.

AVF (Azimuthally Varying Field)
Isochronous field Magnetic field with a periodical

strength in the circumferential

_Keep |s'ochr0n|sm 'by .rad|aIIy direction places particles in orbit.
increasing magnetic field Field distribution on

beam acceleration plane

T~
4 N

Mgnatic field (T)
Magnetic field (T)
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R i il i Coil-azimuthal direction

Radius position (m)

Necessary to generate highly accurate field (0.01-0.1%) 15
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World’ s First HTS SKeleton Cyclotron

HTS-SC(HTS Skeleton Cyclotron) Only an HTS multi-coil system

H.Ueda, M.Fukuda, A.Ishiyama, S.Noguchi, S.Nagaya et al., WithOUt_ irqn Core' proguces d hlgh
“ Conceptual Design of Next Generation HTS Cyclotron”, maghnetic field with hlgh precision

IEEE Trans. on Applled Supercond.,Vol.23,No.3, necessa ry for bea m acceleratlon.
4100205,2013

Spiral sector coil

Sector Coils
Trim Colls

Split

Coreless multi-coil main coil

Compact, lightweight, & high power!

Center Coils Main Coils

211At Mass production (36MeV, 500 A) e

IEEE-CSC, ESAS and CSSJ SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 55, January, 2024. Plenary presentation given at ACASC 2023, 30 Oct. 2023, Shanghai, China




World' s First output energy-variable cyclotron accelerator

Due to Iron-Coreless

v Compact, lightweight, and energy-variable
cyclotron accelerator

Center coils

1) 211At Production (targeted o-particle therapy)
Energy: 36 MeV, Avg. Field: 1.73 T

2) Rl Production for PET (high output desired)
Energy: 18 MeV, Avg. Field: 1.23 T

3) BNCT (Boron Neutron Capture Therapy)
Energy: 40 MeV, Avg.Field: 2.59 T

ector cals pame e 4) 2256, RI Production (o-ray)
e.g.) Energy: 16 MeV

We are developing an HTS skeleton cyclotron system
with the above functions by changing the magnetic field. 17

Main coils
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15-scele REBCO coil system

E External vacuum tank
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12-scele REBCO coil system

% Experiments started at FY 2022.

Colt 4 Red: main coils

Blue: sector coils <REBOC tape>

-6 mm width

=0.1 mm thick
_ <Operating conditions>
140.00 mm between . 540 A
sector coils '30 K
= Particle extraction radius:
200 mm

*140.24 mm between
main coils
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Experimental Results : Magnetic Field on the particle acceleration plane
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Magnetic field (stepwise excitation) a0
- A delay in the magnetic field specific to the NI =
coil was observed. 0
 In the case of trapezoidal wave excitation, 0.1 -20
. 0 0.0 1000.0 2000.0 3000.0 4000.0 5000.0 6000.0
approximately 204 s lapsed to reach 99% of Time [s]
the stable magnetic field after the excitation i ST i R s e .
Hall8 ——Hall9 Hall 10 ——Hall 11 ——Hall 12 Hall 13 ——Current

was completed.
Magnetic field (trapezoidal wave excitation) 20
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Experimental Results : Magnetic Field on the particle acceleration plane

Current lead Current lead

0.0053726 0.61556

b
ldeal magneatl)c field on particle acceleration
plane and magnetic field measurement points.

Magnetic Fiew 1)

0.3
0.2
- After holding at the maximum current, ”
the rotary disk was rotated 0° to it
o o - 2 0 * = - g v v ®
120° every 20° when the magnet_lc field : o i 4 s = o
became Stable' and the magnetlc fleld On Hall 1(ideal) Hall 2(ideal) Hall 3(ideal) H'I\In:(:[d;‘] Hall 5{ideal) Hall 6{ideal) Hall 7(ideal)
the particle acceleration plane was B Halll('ac::al) S H:IIZ(lac::al) o H:Ils('ac:al) ° H:Ilﬂ;c::al) o H:IIS(Iac:ual) H:IIG(la:::al) B Hall7(lac:ual)
measured.

|ldeal and experimental values on the rotating disk at

- |[deal and experimental values on the rot )
maximum current ﬂOW. 21

ating disk at maximum current flow.
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Summary (Summer 2023)

® \We designed and fabricated an NI-REBCO coil system for the UBSC, a half-scale
demonstration model of the HTS-SC.

