uperconducting Magnet Design
and R&D with Option for
the Hiciical DEMO Reactor

N. Yanagi, A Sagara and FFHR-Team
S. Ito!, H. Hashizume? ’

National Institute for Fusion Science
ITohoku University
Alternative ldee |

-

(High-Ten e Superconductor)

N 3. Simple stacki tape
' 4, Segment-fabrica
US-Ja shop on Fusion Power Plants

and Refated Advanced Technologies
Feb. 26-27, 2013 @Uji, Kyoto  1/23




® Steady-state =» no need for current drive and no disruption
® Large machine size =» low neutron wall load (~1.5 MW/m?)
® Built-in helical divertors

» Heat flux <10 MW/m? (on toroidal average)

» Protected from direct neutron irradiation

Inner Vertical Coll Helical Divertor Coils Outer Vertical Coll

(b) ¢ =18°

Helical Coll

o0 Blanket

8 12 16 20 24 8 12 16 20 24
R (m) R (m) 2/23




a=<p o))
&3.5, The LHD-Type Helical DEMO Reactor FFHR-d1 (@

Major / n_1inor r_adius of 15.6/3.9m
helical coils
Helical pitch parameter, y 1.25
Toroidal magnetic field 51T
Stored magnetic energy 160 GJ
Major / minor radius 144254 m
of plasma
Plasma volume 1880 m?3
Fusion power 3GW
Neutron wall load 1.5 MW/m?
Average beta 5 %

LHD (R = 3.9 m)

What kind of superconductor should we use?
3/23



a=<p, _ —
@~‘§3;, LHD Superconducting Magnet System (@i)

Sy

] ] Conductor current : 13 kA ] ]
Helical Colls Magnetic field : 6.9 T Poloidal Coils
18 mm NbTi/Cu Rutherford, Al-stabilized
Pool-cooled by liquid helium

Temp. 4.4 K =» 3.8 K (subcooled)

Copper (1/2 H)

NbTi/Cu

ﬁ’@@@@@@-

P;QAOAOAvoLo
T R R T R N

Magnetic field : 5T

__ NbTi/Cu Cable-in-Conduit

D g | Force-cooled by supercritical helium
ST Temp. 45K 4123




Cable-in-Conduit (CIC) Conductors for ITER @

SUTNTL—=F
(SUS316LN)

TF Conductor

Ul pETE P L. . \
|| || sl 68 kA, 11.8 T |
v /d BT BIRER( b 40.5mm) _
I - = e (3x3x5x5+12)x6
Nb3Sn ##(9007)
$HER(522%) ad (X 1.25mm)

Selry b
(SUS316LN, B =1.6mm)

A E

LT le=B el
(SUS316L, EZ 0.08mm)

- g s Y$Tr—TN - SyE Y
| ‘ ) L L :i:ﬁzﬁ::fﬁ (su531éL, l!jéjo.os/mm)
» Well established and current standard .
for fusion magnet CS Conductor *
> High cryogenic stability by internal Nb;Sn @
cooling with supercritical helium 40 kKA, 13T = §
» High mechanical and electrical rigidity i “—
¢ Complicated plumbing (worry of e
leakage) and limited conductor length LRl

€ Degradation by repetitive excitation il A

=T ST
(SUS316L, [FZ0.08mm)

(SUS316L, E& 0.05mm)
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(1) CIC conductors are heat treated in a
“reel” and transferred to a “spool”
with a same diameter

(2) Conductor is extracted and formed
into a helical shape and imbedded
into grooves of the internal plate

(3) Conductors are wound in 5 parallel
paths (the cooling path <500 m)

(4) Complicated layout for plumbing of

supercritical helium and joints

S. Imagawa (5) Huge winding machine is required

6/23



@li_j Strain due to helical winding with LTS @

100 kA
Conductor

Strain due to the difference of thermal contraction
between strands and jacket : ~0.7%

Torsional strain during the helical winding :
ave. ~0.3%, max. ~0.6%

Reel of
winding

machine
(R=5.71 m)

obbin

for heating
(R=5.71m)

S. Imagawa et al., Nucl. Fusion 49 (2009) 075017

©
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Normalized critical current | /1 .

