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Abstract

On the basis of the outstanding progress in high-density and high-temperature plasma
experiments in the Large Helical Device (LHD) at National Institute for Fusion Science (NIFS),
the conceptual design studies on the LHD-type helical fusion reactor, the FFHR series, have
been conducted since 1993. In order to strongly promote this research activity in parallel with
the acceleration of the related technological R&D for reactor components, the Fusion
Engineering Research Project (FERP) was launched at NIFS in FY2010. The FERP consists of
13 tasks and 44 sub-tasks, each strongly assisted by domestic and international collaborations.

The reactor design studies have focused on FFHR-d1, the demo-class reactor having a major
radius of 15.6 m, which is four times larger than that of LHD. The similar heliotron magnetic
configuration is employed to ensure steady-state operation with 3 GW self-ignited fusion power
generation. The design activity has proceeded with the staged program, named “round,” that
defines iterative working. The first round is to determine the basic core plasma parameters, the
second is to compose all of the three-dimensional designs, the third focuses on construction and
maintenance schemes, and the fourth is dedicated to passive safety. Since 2015, a multi-path
strategy has been taken to include various options in the design, with FFHR-d1A as the base
option. As a remarkable achievement of the reactor design, the Direct Profile Extrapolation
(DPE) method is included in the helical systems code, HELIOSCOPE, in order to predict the
confinement capability. The radial-build was successfully fixed and the neutronics calculation
was carried out for the determined three-dimensional structure. The cost evaluation is also being
conducted using these outcomes.

The related R&D works in FERP are categorized into five key subjects: (1) large-scale
superconducting (SC) magnet, (2) long-life liquid blanket, (3) low-activation structural
materials, (4) high heat & particle-flux control, and (5) tritium and safety. Using the remarkable
achievements of the related R&D works, the engineering design of FFHR-d1 defines the basic
option and challenging option. While the basic option is an extension of the ITER technology,



the challenging option includes innovative ideas from the following three purposes: (1) to
overcome the difficulties related with the construction and maintenance of three-dimensionally
complicated large structures, (2) to enhance the passive safety, and (3) to improve plant
efficiency.

For the superconducting magnet, the high-temperature superconductor (HTS) using ReBCO
tapes is considered as an alternative (challenging) option to the cable-in-conduit conductor
using low-temperature superconducting Nb3Sn strands. One of the purposes for selecting the
HTS is to facilitate the three-dimensional winding of the helical coils by connecting
prefabricated segmented conductors. A mechanical lap joint technique with low joint resistance
has been developed and a 3 m-long short-sample conductor has successfully achieved 100 kA-
current at a magnetic field of 5 T and temperature of 20 K. Further tests will be carried out in
the world-largest 13 T, 700-mm bore superconducting magnet facility.

For the tritium breeding blanket, we have chosen, as a challenging option, the liquid blanket
with molten salt FLiNaBe from the viewpoint of passive safety. To increase the hydrogen
solubility, an innovative idea to include powders of titanium was also proposed. An increase of
hydrogen solubility over five orders of magnitude has been confirmed in an experiment, which
makes the tritium permeation barrier less necessary for the coating on the walls of cooling pipes.
The “Oroshhi-2” testing facility was constructed as a platform for international collaborations,
having a twin-loop for testing both molten-salt (FLiNaK) and liquid metal (LiPb) under the
perpendicular magnetic field of 3 T, the world’s largest for this purpose. For the structural
material of blankets, a dissimilar bonding technique has been developed to join the vanadium
alloy, NIFS-HEAT?2, and a nickel alloy.

For the helical built-in divertor, the diverter tiles could be placed at the backside of the blankets
where the incident neutron flux is sufficiently reduced by an order of magnitude. It is thus
expected that a copper-alloy could be used for cooling pipes under the bonded tungsten tile,
since the maximum neutron fluence is limited to be lower than the allowable limit of ~1 dpa for
copper within the operation period. We note that the peak heat flux on the helical divertor is
expected to reach or exceed ~20 MW/m? because of the non-uniform strike point distributions,
and effective removal of this heat flux is a concern. The maintenance scheme for the full-helical
divertor is also a critical issue. To solve these problems, a new concept of liquid divertor has
been proposed as a unique idea. Ten units of molten-tin shower jets (falls) are proposed to be
installed on the inboard side of the torus to intersect the ergodic layer. It is considered that the
vertical flow of tin jets could be stabilized using an internal flow resistance such as wires, chains,
and tapes imbedded. In case the liquid divertor actually works, the full-helical divertor would
become less necessary, though it should still be situated at the rear. Neutral particles are
expected to be efficiently evacuated through the gaps between liquid metal showers.

The mission of the NIFS FERP is to establish the scientific and technological basis that
demonstrates the engineering feasibility of the helical fusion reactor and to promote the entire
fusion engineering research toward the realization of fusion reactors in the mid-21st century.
The progress of the NIFS FERP during the second six-year mid-term period in Japan for
FY2010-2015 is overviewed in this full report. The numerical targets for the major components,
which are the SC magnet, the in-vessel components, and the blanket, were compiled in FY2016,
and its summary is also added in this report.
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[1.1.1] http://www.nifs.ac.jp/hyokarep/index.html
[1.1.2] NIFS-MEMO-64, Apr. 01, 2013.
[1.1.3] NIFS Peer Review Reports in FY2013.



Fusion Engineering Research Project, Mid-term Plan 9/24/2010/ Rev.10-7 A. Sagara
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IEFMIF-EVIDA
JT-60SA
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2010 2011 2012 2013 2014 2015 2016 2017|2018
1~3] 6] o 12| 3] e o] 12| 3] 6] 9o 12| 3] 6] of 12| 3[ 6] 9] 12| 3[ 6] o] 12| 3] 6] o[ 12|
Second Mid-term | |
™ TOFE-19 ISENT-10 TOFE-20 ISENT-11 TOFE-21 ISENT-12 TOFE-22
As a group, IAEA-23 ICFRM-15 IAEA-24 ICFRM-16 IAEA-25 ICFRM-17 IAEA-26
Expected to be a guide. - SOFT-26 CEC/ICMC SOFT-27 CEC/ICMC SOFT-28 CEC/ICMC SOFT-29
Not “must". PSI-19 | MT-22 | PSI-20 | MT-23 | PSI-21 | MT-24 PSI-22 |
TRITIUM _|EUCAS2011] 1 EUCAS|EPE 1 EUCAS2015] TRITIUM
- ASC2010 EPE ASC2012 TRITIUM ASC2014 EPE ASC2016
[
FFHR Conceptual desigl Basic design
Report
Budget request | |
R&D Preparations
TGL: Yanagi | |
Large & strong magnetic field conduc{Prepara 7T 15T|
CIC conductor _Scaled-down conductor. Design Moderate magnetic field conductor test High magnetic field conductor test
Coil windin [Design [Manufacture of models Trial of helical winding
Indirect cooling conductor _Scaled-down conduclorTg Moderate magnetic field conductor test_| High magnetic field conductor test
Coil winding[ | [Design [ 1 [manufacture of models [Trial of helical winding
High-temperature superconductors Scaled-d n condud Moderate magnetic field conductor test | High magnetic field conductor test
Coil winding] | Design Manufacture of HTS coil system Trial of helical winding
Electromagnetic force support structure Design Manufacture of model
Cryostat] De_srgn |
TGL: Iwamoto _J After decision of the | Information collect
— and summaryT—|
Common Items Investigation of a design standard |Res earch problem extifOptimization and new technology study
Cooling system Sp. ications and cor|l Report Basic design Plant design Report
Bus line Specifications and cor| Report Basic design Prototype Report
Current lead Specifications and cor] Report Basic design Prototype Report
Coil power supply ications and cor| Report Basic design Circuit constitutiolf Report
Coil excitation method Investigation ITC? Report
ransmission of thel
device i i
TGL: T.Tanaka | |
3D _unit design Draft of a design TOFE-20 Improvement TOFE-21 ISENT-12
First wall plasma irradiation Prej Experiment ICFRM-15 [F'SI-ZD Experiment PSI-21 |
Structure materials and breeder co-exiPreparal Experiment |ICFRM-15 | | | [IcFrRM-16_| | | |
| High-strength materials neutron irradialPreparat| Simple irradiation | [irradiation under the breeding materlPreparation Irradiation of the {ICFRM-17
Heat and hydrogen recover Preparat| Experiment SOFT-27 ICFRM-16 SOFT-28
[ [
TGL: Tamura I [ 1 | |
VVacuum vessel structure Basic structure | Details SOFT-2 |
Plasma facing device structure Design | Manufacture and | Manufacture and test of long testing material |[IAEA
Device layout and evacuation Specifications and arrangel| Simulation ISENT |3D model ISENT
Radiation loss 1T Model calculd I TG Expel
TGL: Samara
Plant construction layout ment
FFHR-dlparameter IAEA-24 Basic design
3D figure Improvement] Basic design |AEA—2_!I5
TGL: Got | | |
Building placement Investigation | il investif Improvement
Building design Concept] Improvement | Arrangement of devic Improvement|
Process Investigation Improvement|
TGL: Chikaraishi
Power flow at a steady-state Correction Report Report
Start-up scenario PresentalCorrection Report_| Report
Power generation Investigation Iof th| Replort Conceptual desig Report
TGL: M.Tanaka | | |
The_income and expenditure of the tritium Study of design | |Improve TOFE-20
Estimation of the Tritium environment Study of calculation cdEvaluation TRITIUM2013
Estimation of an ambient dose | Test calculati Detail calculation |SOFT-27
Radiation working environment measurement De§|i_gn Manufacture Imp| TRITIUMZ20|Practical use ISENT-12
TGL: Mitarai ] | | [ |
Operation scenario nvestigation IAEA-2{Report_|Improvement] IAEA-25 Report
Control parameters nvestigation Report |Improvement Report
Safety management nvestigation Report |Improvement] Report
Data processing nvesti_g_algon Report_|Improvement] Report
TGL: Miyazawa | | | | | |
Steady-state distribution model Investigation AEA-24Report_|Improvement] IAEA-25 Report
Detachment Investigation AEA-2{Report_|Improvement| IAEA-25 Report
aheating Investigation [ IAEA-2{Report _|Improvement] IAEA-25 Report
Neoclassical transport Investigd IAEA-2{Report_|Improvement IAEA-25 Report
Dynamic_equilibrium Investigation | 1AEA-25 Report
| | I
TGL: Tsumori |
NBI Investigation Report_|improvement Report
ECH Investiga Report | Improvement] Report
ICH Investigation Rgelort Improvement| Report
TGL: Sakamoto | ] | | | |
Pellet Investigation Report _|Improvement Report
Gas puffing Inve[sti_g_alt_lon Report Imp[roveinent Report
TGL: Isobe | | | | [ |
Mainstay diagnostics Investigation Report | Improvement] Report
‘Advanced diagnostics Investigation Report Imp[rovellﬂent Report
2010 2011 2012 2013 2014 2015 2016 2017 2018
1~3] 6] o[ 12| 3[ 6] of 12| 3[ 6] o[ 12| 3[ 6] o[ 12| 3[ 6] 9o 12| 3[ 6] 9] 12| 3[ 6] 9] 12| —I
Second Mid-term [ T 1 [ T 1 [ T 1 [ T 1 [ [ 1 [ [ 1 [ [ 1 1
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BMERE Y 7 X< IckD % 5 2 Wi B BRI R AE L oA RIC L v, [EE
O T TR DI L 7 DAFGE 2 e U, 22 3% 3 Wi 1 B AZ IR < T4
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& SfREHHE (K1.2.2)

BRIASCRE Y AT LOREESCEFEMIZITBEFHEMCHRN S 5720 s
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[1.2.1] http://www.mext.go.jp/b_menu/shingi/gijyutu/gijyutu2/056/shiryo/attach/1339230.htm

[1.2.2] http://www.nifs.ac.jp/press/150525 001.html
[1.2.3] A. Sagara, Y. Igitkhanov, F. Najmabadi, Fusion Eng. Des. 85(2010)1336.

i Ceremony for start of operations of research facilities on )

m “Innovative Energy Circulation Technology “ (@
and memorial lectures with 100 participants, May 25, 2015

» Expanding and strengthening of research facilities by the FY2012 supplementary budget

Variable Temperature y
Research Equipment for ™~
. V:Ap_p'l_le‘dﬁégpe?rc‘o‘ndugtlwty:.i
and Cryogenics - ies===
\ e ot =

Recovery Of Separated

Hydrogen and Heat Inquiry-

ey
ACT2: Active Cooling
Test-stand 2
|
Field Emission Scanning —z
—-

Electron Microscope

'...' 7 -
: \‘\ {

Beam'and Scanning Electron ‘ - o Multi FuhctionalTransmission
Electron Microscope

Figure 1.2.1 FHYT /L —I8 B TSR O Rt/ &R OB+




Promotion of engineering research
on electromagnet and power generation systems
toward steady-state helical DEMO reactor

Promoting based on medium- to long-term
research and development plans

Large-scale high-field \ |
superconducting magnet(.\ ‘ =

Long-life liquid blanket

=1 A
Q i
Steady-state
. operation,
Baliien <2nd medium-term plan> 4 gy,
shielding Development of 30,000 t

engineering infrastructure =

Development of essential technologies
for full-scale, real environment testing

First wall .
7 Tritium control z

(o)

Blanket
> 600°C
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P Maintenance
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Fusion Eng. Research Project towards steady-state Helical Reactor

The 2nd mid-term The 3rd
2010 5012 2014 2017 2022

Stép by step advahicement of reactor design i

! 1 _Conceptual Basic 1 1

7 i~ design design !
! lfargelkielical Maximization of; | d dfund |
Device(LLHD) LD capacity Advanced fundamentsl

academic research
1

! cooperation !

1
1
1 : 1 !
i Full-scale, full-condition !
: Esta_bllshment of a 1 A N . X :ﬁ

1

1

: 1

1

! 1
: , Engineerjngbase ' engineering validation Engineering design of
1

1

1

1

1

1

: ! Establishment of engineering base fusi torb
\ : requested by Fusion Research Working Group usion reactor by

'1 Production of extremely Separate Organlzatlon
1 high heatload plasma

facing wall and validation

study under simulated

fusion conditions

Development of 100
1 f'\ ’ - kA-class conductor
[ H 1 and test production
| (3) High heat flux P

| plasma facing wall

1
1

1

1

1

1

1

1

1

1

1

! 1

i : Test production of :
1| (4) Long-life liquid 1 blanket and validation |,
I breeder blanket study under simulated |,
| - > !
1

1

1

1

1

1

1

LS

(1) Reduced activation materials {-I “
]
1
1

i

(2) Large-scale, high-field
superconducting magnet

reactor
in JAPAN

of helical winding

\ 4

and human resource,development
A

fusion conditions
T

11 (5) Trace tritium
|| handling technology

=" || Validation of
“‘fﬂ_‘_j separation/ recovery

apparatus of trace

| contribution: 2 =T titium

-BA activities : DEMO R&D, conceptual design, JT-60SA, IFMIF/EVEDA
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Fusion Eng. Res. Project

Promotion meeting

by Exec. Dir. Sagara Reactor system design group : Sagara / Task/Sub task
High_density p|asma physu H|gh_temp Plasma phys &Dirs. Imagawa, DESigln Task setting, Project management | Sagara, Miyazawa, T. Goto
: . Muroga, Task Leaders Integration - - -
Plasma heating phys., Device eng. and advanced phys. Sagara Helical DEMO conceptual design | T. Goto, Miyazawa, Sagara
Fusion systems, Fusion theory and simulation .
y Y -Helical reactor Building layout | _Layout design, process 1.Goto
conceptual T.Goto Reactor bilding design Tamura, T. Goto
Superconducting magnet group:Imagawa /Task/Sub task . Hd e|§|g FDEM o Power supply, |Generator, Power supply system| Chikaraishi, . Yamada
- elical Generator — - —
Large-scale high-field Vanagi. Mito basic design Chikaraishi Transmission. H production | S.Yamada, Hishinuma
conductor testing facility Janag, I " "
Conductor FEow— Tritium processing system M. Tanaka
development, |  CIC conductor & winding Hishinuma - Testing of full-scale T”““’t“ fuel Safety control Kawano
Coil winding, N " system — —
Cocing 9| Indirect cooling conductor & | Takahata, . S(i colndluct'or MTaaka | Bioshield, Radioactivation
winding Tamura Helical winding — —
Yanagi HT SC conductor & winding | Yanagi, Mito engineering Legislation, Licensing K. Nishimura
EM force support structure | Tamura, Imagawa : — Operatl(l)n Safety analysis, control system
Cryostat Tamura *Testing for I|fet_|mt.e contro Burn control Mitarai
" expansion of liquid Mitarai
Cryogenic Cryogenic system %9%' blanket (Tokai Univ.) Data processing Nakanishi
apparatus, Coil amoto « Thermo-fluid , Wiyazawa, T. Golo, Narushima
High performance plasma .
power supply Bus-line, Current lead W’ dynamics under high Core plasma i d v klch\guch‘\ “S?tf,.ke’ S@fr ! 0
system ChikhaLaraishi magnetic field v TCT effect, a particle loss | Y2 28ma M@ am o0 H)
; Ikaraishi, iyazawa
twarmoto Coil power supply system amada y Ignition Scenario Mitarai, Goto, Sakamoto
- o ; NBI Tsumori, Osakabe
* Test fabrication of high ; .
In-vessel component group: Muroga /Task/Sub task temperature low Plasma heating ECH Igami, Yoshimura, Idei (Kyusyu
Radiati hield T.Tanaka, Hishinuma activation material Tsumori U.), Kubo, Shimozuma
Bk adiation shie Nagasaka, +Surface modification ICH Kasahara, Saito, Muto
anket system ' Nagasaka, Hish for heat-resistance .
development, Breeding blanket adasa ?an;a‘r\'/:\ga SFll(JeImg Pellet Sakamoto
Design akamoto _ ;
9 Heat, hydrogen isotopes | 1adi.Muroga, ] Gas-puf Miyazawa
Nagasaka, Hishinuma, * Prototype testing of - - ;
T Tanaka recovery system T Tanaka 3D divertor Magnetic diagnostics Sakakibara
. Hirooka, Ashikawa, . H H i i I
First wall Nagasaka, DKato I-ﬂ)ll_‘d I;qgeg_reiltentlon in Neutron diagnostics Isobe
iRl EWD . ) Divertor diagnostics Masuzaki
In-vessel Vacuum vessel Tamura, Diagnostics
component Masuzaki Spectroscopic diagnostics M. Goto
development ) Masuzaki, Tokitani, *Removal and recovery lsobe
Design ! Divertor Murakami, D.Kato, of trace tritium Interferometer / reflectometer |K. Tanaka, Tokuzawa, Akiyama
) Sakaue
Maintenance ] Ashikawa, *Development of Real- Thomson scattering . Yamada
Tamura Remote maintenance | o ach, Naushima, time detection system -
Charge exchange spectroscopy Yoshinuma
S—
Rev.2013.10.14, A. Sagara
. =7 /\ 'QL‘ O \\ ~ ~,
Figure 1.3.1 HZ@h& T5MF52 70 =7 kb (FERP) D Z 2 7 KRk,



IREIOERA TEGK 1.3.2 173 K912, TGL b & 9 2 HEESEHIC L - TIHER
®iﬁ%ﬂﬁ®ﬁ@%ﬁ%ﬂoko%ZﬁﬁTﬁ%ﬁ%®WEﬁ&’%LTi éf
HHESETORREICL - TIRETAZ L E LT, 2R LT, HAx OIFZENEIC
WTIE, 7Ry =7 FEFERICL > TR EEmOSGEZR T, 2D 2250
2AEERBRZBEIZEGTDHZ EICE T, FgEZ®RTHZ LB, KX A7 DR %
IR famd B & T, A NN—DOREBRERALMPNERITOI D L) TRL, W
fTLTC, X ATZEBIOIEE G, 7 v—T7 260 NIFS MF9E 70 & %28 2 7203 O FEAR
FNZHED D Z L b Uz, FRITIFRRFHCE L Tid, &% 2 7 @B OiEim CIItH A O
DIENRTH L0, ARG ZRETHEm L, ENBA—TSnE L, st
DA NR—=IZOWVWTIETVEE L AT LA TOSIL AJBEIC Lz, ERR 27 FEE D B IS
KBRS A FHEESEORFICETD L Z EIZL2D, =7 U2 %ﬁbkoﬁ
HCHEE6 A LD, % - RTFOREIEEZED DL HAYT, EREIA L N—641T
HEREHINETF— 252 H EF e, 22 T@W%i%%@w%ifkb\meﬁmi%
HESENOBRFHERIESETITIOIZ L L L,

FERP Leaders Meeting

| ¢ (Exec.Dir., Div.Dir., Task L) outout
Vr\]/puldA tiviti >/ ¢ Targets & Mile Stones Ru plf[ Meeti
orid Activities * Plan & Evaluation & Adjust. eport Vieeting

e Publication of outcomes

ﬁ Alternately on Friday

Numerical

Project Meeting Simulation

(NIFS staffs + non-NIFS members)
*Mutual Evaluation
*Discussion of Issues and Strategy

Large Helical
Device Project

Research
Project

aboration

Task / sub-Task activities
* YearPlan
* Performance and Report [ Dep. of Admin. }
* Obtaining External Funds

¥

Collaborations with universitiesand companies (Bilateral C., LHD-P.C., General C., etc.)
| J

Figure 1.3.2 H##ESEB IO oY =7 bEEEPLE LR #E

Tech. Support
[ Dep. of Eng.