® The coils were cooled to 2-9.3K without any large temperature gradient in the coll
system, although approximately 190 h was required for cooling. Thereafter,
temperature gradient in all coils could be maintained within £1K using 30K
temperature control.

® The voltage, magnetic field, and temperature were measured by conducting
energization tests up to 160A. Waveforms specific to the NI coils were observed for
both the voltage and magnetic field.

® Ve plan to repeat these experiments by gradually increasing the maximum current to

the rating current of 540 A.

R.Kumagai, A.Ishiyama, H.Ueda, S.Noguchi, T.Watanabe, M.Fukuda, G.Nishijima, and J.Yoshida,
“Fabrication and Experiments on a 1/2-Scale Demonstration NI-REBCO Coil System of a Skeleton Cyclotron for Cancer Therapy”,
IEEE Transactions on Applied Superconductivity, 34, No.5, 2023 (DOI: 10.1109/TASC.2023.3338594) 22
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Evaluation technology
for HTS wire and magnets
(Special Invited A-01-Sl)

by Kyushu University

© CRIEPI 2023 23




Grant-in-Aid for Scientific Research (S): FY 2019-2023, T. Kiss (Kyushu Univ.)
Systematization of Evaluation Technologies for High-Temperature Superconducting Wire,
Conductor, and Coil Winding and Its Application to High-Reliability Magnets

Innovative Data Driven Superconductor
Materials Development and Smart
Manufacturing

in-collaboration with

industry
O

Process
Informatjes
" sl mea — High performance
E ol ?L.- - ‘superconducting tapes
§ 2000 (-
“ 1000 . §F A A ..E,.
R ,
0 1000 2000 3000 4000 5000 6000
0 C C 9 Model Prediction [A m/s]
PDTO O11(Q 0
rement tech.
|

z i b

5l 1 Measurement

3 71 iInformatics

Ei o 15-333 ]
g\_}.‘v’,/ié - Confidence:0.947 A-01-SI: T. Kiss (KU)
/IS5 230 240 zs;ca”j:m?(:o 280 290 ] . for more detailo
KYUSHU Detection of Local Obstacles by Machine Learning o | 24
: -1- . Kiss Laboratory, Kyushu University, October 2023
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Future Prospects as Key Technologies
for Realizing Carbon Neutral Society

Hot Issue : Liquid hydrogen for Carbon Neutral Society

R & D Examples
*MgB, wire for AC use
*HTS motor for LH, pump
*LH, cooled generator

© CRIEPI 2023 25




Challenge to a Low-carbon Society

a

(1 Low-carbon emission power sources
\® Energy-saving technology

N

)

demand side

high efficiency < Low CO, intensity >
equipment

supply side

Igniticant CO, emission reauction

( Japanese Prime Minister announced carbon neutrality in 2050 )

© CRIEPI 2023
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Cantral Research Instiute of
i Power Ingustry
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Supply and Demand Results

of Kyushu Electric Power Co.
I | BRSO October 20, 2020

18 GW 100

500
1,400
1,200
—
1,000
PPt —
B gt e
800 W _\\/‘\_W
e NGB
600
400
00
24
(B%F)
— AEES (5500 A ESES (185MeE) FHE z—— o SRSOHEH

— AE DX RN FEEES (5548
— AR (554 x4 - HREAICDOULWTERAGASEN. AR CDOULWTERAGESMAEMEeSEs LU TERRLETY.

IR Cantral Research Instiute of
Flsctic Power Iaslry

( Almost the world's largest percentage of solar power generation )

© CRIEPI 2023
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Detailed Supply and Demand Results
of Kyushu Electric Power Co.

Supply: 12 GW
12— Pply

10—

Demand and Supply (GW)

-
-

’PI SH and
Demand: 7.32 GW % Battery

-

Renewable Energy

7\-\!'_'_'_ * Curtailment: 0.93 GW

S PSH: 1.84 GW
E'\QExport to Other Areas: 1.94 GW

figure 5. The demand and supply operation on 21 October 2018. (Source: Kyushu
EPCO; used with permission.)