[B=12T, T=4.2K .
00 X ] N ] 1 ] 1 1 1 | N ] N L3
0.8 -06 -0.4 -0.2 0.0 02 04 06 0.8

Intrinsic strain € (%)
N. Koizumi, T. Takeuchi and K. Okuno, Nuclear Fusion 45 (2005) 431. 7123
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Copper Oxide High-Temperature
Superconductorg(H]‘S)

Hg BaZCaZCu3OXO
TI,Ba,Ca,Cu,0,&

Bi,Sr,Ca,Cu;0,&

&
é \ YBCO
< (4.2 K)
et 104-\¥ (20 K)
©® N Bi-2212
o S — (4.2 K)
D 3 ﬁ--¥ e -
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HTS (Bi-2212, Bi-2223)

Rare Earth-based 2"
generation HTS (REBCO) .
(Coated Conductor)vscotser 1

b
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ﬁ Tﬁj% Characteristics of HTS Conductors @

~ 107
X |
(1) High critical current density up to high cg 106 EIES Wik
magnetic field S 405
(2) High cryogenic stability by thermal © 4o
capacity of metals at 20-30 K % Cteinlses atas]
1000
(3) Low cryogenic power uL:—)
g 100 AB061-T6 Cop
(4) Mechanically strong with REBCO tapes ¢ 1ol . ! ! . ,

Hastelloy substrate (>1 GPa rigidity) + 0 10 20 30 40 50 60

stainless-steel (or Al-alloy) jacket w/o. void Temperature (K)

(5) Industrial production of HTS tapes (BI- Stability Margin
2223 and REBCO) for electrical power (Allowable Disturbance)
applications (transformers, power cables, AQ <C pAT
SMES, motors, etc.) P

(6) Beneficial for the preservation of helium CppAT ~2x10° (J/mBK) x10 (K)
resources ~ 2 (Jce)

(7) Robust against neutron irradiation Larger stability margin than CICC

=» Lower probability of coil quench! 9/23



Tokamak Reactor Design by HTS (~2000) @

Iron core

FF coil

TFE coil

Vacunm
Vessel

ARIES-AT (USA)

HIGH TEMFERATURE SUPERCONDUCTOR

copper
STAUCTURAL PLATE/SSHELL
YBCO Seees:
iy Insulator (2t)
Silvair oasling ) s A pp Bi2212/AgiAg alloy
rEEonEm el stelloy Substrate e 4tmm | Strand
Bi-2212

CeCy

MHbased struclure

YBCO

YBCO T. Ando, S. Nishio, T. Isono 10/23



Application of HTS for Fusion @
RT Project at Univ. of Tokyo

Mini-RT (2003)
HTS floating coil with Bi-2223

T ~40 hrs
Mini-RT/Y (2012)
HTS floating coil with GABCO
T~ 230 hrs
RT-1 (2006)
4 HTS floating coil
= with Bi-2223

11/23



A7)
@S Discussion for Large-Current HTS Conductor (1) (@

Basics for LTS conductors Conductor design with HTS tapes
(Present trend in EU and US)

e Multi-filamentary strands «—s ¢ Subdivision of HTS tape
e Transposition of strands «—s <« Transposition by “Roebel”

« Twisting of strands <—> + Twisting by “Twist-stack™ or “Conductor
On Round Core (CORCQC)”




@‘&‘ﬂ Discussion for Large-Current HTS Conductor (2) (@

« Subdivision e Complicated production method
e Roebel —_— | Critical current degradation by

. Twiststack and CORC anlsotro!oy (B parallel to c-axis)
 Mechanically weak

e High cost

Is simple-stacking of HTS tapes available?

* Non-uniform current distribution among tapes can be allowed
due to high cryogenic stability (especially for DC magnets)

» AC losses are accepted (especially for DC magnets)

« Adjustment of tape orientation (B parallel to ab-axis) gives high
critical current and low AC losses

* Mechanically strong

* Lowcost 10 kA class HTS conductor w.
e Low joint resistance Bi-2223 tapes & Cu jacket

* Roebel structure could be included at joints on demand by NIFS (2005)
“Roebel-MITO” 1323
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& 55 mm :
—_YBCO Tapes

<

Copper Insulation
Stainless-steel (or Aluminum-alloy)
Superconductor YBCO
Conductor size $55 mm
Operation current 100 kA
Maximum field ~13T
Operation temperature > 20K
Current density ~40 A/mm?
Number of HTS tapes 39
Cabling method Simple-stacking
Outer jacket Stainless-steel or Al-alloy

Cooling method Indirect-cooling

(@

Cooling Panels
YBCO\Conductors /

Coil Case

14/23
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:% Segmented Fabrication of Helical Coils with HTS @

LHe
r"'_l

CERR Y W
b B

! |¢ﬁ%;"r{
”JF THERMAL SQL:::L

= -;f “-SUPPORT (THE

INSULATOR)
OUTER COIL €
INNER COIL C/

COPPER STABILIZER
~

» Concept of Demountable Helical Coils
K. Uo, 14th SOFT (1986)

Huge helical coils can be fabricated ‘\ \
Too large joule heating at 4 K with LTS... /\

» Renewal of the Concept with HTS ,  HTS Conductor |

H. Hashizume, J. Plasma Fusion Res. (2001) (upper half-pitch) ==
Joule heating accepted for HTS @ >20 K (~3 MW @ R.T.) \
Difficulty of connection of whole coil segments... \ N