Res. Support




2. N)ANBBREFOREHR
2.1 BEAAROBE

AU D NBIBREE IR OWMINE, 77 A~vEia LB E LW LIFET 5, Alb,
1) JREMICETELENES Thb NTERR) .

2) BT A AT T arnel, ZEENrEV (EERY T X)),

3) T ATEMBENDTZDDBERT RN —NAETHDL (REWVQIH) .

4) 7T A< EBIRENC L D 7T A~ EEOH|RAHE Y (A EERFEK) |

5) XA NR—=EZRBERI D> TWE FEOHTE A —H)
HThDH, 2O & ED UTBEEERETY, 1970 005 1980 AR DI T
TR IR Eii S 7=,

—J, N~ 7B E LT, ~UAABIOMEE LT,

a) U a3 )VORGHWED T M,

b) FEESRED T 75 X< B LA OB TR HE L,

c) ~NUhnaf b 7rTX<ORIEI,
ERER SN TE 7, LML, ZNOICHT HUESREL LD 022 b T, IBFH-
Y T VRYE DR T8 FLE S vk ed T 5 (X1 2.1.1) [2.1.1],

F—27 U o PENBFERAT CK) @ kY b AR CT (Compact Torsatron) S U —
R, v I AT T 7 9EEr Ol) O~U 7 ZA8UJFE HSR(Helias reactor) 5 O &ER 5
WD, AIEIEL, 2237 MEIZE VD 3E X RS b~ 7 BUFIZW;: 5 FTRetE %

/ A {
Ty : ¢ 1 4
y . S )/ -
. FFHR2m1 o/ | '
HSR based on W7-AS & W7- X FFHR based on LHD \ ARIES-CS based on NCSX\
Heliotron-H T-1 UWTOR-M MSR CT6 HSR FFHR 2m1 MHR-S SPPS ARIES-CS
Main field coils 2 3 (modular) | 3 (modular) | 2(modular) 2 50 (modular) 2 2(modular) | 32(modular) | 18(modular)
Toroidal field periods 15 20 6 6 6 5 10 10 4 3
Major radius (m) 21 29.2 24.1 20.2 6.57 20 14 16.5 13.95 7.75
Average plasma radius (m) 1.8 23 1.35 1.84 1.74 1.6 1.73 2.36 1.6 1.7
Toroidal field on axis (T) 4 5 55 6.4 6 5 6.2 5 4.95 5.7
Maximum field (T) 9 8.7 9.5 13 16 10.6 13.3 14.9 14.5 15.1
Magnet current density (A/mm?) 22 30 125 19 55 25 26.6 30 100
Stored magnetic energy (GJ) 460 190 200 74 133 221 80
Plasma volume (m3) 1343 3240 1408 1340 394 1000 827 735 444
Average beta (%) 6% 3.54% 5% 4% 4.70% 4-5% 3% 5% 5% 6%
Fusion output (GW) 3.4 4.3 5.5 4 1.8 ~3 1.9 3.8 2.29 2.44
Plasma-magnet space (m) 1.5 1.5 0.9 1.1 1.1 1.14 1.21
T-breeder Li20 Li Li17Pb83 6Li17Pb83 | HCPB/LiPb Flibe Li LiPb
Structure material SUS HT-9 HT-9 SS, FS FS \ FS
Neutron wall loading (MW/m?) 13 1 15 2.8 12 15-18 1.9 1.18~2.11 2.6-54
COE (mill/kwh) 67 97.8 106 74.6 78
1974 ~ 1982 1978 1981 1981 1989 ~ 1992 ~ 1995 ~ 1996 ~ 1997 2002~
Kyoto-U MIT | isconsin-u | SO A8MOS | opny | ipp.Garching|  NIFS NIFS ARIES ARIES
Princeton
references 5 6 7 8 9 10 14 11,12 13 15 16

Figure 2.1.1 Stellarator reactor designs and current typical designs [2.1.1].
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EEftLmEyaTo—a ik, ! I 1005 | .
AOAK~ORIFARBLARELT £ | FRHRZ  dpoto @
W5, HATIE, LHD @i L EBRTO o | s -
Bl Tk 2121 % BBEiC L 72 310_ 2004 7
. < o i FFHR2m1 '
FFHR (Force Free Helical Reactor) >~V = ITER Ap~8 y=1.15 .
> N o - 02 Ap ~31 outer shift i
— X [2.1.3,2.1.4,2.1.5], BLO, Y F i ® HSR ]
29 —~UA4 kar)F MHR [216]25 B 5| LHD && \..-Aﬁ."' 0]
N Ap~6  ARIES-CS
MED B, ZRBICHEELT, b E Y o915 FFHRom2 |
~Z MO ARIES F—24 (k) TH enosx WX G
SPPS (Stellarator Power Plant Study) &z T ol ot Ipl . [nnershift
ARIES-CS(Compact Stellarator) §7 5% 7t 0 5 10 15 20 25
PITHOIN . BB L D B 2 & Coil major radius I’lt= (m)
RSN 2,171 Figure 2.1.2 Design history of FFHR [2.1.1].

FFHR vV — X%, ¥ 212 12" 7 &

N, B EFEIC LT [ =3 O
FFHR4 ZiE iz, LHD B a Ry
MbZX - 7- FFHR2, 7 J > /r v h22
MIFELR DT O A XZHE LoD
Wids % FiF 7= FFHR2m1 (X 2.1.3) .
LHD FEBRpRITEK L EEEZ AT
FFHR2m2 ~& 2\ L CT&E/-[2.1.1], Z
DR, FEPPEF DA RV Figure 2.1.3 Schematic view of FFHR2m-1.
XA T Z v N OEFm{bDOE
£[2.1.4], BRE~Y B aA Lo
ik & TIROIRE[2.1.8], FEfle F7R COFMET TG OHHE(L][2.1.9], FiRB
ZRIH LB Y B a4 AARZ[2.1.10], (KIE - m%ﬁ%%ﬁmfwfﬁm&@
FRZE2.1.11], = A MBS < X e b[2.1.12], SFEOREHMIELHEE L2, X
214 IR X 91T, ZOMEN OB B L &#@@iﬁﬁm i < B
ENhTW5[2.1.13],
2010 AR L 0 R AW CIEEE 2 IRt | o BRI PR T, 24 E TO FFHR %3
WFFE & O NIFS Tt o 2 8500 Uy JRBUEZ R 72 TR 555 9E 2 RIREIC T2 720 D
TR 2 ) e LT, BS L#%e~7' 1 = 7 |~ (FERP: Fusion Engineering
Research Project) ZBAtAL7-, Uik n v =7 MI, B8~ 7 % v b - JFNES -
AT LHRHDI ITN—T H13DF A7 BLN4 ADY T X 27 )v6R8%, LHD
FHE P, BUEWF P 3 L OPTANMEEINIZE & @#E L, ~ Y B /LY FFHR-dI (demo, typel)?
BESER G L OBE 9% 1% R&D WFot & il & L C, LR OMELZED T 5,
BYIO2EMEF 1TV REL, BEET I DNABREREF OEEY A X -
Wi R % D LB L 2 1ZIEE O 7,
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INHIZEASNWTE 2 70 e LT3 RICHIEDEAREG 2 L. 21
WTHEER E RSP R ZZRE LTS 3 TV REED TS, T HEEDORE
2.1.5 |Z7~”97[2.1.14],

s
i

e

70 71 72 73 74 75 76 77 7R 79 BO Bl B2 R3 B4 BS B6 K7 B8R B9 90 91 92 93 94 95 96 97 98 99 00 01 02 03 O34 OS5 06 O7 08 09 10 11
DEMO-S steady state DEMO U3E

Tokamak (28) SHmCS Compact low-A DEMO [E-T:211
FRC (9) FDS-Il hina power plant
Stellarator (8) ARIES-CS Compact Stellarator (UCSD)

:;:‘:;)(5' VECTOR VEry Compact TOkamak Reactor [Brlstll
Spheromak (2) DEMO2001

Spherical Torus (2) PPCS Conceptual Study of Fusion Power Plants

Other (1) ARIES-AT Advanced Tokamak (UCSD)

Total: 58 APEX-FRC pulsed iquid walled power plant (UCLA)

US: 38 RF/UW-FRC D-3He fuelled power plant JIUE]

International: 20 A-SSTR2 Combine advantages of A-SSTR and DREAM [RCT.ET)

HSR Helias Stellarator Reactor EU
UK-ST conceptual design EU
UW-FRC UW-FRC power plant (UW)
ARIES-ST Spherical Torus (UCSD)
ARIES-RS Reversed-Shear tokamak (UCSD) -
A-SSTR Advanced Steady State Tokamak
FFHR Force Free Helical Reactor
DREAM Drastically Easy Maintenance Tokamak i
CREST Compact Reversed Shear Tokamak [E-T+53
LLNL Spheromak advanced spheromak fusion reactor
SPPS Stellarator Power Plant Study (UCSD)
SEAFP sSafety and Environmental Assessment of Fusion Power
PULSAR-1/1l pulsed tokamak (UCSD)
ARIES-IV Second-stability tokamak (UCLA)
ARIES-Il Second-stability tokamak (UCLA)
ARIES-IIl D-3He-fuelled tokamak (UCLA)
SSTR steady state tokamak
NELEY, ARTEMIS D-3He fuelled FRC power plant
ARIES-| First-stability tokamak (UCLA)
Apollo D-3He Fuelled Tokamak (UW)
| Ruby D-3He FRC reactor study
Ra D-3He Fuelled Tandem Mirror (UW)
TITAN reversed-field pinch (UCLA)
ASRAG6C Advanced Stellarator Reactor (UW/FRG)
- MINIMARS Compact Mirror Advanced Reactor Study (LLNL)
FIREBIRD puked FRC power plant (U. Washington)
MARS Mmirror Advanced Reactor Study (LLNL)
Spheromak steady state spheromak (LANL)
CRFPR Compact Reversed Field Pinch Reactor (LANL)
UWTOR-M Modular Stellarator Power Reactor (UW)
RT reactor torsatron
Wildcat atalyzed D-D tokamak (ANL)
- MSR modular Stellarator Reactor (LANL)
EBTR Eimo Bumpy Torus Reactor Conceptual Design Study (ORNL)
RFPR Reversed Field Pinch Reactor (LANL)
WITAMIR-I Wisconsin Tandem Mirror (UW)
FRC Compact fusion reactor (LANL)
TRACT FRC fusion reactor study (MSNW)
STARFIRE Commercial Tokamak Fusion Power Plant (ANL)
NUWMAK University of Wisconsin Tokamak (UW)
SAFFIRE D-3He fuelled FRC design (UIUC)
TVE-2500 high temperature power plant with direct conversion
UWMAK-IIl University of Wisconsin Tokamak (UW)
UWMAK-Il University of Wisconsin Tokamak (UW)
A Fusion Power Plant (PPPL)
UWMAK-| University of Wisconsin Tokamak (UW)
Premak University of Wisconsin Tokamak (UW)
70 71 72 73 74 75 76 77 78 79 BO Bl B2 K3 B4 8BS B6 57 S8 59 90 91 92 93 94 95 96 97 98 99 00 Ol 02 03 04 05 06 07 05 09 10 11
calendar year

Figure 2.1.4 History of fusion reactor designs in the world (by courtesy of Laila A. El-
Guebalv [2.1.131)
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Figure 2.1.5 Staged progress in designing FFHR-d1 in NIFS collaborative activities.
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22 BEERAEHETS U b2EAH

221 AN A BEZMEF FFHR-d1 DELE T+

LHD Ripidifik &~V v aA vax AN~ IAKGRE I OWTIE, 1995 4E
IZREINT, 3RO v aAf iz HOTEHINIAY v aA OGRS
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23 3Lk

[2.2.2.1] T. Goto et al., Nucl. Fusion 51 (2011) 083045 (6pp).

[2.2.2.2] T. Goto et al., Plasma and Fusion Res. 7 (2012) 2405084 (5pp).
[2.2.2.3] T. Goto et al., Fusion Sci. Technol. 56 (2009) 925-929.
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Figure 2.2.4.2  Definition of minimum
distance between the plasma and the helical
coil Acp. (From Fig. 3 of Ref.[2.2.4.3]).

Figure 2.2.4.1 Poloidal cross-sectional view

L. Gyro-Bohm D /X A — Z {71 %
RET D120, FERMNIEEY A X R &
Weimo8E B & ORIZIX

R o ,YDPE**S/6](‘B*1/3 B*4/3

of (a) LHD and (b) FFHR-d1 at vertically-
elongated cross section. FFHR-d1 has a coil
system similar to that of LHD but no IS coils
in order to keep large spaces for the
maintenance. (from Fig. 1 of Ref.[2.2.4.3]).
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T RGOS 2 @D T2k ET & 72> T b, FFHR-dl O 77 X~ {Kf&1x, FMF
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Z 0)1’%‘*@an F D IRNT A — 2| ZDUNT = )\'FW%DB&zy jfman+ (
TIVEIL R) RS D RERS. 77/#y%?27;iéhj??A%ﬁ-$ﬁ%ﬁm
PERE DHERR., B o A VR OMKIR X A 712 K 5B sE o A VN ORI BAD 5 HIF%
®m¢$®%n%ﬁfimﬁ FFHR-d1 O EERFH T A—% L L TEASN, &%
A7 TOZEMBSMRBRB SN, B, 23 @it b5 L)1, KO
T AREFFOBEING, X0 ET AR MR TH DAY Ly F /N7 A—H
=12 ZERLELTGERLTWDEDR, ZHUET 707y PAXR—ZZ DRI HE
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DFHHRFF/XT A—4 L LHD KO FFHR-2m2 & Ol /<7,

Table 2.2.4.1 Comparison of the primary design parameters of the candidate design point
of helical fusion reactor FFHR-d1 with LHD and FFHR-2m?2.

FFHR-d1 FFHR- LHD
2m2

Coil pitch parameter % 1.25 1.2 1.2 1.25
Helical coil major radius R. m 15.6 < 17.3 3.9
Plasma major radius R, m 14.4 < 16 3.75
Averzfge .t0r01dal field at B, T 47 < 484 3
the winding center
Plasma volume Vp m’ 1878 1710 1744 30
Fusion output Prus GW 3 2.6 3 -
Helical coil current density  j. A/mm? 25 < 25 53
Stored magnetic energv Wnao GJ 160 < 160 1.64

2 3R

[2.2.4.1] A. Sagara et al., Proc. of 17th Fusion Energy Conference, 19-24 Oct. 1998, Yokohama,
Japan, FTP/03.

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

[2.2.4.3] T. Goto et al., Plasma and Fusion Res. 7 (2012) 2405084.

[2.2.4.4] A. Sagara et al., Fusion Technol. 34 (1998) 1167.

[2.2.4.5] A. Sagara et al., Fusion Eng. Des. 83 (2008) 1690.
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Figure 2.3.1.1 Comparison of the supercon-
ducting magnet coil arrangement in FFHR-d 1
(upper half) and LHD (lower half). Because
FFHR-d1 has no IS coils, large aperture of
maintenance ports can be obtained, whereas
vertical elongation of the plasma cross-
section of FFHR-d1 is slightly larger than
that of LHD.
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[2.3.1.1] A. Sagara et al., Fusion Eng. Des. 85 (2010) 1336.
[2.3.1.2] A. Sagara et al., Fusion Eng. Des. 87 (2012) 594.
[2.3.1.3] T. Goto et al., Plasma Fusion Res. 7 (2012) 2405084.
[2.3.1.4] J. Miyazawa et al., Plasma Fusion Res. 7 (2012) 2402072.
[2.3.1.5] U. Stroth et al., Nucl. Fusion 36 (1996) 1063.

[2.3.1.6] H. Yamada et al., Nucl. Fusion 45 (2005) 1684.

[2.3.1.7] J. Miyazawa et al., Fusion Eng. Des. 86 (2011) 2879.
[2.3.1.8] J. Miyazawa et al., Nucl. Fusion 52 (2012) 123007.
[2.3.1.9] H. Yamada et al., Plasma Fusion Res. 3 (2008) S1032.
[2.3.1.10] J. Miyazawa et al., Fusion Sci. Technol. 58 (2010) 29.
[2.3.1.11] J. Miyazawa et al., Plasma Fusion Res. 3 (2008) S1047.
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Figure 2.3.2.1 Relation between electron

density and normalized electron pressure at
various normalized minor radii in LHD

experiment. Open and closed symbols
correspond to the data from gas-puft (GP)
and pellet injection (PI) discharges,

respectively. Electron pressure is almost
proportional to the 0.6 power of the electron
density. Vertical broken line denotes Sudo
density limit (common for GP and PI). (From
Ref. [2.3.2.2])
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Figure 2.3.2.2  Example of gyro-Bohm
normalized pressure profile. (From Ref.

[2.3.2.9])
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Figure 2.3.2.3 Relation between heating profiles (above) and gyro-Bohm normalized
pressure profiles (below) in LHD. As the heating profile changes from peaked one
(rightmost) to flat (second right) and hollow ones (leftmost and second left), the peak value
of the gyro-Bohm normalized pressure profile decreases. The rightmost figure is the data
from electron cyclotron wave heating (ECH) and the formation of electron internal transport
barrier (e-ITB) is observed. In such case, fitting by zeroth order Bessel function
underestimates the peak value of the normalized profile. The leftmost figure is the data from
full-detachment discharge (Serpens mode) with the electron density at peripheral region
which exceeds the Sudo density limit. In such case, penetration length of neutral beam (NB)
is very short and the heating profile becomes extremely hollow.
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Figure 2.3.2.4 Dependence of central value
of gyro-Bohm normalized profile ao~and ao
on the peaking factor of heat deposition
profile in LHD. In addition to the data with
neutral beam (NB) heating, the data from

electron cyclotron heating (ECH) with
extremely peak deposition profile and the
data from full-detachment discharge (Serpens
mode) with extremely hollow deposition
profile are also plotted.
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Figure 2.3.2.5 Two reference radial profiles, reference A (left) and reference B (right), used
in the detailed physics analysis of the core plasma of the FFHR-d1, where (a) is the electron
density profile n¢(p), (b) is the electron temperature profile 7c(p), (c) is the plasma beta

profile £(p) (=2 ne(p) Te(p) I (Bo> / (2 1o)) (Bo is magnetic field strength on the axis in the

vacuum equilibrium), (d) is the alpha particle birth profilea. Pa’(0), (€) is the sum of the
volume integrated alpha heating power and Pu(p) and the bremsstrahlung loss Pg, and  (f)
is the profile Pyep(p) and the line-averaged value of heat deposition normalized by its value
on the plasma surface (p = 1) Puaep1. Horizontal axis corresponds to the normalized minor
radius p = refr / ag9 (refrand ago are the effective minor radius and the effective minor radius

of the region contains 99% of plasma stored energy, respectively). Open circles in (a) — (¢)
and (f) denote the data from LHD.

27



Yo THELND FFHR-Al L7 T X~ Tlx, MEGH D o bi D345 & RIEET
HHEIRELTEHELNIMEGH Y —% 0 77 7 7 X —XEIZT 0.65 12725,

2322 =M

LT OENTR A 5 FEMAENT 21T 9 728, DPE 51T & » TR RSB 2R 72

(¥ 2.3.2.5) [2.3.2.12], ZWHSMIZA & B 2EEAHE L-, 25 A 13 LHD
\ZE 1T 2 E O EBRENL ThH DRSHN Rax = 3.60 m, &&HH_EREGIRE By =2.75 T,
NI AL NVE T % =1254 OFMHICBNTEONTENMAT — X Z24ME LD
DTHDH, ZIT g lE (ma)/((R) TEFRSIL, m T b Xy T [ IFR
ANy TE aclI~V v a A )N R AEIA~Y v aA VKR T, LHD
IZBWTiEm=10, 1=2, ac~09-1.0m, Re=39m CTHD, FEAEKESL v s AS
BITH-oTEY | BESMIITLICE—27 LTW5S, BIRSH BIZE T A7 HEANT
THD Rx=3.60m, Bo=15T., 3=120 OFKMTITo 7o H AT IHETH LN
T —2ENMELTLOTHY , BESMIIRR—IZ7> T\ D, BESAMADENE
KL, 77 A< ENDAITESBOMA B L0 A OFNRFLE—7 DESWHERL
725> TW5, DPEIZ LV PS5 FFHR-Al & TO o MEUT A & B W TFNOSHE
THH 500 MW THY | MEGHRE—X 777 7 X —550.66 LFRETHD, =
A5 OfEIE DPE 128\ T jpee ZEF T DERITH TS (Pdep/Pdept Javgreactor = 0.65 DA
E (2321 HizM) 2XFT500THDH, AL, T2 TIEa MBS % o bl - D%
AR ERILTHD EREL TWVWDTEDEENMLETH D, B THRDH LT, ok
FOWGHIBFE 2 FHE L CRO == p X — WU Hi & R AESMIILT L~ L7
A

BE 3R

[2.3.2.1] J. Miyazawa et al., Fusion Eng. Des. 86 (2011) 2879.

[2.3.2.2] J. Miyazawa et al., Nucl. Fusion 52 (2012) 123007.

[2.3.2.3] A. Sagara et al., Fusion Eng. Des. 85 (2010) 1336.

[2.3.2.4] U. Stroth et al., Nucl. Fusion 36 (1996) 1063.

[2.3.2.5] H. Yamada et al., Nucl. Fusion 45 (2005) 1684.

[2.3.2.6] H. Yamada, J. Plasma Fusion Res. 79 (2003) 592.

[2.3.2.7] U. Stroth, Plasma Phys. Control. Fusion 40 (1998) 9.

[2.3.2.8] J.G. Corday, Nucl. Fusion 39 (1999) 301.