(PSH : pumped-storage hydropower)

( Absorb surplus solar power by PSH)

“Making Renewables Work”, by Kazuhiko Ogimoto and Hiroshi Wani IEEE Power & Energy Magazine November/December 2020 p.51

© CRIEPI 2023
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Liquid hydrogen
for Carbon Neutral Society

© CRIEPI 2023 29
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IR Cantral Research Instiute of
Flsctic Power Iaslry

7K SR FE AR
SHB5H46 H 6 H
FRE AfRE = R L X — « K55 PRI 2 ik

Basic Hydrogen Strategy by Japanese Government
June 6, 2023

Refers to the vision for year 2050 and action plan until 2030
to accomplish the goal of realizing a hydrogen society ahead of the rest
of the world by making hydrogen a new energy option amongst other
renewable energy sources.

© CRIEPI 2023 30
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Cantral Research Instiute of
Flsctic Power Iaslry

© CRIEPI 2023

teft : HySTRA

1 MHPAR{EKBEREMEEMDTERER A X —2
Fig.1 Rendering image of liquefied hydrogen
loading/unloading demonstration terminal in Kobe JIIGE TR 1825 20205%F9H
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Cantral Research Instiute of
Flsctic Power Iaslry

Liquid hydrogen Tank
2500 m3

=2/ D0204£58

3 RIEKFZ>Y
Fig.3 Liquefied hydrogen storage tank JINGE TH#Rk-1825 202059H
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Proposal by COCN

IR Cantral Research Instiute of
Flsctic Power Iaslry

2023 (FM5)F9A
September 2023

[2023FEHHET—HEHMEE(EN)

[/KF-BEEITLYIAR]

Hydrogen-Superconductivity Complex

HET—I)—4— Xl &
(REIRILF—LRATLRAMA S
IND—=P AT LBREH-=77xA—)

COCN (Council on Competitiveness-Nippon: & 3 %

© CRIEPI 2023
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Wide Area Connection of RE zusrxzzuss
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Hydrogen and SC Complex
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R & D Scenario

Deployment of
Hydrogen and SC Complex
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MgB, wire for AC use

by NIMS
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Development of the ultrafine MgB,
superconducting wires and stranded cables

Akihiro Kikuchi
National Institute for Materials Science




Coarse Mg powders would be gradually grounded through a drawing process

¢ 0.6 ® 04

5 um 39
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Drawing to ultrafine diameters

1,001 m 500 m 148 m 51 m
(100 m/min) (100 m/min) (50 m/min) (50 m/min)
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Critical Current & Critical Current Density
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Heat Treatment : 650 °C for 30 min in vacuum
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Ultratine MgB, stranded cable
7/0.05 49/0.05

Outer sheath material : Oxygen Free Cu Outer sheath material : Oxygen Free Cu

Cu/non Cu ratio : 1.0 Cu/non Cu ratio : 1.0

Strand diameter : 0.0bmm Strand diameter : 0.05mm

Num. of strand 7 Num. of strand : 49

Twist pitch length :5.0mm Twist pitch length : 8.0mm

Twist pitch direction : S (Left hand) Twist pitch direction : S (Left hand)

Cable diameter : ~0.15mm Cable diameter : ~0.41mm 42
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Critical Current & Critical Current Density

100

< .
o 650°C - 30min
= 10 -
<
o
5
O
g 1-
= —@—-0.05 (measured)
ot —8-7/0.05 (measured)
% 0.1 - —-49/0.05 (measured)
e - --7/0.05 (calculated)
= 4.2 K

] measured - --49/0.05 (calculated)

0.01 I I I I I
0 2 4 6 8 10 12

Magnetic Field, B (T) 43
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Remarkable improvement of wire drawability

Oxygen Free Cu Monel (7Ni-3Cu)

GRSV X a8 s A

N D44 x20k 30 pm

2022/08/05 14:36

2021/12/22 16:41 NL D6.2 x2.0k 30 pm

Sheath Material 50 um Tensile strength (MPa)  Elongation (%)
Oxygen Free Cu 500 m 720 1.3
Monel (7Ni-3Cu) 4,000 m 1,450 2.4
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Drawing to ultrafine diameters