> Segmented Winding of HTS Conductors N /

N. Yanagi, Fusion Technology (2011) HTS Conductor HTS Conductor

Engineering feasibility of connection of segmented HTS (joint piece) (lower half-pitch)
conductors with low joint resistance 15/23
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@n&sﬁ Segmented Fabrication of Helical Coils with HTS (@

HTS Tapes HTS Tapes
H 2 Weldu:/ 5 /
gweldmg O?’,%‘ZZ’;% o % / soldering or mechanical —alE
\ % §
\ / \ Copper Y /' / Copper
“4 &7 Stainless Steel “4 &~ Stainless Steel
- s > >
—_— —_—
Insulator Insulator
Bridge-type joint Finger-type joint
Joint resistivity : 1 X 1011 Qm? Joint resistivity : 1 X 1011 Qm?
Resistance for one joint : 1 nQ Resistance for one joint : 0.1 nQ
Number of joints : 8000 Number of joints : 8000
Joule heating with 100 KA : 80 kW Joule heating with 100 KA : 8 KW
Electrical power : 5 MW Electrical power : ~0.5 MW

16/23



30 kA-Class HTS Conductor Test @

Collaboration between NIFS and Tohoku Univ.

SSS1§ Bolt
55

< —

\
\

SS316 Plate |

* SS316 Bolt

40

7 |64 Titanium
Bolt

i OFC Jacket

T -SS316 Jacket

40

OFC/ GdBCO
SS316 Jacket ~ HTS Tapes
® GdBCO tapes GdBCO

- HTS Tapes
Fujikura, FYSC-SC10
Width: 10 mm, Thickness: 0.22 mm
Critical current : ~650 A @77 K, self-field

IBAD + PLD
® Simple stacking of 20 GABCO tapes in a copper jacket
® Stainless-steel jacket for mechanical support
® FRP jacket for thermal insulation 17/23

FRP Jacket




HTS Conductor Sample (Short-Circuit Type) @

r—- ~ Excitation by the change of bias field
Large current (> 100 kA)

Low heat load without current leads
Transient excitation by joint resistance

Self-inductance of the sample coil : 2.21 uH
Mutual inductance with split coils : 411 uH

¢=Lgls =Ml
| —MI
S e C

18/23




1410

Conductor Joint @

Copper Jacket

» Mechanical “bridge-type” joint
developed by S. 1to at Tohoku

Ty

Joint Section

Univ.
> Indium foils between HTS

» Titanium bolts for tight
connection (6 Nm for 30 MPa)

Expected joint resistivity : 110 nQ/cm?

Contact area
~2.8cmXx1cm X 10 layers X 2 rows = 56 cm?

Joint resistance for two joint parts ~ 4 nQ2

GdBCO HTS
Tapes

Expected decay time constant of current

L 2.2x107°
R 4x107°
=550 (s)

19/23




&5 Excitation Test Result #1 @

(Measurement of Critical Current @20 K)

Quenched at ~40 kKA @20 Kand 6 T

0.05 Eadeataaas : .
540 560 580 600 620 640 660 680

<
% Critical current reached...
g (Analysis being conducted including self-field
2 effect and redistribution of current)
0 2{.30 4C:)0 6(50 800 1000 1200
Time (sec)
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40

20

Excitation Test Result #2
(Trial of Large Current Excitation @4 K)

42K 23~0T .

Quench occurred at the joint part...

Improvement of joint and 2nd test
(March 2013)
=2100KA@4K,2T ...

16 : |

' Temp at joint

Joule Heating
Joint#1: ~5W
Joint#2 : ~40W

740 760 780 800 820 840

(@
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)
Problem with the Joint and Improvement (@

Improvement of joint

® Joint length : 620 mm =» 860 mm
® Step length : 30 mm =» 40 mm (to avoid overlapping)

® SS jacket : 10 mm thick, flat = 20 mm thick, h shape

® Bolts : Ti-alloy, $4 mm, 25 mm pitch =» SS, $6 mm, 15 mm pitch

® Cu jacket : one piece, side walls disconnected = two pieces, side walls connected

® Work : done by NIFS =» by Tohoku Univ.
22/23



= \ ':i:v.
B &%

‘—_nl"u'

Summary @

e Helical DEMO reactor Is being designed

* HTS option seems feasible owing to the rapid progress of YBCO
production technology

» Simple stacking of YBCO tapes : mechanically strong, low cost, low
joint resistance, suitable for DC magnets

« Segmented conductors with joints can be a promising method to
construct huge & continuous helical colls

« 40 KA @20 K, 6 T has been successfully attained by GdABCO HTS
conductor (collaboration of NIFS & Tohoku Univ.)

100

100
100
100

<A @4 K, 2 T will be tried in March 2013

KA @20 K, 6 T will be tested in January 2014
KA @20 K, 13 T is being planned to be tested in 3 years

KA @20 K, 13 T R&D coll is being planned to be tested in 5 years
23/23