[2.3.2.9] J. Miyazawa et al., Plasma Fusion Res. Ser. 9 (2010) 94.

[2.3.2.10] H. Yamada et al., Nucl. Fusion 43 (2003) 749.

[2.3.2.11] K. Ida et al., 23 Fusion Energy Conf. (Daejeon, Korea, 2010) (Vienna: IAEA)
EXS/5-2.

[2.3.2.12] J. Miyazawa et al., 24" Fusion Energy Conf. (San Diego, USA, 2012) (Vienna:
IAEA) FTP/P7-34.

28



233 BERR
2.33.1 LHD (2351 % % RS

Vr AR LT A TIHEERHWVEET AT LIADR R 257, BER
R BERZINT S Z ST TERY, #ilziE LHD THEAZEML T\ &, HIHE
FED BEEFHE RN ZIMICEE KT 5 L RIFHCIRENME T L, &I T 7 X~k
%[2.3.31,2], THEHESAALE LA TS, TAVE TOMSE T, LHD ClIJEL R
DS TZERRE LRI nSvd0) [2.3.3.3] & FEIXIL D BRI A 77— U U ZHIT T RSN A 1A
2725 L 7T R NIRRTy 2V 7 Lo, BIZEDEEE 2K 5 L iE
FAREEICE D Z L3 o TV D, 0SS (10° m?) 1%, MEVIDU — P (MW), kiR
[ B(T), 77 A</ a(m), KOKEE R (m) ZHNT, nS°=25PB/ (@
RS THZHND,

— M~ DBRE, BEN 7V — U0 REERR ng) [2.3.34)1283< 125
NTT T A EMNERBRT DT A AT T v a VOBERERT 5, ne (10 m?)
(FEERAN T 7 AvEMBEEICHHTHE 05 DT, 77 X~Efi [,(MA) &7
T AN a(m) EHWT, ng=101,/(ra?) TEIND, TNET T A<ERD
RN DNT T A2ITHEAT 570013 L, OROVICT T XA~vREITEB T 52844
B g (BB OHE) % AV T, n6=50B)/(tquR) £ T HDONZYETHAH, LHD
DX~V A b a VELTIFEARINTS o ISR L > TREI L, X—F(C
Lo TEHETEEHTHHLODO IFFE—E L 70D, LHD EBRTIIINBANT —Z KT 5 &
BERATRERE GRS 2 E NS0, BT — 2k AR EME 2 F A
7V =T REEEIRFT LHD OFERAZFIRT 5 Z LIXTE RV, fio~U b
VIR BIZIE KA Y D WT-AS HEEECTHEERFIUIEBEAR 77—V 7 LRk
BT — (K5 % R 97[2.3.3.5],

JEOEREEFE DS n S 0 AR 72 S IXHLDEIR OB L IE n S 2B D T &M
RETH D, EHKFESL > MASTCTHUDRERA & EER 725655 2 212> TR
WHILDBE LRSS Z LN TE S, LHD TIXZ D X 5 M2 IEN L, BEgE S5 X
~ =27 (SDC: Super Dense Core) & FEIILD 1x10* m™ (23T 5 M & 08 BE 2 2 ak
LTUW5[23.3.678], H42-1 ITRENTWAHPIDT—H T, 77 A~ LEET
X n S LD EWVEENMELN TS, B L, REHNRZ, 2D WIEH OIS
W EDOSMETIE, Ry FAFHZ L - THODEEE AR L 72 %I OIREEDME T L,
R =R, Bl NREAR—V] 2T 25607 & 5[2.3.3.1], IRER—/IX
FUDFEB D NT — T A NBVST — < FESHRR) 2L TRAETLLE
ZoND, ZOXDRGATHEIEHEEN S L0 IKTIVUESERP 7 EE I
IE 6T, HKEITMET 5,

2.3.3.2 ZWRAR DRI

2 ODBIGARTNT VDA T L JEERE B I EBE LRV, & L FFHR-d1
T%H LHD ERIBEDBEERA T IV ANEH T 5O THIUE, 235 H TRIHN5
XOBBETEF AL FOEBIIRSG EEZ NS, LU S, LHD IZBIT 5
72 5 radiator 2NREFE TH DH— 7T, FFHR-d1 |TFARAJCH—R 7 ) —DF—)L R

29



ANVEBREE LI D ZENEESNTND, 2D, BEOEEERAN LHD & FFHR-
dl TR AEEMITE > TV D, K 2323 KUK 2324 1213V — R 2AEF— K &4
IR EeT 2y T A MOT—FLRENTWD, — " 2E— REE, B
BEEFRREERAE TN, 88T ¥ v F AL N ERoTDRENINE D B DKL
a7 LICRFF SN D8R TH 5[2.3.3.9], LHD TiEHh— U XE— N EO THEE
FRFGIEE CEMRM =R LT —A CIADOHENBIHI S D28, ZHUIK 2323 KD
X 2324 RS D K DIT, AMERIIEL (12 NBD ORAENEAD L, NSy
MEF L7720 EE 2 B 5[2.3.3.10,11], FFHR-d1 TIZ I EAEERFIZEL T
HULEIR D /RN T A — 2L 72 UL o b I K B FDINEVI R FF S D 728, B
=L X—P CIADOHEIT v & TFEL TN D,

B 3CEK

[2.3.3.1] J. Miyazawa et al., Nucl. Fusion 48 (2008) 015003.

[2.3.3.2] J. Miyazawa et al., Fusion Sci. Technol. 58 (2010) 200.

[2.3.3.3] S. Sudo et al., Nucl. Fusion 30 (1990) 11.

[2.3.3.4] M. Greenwald et al., Nucl. Fusion 28 (1988) 2199.

[2.3.3.5] L. Giannone et al., Plasma Phys. Control. Fusion 44 (2002) 2149.
[2.3.3.6] N. Ohyabu et al., Phys. Rev. Lett. 97 (2006) 055002.

[2.3.3.7] H. Yamada et al., Plasma Phys. Control. Fusion 49 (2007) B487.
[2.3.3.8] R. Sakamoto et al., Fusion Sci. Technol. 58 (2010) 53.

[2.3.3.9] J. Miyazawa et al., Nucl. Fusion 46 (2006) 532.

[2.3.3.10] J. Miyazawa et al., Fusion Sci. Technol. 58 (2010) 29.
[2.3.3.11] H. Yamada et al., Nucl. Fusion 43 (2003) 749.

30



2.3.4 MHD T - £F %
2341 ~V A4 ka2 ® MHD $E

AU A b o B OBIGREEIT, BEREILE R, 77 A~ T AT L 4, #6M
E k D3 OD/RT A= L) EATT B 5, LHD EEO8E . BAENLE I TV
A W KBRS, 7T AT AT RNRIE =@~ v aAf vogEiH o, 75
MEEIXIS 2 A /WIZ XD NEMMESGICE VG SND, 2D 3 DD/ TA—=2DH 5,
WAL E S MHD FRPEICER G EER /ST A—FTH5H, Ziud, ~U 4 ba B
DR EBEIL, L=2 DE/RT U v 7 ZAEE TR E D BV m R & s
BETIRTRELNL THDH, £ 2T, BKENIE & MHD FeER ED X 5 I2BfRT %
MR TIRARD,

~UF b e UENLIREREEE 2B S LW 2D, O MHD SR E ) BREVR 0
MHD REEMIC Lo THEAM T BN, ZOWE. & bEmRT XX (IR OFEAS
#R MHD RZ2EMETH 5, LA MHD E— RNIIKIHF R CEL &/ Mg D
ERD) ICE 0 ZESND, BRI, MtEST X > TR E % fe S s
IZxF UMD S5 2 & TR TE 5, BN E 23 e b et 5 m o 8l X o £ 44
NS E T IR, TR R/ MES TR S D, 2 2 Tl _as b 3 ez
THWIIEEZHIE TS 2L TERENEZLDOTHY  ERELZ D LD
MR A2 E AR W EICHBE LB TEDL, —H,. Yy 7T )77
MZEVBERHFTEZERTHZEHTED, X=X ED LF & LIRS EN N —TF &
SMA~ 7 R HUE,. 7T X~ RS VORT IS INE LR FEF A TR D,
ZORF, BRI T T A< RO G MMy Ve LTRELS NS, BRARASHUR
E— FOLREMIEDO—DIZ ANV = FHERH DN, ANV =Kl TSI
FOREWDRIT., ¥ 7T 737 MCEDERILTHR VOETAY . Bk
FEXE DOHIENC K DB TR O RIS IR O R DI TA D, L EDZ Lo
5. ~U A ha UENLO MHD FiEx2 %5 2 5 EClE, BZE7E0T T < HRRN— & Vi
REOREN D BB T DI ENEETHD, bHAA, AT = FIRCIIMIZ L EE
ELTHR YT, RETLIE E L THEIBRO S R ERREIENFET 5, Lo
L. LHD ZEBROFEREN D, A€ — N ORBEEBI IS EIC X 0 k£ 5 P
MHD RZ2EMERE BWHBEZESZ LR bho TR Y, At — R&2HEd 5
7= DITIFA R — Z R ORI E 2 ik b BT & Th b,

E 472 MHD Rt 245 5 72 OISR E 12 H XS 2R 7228, Zidfd
[R_— & B> MHD i & 5 T 50 WO RIE L BT 5, 2T, WK
& & MHD Vs & OB D IZ DWW Tk %, MHD E#EDNGN A~V 4 b a B
DEEKEMEAT M2 2 T2 A . BKEMIE &2/ T Y v 7 ZREEO ML AT
BRI T T A EWHENR —FBRE L, 2L 0 Nl & 2D WVIEIMA B AS ~ 7 b
T5ET TR EHEN/NSL B H D, ZhUE, BRI 7 ML ST A~
EIENENNT N o 7HEEICHIONAT20OEEZBIVD, HET RIS, Z D%
HLD & BB E O BIFRIT B 225721 CIRE 2 b O TlidZe < . FIRA— & il ¢
HEMRDB D SO Z L ThDH, o T, BZETHOSRE T I XA~vKEEMR LTz &
LTH., HIRAR—Z PR REEN S N — T ZAIMAI~KEL 7 b THUET 7 X<k

31



FEXME/ N 5, AR, BEZE CTREAEIINENZY 7 B LTWA =07 T A< KN
INENWE LTS, BRARN—FEHZIXT T AKBEBIERT 5, FLT T A~E2E 27
Bt X —7 v T HRX—FZETORKEMNE % +57 %8 L C MHD ‘il 2 5
ZHVEND D, ZZTIET T AYBHEOE T N v 7 ARE L VikES
EE LT, By R 2 L— 3 2 K D = ROt MHD ST OFE R 5. AR
AR— R E OB FAEE N A AT 4 v 72BN L, 7T A~ EENELT 5 A
REEbEMIN WD, Zhud, heA XLV R 7 MK AmENBEE Xy LT
R T A ZFHEE S5 Pfirsch-Shliiter (P-S) EBikICERET 52D TH S, ~V
A b\ CELIIEHE T S ROUIEIR OIS A AT D DT, Fi D OREIIFRTTE
% P-S B OWAUTIEZE TR S vz AL ORESGRTZR & fn 3 Hm~EH 3%, P-
S BRI ENARNLBTDHDT, v 77 77 BRREVEEIE b—T 24
DEIGRTHD DAL, EEEE R ECidpi&mEM o ME ke E - TE AN 2R3 %,
T DORETRG T TIZIRW P-S B2 E) S5 DT, B EE ~D RN R & B
N5, 7272 L. P-S BRI E ~5 2 2 RITEARR 7220 3T, P-S BiERE) D
BEREN T T A~ 2EREICEY By SN0 TH D, iE-T, EHh7Tu 77 A1
ZEUNER S Z & TP-SEIRSEIAB I EEZ A NI AT 4 v 7B S L%
T2 Z ENRARETH D, — RIS, B —7 LT2ET)50A0 O J5 D3 DG T Rt i~
P-S BN G- 2 2RI/ S, —FH, BE—7 LEEofidssims 7 h2RKR&<$5
DT, REAE— REHIOSNG ) HITAERE b H 5, YLD Z &b, MHD Ff
R D WA BRI E IR EiES, FF7 7 A KEIcm BT 5, £
7o A BRAS— & SRR IR AL 1 3 2 O A I BRI E S A N 1 AT
S TN T2 DR DSFER D,

ZZFE TR~ A b UEANLO MHD B O W TEREICENL - L E 2 —f
NHDHDOT, FELLIFEHLESZBICEINZV[2.3.4.1,2], %2, FFHR-d1 © MHD
Bt 2 B 8T 5 L CRICEE R S 2%, FFHR-d1 OREGECNLIT LHD & & fH {1
JERLTEHDTHDN, AT T U AR— NEfIRT 52812 IS A /LBED BRI
%, LHD @& T IS oA LI~V hvaA LiMES WU EEE 2 HE T 57200 aA
LNTHY, 7T A~ OFEMEZHIET 5, LHD 281 DEEHERNL T~ Y B3 A LR
TED N EMSG Z T HIH L2 b DT, haA XVHFIOEE L S - m R orE
MEX 1 THD, —FH. IS 2A LOERMN/2 FFHR-d1 O5E, ~U L aA LR
VED U EMMES & 522 HDIET 2 N TE T HEIT 1 Lo K& 2o THERIZ
R Db T 5, MERICEKERNEN LIS E. F—7 2A0FMiAl & N
FRN 72T E DZEN/ NS L R H O T P-S Bita il cx %5, — )T, P-S B4
ML Ty 77 /7737 Mz b b, ARN—Z RIS T 2R 562
EMTERN, ZOZ & TN T RN & > TARFNZE < Z L IERET oM E
N bH,

2.3.4.2 ZWAAH D MHD -4
T DPEEIC Lo TERSINTZIES1 7 0 7 7 A V% AW T =%t MHD oy
ENT 24T S TG FAT OV TR R D, 441 Bi Tl 7= L D12, FHRAN— R,

32



ORI EE 2R D 2 ENEETH D DT, =Ryt MHD FH R 1Z A+ Lo
& 2 ARE L7V MHD SEiFE = — N HINT2[2.3.4.3]1%2 /=, F£7-. HINT2 T
FHE L7 =¥%kot MHD s id, BB R 2 E L7z =k ot MHD it E = —
RTHDH VMEC Tv v B 7 L, ANy =554 & Z D%k D MHD Z2EMEFEAT, B i
BB IC LB /e A Y v 7 R L

s ggg ' ' case A - J
2341ICDPEEIC L D FDAE 045 b DN Feel T

BT oAt Zeovd™s 2 FEDIET ) 0 AGs  oss b .

RLThD, TnZRr—2A A BEE 5 22T ]

5. 777 OB sikLER TS 0 020k i

D.p=VOTHY, ZOF & [T A o b

FIVBEHRTH %, et 7 7 XA~ EN % borodl

# L. Bl MPa Th b, Bhbbh 00 02 04 06 08 10

DL, IR A ﬁj:‘ B2 LI sy Figure 2.3.4.1 Reference profile used for
T F—=A B E&NT 0= RO T MHD equilibrium analysis. Case A has
HOLMB, WIRBARTRT oA (~(1 - higher peakedness compared with Case B.
p3)) D 1.5 FnD 2 FlZHBILTWD

7=, BRE LTI —27 Lz MHD RN 21795 & 2 TRV,

4 2.3.4.2 |Z HINT2 = — ROEHTIZ X 015 O g RE R 2~ 7, X12.3.4.2(a)
I% LHD £ & CReX 3.6 m, 77 A~7 A7 Kb 5.8, KM 1.08 1Y ORGSR
IZDOWTH—A A DJEATHRNT L7z 6 0, X 2.3.4.2(b) 1T LHD £ & TR 3.6
m, 77 AT A7 k6.6, FEHE 1.06 DA OV CEEfENT 21T - 7= fE 1T
Hb, X23420) FTORY A VEIE, EBENSEZERGEAL, PEITE EX—2 0
6.8%. FEIIHh L X—%1380%Tho0, HBMEMGLHETLIZ LIV YT T
)77 NEME UL TH D, FBOEERSEHIEIL, LHD & 0SEAICEZE T
7V ¥y FSNTREALED 3.5 m il b L OWCHI Lz, 77 XA~T AT Mt
5.8 DIptr. FEME 1 OREARERUL Tl @ B EA— ZEITHEE R T 2.8 % & 72> TV
Do ZAVUZ=IRIC MHD PR ORI, KR — 2l 3 %A R T2H T 0 )
S AT IR S S {E L. MHD EERRFUCET D W) B TRl E FJE L
20N, X2342(@) ORT VS, WRESHERZE L P-S ik @il ST
HIZH 00 6T, IO IFEEII R E < BRIV TW D, TEELRLS & filE L 722V G5
HIEBENR—ZER 9.1% TH HIZH 0030 BT 7 T 9.1 % TOUHMENE 5 /s
Do le, BEREALE X F—T ZSMU~KE <7 FLTHY, MHD FpEIZ R4 &5
2 HN5 OO, Bl Mg AR OFGER THRIE T 5 K 91T, ERHEIIRE <AL
TWLbDEEXBND, —F, REMGHIEZIT 256 b RERIC BERES— X
EICET APORIEN T DV o Tz, OB EITENT-EE TH Y | T
77 A~ A CIADEBII/N SV, ZOMBEARE WART 572912, LHD @ — & FZR T
BHL INDHE TS T AT AT MMEESL (4p=6.6) TIS 24 /VERE 012 L7
B ERELZREANLIZ O W TR 24T > 72, [K23.42(00) b (a) &RERIC, EENE
Zetty, BN B — 2 7.5 %, F BT B — 2D 8.2 % TH D 2N E RS

33



2k ‘ I " vacuum . 1000

Z[m]
=)
Z [m]

2 E
=
_n - &
E of E 2
N N 5
_1- “d
@
_of g
o
2 ]
1 —_—
E o E
N N

_2 -
10 12 14 16 18 20
R[m] R[m]

Figure 2.3.4.2 The result of MHD equilibrium analysis by HINT2 code for (a) Case A (4p
=5.8) and (b) Case B (4, = 6.6).
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Figure 2.3.6.2 Example of drift orbit of
helically trapped particle (projection of the
result of particle orbit tracing in Boozer
coordinate to the poloidal cross-section).
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[vacuum magnetic field configuration]

Magnetic hill Magnetic well

[deeply trapped particle orbit]
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Figure 2.3.6.4 Dependence of deeply trapped particle orbit and magnetic hill/well as an
index of MHD stability on vacuum magnetic axis position in LHD (reprinted and partly
revised from the Fig. 1 of Ref. [2.3.6.8]).
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Figure 2.3.6.7 Radial profiles of bipolar radial electric field of Case A (left) and Case B
(right) . Open circles are the calculation result using GSRAKE only. Lines are the
calculation result using FORTEC-3D for ion transport [2.3.6.14].
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Figure 2.3.7.1 Particle (left) and energy (right) loss fraction of alpha particles calculated
by GNET code.
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Figure 2.3.7.2 Birth profile (dotted line) and deposition profile (solid line) of alpha
particles for Case A (left) and Case B (right).

50



1 M 1 M 1

L wi B, blanket wi B , blanket
] 2 Bv’ blanket ® il B, LCFS
S 081 wiB_LCFS < 08| 1
@ ©
T 06l wio B, LCFS 2 o6l i I, LGRS
= £
£ | £ |
S 04} S o4}
s i k] i
2 2
® 021 & 021}
0 — 0 P [ R [ S—
0 02 04 06 08 1 0 02 04 06 08 1
P P

Figure 2.3.7.3 Ratio of confined alpha particles for Case A (left) and Case B (right).
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Figure 2.3.7.4 Result of the alpha particle orbit tracing calculation by MORH.
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Figure 2.3.8.3 Developmental strategy of the integrated transport analysis suite TASK3D.
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dt VissTg

DEINZEKILL (ZTZT W, nss. Pay Porems Psynen Pax 1ZZFNENT T A~ EHET X
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Figure 2.3.9.1 Radial profile of (a) the gyro-
Bohm normalized electron pressure, (b) the
electron density, and (c) the electron
temperature of the LHD experimental data
used as the reference. Closed circles are data
measured by Thomson scattering. The solid
lines are the fitting results (from Fig. 2 of Ref.
[2.3.9.15]).