———

2022/08/05 14:36 N D44 x2.0k 30pm

2022/08/05 1425 N D41 x3.0k 30 pm

Outer Dia. 50 um Outer Dia. : 33 um Outer Dia. . 22um
SCFil. Dia. : 18 um SCFil. Dia. : 12 um SC Fil. Dia. : 85 um
Piece Length : 4,000 m Piece Length : 3,000 m Piece Length: 675 m
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Critical current density of 49 Monel sheathed MgB, stranded cables

Critical Current Density J, & Jg (A/cm?)

106

10°

104

10°

102

N
- 49/0.033
49/0.05 (Monel sheath)
i (Cu sheath)

49/0.033

(Monel sheath)

/

49/0.022
(Monel sheath)

49/0.05

(Monel sheath)

49/0.05
(Monel sheath)

49/0.022
(Monel sheath)

-

4

6

8

Magnetic field B(T)

12
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MgB, superconducting wire with the world's smallest diameter
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HTS motor for LH, pump

by Kyoto University
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Developing superconducting drive pumps
for liquid hydrogen that pump
and pressurize liquid hydrogen
— Kyoto University —

High Temperature Superconducting Induction/Synchronous
Machine (HTS-ISM)

HTS-rotor bar (Sauirrel-cage
windings)

(a) Schematic figure (HP of NIDEC Co.) (b) Rotor windings
Fig. 1 Schematic diagram of HTS-ISM 49
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IR Cantral Research Instiute of
Flsctic Power Iaslry

Developing superconducting drive pumps for liquid
hydrogen that pump and pressurize liquid hydrogen

R&D history

/ (2005-2010) \

/(2009—201 1) \

/" (2012-2018)

200 V, ~10 kW 400 V, 20 kW 200 V, 20 kW
4 Overload:
J 41.3 kW
3 _/
[ 017-2020) [ (2021-2022) \
200 V, 60 kW : :
ZI?SII://,:T(')SI(W Partial HTS . Max!mum me'chanlcal output: 61 kW
* Maximum efficiency: 99.75%
Fig. 2 R&D history of HTS-ISM in Kyoto U.
50
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Developing superconducting drive pumps for liquid
hydrogen that pump and pressurize liquid hydrogen

Liquid hydrogen pump for hydrogen engine vehicles

© CRIEPI 51
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BRI . . . _ IR <=2
Developing superconducting drive pumps for liquid

hydrogen that pump and pressurize liquid hydrogen

Liquid hydrogen pump for hydrogen engine vehicles

Achieves mechanical output of 3 kW even though the DC input voltage of
the inverter is 48 V and the speed is low (250 rpm)

~

w
i

DC voltage: 48 V
Rotating speed: 250 rpm ]

[S—"

Mechainical output (kW)
(N

1=20K
203 040506070809 1
Elapsed time (s)
(@) Maghetic flux denslity cbntoﬁr (b) Mechanical output curve
© CRIEP Fig. 4 Electromagnetic design result of 3 kW low speed high torque HTS-ISM 52
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LH, Cooled Generator

by NEDO Project

© CRIEPI 2023 53
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Background & Goal @EDO

Image of Carbon-neutral Industries | 3®Hydrogen power generation

Promoting carbon-neutral electrification in the industrial sector 5 o ey
Hydrogen-related technologies are vitally important for utikization in power generation, industry, transportatien and oth

Co,iIs for carbon recyciing and other retated to CO, capture and storage (CCS)

@Field Coil:

-
-

AIREHEE
@Armature Coil: GH2 cooling

Effective utilization
of the cold heat of LH2

conmr i
oo Y Corden recycing
— Lo i e (l:\
CIRCULAR o

New Energy and Industrial Technology Development Organization y 7
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Basic technology development
@Boiling heat transfer test

Noshiro Rocket Testing Center
- 10°k Ie%t Bodv C
=700 kPa . .
W;_'f"ed Conilltog @Excitation test of HTS
wires & coils

i = 316 kgm™ st

oo
Comttent

“:E 10 o,-v-
=
10k g
©  Experimental Data
===Calculated Curve

lol()l ek ek l()IA PEETY I().
AT, [K]

(175A/TI')
o Capacity -
(LHo):175Lf Ll |

LH2 immersion cooling
energlzatlon test apparatus 3LH2 supply test
e for rotating cryo.