59



7. Ny FORBARENV Y FOYA 2a
RRLANFTHENARAFE L, R DT
Bfgfb~v >y MRAR (1/a) 1302 FEEE .
ZEEED, ZORDEKICER S N
L8 E A TR b/ R p = 0.8 fHTIC m
ko, BT L il L TR N
W7o & 720 H CRRBEIREE D & &k . 18
FE W RE 72 M B B - BERL G H 033k ~—
a:i-%j(‘a—éo §+%0)%%‘ FFHR-d1 ODEQ 5.0 52 5.4 56 58 6.0 621‘6
BN A — T B L R R S sm
47T TiE, HOBBED E T HERF 23 ATRE 2
RIEOEMEH T 5 GW 2252 & Figure 2.3.9.2 Dependence of the
PHA LT, 2O X EmWiE 3PN achievable minimum fusion power and line-
K25 D K E RO A HAAEE OB 57> averaged electron density on the magnetic
s UBEV, H OREE D el mipe field strength in the case of injecting a pellet
P A H I3 75 R~ O iAo Peae  containing 10% particles with an injection
Dk > THE L7, B LA EE - Vzelg)c91t1y60f 1.5 km/s (from Fig. 3 of Ref.
ERBRE O kI EoCohe T oo oD
ZEMNHRETH D, BRI B ITKT DR DLy A XE TR 56Tl
HDHN, K 2392 1280y N E CBRBED E FHEREA AT 22 BAR OB R G ) K O
)R B ORGSR DA AR T, 2 2 TIERA O LA diE 2 Aife & &
TITEERA ) 3 GW O A CRBERE F MR S rIRE R 2 L T ORISR 5.6 T (X
2.3.9.2 Ti3ih EREGIREE 6.0 T ITxHii) &R L7z,

LT T X~ Ol FES LTI, XLy MRBMEG & L ANBMEVA T D 2 57531
YTy FEMRD, 2391 HiTHERLNTWDEY . 0ORITTET /MIBWTIE, BIEIL
BRGH ), BEIIEERRAZE=F—LT7 4 — Ry Z7HIHIT 5 Z & TLER
BFINFHER Z EPREN TS, Lo, 1 RIEET ML DEHEORER, XL v b
RARDNERNTZOITREHILE 2 IS DR N R LGRS DM R 2 £ ToRy
AR E < G HTFHINC X 2 RBHIEE 0 7 4 — RN o 7§l TILIRWEZ RS
M DR G LI BT 5 = L BSIREECH 5 = LAV L=, Z0fs, T
RS Th D POLEE &R EDNIRIE XIS ST 5 & v D Rtk & FIH
L. XLy b AR ORFFISE DN E < . F 7S ST FHIFEDEEAFET D fF
YEFEEOF N Z IV y NOARBEZ 7 4 — RNy 7 §ili#9 % 751k % 56 M
L7z, BREICIE, L 72 DIREHMIKG & Sor & #FR)E 1%, © B EEEnE 2> 6
DI

Ve
g e
o [
uw ‘e
u

F'w/ nil

A(t) = 1 — =8 (2.3.9.6)

ng(t)

Z T

60



Sor(8) = Soro (Ba(®) + 5= [ B(t)de' + Ta=2E)  (23.9.7)
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Figure 2.3.9.5 Ignition access to the stable operating point using the feedback control of the
external heating power in FFHR2m2. (a) Peak temperature T(0), peak density NEO, density
limit NEOLMT, (b) alpha ash fraction FALPHA, fusion power PF and its set value PFO0, (c) NBI
penetration ratio PRATIO, beta value BETAA, and (d) D-T continuous fueling rate SDT, and
the external heating power Pexr, and (e) the operation path on POPCON. The external heating
power is limited to 50 MW. Control parameters are Tq =0 s and Tin = 10 s.
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Figure 2.3.9.6 Fueling control in the thermally unstable ignition boundary.
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Figure 2.3.9.7 General characteristics of POPCON.
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Figure 2.3.9.8 Ignition access to the unstable operating point using the feedback control of the
external heating power for continuous fueling in FFHR2m2. (a) Peak temperature T,
temperature limit T(0)im given by Eq.(4-5) TEOLMT and peak density NEO, (b) alpha ash
fraction FALPHA, fusion power PF and its set value PF0, (c¢) NBI penetration ratio PRATIO,
beta value BETAA, and (d) D-T continuous fueling rate SDT, and the heating power PEXT,
which is limited to SOMW. (e) The operation path on POPCON. Control parameters are Tq = 0
s, Tint = 10 s. We note that "Pext FB control" below box (d) is describing the feedback control
action of the external heating power after 20 s.
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Figure 2.3.9.9 Ignition access to the unstable operating point using the feedback control of the
external heating power for discrete fueling with the time step of At=20 ms. (a)-(c) are the same
as in Fig. 2.3.9.8 except for (d) D-T discrete fueling rate SDT corresponding to 12 and 20 mm
pellets. Second discrete fueling using 20 mm pellet was switched on at 65 s. (¢) The external
heating power PEXT, which is limited to 50 MW. (f) The operation path on POPCON
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Table 2.3.9.1 Plasma parameters at the unstable and stable operating points in FFHR2m?2.

Stable Unstable
operating operating

point point
Major radius R (m) 15.7
Effective minor radius a (m) 2.5
Plasma Volume Vo (m?) 1936
Polarity/Field period //m 2/10
Coil pitch parameter Y 1.2
Magnetic field B, (T) 4.5
Maximum magnetic field Bomax (T) 12.1
Coil magnetic energy W (GJ) 160
Blanket thickness AB(m) 1.2
Rotational transform 5 0.92
Maximum external heating power Pext (MW) 100
Confinement factor over ISS95 scaling Yiss 1.92 1.43
Confinement time 1€ (8) 2.3 4.3
Alpha ash fraction fo 0.041
Oxygen impurity fraction fo 0.0075
Effective ion charge Zett 1.50
He ash confinement time ratio To*/TE 4
Fuel particle confinement time ratio */1E 3
Fusion alpha heating efficiency Na 0.98
Operation density ne(0) (10°° m) 1.8 8.4
Density limit factor over Sudo scaling YSUDO 1.5 6.5
Density limit margin in the steady state n(0)1imit/n(0) 1.24 1.41
Ion temperature Ti(0) (keV) 17.8 7.1
Ion to electron temperature ratio Ti/Te 1.0
Density profile Oln 0.5 | 3.0
Temperature profile oT 1.0
Beta value <B>(%) 4.9 | 4.5
Total fusion power Pr(MW) 3000
Total neutron power P. (MW) 2400
Total alpha heating power Po (MW) 588
Total Bremsstrahlung power P (MW) 87 348
Total synchrotron radiation power Ps MW) 4.2 0
Total plasma conduction loss PL (MW) 497 240
Electric power output (thermal efficiency) | P. (MW) 1000 (33%)
Neutron wall loading ' (MW/m?) 1.48
Heat flux to first wall I'h (MW/m?) 0.056 0.22
Heat flux to divertor for 0.1 m wet width | Taiv (MW/m?) 25.0 12.2
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2.3.10 FFHR-d1 D5&f51E & FFHR-cl 8 e
B L : W~ 160607 4
ZZETITORLEMITICL Y . @ 7t RS
—HRFDO X 7T ) 77 N EHIT el B ~r= FEHR-¢1.1 -]
B2 L BFLT T K DRI & R e PR QE .
THETUATHS I ENRENE, FFHR<12 ™\ rrin.
Y7777 MCERTOMEE 40 4l wnm” 7 -7 U ]
fRkd 5 FEEE LTI, AIETE Tloow 3p I PRI s
LT Lo RBmEMBICELDIV Y7 T/ 2 ,::// - W ~RB*~T0G)
77 MO, (1) BEERL L o C _
TR—=FEFF5, (2 ER_X—=ZTF7 ol
A BRFETE D Lo BT 237 0 5 10 15 20
AT =va il dT5, ©2OHLF R (m)
ZbNnB, )

(1) OIS S LT~ v

. Figure 2.3.10.1 Design point of FFHR-d1A
S AP REERIE R 47T 76 56T oo £ p

WML 7-/8—Y 3 »Todh 5 FFHR-
dIB Z R etihciAzarteZ & & L
oo ZHICHEDE, ZTNETOL4TT A
—a UiE, RETRLEBREHERZ
2T TET AT bl & IE R E
L. FE#r% FFHR-d1 7» 5 FFHR-d1A 2

(high aspect ratio), FFHR-d1B (increased
magnetic field strength), and FFHR-cl
(compact, sub-ignition). FFHR-c1 has three
options (c1.0, cl.1, and c¢1.2). The solid and
broken lines are contours of the stored
magnetic energy Wmag and the current density
of helical coils jc, respectively. The design

points locate on the same dotted line are
expected to have an equivalent confinement

property.

BEITHZ L Eholz, ZTHDANY
T aAf L EESNY L a A
OISR EE DBAFR A X 2.3.10.1 (TR
T, [FAXICITEER R = R X — D%
ERR R LTCH D0, BEETREE OB RIZHEV, BRE o A L OEBHR T R X —1T
~160GJ 72 5H~220GI IZHIRT B, ~Y L af LD A Z&ELE LIRS ~U D
JL A JVEFREEE 1X~25 A/mm? 0> H~30 A/mm? I KT 5, 26 EFEHTH-DIC
X, BEEEa A VICET 2 TR0 R 25 ERPLETHDH, 2B, ZHu>0
TIE, BRSSP RICIR & TG A BT 5 2 & T LA dER BiET.
FllTaA NVEESEDO LRICE D THEEROFRRIZRERN R < &b b4 g
& 9% FFHR-AIC DRZEL 723N TS (2.3.11 BB FEIC SV CRiab) .

Q) DYV T A 7= a VEIRTIE RN — XL L DERAE T DIR T2 5 729,
BATORME 7 7 A~ E R TIToTWD KO RBMEAEITH, Z DX D KA H
JEEE TR FREAME DI 2570, HEZ2/MUET 2 b AREE D, &
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Figure 2.3.10.2 Dependence of (a) the fusion
power Prusion and (b) the peak beta value fo.

reactor ON the auxiliary heating power Paux for
FFHR-d1A and d1B. 7. denotes alpha
heating efficiency. The horizontal line in (b)
corresponds to the beta enhancement factor of
unity, i.e., design points on this line have the
same beta value as that in LHD experiment.

T H=
72[2.3.10.1], FFHR-c1 {ZIXRE3GR T & dE &
FNFIcl.0, cl.l, FWcl.2 EFEA,

#115787,t=390s
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<]
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BU, reactor

Figure 2.3.10.3 Dependence of (a) the fusion
power Prsion and (b) the peak beta value fo.
reactor ON the auxiliary heating power Paux for
FFHR-c1.0, cl.1, and cl.2. 7n. and the
horizontal line in (b) have the same meaning
as those in Fig. 2.3.10.2.

IZFFHR-cl & LC, 2o %7 MEEIH O XR—Ya vy OatbitTo 2 & L
YA AWBIDH3ODF T g%k
_2@% IZDOWTHK23.10.1 IZRLTH D,

FEE L.

FFHR-d1A }2 OV d1B 122\, [EESAMEELZ W TREBE S o AN IE T —
ERERE T R O — 2 ORfR A X 2.3.102 128 L=, [ABEDXK %, FFHR-cl |2
DOWTRLIEZONK 23.103 THD, ZNHEFHETHICYU - - T, Aifi T 7=
a ki D TiAh :Fé@ﬂ”é*ﬁ%ﬁ%}iﬁﬂ%b a MBI E 100 % & 85 %D 230 L L
710 4 2.3.10.1 &Tr2.3.102 (21%, EESMIMEZIT OBRICN—ZWEEEL 1 & L

u@ﬁ%%\ﬁ%bt//$WTmbf%éoA—&%hglfﬁhi\%@%ﬁ
FEEIZER TEIINTE Y, MHD Frt, MHD ZEM S S AREHR I TND
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Table 2.3.10.1 Typical design parameters of FFHR-c1.0, FFHR-c1.1, FFHR-d1A, and FFHR-
d1B calculated by DPE method with the same beta value as that in the LHD experiment.

Reactor FFHR-c1.0 FFHR-cl1.1 FFHR-d1A FFHR-d1B
Design parameters
R (m) 13.0 <« <« “«— 15.6 «— “— <«
Vp () ~1000 - « « ~2000 « - -
B.(T) 4.0 «— 5.6 «— 4.7 «— 5.6 «—
Winag (GJ) 67.8 «— 125.1 «— 162.5 «— 2235 «—
% 1.20 “«— <« “«— “«— <« «— «—
Ja (5 fR) 10/3 « « « 4.0 « - -
C 82.5 «— 129.3 «— 122.8 «— 155.1 «—
T 0.85 1.0 0.85 1.0 0.85 1.0 0.85 1.0
Extrapolated parameters
Cexp 212.0 198.4 212.0 198.4 212.0 198.4 212.0 198.4
s 1.0 <« <« <« <« <« «— <~
Jfr 6.74 6.57 6.74 6.57 6.74 6.57 6.74 6.57
o 2.86 2.94 5.62 5.76 3.96 4.06 5.62 5.76
Caux 6.97 5.80 2.18 1.88 2.46 2.11 1.46 1.28
JOPE* 1.43 1.42 1.33 1.30 1.34 1.32 1.25 1.22
Pox (MW) 53.1 50.2 40.3 35.0 42.8 38.0 27.1 19.4
Preactor (MW) 62.0 60.7 74.6 75.4 72.3 72.6 86.5 89.2
Prusion (GW) 65.3 63.8 251.0 245.2 215.2 210.2 433.8 423.7
0 1.23 1.27 6.23 7.01 5.03 5.53 16.0 21.9
@y MW/m?)  0.052 0.051 0.20 0.20 0.12 0.12 0.24 0.24
. (dna/v) 0.52 0.51 2.0 2.0 1.2 1.2 24 24

LEZDZENTESD, WD, ZAUTHYS T 2 REEHAUTTEBL T E 5 WD B, KR e
IR — AT DNWT, NI | ORGHRTOREEL K 2.3.10.1 ITE L D7z, [FFE
2, RS ) OSNTINB ST — x5 e LTERESND Q LI L Th
Do 2O QIEIX, EHSMIMEIZH W AMT — 2 & ARE T DHEE Y A RROM5TR
FEWARAET 53, 1 21% FFHR-dIB TIX Q ~20 DEHNLIADH D LW H Z LT D,
T — 5 ZFFAT % O ThAUE, EIEE 1 0 F DK E HiAD 5, 423,102
KON 2.3.10.3 T Pax = 0 D OHROBEEA ) L OPL_—5 2 52 5 5 H LA
KITHHY T2, 5% OFFMRFE FFHR-dIA Z 5K L Lo, HEOFRHEED-%
BB OT T —F Iz L0 BEOT AR MERERT 5 E 2 T 5[2.3.102],

2 Z BN

[2.3.10.1] J. Miyazawa et al., Nucl. Fusion 54 (2014) 013014.
[2.3.10.2] A. Sagara et al., Fusion Eng. Des. 89 (2014) 2114.
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2.3.11 HiisEMD&RBEILIRET (SE LHD Hi5HECAL)

FFHR-d1 OBEEEREHIIBW T, BUROEARKI & LT, LHD &IXIZ[F Uil
PMEBRAL TS, L AT T AMEO EOTOH IS a4 LV E2EE L TW\W5D,
L LN G, BUROENLTIL, LHD OF — X X—2 % H LI TRI SN D N7 4 —~
VATIHHORKFEOERIZITHE LS ORHD, SLRLHIWENPROLND, F
7o LR8BS L WEREL - SAH D, FIEIZOWTE, LLTFD 3 5%
oD, ()77 A~vDO CIADHERBICHELZ AD, QWEREL EiIT5. (3)
BB D b 2%, = 2T, (DICOWTIE, BRROREF TITBRILICZ LVMRGE
ANDZ EEITHARWI & % FFHR-dl OREAFZE LTW5S, 7277 L. 451 O LHD
IZBIT D EAKRBEREICBVD TRV UADEENHR SN HAICIE, e Al
T LW 21T > T b D &5, IOV TIE, 2310 Eilcid b5 T b &
N, G A T Y a B EET L T b, AREITIE, GBI AmETE LT FATIA
& MHD ZEMOHHE ZhET HIREBITHOVTRT,

BAE LHD FEBROEFIZFESN T, ~U VR UiA s 7 U X ARl E 00 o &
HWEFDRHEITHTHY | WL ONOERFFET ADNGHLE L TRESNTND, ZNHD
FRIZBWTIL, FRFHICBWTEER T T 07y FOAN—AR, BIRO#ER 2 X
Fal b Liz@EimDN B SN TW AR, FLOOEENL E L CIZIHED LHD
KD T T A< UIADEN 2 ZDEEARAT— VT v 7 LTEbOEHRH LT\, #
LAY VB CIAODBEE &V D B TR, 22 20 F1 EOMZietE~Y s
BUfL E RS DL < OF LAY DABIEA CIADIEBE OREN R STz, 2 b8
LWVBESGEONAL I, AR ER a A Ve iR E Lie~U A v o X A T O/GEAL &
IXEB o DT, W aA NV ELTUIETEY 2T =4 A TR, WSELER
FHOFNEFA~Y A b MR ETHOWONTE 20 & 13E ., 7 h—F RAESGHC
NOFREOWE IR E 5 %2 T, TNEZEREMH LT DR HRERICES < ZRoo
SEHROALF R 2 B EAICA TV, TORERND b —T A 2RO LA DR Z ENE S
T 5[2.3.10.1-5], BWVERMEZER ORI RO o BT, ORI E EH TS
Wl a A VIR OERFHEITH. LW AT v T EHWD, TOMELE L COESa A v
X, —RIZIZEY 2T =X A T Lo TV D,

BAED LHD FEBRZ B0 &< IR & LTE, T LWVREFFIEICE S e~
T IVEESGBAL D im 23 BN ATIT O TV D — 5 Z O LWERE 5% LHD
B AT ORIGENIED T DITITWVELEIEH L TN E N s R Lo TS, K
BiCix, AR S ERIR 72 BER A 2 A4 LT\ D LHD #EEICR LT, 0%
BRI COMEERBICE SN ET, ESIC—HED -2 etE N TRE L 705 K 9 78T
L WSS CIADENLIZ DWW T OREHFFEIZOWTHRET 5, £DTODFiEE LT
I, Bk L72FRREF CIThN TV DR A VB E D LT OB S5 &) i
H72 715 ClraZa < | StV DAENEEEHZ W BN TV D8 LWEREFTFEICHES W
TW3,

BREHFFEDF — AT v 7L L CiE, LHD EBRTEHEA L T H W< OO FEA 72
BUNL D SNVRIER A2 7 — U =0 ff L, 2N ENOBIGENL OFFD B UiA O RHED e oh
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BICAR D 7 — 1) TR D E DB L FEODN TN D NI OWTHT L 7=, A7/
ALE L TlE, BEKEAIE DY 3.6, 3.75,3.9 m OEMI AR, FHUADEME LT, i
Kiv-o RV 7 MUEDOME & MHD ZEM %2 672 b T AT ORI IOV THET L
T7o EBRTHWONDENLZEHT D 100 LLED 7 — U 25D H N5 | FRE D
EORERLOEKRTZLICLY, ZENENOEMNLOFEE 5. 2 TnD 7 — 1 =fF7¥K
FEIM LT, ZOMENG, B OFREOENEREMT CTNE 7 — U 25T,
faA X NE—Rn=1, FeAf ZLE—Fm=0D5THY, WEMIZIIIR
W BB A TR DT OB L 72 D . AN I NVEIEEDE— R ThH Z LWL
I o7z, ZOZ EiE, PRI GE S LTHHNTWDEAY A e U RIRGRD
PZERBWN T, MARBEKEEN, O ENEBEREZTHDLZ L ERL TS,

S OITT A ED TSR, n=1, m=2 D7 — VY &3 . LHD ORI UIAD K
WOBENE 52 DEERBERETHLZ ENboT-, T72bH, LHD HEEDREN R
=FEOBGENL (NFEBAL, RN, ATFERND) X n=1, m=0i2LD, ~
U iz "3 E—RE, n=1, m=2{28%, A ZXAAICx LThlzd 5
SAEMRREZ RTE—RED, ZODOERE—RIZLo THEMTLNA TS,
INHDOF— ROFFIENFEENL, AZFFEENLICK L CTEANRWIRT 508, £ IE
A O AE D LHD & ORIGENL DOFFR & 72> T 5, [X12.3.11.1 (2 LHD %i&
D =FEOBIGEALIZKTT 5, EAE— RO 7 —V ZEOEZ =T,

0.06 T
§2] ‘
S |
£ 004 helical axis zbs(0,1) !
o X X |
£ 0.02 : triangularity zps(2,1)
8 ' helical axis rbc(0,1
.g 0 3
>
i triangularity rbc(2,1) :
002 ———— R S~
| |
Rax = 3.6m Rax = 3.75m Rax = 3.9m

Figure 2.3.11.1 Fundamental Fourier modes for boundary shapes of the LHD magnetic
configurations.

[
\\ ‘\’ l|=‘:’"" ’0/"}”
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Figure 2.3.11.2 Vacuum and high-beta Figure 2.3.11.3 Vacuum and high-beta
equilibria of LHD magnetic configuration. equilibria of LHD-SS1 configuration.
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—@&— New Configuration
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Figure 2.3.11.4 Effective ripple at (r/a) = 1/3 as a Figure 2.3.11.5 Poloidal cross-section of

function of averaged beta. helical coil winding surfaces of LHD and
LHD-SS1 together with cross-sections
of the plasma boundary of LHD-SSI1.

IS DO EREIRE MO SN~ IVENL & T D b T OEWABRE 725,
bbb, SN & SV TV AT I NVRVERRIEE OEIGEALIL. 2D oD
HART— RO 5 BRIL LHD & & 13 ORfR & 72> T 5, LHD & OREEET
2k LT, ZNENDT— NOIEE A 2208 SRS ORHEEZ RS Z 21Xy,
AU I VAHIERL -0 R Y 7 ME OFRE{bIZx L Tidn=1,. m=0 O~V J /Ll
DE— RPNV ENTHDHZ &, FMEKIHTIZEL D MHD ZEMEICIE, n=1, m
=2 OD=AEMEIROE— RREE5LTWAZ ERNbholz, T b DOHE)E
DIVA BB L LT, n=1,. m=0DF— K& n=1, m=2DF— &% LHD
P LT OSBRI D K D ITHAG DD Z L2 X0 | 8 LOBSGELAL Z K
L CHhTe, MAEDLELBEOZNETNDOE— FORIEORE Z1X, 2KONRT 2%
BRELTRDODTND, ZOEERRIZBNT, 2GRN OBNT-FED—DE L
T, BRN—F RN AICBWW T Yy 7T ) 7« 7 "NVNESLRDHZERRWEER
770 X1 2.3.11.2 {2 LHD 5 D B ZERIGHINL & S35~ — 2 i 2% D SEEAL, X 2.3.11.3
(28 LW ECAL(LHD-SS 1) D B2 BN & SR — 2 Al 2% D Al &2 /v d, 8T L
WE TIEBER I OB BN &N D72 < 72> T D 2 EBHIREIC ATl 5,

R — HSEHENIIZ BN T Y 7T ) 7« 7 MRS NSNS Z R, EmiR .
BEE T T A< L TRWT T A<D UIAOREEZIRTD VWD) T L 2 EKT
%, LHD EBR TIINFEENICB W TENT 7T A~ TIADFRMEZEB L, 2
IR — ZAE 5% D Ml 2 BN ER T 5 2 ENTEREDN, E_X—ZENLIZBWTH
CIADEENSILT D W) BBEZIZ TWD, TOTEERFERIIRE RSy 7T
)7« 7 R THY . AFFRICEB W TRWE S8 LRGSR, £ ORIE S
WX T DR 525, ~U ZARER UiADEEE O UiADEMEIL, Brd dhigot
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EELEE RN ED S S T2V TIRE S DN, R DOBEA I COlms s Tl
WS DS K X 72 i &2 S D, TOFEMEE LT, EY v 7 L OEOFHm
F<HWENTWS, 23114 121%, FREL/INER 13 TOEDGH Y v 7L OfE
% . LHD FEBR O =FOBIGEINL & H USRI L C, Bl R — 2 i %
HWTRLTHS, LHD OBGENL TIL, X—FED EFIT > TEIY » 7
DR LT UIADEMENSL L TWADIZR LT, # LWEANL TIZZ 0L b3
ZBILTWAD Z ENbd,

DX D IRER—HENLIZ BN TT 2B UiA DR 2 FF o8 LW BISEAT
. EEOBGH CIADERER & U CEBT L2 81d, I 2 F COMSGENL F#E
{EDORIE E TR OF LWVFIEERE TH 5, @il 7 7 X~ ORGGH CiA D E D%
TlX, WG A NVOIIRN D ERSINDIBS DM EZHE L, T2 TOT T X~DH
CiADFHEZHEFE T 5 &) AR AT LT 50 =Rooofm = et
MM X > TERBLL, &RBRICED ZRITRIG DA % 5 2 Dl oA VIR &5 E T
L. eV HEwmN S D, EREREAFEITO LHD 2 iX, miE O FIEIC L > Tk
FFENTEETH DN, T 20 FRRONY BV RESH UiADIE TIE, BEDS
EmIC K D EEBRHNEIR E /o> T D, AMFTERRE T, B LWOBESENT OF%E
IZBWTIL, VRO 7 —) = — RE2EBEL LFHEZ AW TR Y, ¥
IANVOERFHIBE DO FIEWmIZI LD LT b,

7T X< B UIA DR & eift U 7=k R OWSREr 2 5 2. T, FN 2 FEET 51
GraA VaEEET AL, MEENORLRLIBREFSTER LI ha A Z L -
A NEARTEER L HOLINLTWD, ~U B VEBERFHCBOWTEEY 27
— s A NBEEE LTINS DO TH D, OB 2 A VOREHEZ W
T, BTLWBGENL 2 BERTH-0ODEY 2T — « aA )VERHT 52 &3t
RETHHDT, KRETIEIZORRITAKT H, —FH, ZZTRWELEH LW
WAGELIE, LHD ORBGENIZERIC L CHR L= D THhH DT, LHD & L [k
DO~V v« aA VRO 2 A VRO RREEL B A oD, ~U L -
A NVIBIRICEZDH LWRE R T A—Z L LT, aAf VORISR EMEND
¥R &2 Z 210k 0., E_—F BN TEILTZE UIADERM: 2 FF WS RAT %
RO FEERIEE L U CHEEAT D700 a4 VERFHIRS Lz, X 2.3.11.512~Y
v e A NDOBEEZHIEIROR e A VWi %2777, LHD O~V B/b - aA Ll
KD EMN O b —F 20&E o Fiz, BT o8y FAEZHNT
(pitch modulation), “~U Z/L « I A JLHENIL TV D, % D pitch modulation DE I
+0.1 TH 5D, E1UTxt LT LHD-SS1 ZEBLT 572D~ J1/v « a4 VORI,
AUV« aA )OFEZBEOWE KD FE M (b/a=0.95) & 720 | % 7 pitch modulation
DIEDS -0.02 L 72> TW5D, BEXMOWEIZIRO 23 2.3.11.5 O F O EHRE(LHD-
SS1) & B SH(LHD) TR ST %, Pitch modulation M3EVME Z DHICITR S
TWRWA, ZOX D R 72 a4 VBIROEWIZ L 5T, @—F 77 X<DH
CIADFHEN KE K ED D Z &1L, LHD BEGRN Ok o rfaerEss, BLIRTH K
ELFESTWDHZEERL TS, ZEMETRIND VL - a4 )VOWEE
ROFIORENTZER D E-TZEOFMIL, LHD-SS1 77 X~D8R 5 haA X
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IVANLE TORIVFZROWTER Z R, £ S LIRSS 72
(T, BEREIOLE D b — T AT > ToRBEN(ERR) & FR Ik O -2 DAL E OB B (AHR)
ZIRY,

ZOF LWENLICK T 5E Y 2T — « aA )LORFHIFROBERETIE, S6ICHT
ADVEBEDE SIVTBSLR N DDA O -TEY | BGaA VEREEY 27
— + AACETIRF oD INVEEOBRG 20T, BfE#&RSHLTHDE~Y
T NVAGERE D B R E U SN EANL B IR LI 5 aTREME IR & W,

23 3Lk

[2.3.11.1] S. Okamura, Contribution to Plasma Physics 50 (2010) 562.

[2.3.11.2] S. Okamura and Y. Suzuki, Plasma and Fusion Research 6 (2011) 2403028.
[2.3.11.3] S. Okamura, Plasma Physics and Controlled Fusion 55 (2013) 032002.
[2.3.11.4] S. Okamura, Plasma and Fusion Research 8 (2013) 2402029.

[2.3.11.5] S. Okamura, 41st EPS conference on Plasma Physics, Berlin; Germany (2014).
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2.3.12 HISERAID T REICRET

btk X 5z, ~U D ARIEERENE SR FFHR-d1 O FHIRBW T, BSEENLIZBEE L T L
FRIBLE D D DI L DR HIT > TV D, AREITIE, FRZ, ~U L« XA =X
DWGHENAL OFRFH, h—F ZANMD T Z 7 b AR— 2O R FIEICEET 2 M,
7Ty S OBEVEDRESGEANLIC 5 2 5 R BB A REHI W Tk R D,

2.3.12.1 ~VU B)v - B A S—F BEGEML O MG
A~V BNV EA S FFHR-d1 CTEA L TW5 LHD B~V 4 b 1 UEGENL T
T, BRI DTz (EVbAY) FANR=ZENBERSNTEY, =a7 4 v
T REOIMIMNZ ARKD K A /3—2 Ly TIMBERTWD, a7 7T X< b3 5240k
WREIRNZHE A N—HF « ZAVZERET D72 501, BYRaITLL T CRMis v b,

1 1

Heat flux ~ 600 (MW)x - CRTICR 8 (MW/m?) (1)

2T, ERAEHTI3GW D5 B D 20%70N o ki DIEBI T R X — L) T
KN T T A= BN L T2 ITAMCH T B ERE LTZ, 4 KDX A N—X L v T
HOERIFZI00mM ThDH, £/o, BiBDO L HIZ, XA =% L v 7 OIFiL FFHR-d1 {2
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Inner Vertical Coil Helical Divertor Coils Outer Vertical Coil

(b) ¢ =18°

Helical Coil

R (m) R (m)
Figure 2.3.12.1 Vacuum magnetic surfaces and divertor legs of the FFHR-dl magnetic
configuration for two toroidal cross-sections at (a) ¢ = 0° and (b) 18°. The dashed lines
indicate the planes with the distance of the helical coil minor radius that rotate in the toroidal
direction along with the rotation of the helical coils. When the magnetic field-line crosses the

planes (as indicated by the arrows), the divertor footprints are collected. (Reproduced from
Ref. [2.3.12.1].)
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Figure 2.3.12.2 (a) Footprints of magnetic field-lines coming to the divertor regions of the
FFHR-d1 configuration on the toroidal angle and poloidal angle plane and (b) a histogram
for one of the footprints (in the positive direction of the toroidal angle) with a 1° pitch.
(Reproduced from Ref. [2.3.12.1].)
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Figure 2.3.12.3 Vacuum magnetic surfaces and divertor legs of FFHR-2m?2 for two toroidal

cross-sections at (a) ¢ = 0° and (b) 18°, including the field changes generated by the helical
divertor coils. (Reproduced from Ref. [2.3.12.2].)
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(a) irradiation: 10 MW/m2, t=0-0.1 s (b) irradiation: 10 MW/m2, t=0-0.1s
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Figure 2.3.12.4 (a) Temperature distribution in a tungsten slab obtained by solving the one-
dimensional heat diffusion equation at times of t = 0.1 and 2 s with a heat flux of 10 MW/m?
applied to the z= 0 mm surface during t = 0-0.1 s. (b) Temperature rise as a function of time
at the z = 0 mm surface. (Reproduced from Ref. [2.3.12.2].)

(a) irradiation: 10 MW/m?2, =0-2 s (b) irradiation: 10 MW/m?, t=0-2 s
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Figure 2.3.12.5 (a) Temperature distribution in a tungsten slab obtained by solving the one-
dimensional heat diffusion equation at times of t = 2 and 40 s with a heat flux of 10 MW/m?

applied to the z = 0 mm surface during t = 0-2 s. (b) Temperature rise as a function of time at
the z = 0 mm surface. (Reproduced from Ref. [2.3.12.2].)
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RMP Coils
Outer Vertical Helical Divertor

Figure 2.3.12.6 Plan view of the coil system of FFHR-d1 including the RMP coils and HD
coils. The RMP coils are located above and below the vacuum vessel. The definitions of the
two toroidal angles ¢ and ¢ are indicated. (Reproduced from Ref. [2.3.12.1].)
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Figure 2.3.12.7 Fraction of the number of strike points of magnetic field-lines coming to the
divertor regions along one of the divertor traces plotted as a function of the toroidal angle
¢ for (a) using the RMP coils at each 3 MA current and (b) at 6 MA. (Reproduced from Ref.
[2.3.12.1].)
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Figure 2.3.12.8 Vacuum magnetic surfaces and divertor legs of the FFHR-d1 magnetic

configuration for two toroidal cross-sections at (a) ¢ = 0° and (b) 18° with LID coils energized
at each 6 MA current. (Reproduced from Ref. [2.3.12.1].)
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z (m)

R (m)
Figure 2.3.12.9 Proposal of a liquid divertor with vertical falls at ten sections on the inboard
side of the torus.

Liquid Divertor Histogram by 1-degree step
(R=10.75, 80

; 10.85, -

1 10.95
& MI 15 n:l‘“ <

70 B

: l :

05k 1 69 ] liquid divertor : on
; : :

[ : 50 F

(m)

sk
N F
30F
[ - _ liquid divertor : off
05} ]

Fraction of Strike Points (%)

10 b Average

-1--...l.. P I S -
10 10.5 11 115 12 0 10 20 30 40 50 60 70

R (m) Toroidal Angle, ¢ (degree)

Figure 2.3.12.10 Fraction of strike points when the liquid divertor is employed at the major
radius positions at R = 10.75-11.15 m.
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[2.3.12.1] N. Yanagi et al., Proceedings of 24th IAEA Fusion Energy Conference, FTP/P7-37,
San Diego, USA, October 8-13, 2012.
[2.3.12.2] N. Yanagi et al., Nuclear Fusion 51 (2011) 103017.
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Helical Coil of LHD Main Helical Coil
(reference) (proposed thin option)

(TR

Figure 2.3.12.12 Original proposal for enlarging the blanket space on the inboard side of the
torus by employing a pair of sub-helical coils (presently called NITA coils). In this drawing
(by T. Watanabe; slightly modified and coil names added), the main helical coils are divided
into three thin blocks. The helical pitch parameter is 1.25. The helical coils of LHD are also
shown for comparison. The NITA coils are located at 1.492 times the minor radius of the
main helical coils and have an opposite-directed current of —11.59% [2.3.12.10].
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Inner Vertical
Coils

Figure 2.3.12.13 (a) Plan view of the coil
system of FFHR-dI1-TW including the
NITA coils. (b) Three-dimensional image
of the coil system (drawn by T. Watanabe;
coil names added). In this case, each
NITA coil is divided into two separate
coils [2.3.12.10].
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Figure 2.3.12.14 Cross-sectional image of the
FFHR-d1-TW configuration at the toroidal
angle of ¢ = 0° [2.3.12.10].
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Figure 2.3.12.15 Dependence of .the blanket
space on the inboard side of the torus and
average minor radius of LCFS on the helical
pitch parameter. Open symbols correspond to
the case without NITA coils. Closed symbols
are with NITA coils [2.3.12.10].
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Figure 2.3.12.16 Comparison of FFHR-d1A
(up) and FFHR-d1-TW (down) with regard to
the magnetic surfaces at two toroidal cross-

sections: (a) ¢ =0° and (b) 18° [2.3.12.10].
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Figure 2.3.12.17 Comparison of FFHR-d1A
and FFHR-d1-TW, with regard to the radial
profiles of (a) the rotational transform and (b)
magnetic well depth [2.3.12.10].
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Figure 2.3.12.18 Simplified model of FFHR-d1A with magnet and blanket.
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Figure 2.3.12.19 Magnetic field distribution with pr = 1.0.
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Figure 2.3.12.20 Magnetic field distribution with ur = 1.0 by ANSYS in comparison with
results obtained by HSD.
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Figure 2.3.12.21 Relative permeability as a function of magnetic field for F§2H.
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Figure 2.3.12.22 Magnetic field distribution with pr = 1.3.
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Figure 2.3.12.23 Magnetic surfaces obtained by HSD with magnetic field distributions
obtained by ANSYS.
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Figure 2.3.12.24 Changes of rotational transform by ferromagnetic effect.
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Table 2.4.1.1 Major specifications of the FFHR-d1 magnet system in compassion with those of
LHD.

FFHR-d1 | LHD (Phase-II Design)
ANYALIAILEFE (m) 15.6 3.9
ANYAILIAILEIFE (m) 3.9 0.975
ANYAILaAILERHEND (MA) 36.66 5.85 (7.8)
BEEHIZEOAIL OV EE (m) 222 5.55
EEMIZEOAIL OV A (MA) -19.88 -4.08 (2?)
BEEMIZIAILIS FF (m) 2.82
BEEMIZOAILISEHED (MA) - -0.97 (2?7)
FEEMISZOAIILIVERE (m) 7.2 1.8
BEBIZOAILIVEESD (MA) 18.5 4.26(2?)
bOA SILERES (HKE) (T) 5.1 3(4)
BARRKRERES (T) 11.8 6.9 (9.1)
AN AL ILEBRERERER (kA) 94 13 (17.33)
BEMEZEIAIILERERER OV/ISIAV (KA) | 94/-/94 31/2/2 (31/2/7)
BRI RILE— (G)) ~160 0.9 (1.6)
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FFHR-d1 O~ 7 % v Fi%EHIMRSD T LW TERETH D08,
(2. ITER OEFHEMHED AN T, FFITIEARR &% G 2 o
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ICED, 2N ED L D 7B RERAM L B8R EEA L, EOXoa s LB REMBAH
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SHE-Force-Cooled LTS CIC Conductor

() R~V T LM A T RIRE (58K
LHE-Indirectly-Cooled LTS Conductor

(3) ~U U LHAERERATTA &R ST
GHE-Direct-Cooled HTS Conductor
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Fig. 2.4.2.1 Critical current of Nb3Al and Nb3Sn
wires (Ref. 2.4.2.4 (Fig. 1))
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REETH D700, BHRFEO TROWEEHEOME T4 DM, ZiusIizo
Wi, RIBOMBEGLEITF RO a4 VBT, BE#EREITO DO LT 5,

2422 CICEKZ W=~V B oA LERR

CIC BARZ W=~ Y 170 3 A )L OEBAEEB T IEIZ DWW TIL, B35 R [2.4.2.1,
Q] CiEmM SN TV D, LN TR, 2027, F£39EKIE, AME 50mm O &
L. Az Yy baBRAT S, Z0OEEKEZANY IUVIRICERL CHEIEZAT 5
A —FNT L— MWD T FRERHT 523, 24T ITER-TF = A VITHW
BNDT VT NI L— b ERIBROBBTH D, BRL DO~ v aA LOWiEiES %
12423 1Z5RF, ~UBLaf gzl v—B8XInTW\W5, T 2T, EEHFERIT
FeAZVHIZ LB LR TT SBIZED O TIER<, 5 2EDMEIC SRR 52
LD, Thbh, BEHLOEBBFEEZLED I EEB LTS, Jiuk, BEERH
NV T LAORENEREB ZT25E1C, BEROBA R S % 500m LL N Ciz 2 W21 &
HZEMBLDOBIRTH D, ~U AN VOB OBIRBEIT 25 A/mm? L RE L
TWDHNR, ZAULITERTF 24 VX0 @&V, 2O, 7= FORAERFITITHE)
(B E AN OMERHEH I L > TRESEILERDH D, TODIC, A VIS
D7\ ZIZhEIL, R AT Dl EEZ T 2 LER D D03, WHPELR
DI-OKBRIEEDOaA V) —REHFLTEBY ., HEHEEN 10kVEEL 2D LD
7 ay JALNHRETH D,
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KIZ, FFHR-dl OE R~V A aA )VEBRT 5 5EEZHLT 5 2 L1k, fied Tk
L WETRREE Cdb 5o BEARIOIZIE, LHD O~ U /L oA )LD 8UE &[RRI B &5
BMERBE LT, Zhadhaf 2V FRBI N haA XV HFRICERT D2 LT~ B
JVEREAT ) HEEB 2D, T2 C, BIRKTHE D L ICRINSEREDO BICRE IR
72V —ZEER->TEX, 2200V LTV, LHD ®~U v aAf LOgE
Wi, AMRAIDNERS ¢ A7 > b THERR S 4U7= NBTI K 2 WV CERICEE O 40 2 5 2
% ETANY BNAROIM T 24T 57253, NbsSn bt & 2 iE NbsAl #ibf 2 Hu 7=
CIC BIR DG A TR A 2 52 D DI DRy, £ 2T, b b
FiEE L TCEEKRONEEZMAEE L, U — B X - -8R 2 A28 XM+ L9
TR L, I v X —F 7 L — N OFFEEIZI D TV & ) BT %
EBxD, ZOBRITIEOMEX %X 2.4.2.4 DEKIZRT,
Z ZT.CIC (K% 7= ITER-TF 2 A LOERTIZVA v R& U 727 M HRTER
ATV, BRRGE THRICBULEE 24T > C NbsSn 24T 228, Zhae — KL DDFE K2R
AN af VTEHTLZ EIFE LY, 2RI, oY —ni2id3 Tzl
SR % B U 72 SERGEAR DS BRI D Z L0 BEWNIZI T 7 & UA » RERD%E
Eled, 2L, 2OV —NMIEKREMET HICHT> I — b ) EFRL
BEEEZALENORE N HITH) ZEE L, ZORE NN TE I EROELE %
fTolth, BRIGEBEOOTHEEZ NI IICY — VIR EES, ZOHKTE2K
2424 OFEBKNIRT, BERWY OBROIMEBYEEZRE U BIOY — L0 2{5IZEH T
B Z ORI B O TERICAININ S D I KET OT 3 0E,0.15 %FRE & T,
BPEFEPHIN I E D,
— 0. NUINVTIRASOERZIT HOGAEITIE, B OTHANREEE 2D, IR0 0T
ro 1.
0 r-tan_ln

2rzag /4
TH2ZbND, ZHED, D OT AT T 03%, KT 0.6%IKST ENnbo
%o 1272 Ly BIAEDOF RIZEB W TR Y O BB R TR B REATH D |
LS. BRL AL OEBRMITIC L > THOMNMZI L T BN H D, — R 7iE
ELTE, @ O51E D OFT AR O A1TxF L TIR D O AU L D ER A E R O
TN EWLULICHEE D EEZ BN D,
BAMEZEDNTE T LICBRITIR, BRI L DO A2l 2 T, W HIRE O BAE 2=
\ZRE D BVOT BN 5 2 L1272 5, ITER EARD A | BVONT e 03-0.76%12 Mo 5 & B
MEnNTEY, TRITEROTHNMDL LS LRLEREHROIKTFREEIND,
IDEICRKREBREBROTHNMD DAY v aA Zid, O BEEICEN T
NbsAl M A L TWDH EEZ TS, T, NizAl ZRBIRT5HATH 508, 7
D DN L > THNZEREOT A B SN D lRetE b o 5720, BLK, NbsSn
DA HHREIC AN TEL,
wZIZ, CICEEZ W a4 VEBYET 2156, BH ., BH5E 7RI R X 2R
fE% (ITER @ 2A )VOEAITIIHEFRIEE N T X — R AT LRREESND) A
W EZE SR TREMTbI A, ZOFHIZiEaA VERSIEEEZ2F T 150 CRLE
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FTMEVL TR 2 B ORI —IZITEELE, $W-o < LI T MNENH
%, ITER O aA VOGELERBERIFEZHNT IO LENMTOIS, L LR
b, ZhE—EKbDOD~Y I af VTERATH1-OIIIERIENLETH D, £
7o, BEGRETOTICaA VORMEEZ R T 2 TNORFLEELEEZ 61D, 1
S, BZEERITMEIBHIaA L TIZT 740 FE LTHESNTE N, ZHhE24Em
L7 a2 A NV TREOMERNZHE D0 E 9 0, A% im-Ooi i e R 21T H L H
N D,