New Energy and Industrial Technology Development Organization
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Future image @EDO

Tank storage

/l\ Green hydrogen Cooling

=+, Hydrogen gas turbine
| A}rcraft

Ty S eung,
GH2 ~ e ——

Power generator A

@MELCO

https://www.mitsubishielectric.co.jp/corporate tﬂ"‘i u
IR E /randd/list/design/product/b186/index.html
New Energy and Industrial Technology Development Organization
e 5 4
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Development items

Item
A)
High-strength
& high-stability

Interim target

Centrifugal force 2,000xg
Stability immersed in LH2

(oo

Final target

Centrifugal force 8,000xg
Simulation of LH2 supply outage

B)
HTS generator
System

Design of 10 kW generator
LH2 safety discussion
Small superconducting bearing

Heat balance model

Verification of 10 kW generator
Safety measures

®140 superconducting bearing
Effective use of cold heat

C)
Pathways to

practical use

Cost estimate of 600 MW generator
Power grid stability analysis

Business feasibility

Concept design of 600 MW-class
generator

Advantage of HTS generator

0

R&D Roadmap & scenarios

New Energy and Industrial Technology Development Organization
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Generator design et
Road map & scenarios (_NEDO

MITSUBISHI (Power Grid)
ELECTRIC

Implementation system

High-strength

High-stability Mitsubishi

electric

nnnnn

» 4|

HTS bearing
Road map & scenarios
(Aircraft)

Kwansei

Heat balance Gakuin

Road map & scenarios

(Aircraf Power grid analysis

New Energy and Industrial Technology Development Organization
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10 kKW demonstrator

Torque tube

Collectorring
GH2 [

LH2

Supply & aischarge

oo

Magnetic shield ///// - \\Bagk YO ke

Armature coil

Bearing

Superconducting
field coil

Ttems

Output power

Rotation speed

(copper) - >
VVahiiac \/AarifiratriAnrm ~AF A~ 1N ll\A’inl—\nn LITC At .
““““““ vCliritLallivll VI d AV YY¥=Uidoo 1119 ycCiliialvul
10 kW with the superconducting field coil
1,800 rpm is scheduled in 2024.

Number of poles

4 « LH2 cooling (20 K)

Field coil

REBCO (LH2 cooling) - 1,800 rpm rotation

New Energy and Industrial Technology Development Organization
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10 kW demonstrator @EDO

Rotating section will be replaced with HTS generator

HTS rotor (4 poles) + Normal armature Drive motors
l & measurement slip rings

Hydrogen supply s e — — £
& discharge pipe - N S— S —

Slip rings
& bearings

o0

NewEnergyandlndustrialTechnologyDeveIopmentOrganizlt_kjnydrogen Supply & dISCharge SyStem
60
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Next @EDO

2022 2024 2030
| ] L -
Demonstration
-High-strength & high stability
-10 kW power generation demo
-Road map & scenarios
System Development
-10 MW-class power generator development i
. y . 5 S ’
Hydrogen gas turbine coupling operation kg '..
' Social implementation
Large-scale conductor / SN ESES SN ES SN ==
< >—> -10 MW grid operation
6kA class REBCO conductor .600 MW generator development ( J

New Energy and Industrial Technology Development Organization
] (|
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Summary

*Actual Application by LTS is progressing.

*High Magnetic Field Technology by LTS and HTS is
underway.

* Precise Analyzation Method is Supporting R & D.
*Liquid hydrogen is the key for Carbon Neutral
Society and Superconducting Application.

© CRIEPI 2023 62

IEEE-CSC, ESAS and CSSJ SUPERCONDUCTIVITY NEWS FORUM (global edition), Issue No. 55, January, 2024. Plenary presentation given at ACASC 2023, 30 Oct. 2023, Shanghai, China