~NY B AL NOMIZRa A ZLaf VI ONWTE CIC Eika W TERT AL
BEZ D, RaA Fvad VIERERES MR- NOT M 2 05 2 & BN A[EE T
HY . EFE ITER X° KSTAR £ THZ 9 LIk L 72> T D, NbTi M IF O 2
W<, MR Ui S PEFE L BRI STy, £, V77 F&UA VR
TR CTEMREITO Z N T&E S, 7272 L, FFHR-dl Tl, BN ITER OR 1 A &
WA N LD HEIBICKREL D20, —BOFEMRANERIND,

2423 CICEKEZH W BROMA

CIC H{K%Z W= BIzE a4 )L Cl, CIC BENZ TN 25 BERE~Y 7 A (SHe)
IZE > THIBEREGBHI L TV D, TNEREITEET 5720121, MAZENEOB
WD 1 I H 720 OIRE L% SHe fEERE 7 D~y RORN G ZDEHEK
EMADMENH D, FFHR-dl T b —F ARNAITT Z 7y N EELS T 55 &R
STEY, ZOHDTOaAAL NVERSOERENRKELS RD I ERRIAENRS, T
IZ%F LC, ITER OfRFTid, CIC K CTHAIN AL LT 1 mWiee FRED R
REEZBND[242.11], ITER-TF A )WEE TNNR U —F B THDH 20, KkNE
1 B DIHBEVERBIZ S 5 EZ D D% L C.FFHR-dl O~V B L3 A VDA,
LHD LREEDO LA Y —5%28MAT 5 L xNEOBERIIERITHIZ > TEWEREUZ
SHINDHT LIZRY | LTV OBRBAEITLIVHELWEHTHLEEZXD (K
2425 W), =T, CIC Bz HW\W S a A VvomAREEZFHMIT 25 1 kot
DFE 22— RA2BA% L. FFHR-d1 O~V H)L oA )L OE 2 B TR L 7=, 3
Fxfge & L7z CIC KX ITER X° JT60SA TEHAH S 7= 0L F v R/ & o CIC ER
Thbd, KR TIE, fHEOTZOHRLTF ¥ 1% 1 RoeHE & L TEEFE~Y 7 A
FZDOFDOHREFHND ERE L, BERETHROMKGFEEZITo7, ZUuImEsm:
ELTEBLVBELWMETH D, StEET VOBIK A X 2.4.2.5 12777, ARILEA
BOEKR 1 v 23R LTEY, EHAEIX FFHR-dl ZH4E LT N—7 ANMALH
7 (1'Z7X2D15 %DEX) T0.5 mWee, LA T 0.1 mW/ce & L7z, FFHR-dI
DNV HNVALNVDERLZ—2 5B X5) OESIF15Tm T, 3X4—2TI1i
BETHIENEZEZOLNTNADT, MKERIZ47TIm Th D, MAHFEIZHWE
R E L TIORT,

HfE D
Psse 1 v.(py,,-i)=0 (2.4.2.1)
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a(,oSHe 0)+V-(pgd-U)=-VP +7, (2.4.2.2)
=72 L.
fyp =64Re ™! (Re < 3000)
7, =—f -2—9; - pu? fg =0.3164Re 02 (3000 < Re <10°)
fy =0.0032+0.221Re 237 (Re>10°)
T )L F —LRAZH
d _
o (e )+ V - (p5eli-h) = V- (Agpe - Ve )+ Q (2.4.2.3)

ZIT, pFEE, uIE, PIFES. qy ZEAWIS, fITEREERR. SI3E
AR, AITEEROWHEE, RelIlL A VR, hlZ= o A —, AITEVRER
TITEEE, QIFEERETH 5, F7-E K1 Darcy-Weisbach DT | B EEEELR
iz v A 2 VAT L - T, Hagen-Poiseuille @3, Blasius @, Nikuradse DD
3AAMEH Lz, 61T, AGHAETIIEREBEEIC L 28T~ 7 LORE B5A
R OT, R ORI RSSOV TER 2 0E L THEBIL L72LUF o 2 KE v
TERMAE A Rk L7z,

TUHNLE—DI
2
h =h +Q'Axi “Deice
i i-1 m

JE 1D

(2.4.2.4)

1 N N, I\?) C ;
\,
A +
e \, .
e \, .
- N,
- \,
e S

Fig. 2.4.2.5 Nuclear heating and cooling flow for the first layer of the FFHR helical coils
made from CIC conductors.
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2
P=P —f_ .%.WT“H (2.4.2.5)
h

ZIZT, hiFm o2 e —, QIIEEREN, AXIFFHHE A v 2k, Dgce lTERERE,
mITEERAESNY U AOEERE, PIIE, fITEEBEE. Dy IIAKIELE, plT
B, U3t CTh 5, BEESE~Y U AOWMHAEIZIZ HEPAK (© Copyright Cryodata
Inc.) OfEZ MW, IREEIX, 2424, Q425ANbHGFoNTcm s Z e — £
775 HEPAK T2 Z &N TE 2,
2.4.2.6 |Z FFHR-d1 O~V JivaA Vg NEERIZE T 2 8EERESY 7 LA OIRE
EA EHERKERYT, 2T
FFHR-d1 O~ Y A1 VR T ¥
RVOERIL, ZHEH 50mm, 15
mm & L7, £70, BEMNE~Y D
LONFHREE ENT, EFNEIL 4.5
K. 0.6 MPa & L7c, #EEHE~Y
U LAOE B ENENT S0,
LR BRI RN D | SR N I R
Lo 22 CORFAR SHDIRE 5 %0 40 >0 60
. Mass flow [g/s]

JEN#EKIT, £ £ 1K, 0.1 MPa

(R FPCRER TR d) & T DL, Fig. 2.4.2.6 Temperature rise and pressure drop in
RRAEAND U AOBREGCRED 41 gs  he first layer of the FFHR helical coils made from
NG 4T gs ETOHPATE BIZFF  CIC conductors.
RELULTERDZ BT, &
2T, FFHR-dl O~Y v aA V] CIC R L L TIRESH D YA X AR HFIZE
W, EWHIREREEIC XD BR & EER AN L 7RER . FPAATRE L 7 D A
BLEEZEEZD,
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243 LTS MESAIAR T I Ry FE&E

D X HIZCICERIZZ S ODBNT-FREEZAETH—FH W< OO bz T
WD FRUF ORI OFERF 2 BT 5 2 L F TREFICAND 72 51F, LV i
A NWEE L ZOTDOERGREKRETHZ L EETH D, ZOEN CHEEN
HFHARD 3 A NAEEZTEEE U Al 728K BT 21T > TV 5 [2.4.3.1-3], MR E1 520
Tl CICEARD X 5 ICEBRPNEICHIEE 2T 2 &3 3 B8RO I m it 4 @3 m A
NRENVERIT ZINLOBYREIZL > TV U v FERZHEIT S, oA LVERITE
TR/ S A LRHI SR AZMSL U CRET D 2 N ARETH » I HBE S 2 = b L.
A WAEEDRIEIEE XD Z LN TE D,

FFHR-d1 D~V J1)V a3 A JUZB b X3 5 EA 100 kKAFR OLTSHEEM AR &
L C.Figure 2.43.1085&EEEE 2 CTD, 2 2 TRET 2 HABER TIXCICE K & bt
15 L CERREEMONbSnIZ MO B OT AR L, SV EREELSL 2 &
NARETH D N AWM 7217 T2 < FEE D K E WINbs S 218 IR+ 5 Z & N TX 5,
Bl 21X, REELDTZONb:SEM O F7 W7 4 — KB r— T L2 8ET 5, Z O

Conventional CICC

_ stainless steel
multi strand conduit

Novel indirect
cooling conductor
cabling ||:> react |I:> jacketing I|:> winding

transposed
rutherford cables

aluminum alloy
jacket

Figure 2.4.3.1 Comparison between LTS indirectly cooled superconductor and CIC
conductor.

Pressure

Rotation

Probe

Figure 2.4.3.2 Photograph of the prototype indirectly cooled superconductor (left) and
conceptual scheme of friction stir welding (FSW) (right).
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Subcable
N/ (6 SC + 1 Cu strands)

Aluminum-alloy
Jjacket (A6061-T6)

nggir;g;%ﬁsasl)Jle High purity aluminum strip
Weld\line

25 mm

100 mm
Figure 2.4.3.3 Schematic of the conductor for FFHR.

ERHT D2 & THRBOBANIE LWL Z1T 5 2 L3 TE [ CICEAKRD N> RUH§E
IZBWTHBIHI SN D X5 RFHRE OB Gl L 2 ERER O A B LS E IR I
ZIEGHETE D, & HICHEBIRE Z SO 570 B L=k E2 7L = L6848
MOy FOFIZNDO DL E NI LWEE TRARET LS. 2hhid V77 M &
Cx v b R&)) E] EESTAI =T LAEEERHWDLOIR R ERET DT
DYy MIEWBRERNRO 5NL72DTH Y 4 KLU TERER DLW
AT ULV AERWAZ LT LW, 7272 L. TV =0 LS4 O S 23N Sn D ZALER
BEIGEWEZD AT U LAY Y 7y hERAWDCICEERD L H 2y v 7 v MEAAE
BT TR BICEBRER AT 5 Z LIXTE W, £ 2 T, OB % i Lm%
WMET Xy MDD & WD HIEERHT 5. & O BEEEHES (FSW) |
T 7y MM EHEET DL TR A—VEEZ D Z 72K %’Eé\ﬂ:%ﬁ 5
T ENARE L 72 D, Figure 2.4.3 21CFAME LT B8RO G HE b | BEERR A OS] %m
T R&IETIE, Vv 7 v M EISEULEL, 300 KTHEHE(LT 5720 BUNKEZEIC
S TNbsSnIZHAET HEMOT A EZLHTE, Z ORI L D E m@ﬁi%%ﬁ”
DERBIFEIZB W THER L TV 5[2.4.3.2, 3], FFHR-d1 D~ U /v = A JLER L LT
FOR SN 5 EMEIRIX100 KAT
&5, LTISHEEMHER OS5 .
LM% HR IR T D B0 O SR
it & L CILEREI D252
FENRMEL 725, % 2 COEKD
i R BT 2200 kKA & RET D,
RS A XL DERBEL LT
80 A/mm’ D & G R EBIEE (&
KEY)) PDUETHDIL L EE
L EHERHEHETH D, B
TEHE D TN 5100 KAFRLTS )4
75 HBR o Wy i 7% 511 A Figure

Superconductor

Figure 2.4.3.4 Method of cooling windings.
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2.433127-77[2.4.34],

LTS A HBERZ W D8 OBBROREE RGBT EZBET 2 0ERNH 5,
Figure 2.4.3.4 (M 2 /R 3, MEGHHI TIEHH SRUZ A~ U D FEOm 4
It U GERITRE SRV S DBMREIZ L » THEIT 5, B8O 2 B olomElix
NWEFEAT D & RTOEKRD 1 LPLTHE KIS 5 Z L1272 %, FFHR-dI
DG TIE b —F AN CHHE TR A AR—ARR END 72D, ZOF DO~ H
LA VIRNIBIZ BT DRSS 500 W/mP & ik L < 72 %, BARNER ORZ R B T HEi%
MEN L THH S L > THEIS N D, Mg OBYRERITT VI =7 A E54IC
KL T2HU /NS W, 2 2 COREAR DN EROBE EHZRET H, AT
L A L) CIIBMEERN LT b EDRWEZD DY 7y MIAT U LA &S &
Ty N TCOMREE AR LR T X 720, #lE OIREABIE 1 kot DEVRE K
O S HNCETE TX 4 BRI 7= » OFEEE 500 W/m HEE O S % 1
mm, #EFEY) OBYRE % 0.05 W/m-K GERBEALRE XY 720 omHEIEzmfEE 0.1 m? &
L7256 BEART 025K & 725, Z vt LEIRINET O 4 8B O E A)diE 0.02
KZBZ5Z 2TV NS MIcE > TO3KDIRE~—I 25252 L 1EE
FARICARETH D, L L LEN NS NI SITHENTH D  BYRER O E WY O
BAFECHEGM A L THRFDBYETH L, ZO—fFl& LTET I v 7 AffagiEo
AIREME 2 R LTV 5[2.4.3.5] — I EI SR oL Eigi & o FUmEMEET b B R
JATH 5, ERFMEE CIIBEMBMRTOHENH# L < \AEOIRE LA 2 72697 A]
REMENR S D, = 2 Tz GG R ST 2BV ERE L TV D, —
Ji. 23 0128iCRENTE XD, Ty MEMEBBERSESTRICED, 3
BEAZ 100 WmP IZE THAD TEX A AREMENAEEFNTVD, T2 ETERAEZIZD
ZENTENR, BEROIEE FRZ0IKUTETMAAZENTEETEAI,

R D X5 I EREADFEAET D MW T LTSE AR % R B2 HC O 7 Bk
WEE RN SEDHTOIIEEBEROY v 7y MIT A =T AEEEHWD Z RS
ThH, ZOBRE. X7y MTAT U L 22 HWACICEKRDES & TR
WL NS T DN H 503 EEEITITFRIRE CTh 5. 2T, CICER DS A I #RR
N RV OB TREE N2 B TEX AR VDT LT LTSEEEA HE RO B-A 1213
BICETFH RO ERENIGTE 5720 TH D, BIRKTE 71 OJEMICH L ThH,
AlS &8 2 M & L TR a2 5 2 & T—FEDMRE NI T %, FFHR2m!
(2% 9 D ABIEFRNT TIX BRI X O E SR VE D e Kt 7123169 MPaks L 1R269
MPa &R D 7 — 7 TN X DI RGIIROT #530.185 % & 5HHE S 7z[2.4.3.6]. 215
ITTRTHRTZDHL L RS TNND,

EaiFH~ 7%y MILTSHEGEIEARZEH T 5 12H 72> TX HHILEED
Rl & 2N EBE LIRS OB CEERFEE L TETF 55, LTSH
BEHEIOBA CER PN ER I X o> THum@h < & BEEEC L - CTHimEE N5 AE
L.IANVEERD I T FIZEDL T ENBREIND, 2O BRI E D20
&9 ZRBRE R B E N METH D, Z ORI T DN OWTIES % OFFERE T
»H5,
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244HTS ¥ 1y hE&E

FFHR-d1 O~ 7 % v MIBITHBEEEERORIEOOE 2L LT, dfR{b®% 0
R s (High-temperature superconductor; HTS) 3R Z fiFt L Cu 5 [2.4.4.1], HTS
BRIIBHZEENEGLS . aANADNI = F T 502 RIBICERTE 5 & &b,
BRIV aAf el REROEGIC K > CREICEET 2 2 LT 5 &)
FFSD, SHIC, EWIREEICE T 5EIRIC L > TRIFICENTZZRMEF L L
TN SEDZERAREE D & & bIT, e RN ESN DI~ U LADOHEL
R EE25 2 &L FFTE 5,

Bl HTS 8 OKE~ 7%y bA~DJSHIZOWTITE AL LT 7203,
Nb;Sn ##f & K~ 7 % v MR T 5 £ TIZ 30 FIC R SBBEEM AN T2 &
FIRVIED & HTS B IZ OV T HRAICHE E A (LT RE LB 2 5[2.4.42], 8L
EIZ, Bk E BARICBWT, KER HTS BROBHRENEE -T2 ZATH 5,

LLFCl, HTS KAUE(K A /= FFHR-d1 O~ 7' % v MR EHICOW TS oI
AR D,

2.4.4.1 HTS #44

HTS #EHEIN B 7 2 I A ME&EZFFOHERY (EF7Iv7) THH ., 1986 FI2H
R A AT 5 2 &N STz, WEEEDE R RIKIEBASE R B 2 FE - T = R
BEDOFLERZ KIBIZEB Y B L, WhpHBEET  —"—%2&8ZEZ L, &@BRIK
EEEM B Z WD 72 DIITRIEANY U A KA HADBPMERRIRTH Y | Rk
KRIFFEH R Z < —E o BRAESH AN iﬁ@%@%ﬁ%&woﬁﬁﬁgﬁbw
HLONH DM, HTS MEHIZE D@ WEEFURE O 7= ORI E R 2 W= m A FlHE
HY . FWEND 25 FERZBIE, BIICHZ HLICEM OB ED 5T b,
BT TN O GM BB OMERENEERICM E L TE 722 b H 0 | RIEA~Y 7 AR
MRIRE 2 W I WIS I BT OB B OB D ST Y | HTS #64
DAKEH 7238 FH OB DME S LT D, MRIKIR T OGRS 4 8 RS R & Ex
TIHEEPIZENZ &0, PR THAEREELH<TM L2 & (¥24.41) 6. &
Wt a A N~Ow I b HIFER 0D

HTS 811X, EicE A~ R Bi) R EA Y R T A (Y) REMRH D, A
Fix 91 A HTS 88”7 EREE, Bi-2212 #i44 & Bi-2223 i 5, 2o o5 b
Bi-2223 1 1E 7T — 7R TH O . B BRAE © 4.2 mm) ORGSR IR AR E R
JE 77K, HOREICEBWT 200A 22 T\ 5, BUEREIC KE s OB RE 7 —
TNRE LA, E— &ﬁk@7m%&47ﬁ%% IEL DMEDbHRTWD, EREmrse
~OJSHTIEHTS BtV — RICEBRICEH ST Y, ITER H & L TEEIZ 80KA #&
DLO BB INTWD, HIEKETER SNT-EE B PNEREARE UiA s )5
T&H D Mini-RT B EOBERF EaA vicbEH S, AT T 7 XA~ Eiha 5=
BRAEE 2 HTS S D3 D 7241 & 72 o 7= (R G FHEAFE AT & O L [EIFE) [2.4.4.3],
Mini-RT (25| EHE X, i@kﬂ®RTrW%%§Wéh/6ﬁ%UL@ EAN iR
BN LT T AERNZITINTWD[2.4.4.4], —F. ERERFEMHITHT ClE, %
WD L 51T Bi-2223 b & VT HTS KEREMLRDOBH %2 10 kA FLiEK L L TA X
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— R L72[2445], EARRAZRBMOG D — O Bi-2212 #bfi%. HTS #ibF & L THE
—HARDOBIENFIEETH D . LTS #fff & FEEDOE W N AIEETH H, £ 2T, Nz
IR ZEX G L U COEABIROBEIRGR (77— K7r—7 ) kGt - i Esh -
. BEASISHEEE LT —T s (2 - 3Ty b (CIC) HEik~DiE N ot
SH. 2000 FOFIDOITIEL, 10 kA D CIC BARAFAIERIZE S 720 L7Z[2.4.4.6],
IID Bi REIIWT IV BAICERDME DI D T2 BB OB B EERV A IE
~ 7 Fy b~O@EATH LW EEZ 5N TE 72, i, FEO CFETR F D% T,
EEERO/NULZ B E L THLY VA Raf voE#EbZRKY . ZONEE
IZBi-2212 #4464 % CIC IR L L CHEAT 5 Z EDBBEIN TV D, ZOMETHILL,
e F v 7 ARNMEL Bi M &2 2 D AlRetEn S 5,

Y AR T HTS B L bR S, At cHEE LY 2HWD S
A, YBa2Cu3O0y (X YBCO HD\W\NME Y123 L RFLENDIN, YEH KU =7 L GdED
oA +¥4 (Rare Earth) JeBICE S T2 E LB I TWAHTZD, BFL T
REBCO EFRENAHZ &b dHDH, EAYARMM LV BGH CORRAERRFFECEN
TWAZ &, BT, &R GOKLIE) TZOZENBEETHLZ LICLY, FFDE
Jikkss (EJEdR, ®—4%—, BHTr—7 0, %) CEEHEES EZE. MRI, %)
BH—4Fy hELTAE y FTHENED SN TWA[2.4.4.7], Brio, NMITRE D
MILEE—X L A[E L 72 572, MMM ZEi 7 & isas ~0mH OWIFF H KX
W, Y R TTIREMIC= v A B SRV B ILD T2 RERDBARERRM & T
M BRE N ERIANCE < (NAT oA 1Z5EME 1 GPa UL L) SRKRER) =%
JoEES A NA~OERICOELEEZ D, ZREISH & L TiE, Bt Mini-
T HEEICBWTRINCEA L7z Bi-2223 M2 HWRE LaAs vz T v 77 L
— KL TY %D GIBCO MM TREE LI-aA VLT 53 HENZEITIN7-[2.4.4.8],
T T, Y RBGER O RS HIEIC W TEIB LT <, YBCO (% 1987
2 FICKRE TR SN BREY T, 90K O ER 2 E o, A E e AN 5 7
MACE S TRESERDZ LD, MidmEIEEZ TE D722 2 72 OB m I 23 24
HCTHDH, FFlo, BEATRARERRD | c BELA O 72 53 a-b mNOE A (T Hhfd
M) ERTLIMENDH D, ZODH, T HITE=y TR T A i
EOBRT —7 O FICEBROERZRESE L2 L2720 “HEEHEH (Coated
Conductor; CC)” & HIEEN D, Y R O — i) 721k 2 X 2.4.4.1 12779, REBCO
J& & HAELE S E A7 DI00E, BICRD oD HERH D, —DIFERTHALAE8ET
— T EEMIEDLHETHY ., b O — DX EE M O&RT — 7 _EICE A T E % R
TEHHETHLH, WL ETTF o L— kAR MM EZEY . #d FIZ REBCO
JEEREIEDE N FRE LD, AIATIE=y F AR EO&RET—712 90 %
VL EOsRIN T AN L, & O%KITHEE) 22 b LBV 2 5. 2 2 2 & CrNRdm L 7- 2%
¥+ RABITS (Rolling Assisted Biaxially Textured Substrate) 2343 5415, &M DEROGHE
IZZ D EIZREBCO A KESIHEDLZELAETHIN, = v FVEOEROLEIC
FH ) — oD HELFERICET I v 7 ZA0MiE Ny 7 rE) BYETHDL, TR
JE B S5 HiEE LT, REMRLDIZA 4 B — LT A 5L IBAD (Ion
Beam Assisted Deposition) 238 %, Z DHIETIEA/ Sy ZIZ X > THET 2 BRICRE
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DA (55 ) oA FrE—LZRETHZ &Ik R KR O R ZHhsdm
L7eH @ E R LS ET 22N TE 5, HRIEE LTLYSZ R GZO BN D
b, ZOFEIZ K> TR S v P E IR FER I m O BL AR & 72 0 | fEShn b A
< B RAvICHE U7z FrtE 2~ , HiEJE o EiZid, PLD  (Pulse Laser Deposition) %
FWT YBCO @S5, YBCO BDEAL, BIEDE Z A 12um &> T
%, BEIZ, 10 mm DT —7"L LT, ERSEI 1000 A IZE DM b FEREL LT
FER SN TWD, PLD 4 L0 S#IZIT ) 72T, vV TFH—r - v F 7 —
D LRI D FES BASE Sh, RO —(LCR ISR O FLRIT K 0 SR ER 2 2=
FINCATZ D L 912720, RROBMPEUYETE 5L 512> TW5, IBAD HFHEIZ
OWTITREREN BN ERETH H, £2 T, FRHBEICH LTS PLD ZHW
CeO2 B (v v 7)) ZlFET252 LT, @mBlcEEmFHEZSD FIELRRES
NTW5, —J. PLD XY & E#IC REBCO BAEIEMT 2 FikL L TSR E
(MOD; Metal Organic Deposition) <t 55 fH% (MOCVD; Metal Organic Chemical Vapor
Deposition) 73& %, MOD V£ ClIA e BRI 2 I v L C R =~ AF L CTHERL
THZ LI VBREMEIERT S, ZOROEZERGZVLELET, Bt
W= 2 MEDSEIE S D, JFUBHS R Y 7 v v filstE 2 - 7 1 & 2 (TFA-MOD
) TlE. mOEEEEEE B D, v LT a— b E LRI S E RIS &R E A
MK U712 YBCO BEIZRO =D OB A M2 5 HEL BRI TED | 2L
MO IE(LZIT) 2 & CHRABREBELZIRTIEDL Z L2 EBEIZAII LT
W5, BT OBMBIR CTlE, IRE 77K TOMSG PR Z M\ E X825 HRYTBZO O
Sy REONTYE U ZEANTHMIENEATH H[2.4.4.9], NOE > OENIL, B
FHEORGWEERT 5 Z LI A TH D, Tz, MM EMR LT 5 2 & TR
KEMXDZENAMETHY, ZOOOELERL TV D,

s
o
=

Helium (6 MPa)

106
105
104

1000 Stainless-steel

100 AB0B1-T6 Copr

0O 10 20 30 40 50 60
Temperature (K)

Specific Heat (J/m3-K)

—
o

Figure 2.4.4.1 Volumetric specific heat for metals and helium (pressure: 0.6 MPa) as a
function of temperature.
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Fig. 2.4.4.2 (a) Comparison of critical current density of various superconducting materials
and (b) schematic illustration of compositions of a REBCO tape.

2.4.4.2 ~1) J7/L4F FFHR-d1 f 100 KA #% K7EHE HTS STARS E/AD%E

HTS EiR% WD & EWIREEIRICR T 2EiRiC X - TRFIZENZF L LT
AL E AL EMTAREL WIS TXx %, 22T, ITER ORAEZBEL- M~ 7 FRD
JFARYFE ORRFHFICIZ IV TS, HTS EKZ AWz aA AkEtAd 7> a 08 10 4ELL E
AT L VIR R I TV 5([2.4.4.10], REAIZITKE D ARIES-AT [2.44.111& HAD
VECTOR [2.44.12] TH %, WT I HIEADOKEN YBCO EiKE AW =5%G5H03H 0 |
ARIES-AT TIiZ 70K & W9 &iRiEds & 72> T b, —J5, VECTOR (21 Bi-2212 #k4
ZHWLEREI S H D . BARREF IR (Bl TR PRI IeB s ieg) <
FEBRIZ Bi-2212 #84 C CIC AR Z AR L7 R&D b7, IHE 20K, By 12T I8
WT 10 KA DERZRT Z LICHIIL TV BD[2.4.4.6], T35 FEER R IZ BT
b, A NVEREMBEHHAL T2 05260 TE, 2k, HTS EROSHEIT
BRAKROHBNRKRENZ LIZL T, BER T = FF 5 a[getEME< | D T%
ERAANERITEDHLEEZONDINLTHD, 2O EIF KM A )V TIIFRICE
TCThHY, VU THENMRNZ EITIREREITH D,
ZZCHERIZAD ANEE w EIERE EHAT ORIIKRTEZ BN,

w=CppAT (2.4.4.1)

ERIZBNT CITHE p ITEETH D, Cop DIREITKT HIEKFMELZ R LT H D
N 2.443 THDHM, BIE~Y U LEE 4K TIXEBEEO LB NS L BRO
BUIANY T A TIRIEEND Z 0¥ bD, 2R, CIC BIKOWNERLBEEFR~Y 7 L
WL THERHIESNABEBETHS, ZHUTK LT, IHEN 20K 2825 E&FD
BB AY T hm ERD X 51075, 20-30 KICBWTHREE EH L LTIOK &
THE, w~2X100)m? L 72D, ZAE. NbsSn & 5\ ik NbsAl ##44 & V7= CIC i
RERELU ETH D,
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BRGERN 7 2o F I LR E LTRSS EEROITEERPEBSIZ L > TRTHY
CHEI KHEEL TH D720, T2 T FRSNDEEE L RO TE, #HIZL DA
Byl ctRshd,

w=Bjo (2.4.4.2)

ZIT, JIIBEEEECTH D, HlAIXSE 10 T, EREEE 40 A/mm? &5 &
(2441, BEO, Q442)DBFIVEIFELD . FEINLIBEEREIX S mm & 72
Do ZAUTHETE O AA NVERTIIRI BV HBRVLLTHDH, ZiuuixtL, LTS &
ROGAICFEREOFM 235 &, IRE 4 K. #FFFEE LA 1 KICBW CHFARELIT S
um L 725720, MEIPGELRWSRETIRb T8l CHIEEIEENAE L 5,

NbsSn X° NbsAl 250 LTS #4464 & W CRERKRBERZED I HT-» TIL, IRIEE
T2 3O0DEANRD S, (1) M OBRIHMEL EREH D Z L Q) TOEBRER
DEDLEDZ L. QB) BRoT-FMMBZERIPNTHRNL (R T VAR —X) SNTWDH I &,
I BT LTS BB W CRIE L 72 2 BRI E ENE & A ZEM 2 RGET 5720
T RBERZ L THDHIN, 2O LTS BMIIZ D7 4 T A RO EN
HEEBIT, VAR BRRHRY B AND TZDITHNERN I AR & 72> T D, HTS
MW BEREZRZTHICBNTH, BITEDO & ZARITIZZDEARETFHZ &
DB LR INTWD, LLENRG, ZHUE 7 4 7 A2 MEEEZA LIBIEIR &
Ffo Bi-2212 M COARHEIZE A ATRETH Y . Y "M OBLAICIZT—7 IR TH
D7 4T A MEGES WO THELWIREE 72D, £ 2T, Y B2 iz
EARIZEB W T H AT E NP Z OFREARZFEEET 2 X 5 7aifd O EIRB R B RCK &
AT TS, REMR SO E L TIRO SFENRD D, — DX R4 YOI —v
AN— TRRZ KIT % IR DM THIL TV % Roebel FUERTH 5[2.4.4.13],
ZOEKTIET—TTRD Y B E R TF U T THIY R D ETI T A TRk
WL L, ZHEIEXRRY AhE TRERER LT 5, KIT TE7 — 74 208 )5 m
IZTE LT/ /08I LT Roebel BIAZIERR L, a2 BARARLEDLZ L
TIH 74— RKr—7/L UTIRE 77 K T 20 kA #kOEKR L T 5 ELITHhA TV
Bo —H. KETIE, v~ F2—tv Y THRKEMIT IZEBWTHEE LM 2Rz
ST < twisted-stack cable BUE(R (TSTC) MERIN TRV, Zhid 1 KOFEK L
LTCEEDOBREERT DL T REED CICEBERKEZHERT D Z L HEESINATH
%[2.4.4.14], TSTC Ozt 7 b &IGH L KEFREMRIT, BN T DAFer%EI <
HAFZEBAZE ST Y . RSCCCT #E A, SCHCC &K, CROCO Ef%Z L LTIRAEL T
WD, KETIE, M, SO 7 4=~ DFVIZY FBMEZEESA T 52 LICX > TK
TEITEAR 2 A% %92 Conductor on Round Core (CORC) SEARABHFE I TV 5[2.4.4.15],
INHOEERTIE, WIS T — 7P EME G2 R o7, BERHL 2 X
N 72 b, BIROBMIRE IO BENH 5, HTS BRIE Bk K 512 L -
TEWHEIZEMEDMRES N D T2, BRIARZEESCERFIRIE & A EREIZ 7
LRV, Ko T, ZUBIZRTHRALE LTHE X HAv72 LTS EAK &k ot & 135
DRBELAETH D EEZDOND, T I T, T — TR IR D SCHRALAEE % 7%
FPEMICRERE L CEREZED Z L AR L=, NIFS TlXZ DX A 7D HTS EIKD
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BAZ & 2005 BRI EBME LTz, DX A 7 OEKE BIIE STARS (Stacked Tapes
Assembled in Rigid Structure) (K & A TUV 5, STARS ERIT, EIRKDOHEGENFHE T
A N HARRET &, IR O mVVERORIEN ATRETH 5, HRITIRD KD 1T
MBS ENHIREL DD, X2444 () ICZOREE G SICBERG LTV D KE
I HTS BAADRFHI 2 R"d, ZORFFTIIAT UL ARy 7y hOFLIZY %7
— R B BRI L CRLE L, B0 I ZE A AN TGS LT D, R
I HEf T 720 CTHR WA, MBS TEHERTH I ELARETH D,
WFIDEA & R NS BTRT S F1 03250 5 22 VB AR & 72> TR Y | R OBS
EE N EIREDOEM D DHPNT N E WD EEERETX 5, —F, BRONMEE
M EF25Z & TNV DNVIBR~DIN LA FEGIZT 5 L FIRFIC, #3960 J5 10 & 55 05
FICEDLETHET LI ELAREL 2D, U K o T, B ERE DR Hmic x4
HEFGEEMHE L, B EREHERT S &L BIIRMBROER LK S, [FEED
FAL, LTS 2 A B W TEERICHW O NZHI2 & 5[2.4.4.16],

L, BHEEZTRAT S &, BRAICHVEBRER D D, £, BiRo/Eo
A NPERKTHHEES H D, X 2443 OMEPBED EFEMTH DL, ZOHA, BUIR
DO 2 ZFDEERAND BT — 7 HEICERERIE NN 5 & B RERN E 2R,
Z 2T, BE, BMOERBLEXS Z L TRIBICEBODTEWEAERNMEOND Z &
MHEINTEY, AL THD, £/-, ALEUOE AN X > TR H O RIGEE
B L. C BT M O 2 KIgICH E X2 FERPEBE SN TEY, 2
v FTHREM ER 72 ST D, 29 LI &2 Wb 2 & TEUATO BRI kg D
FEESERREOR LA D Z ENARETH DL LB R D,

(a) (b) (c)
Copper stabilizer
WECEISpES YBCO Tapes
£ £
= S
® R
/ \ Electrical insulation x
Copper _ _
Stainless-steel jacket

Stainless-steel Insulation

Figure 2.4.4.3 Schematic cross-sectional image of the 100 kA-class HTS STARS conductor
designed for the helical fusion reactor FFHR-d1.
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24A3HTS BRAZ W=7 AL N HFROANY BLa A LR

FFHR-d1 D~V B /L34 JLOBERRZ OV T, LTS iR & 95 A LHD O~V v
aA )L ERIRRIC, RuA AT LN s a A Z V7N Rl 5 A8 2 o Cfife
W BB 2T O H#t L 70 b, BBV A AN AME LR D120, BREONRITHI 50
m, &3 30m LR D, TAVUTAYGITRE WA, HINICIZEUERGE TH D L pkT
S, BIHO X 92 CIC ERZxf R L L CRRFIED BARN it 2D T\ D, L
MU R LROBANDIIFE LWL ORH D EEDLI 5 25720, BIH | LHD
TNV AN aA VOBBIEEIBRER T 1LEED Do T2, I aHIc 450
e LTHL6EAETLHZ LD, LHD TIEAY Bb A )L OBMVEEITARIE &
FRNCERE LTz 27 U — 2 )b— N TIT, BRE TRICEER 450 Fo 227 L—r T
LT, W T L CTRWE L TRW PR EM I SCFREEY & TR e A X va ot
IZF%E L7228, FFHR-dl TII~NY WL aAf VOEEN 1 H N 225720, 71—
VERWTRBEIT S Z LN TERY, 207D, YU RIRNE TETOEEELT
I LT B ORENEE LW TR, RICTFTHoa R —x v b 2 RYE
LTELIDERD D0 ETRNSERE L 720 | HESEROERIIIEY OFEENR D05
Tl oTLEY, RHIC, ~NU B af g L E I ilET 5 e et 5
LI CEERRETH D,

ZD—2L LT, N af Vet AL Mo CRIMEL ., Bl CREBAYIZ 3
HToen) HEREZLND (M2444), 2T, 1980 FEAHIFZICB VLT K. Uo
WEoTAV A b U BUEEEF O~ I ad VI L TIRESINTZHDOTHY
[2.44.17], T—., GANVDO—EICREENEL T EZITHETEDL L) aAf L EEMR
"[HE (demountable) & A FAUTIEDSNT WS, YBEFIIM— DO EHBLEEHM TH -
72 NbTi Z x5 & U THRFT SN0y, B o BT I8 2 BEDNRIE~Y 7 L~
OB E L TRETE TR LW EfEim Iz, 0%, 2000 FRIZAD H.
Hashizume 513, HTS ## & H W 238U ORE ZIT\, EIREEZ 20 K L EET 5
L TCTEAMOMEE B CTE S 2 L AR LTZ[24.4.18], &% T, FFHR OJF
AP TR, ZHUCHEC T AN AR L L TRET 21T o 72[2.4.4.1, 244.19], T70bbH,
demountable [F#E L\ 72D £ T 1XENE D T, once-through, 3725, BUFERED 1
[l D T DEEGIZ T IUTIR B RN RN L0 TIIRWNEEZ -, L LR b,
1~U D aAf VORI T 400 K% 2 5 BEEK % RSB 5 IO\ T
BR O CIfEE RO 5 LR TEhote, 22T, aA kw7 Ay Ma+to
B CliEa< . 1 KT oDERE 7 A etz L T < SBRITEE BT IR
L72[2.4.4.20], Z DFAICIEE S5 HTS KERER O 154X 2.4.4.5 177,
T =7 D YBCO #ipf 2 BRI B W CREERIRIC /2 D K ) ICiiE T2 2 & TIK
BYEHENARETH Y (T v U A 7). B8R E A Y U F DO K bH
L2 BERIMTZ Do T — 7 BMEI L OB E WD 52,4421 & 1%
WENZHERE T D FIEDOM T NE 2 Hivd, BRI 7 IEIC OV TR, BHIERY - &
TR F—FHI - FTWFRECTHBE SN TE Y, 30 MPa iz 5+ 720801 %
F5Z L CHHEHERSEOEGEMETTTOND Z ENbho T 5 [2.4.4.22-
24], Z 2T, 100 kA #HEAEOLA, 10 mm §D YBCO ##bF & LT 40 ¥e & V5 =
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EEBET DM, B TS0mm Z LT D 2 L BB 2D, WWEROL G, B2
FEPIR & LT 10" Qm? NEBECTORETEHE LN TVD, Lo T, RO 1 B HE
Frdo7z 0 OWPUT 1nQ L7225,

MWIOMETITFE T T EDEFEZBE L TV, 0%, 1Yy T TETYH
e s vmlge7e Z L2 R L7c, YUNIEREZ & & IC# 2 VW TRGE L7225, £ D%,
BWIL TV o —FT NV EHWTHGE LT, 2O T%(X2.4.4.6 12777, BITEDOKE
TliE, ~U I aA W BRIZOWTERE DT 3900 ICK 5720, —0fidhc ) O
T PLZ 1nQL T 5L, 100 kKA DIEEZIT O A VAR TK 40 kW OFEE T2 5
INEGHEITAZDICHKERENLI25MWITE LR SN, LTS EKA T a0
AW BEINDS AN U AR R RO VLEE 1L 20 -30 MW ThHHTZH, =
TSNS, HFRRBATH D EE 25D, 3133 HlRR2 Loz, ®ILKFET
X, B ORI W TEVLE 2@ 35 2 & T3 LICHERILZ T 5 515036
FHINTEY | B AR OB CIIB RN 15 BEE TERBL TS, 20k
ENKRABERIC G EH TEAUL, BERBHEANT =T 05SMWIZEETTIFRLZ EIT
w5,

WIRD Y X 7y MNEOERIZOW TR, BEERES (FSW) 2 HWTEET 5
ZEEREILTWD, ZHIUCE ST, AKKD 1 RKOBR L [F1Z5 ORI % fEfr T
HbD LI ND,

— 5, BHICREE ST — 7B IR & R EERER A FE S, 7T A<
D TIADRISGIIH L THEBL 52 5 2 LB EIND, LrLaRs, ZofEC
DOWNWTIE, EEIZ b A XV FRIOXNFHMERS ARV X, haA XL HR~O g &
L CHER SN D UADRBIRIEIZH L TCREREEE 525 2 130 b o &l
SN, ENEHEFREIC L > THE»D TV DH[2.4.420], FEHIIZOWTIE, BIRDTED
MEEE & bIT, KR, SBOEERETH 5,

FFHR-d1 OIEEZICRBNTAY DL a A JVTEFE THHIN, ARa A X)L A LD
TIEHBERA SO BRI T T R~ EH O EFIZIGE U7 0 — KXy 7 HiliEl %
ITHORENSH Y | LI ERRE] oLl E) Tiddb s bo0BEmEILEHES, £ 2T,
EIRN ORI O BRI & 2Rk 2 I 2 5 B T #§E % A L7- Roebel R0
HANAB S 2 8RO —H AT 5 Z & BT L T 5, Roebel #iEEZ AL DT DS
BEE LT MO 2 MR THZ Ik TCIT oA=L %% 2T
%[2.4.4.25], ZOHRTIE, BERERICEIT 5 Y 2 — L3 EE AZFERE OO 5 EL
ZRIZ L T/hSL< T2 &R TEE, EREEEERE LTHRYLSEDLZ ENTE
%, Z 4% Roebel-MITO (Meandering for Inter-Transposition Optimization) E{K & 4 fF
e, ZHITIMEIZS U AT~y RCHMHARETH D,

HTS STARS ER, EARNTICESMEZEM 2T, M2 AT LAY Y7y FO
HEHLELTWD, V¥ 7y MUBOMAZ IO TREFEFRAOF v o xvb L, ~
DA AR/ THATS (M 2447, ZOHETIEEGRMNARLELRS, £
oo BV B OEIERD Y ¥ v MA L2 S CHElfE 35 2 & T, A SR E 22 s AR
NEHTE 5,
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Bridge-type
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Lap Joint
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HTS STARS
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Figure 2.4.4.4 Schematic illustration of the FFHR-dI helical coils with HTS STARS
conductors. The “joint-winding” method is indicated with one-helical-pitch conductor
segments. The cross-sectional view of the main helical coil (winding package) and a sub-
helical coil (NITA coil) is also shown. (Reproduced from Ref. [2.4.4.26].)

Figure 2.4.4.5 Close-up view of the joint section in the FFHR-d1 helical coils. The joint section

is lifted at 500-1000 mm above the final position.

(b)

Figure 2.4.4.6 Confirmation of HTS joint-winding by 3-D printing models.
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Figure 2.4.4.7 Close up image of the winding package of the FFHR-d1 helical coils consisting
of HTS STARS conductors. The winding package in the helical coil is divided into 15 double
pancakes. Cooling channels for helium gas in the longitudinal direction along the windings
are formed by four corners of conductors. Transverse channels are provided by grooves on
the conductor surfaces. (Reproduced from Ref. [2.4.4.26].)

2444 HTS Bk % W=~ L a A 2@ < EfE)

HTS BAZ W=~ %y b AT a oW T, BN L >T~Y Laf)L
WCRAET DI T T HITo TV D, Wk, B RO HTS M ITEBEEY
BHUENRET I v 7 THIHZOBMIBENMEL | @G~ 7 %y hoRA~ 7 %y b
IZIEEA TE RV TRV E WS BRERH -T2, 2.44.1 HiTiE_7= L 912, Y&
WM CIEEM = 7 VB ERHWLEN D 120, WERDBIZERRE & A~ Chhkag 58
FEDEY (ONAT 1A HAIES19RREE 1 GPa UL k), F7-. HABHEHZBW TS
X T Y MIAT UL AEHWS Z ERAHETH D, T XD CIC EK LR, &
DT, ENLLEO BRI E 2 RGET D Z LN TE D, SIRITIEEE FEo 72N
Jv 3 A JVEBIE < B OFAMMIZEH LWERETH LN, T, 5 R
[2.4.4.27]) Cifsam SAU7= LTS BB ERER A7 > g Ak Dt & RIS . 2l 72
BARERERE LAY L A REF L E LTRITEE, BLOL 2 IRTOAREE
FVEBE I 21T o 72, T O F, Von Mises Jin /7 & L CEBEIRE Sy Thek 400 MPa,
AT LR aA VRS TR 500 MPa & Bl S, FFR L~V Th S LT
72[24.4.1], 52, 3 WILOAREREE AT EE/RNT L 1T 72[2.4.4.28, 29],
FERIT, 2448 18T LB, 5IBROT A 0.145% & KE »7=, F72. HTS-STARS
ER DO FEJE A T8 < & AWS ) OFEHIIE, 32 MPa TH -7z,
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Fig. 2.4.4.8 3D FEM analysis for the HTS helical coils: (a) normal strain distribution along
the winding direction and (b) distributions of in-plane shear strain and its x-y component in
the HTS tape region. (Both reproduced from Ref. [2.4.4.29].)

2.4.45 HTS L% =~ U B L 2 A )L DR & B AR BRI

FiRD £ 512, HTS BRIIAEMIZEWERSMREZ AT 5 & & blo, KREmEAERR
FHIBWTII D R @M &2 DTS 720, B8N L=, D% T
JEUFICESTZ DT HHERIIMBD TRWEHIFFTE S, L LRns, Z0kH7
WHIZBNTH, v 7Ry hOFRE AT MIZHALHAE L TBLMLERH S, Bl
WD~ 7%y FREFCIL AP Z W R#E S 2T A2 Bat L TR 254 8 T&E
Y AT L) AIZIBRBEN TS, 2 Tlik, AMNBIRPUC L 2 EREEEREEZ R D 5
72, BEROFR Yy NARy MREZFHET 2, ZOMEDZHIc, 22T, Burk
. BLO, 1RO OO &2 HW 5,

Y o R ITHEAT TIECEROEE BRI 0B LTk k- TH 26N 5,
7o (TS =TI (1)
ERITBNT, y 1TEROEE, C, IXLEL, T IXIRE, po ITEXEILE, J 1TERE
ECThDb, 22T, MEEZMELT D720, BIROBEEM & L THIZEM DI %EE
BL., A7 VAV Y7y MIEHT 5, BLIRD STARS ERDRFHCIX, et
MERAT VAT ¥y ORBIZESHMER N A > TND, ZUIEVERE L THH D
REM 720, IMUD AT U LAY Y 7y N OBINEITSEREICIIME 2 700, BRI
SFUREEIZET 5 CToOM, BMEERD 2 b HRRET HTS M Z2 s b7 ThHh D
D, ZOHTCIXE O HTS S IEBRREIFIC 2RI FAREIREBICEE T 5 b O
EARET D, BAEWNERFE I BV CEARO B FE IXAHIE Jy D SR ES s 12X - T
WRAD XS IZHRBET 5,

J(t)=Jget7.

B DTN AL > TERNRER T 205 bR T 2 08, S0 ESIPRIC OV TR
B EIC12TIC T 4 v 7 AL TCHKIEEIZBWTRD 5, SORKIESIRIEIL 20K LA
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Figure 2.4.4.9 Relationship between the time constant and hot-spot temperature during an
emergency discharging process for the FFHR-d1 HTS STARS conductor with a zero-
dimensional analysis. Only the copper stabilizer is included. When the time constant is 30 s,
the hot-spot temperature becomes ~190 K. (Reproduced from Ref. [2.4.4.26].)
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Figure 2.4.4.10 One-dimensional FEM calculation results for temporal evolutions of the
temperature, current, and voltage of the HTS STARS conductor. For (a) and (c), the electrical
insulation is assumed not to work as thermal insulation, whereas for (b) and (d) it works. The
quench detection voltage is 200 mV for (a), (b), and 100 mV for (c¢), (d). In all cases, a
disturbance energy of 1.8 kJ is assumed to be injected for both cases.
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’I. Helium Gas Outlet
L <=\ |

| Helium Gas Inlet

Figure 2.4.4.11 Schematic illustration of the entire flow of helium gas. The inlets and outlets
are placed at ten sections at the bottom and top locations of the helical coils, respectively,

both at the outer region in the helical coil package cross-section. (Reproduced from Ref.
[2.4.4.26].)
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Figure 2.4.4.12 Example of the 1D numerical analysis of the temperature and pressure
variations along a cooling channel formed by conductors in the helical coil package. The inlet
temperature is 10 K and the inlet pressure is 200 kPa. The equivalent diameter is 4.4 mm and
the path length is 17.6 m. A nuclear heating of 500 W/m? is assumed along the cooling path.
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a) direct or forced flow b) indirect cooling
Fig.2.5.1.1 Cooling paths: 1 to 6 in direct or forced flow cooling and indirect cooling
conductors. Light blue shows coolant. e is a conductor with heat generation.
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Figure 2.5.2.1 SHe circulation cooling system.
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Figure 2.5.2.2 Pool boiling magnet system with recondenser.
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FOF TR P PE IR O BHARSEFAEE 49 (1985) 157.

[2.5.3.2] fEHENGER T WHEE, HEEE - KBTS K7 v 7] 1088.
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254 BRVAT L
AHiITILFFHR ORB{RE 2 A V& il 5 8EIR S AT LOWRIZ OV THE T 5,

2541 oA )L—EE T

LHD @ X 9 7277 X~ FhRAEE TlE, INHPH ORISR & BB 5 72012, W
Haf VT EICEREER L. TNEN0 3 A VER 2SI RETT 2 BRI A £
AL TWS, ZiUTk LT EIF LR O CIISSEN BRI Rk ST b 137
Thy, EREEO XS ZHBAEISLE TR, TI T, aAVOBREKEEY)ICE
EL, KA NVOEIEERZF—ETIUTTXTOaA LV EESIZL T—HEO®ERIC
T T 5 Z EnTAReEL 0%, X 2.54.1 ICRIGROMER 2 =T, AW Xk - TIIi
BB 2 A NV EWEIEDBET DI HLONRH LN, TXTEEINCTHI LT,
HEBEPHZE L, 2EROBLEEZIK HED ATREERH 5,

RARE 2 A VB E A LT GE 12T, I a A L= L X — 2 SBI fiot +
HHMERD D, B RT & B Y BERHUIXESE NI 8 L CROE L, @5 s
(FHAEA A v FICL DR L TR X, BFERFIIEAAS v FE2RK L TR —lgH
ZIT9. ZOMERIC X 0 HEE LXK 2.5.42 1IR-T X 912, oA L EERFIC LY
ETL. FTEDMELLTICIMAD Z ENA[REL 2 D,

7T A2 HKFIZIET B FICBOW T O MKAEORENLETH S, £ 2T, BKim
FEEH OB 2 A NV Z BN CRLE T AR (IX12.5.4.3) ZRETL T\ 5, AR TO
WY — Bl %X 2544 277, —H, EFaA ABEOERIC L0 EFEISESIC L
7o, WA NVOBEREENSEDZ LT, TEOWEEEZ1T 5,

FFHR D534 T A VI LUK EIEH O 2 A VOB R ED 7=, LHD O
IANBLOEEZFINCE W MEREBRARELZRE L, HEREBERAEOFEER
IR 2541 1T, & 2A VBTG D5 A I IR IR L2 T3 OR BB O IR
ZEELE CHEIET O MLERD Y | 2EROEBEREFEDPRE LD, ZhiZxLTeaaA
S5 5 R CIIBES R O B EE LN EY] 2 A VN THE S, EEBRA~DOF
WRMZ N5, 20D, FEROELEEZEKIMADH I ENTE, 275TICZEBNT
il 4 5.55 m 7205 5.60 m £ TS5 B TBHISE 556, &2 A AMNLER TIEER
BREN25MW LB L 2 A, Faf +flflas LR ETH L TEERE
B 1/8 D 290kW F CTHIH|AIRE/R Z & Z/R LTz (casel), F7o. 0.01%FEE D H LM
BOEBZHRTIIL (Case2). 148kW £ TIRBIL 95 Z & &R~ L7z,

A% 1%, FFHR OSSR AE A NV OFEITLZ IS, AR ZEH T 5 a4 VB XD
RIEME, BEKE IR LB 2 A VO TR, PSSO EB OZRIER X
O ORECICET 2R LETH D,

2.5.4.2 L& 1 BREhEE SR A

ANY B NVENE CIXERBGE I A UV LD EFBSEZRET D, 20, EFiE
BRI | RIS o A VO BRI VIE L SNAEEIL 0.1 VEE THT, ZOEJRT
X, AR KRA U E 7 B2 ATHY, BEMRNZO, EBIROERE R4 0.1 Hz 72
FEICAR § 5 2 EARATRE L 72 4, 0.1 Hz OIEEJE B Cld. M s L ARy w]
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BEL 72D, [X2.545 ICEFEMERZ T, KF, S10D S4TSR TH 5, 8K
BHEMINZE D, 0.1 Hz OR W EARK L, T KR EERICEA L & BiEE
BN X 0AREE L U, #E S o R R I L 0 ERICE BT 5, By —
oA xR 2546 (T, AA v TFEUINIRAREOT — 7 EB L OENIC L D8R
HAEZP Tolz, PHEREBRIERORIE 2 0FH L, FEILE TORREADb), #EAHO
TETLEAFRHI A (c,d) 21TV, FER TCOBRUIVBEL 21T,

AREIRO FERERE SR XA g L OISR CTh 5, BEGRIZ OV TERERGH %
1To7=. JFAEEN 0.1 Hz IRWA, BIED 0.1V W=D, “REEHE 4 tum &
PBEL, REAREE 1T Z28ET 5L, LERSOBITEREIL 0.13 m?, #O~HE
0.3 mx0.6 mx0.6 m 2 TH 0, FEBLARE/2 - HEIZINE > T\ 5,

FEI TR 85I, FRIBEEN 1V K EMEEETHDH 2 &5 22T
0.1 mm FEE CEH, EEBEZEFICEIDHWENAJREL 72D, X 2.5.4.7 | THEMEE S O A
X%, #2542 (CKREROFEAEEZRT,

JE B BRE R S O EEME 2R T DO OERINTEEZIT-oTEBY, ZHIZONT
1. 324 50T 5,

Table 2.5.4.1. Required capacity for power supplies to swing the magnetic axis.
(a) Case of using separated power supplies

Helical ov IS v Total
coils coils coils coils
1.0 MW 100 kW 300 kW 1.1 MW 2.5 MW
(b) Case of using combined coils set and single power supplies
Main Auxiliary Total
coils coils
Case 1 148 kW 143 kW 291 kW
Case 2 4 kW 144 kW 148 kW

Table 3.2.4.1 Specifications of the power supply using mechanical contact switches.

Output : 0.1 V, 100 kA, 0.1 Hz

Primary converter : 50 V, 200 A, 10 kVA

Transformer:
primary winding : 2,000 turn, secondary winding. 4 turn,

Cross section of core : 0.13 m?, core size : 0.13 m?, 0.3 mx0.6 mx0.6 m

Switching device : Piezo driven mechanical contact
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[2.5.4.1] H. Chikaraishi et al., Plasma and Fusion Res.. 7 (2012) 2405051.
[2.5.4.2] H. Chikaraishi et al., IEEE Trans. Appl. Supercond. 89 (2016) 0606204

Bypass switch

V| AN
N

DC power supply B
Wl

N
DC power supply A

Dump l ic
resist. } |
RD1 a Voo o Voo

[I , RD2 RD2 RD2
/

Ha7 Ha8 OVui OVu2 IVu

Ha5 Ha6

Hal Ha2 Ha3 Ha4
Hb1 Hb2 Hb3 Hb4 Hb5 Hbé Hb7 Hb8 OVI1 QVI2 VI

RD1

RD2 RD2 RD2 RD3

RD1: 73mQ, RD2: 146mQ, RD3: 114mQ, RD4: 36mQ,

Figure 2.5.4.1 Circuit diagram of the power supply system which excite all the magnet coils

with a single power supply. (Reproduced from [2.5.4.1].)

j

l
oo/
Vo

Ground potential.
o

Figure 2.5.4.2 Ground voltage when the quench protection works. (Reproduced from [2.5.4.1].)
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IV main coil OV main coil
IV corection O\'/| corection
coil coi

Helical Coil

' . Control PS
. 1
S main PS ;!
T . [
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| I
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| | | | | |
| | | || |
= | Main coil current
3 | BN
3 . ettt
© | - Control | | N |
time coil current
a b ¢ de f

Fig.2.5.4.4 Concept of excitations for main and control coils for FFHR. (Reproduced from
[2.5.4.1])
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100KkA,

12

IGBTSW 500-1 $1  1o0mv 13

(200A,50V) |1 —_ — "

IE 1 - IE !

dc 50V
[\H v2 v3 Y
S4
! W=
RT region Cryogneic s2 Load Coil
- —*  region
Controller

Fig. 2.5.4.5 Circuit diagram using mechanical contact as switching devices. (Reproduced from
[2.5.4.2].)

(a) Operation sequence. (b) Detailed sequence of switches
a begc de f
AN
NN
o
v2 Emil
Control period b . .
(10s) P
| : S1,84 ON | | L
Vi.v2 J:I_:J.I:{LE sl ,
| : :
L 12 R 13
S1 QN | oFr |  on | llOFF : i
| | ! \!
s2 _oFF | oN | orFr I 00| Is1 '
[ DN
SRR I |
V3 ] | L ls2 el
I I

Fig. 2.5.4.6 Operation sequence of a power supply using mechanical contact as switching
devices. (Reproduced from [2.5.4.2].)

Drive of Piezo

piezo act. ATLALALALAANANANANANY actuater

(150%) AT 500mm
Conductor /Mm

Isolator

-

Fig. 2.5.4.7 Conceptual design of mechanical contact driven by piezo electric driver.
(Reproduced from [2.5.4.2].)
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255 EREHE AT L

RIS > A7 A1, FFHR-d1 KR BE 2 A )VICERE MG T 272012, B
RERE aA NEBRIES TH D, ZHIZOWTHRFEITIICHTZ0 Bk LHD &
ITER TERA SN TND T AT AMIHOWTHIIEZ £ &, £ 225 FFHR-d1 H & LT
HE S NDEIMAE T AT DO IEAERIZ OV TRER T 5,

2551 RRTA LT 44—

LHD TiE, EEARMEOBIEE A )b+ 0B 72T R E L - B EIR O
PRICERY — RZEES, ZZ0OEEARKETII T VXTI ARBEENRT A %
HEX LT D, T2 NAT A U ORENITEEAROMEEZE R ER O FIIFRE S,
ZIMbHBEREaA OO N LUHEREERINL TS, LHD OBEENRT A
> DB A Fig. 2.5.5.1 12, NAT A L ONERREE A Fig. 2.5.52 1T5R7T, NATA
VDEIE55m TH D, LHD THEaA VEROK DL KEWV OV 24 /UIHbHE,
PBNRATA VDEREEILI2 KAIZEAZTNWD, 70 hEATDONRRAT A (
REERITIFEREFRIL) Tl 40kA ZOREBERAZIT-> TRV | EHIRERICR L TR 7%
FEEATDH, LHD TIZZNE TO 17 EDOEIRITBW T, NAT A U NFRIK CTER
ZIEODHE IR N T T MTELS | BERLODEVWEEMEO L L THBR# L T& 7, BERO
WA A TIENHOBREEREZN GO a7 — MEX ) A TESI/E-THD
TV LD BEFEFOBEEZ RN L TWD, Fi2, FEREITESIC X BRE AT
IZEICE - THERIRIEZBIZR L T D, Zha b 21T, 2015 %, —&6. AME=
N — NEORMEEE BT T2,

—7J7. ITER OFEHRMEIE T AT LA TlE, LHD O 7 LV 7 IVBRENRR T A LT
B aAA VTHWNTWA Y —T A var Py NERA EAEIZINT O R Y A0
THHXA—ITFTNRy 7 AFTEIEEEE>TWD, haA Xy (TF) 240
DOFEFMEDN 68 kA Ll b RE L, IRWTHRa A XVREY; (PF) 224 L3D 55kA, Hb
YU AR (CS) =AND 45 KkA, BEGMHIE (CC) A /LD 10 kKA L72> T 5,
ITER D/NAT A 37 LX T NIpEECIEER< 2RI LHD L E<, H30m T
b5, BUHE DWW 1A, BIREEROBG LI, A TORBERELETN,. 2
DIZOWTIEEY 7T v AL 2R T, L ZIRT 5 L 5 E\HEITT-> TV D,
ITER D7 f —H T AT AIEH T 30 Zfid D, TF aA /b &6 UBREERZ
HIED . BCSGIEaA VIS T — X ORAETIT 100 kKA DL E & HERI
T&X%A, ITERDOD TV 4 —H L AT ADFEHESHZF255.1ICF D5,

FFHR-d1 ®» 7 4 —4& & L CLHD L [FEED 7 L X T IVBRE R A T A U E WD,
HDHVE, ITER EFRBEICaALOAH L EARE TH X HIHEENB W, 5% 0
Rat EEIRBMETH D, LHD HONRT AL L OEFIITHEORLV LTI ThD &
EBIZ, KMEOOHLBHEFRIETEDLAY v "B D,

FFHR J OMBAREE R O EHR BRI HAE DR EF Tl 94 KA Th 5, ITER-PF 1A /L
WZHWHINTWD O LR UHEED CIC A% FFHR O 7 4 —X|ZEHAT 5D THN
X, 7 4 —FIZTDHRERFEO RIS EEZ2 N, 100 KA FEE IR EER OB O
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VAT MIRFAEETH D, H L, R EOXRIZOW IO TRETT d 3
N D, —J. FFHR-dl O~ 7 % v Fi%itCld, BiE, SEBEE (HTS) Eika H
W F T a U IER Lo T D, ZOAIE, ANERICIZ LHD Bl 7 L
T INBLEENRZATA WA TROBIRNBE 2 b, ZOGAE., BEENA
TAVICHHTS K Z @A L, ~7 %y hEARATA BT, NV AT A (RE
0K F2E) ZHWemAFXDBESIND, ZO%AE. v 7%y MIMA TR A
NCHBARREN D D08, VEASOE A HTS @BIREXRE T — 7 VORE L LA
rabl, ToMEEzaA Lt b0EHET I ERAREEMESND, £12, 77
AF ALy NNEICaA VOO L EEREIT O I D0 T b Al 72 O E4R
B OASHROMBELRD,

Fig. 2.5.5.1 Bird’s eye view of the superconducting bus-lines for LHD.

Flow

(1 Liquid

(20 Returned Helium
(3)® Vacuum

@

Shield

' Stainless Steel
Stainless Steel Corrugated Tube

Corrugated Tube
® 130mm /b 143mm  SPacer @ 198mm /P 220mm

g Super Insullation

Stainless Steel Corrugated Tube
® 100mm /P 110mm

Super Insullation

Stainless Steel Stainless Steel

Corrugated Tube ~ Corrugated Tube
OOIme P68mm  ©77mm /$85mm

Fig. 2.5.5.2 Structure of the superconducting bus-lines of LHD
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Table 2.5.5.1 Number and rated current of SC feeders in ITER

Coil Name TF Coil | PF Coil | CS Coil | Correction Coil
Rated Current 68 kA | 55kA | 46 kA 10 kA
Number of feeder | 9 pairs | 6 pairs | 6 pairs 9 pairs

2552 wEitV— K

min Y — N, FIRICHRE SN ERER S GEREOBEE a4 LV ERES A v
B —T 2 —ATobbD, 1990 FARIZEFH 4172 LHD Tld, YO8 —7 &2 Az
HOARFRNOERY) — F2AHOLN TS, ERROARRAT A AT TS 12 %f
T, ~U v aAf VHIZEKEG 18 kA, Tm4&wﬂ4w%iﬂkAf%é =
WU — NICER T TR Y O AT 2 8T AR E 2 T 5 2 LI L0 Rinm S &
FE— Eu%oﬁ@ﬁk\%%ulﬁ%lﬂfk@\_ﬂif®§ﬁﬁﬁ%%£ﬁb
7o, Y — RERIEROWEE~Y 7 AOWEEEITIHRK 650 L/h TH D,

—J7. ITER IZi%, 2000 FFRIC A > THFEPEAZEIREEE (HTS) Eit) — R
DHWGIS, HTS #i#f 2 BtV — FO—5IcHW5 = &T @m)—F% L 7= Hi
RIBE~OBUR N EZ RO FAREE G Y — RN & X TH [ N A R AT 1=
?%@\ﬁﬁwiﬁk@ofwéoHmymﬁmuns%m)~ﬁwigﬁﬁﬂﬁf
— X HRK25521RT, BREIE37Im (NAT A DR EGT) T, NATA
>} Y HTS Eiit Y — Ri% Paschen % A h OEXGEZMEE CREFFSN TS (DC 30
kV), HTS #A O @i DOIERE X 65 K TEFHEIT 68 kKA THEITE 5 L HReEt &
TW5b, £, 78 82 A 7O HTS Eit U — RORERTIX, 65K TORFSEIIL 80
KA UL T, 68 kA JEEZTORFIAEIZS0K UL ETH D Z EBNMERENT WD, TR
BT CEMNEIERF O KFFAREM  (Loss of flow accident time) 1% 380 # (BXEHE 400
) Tho7-, HTS &tV — R H LT 5 HTS 7 — 7 #441Z AMSC #t0 Bi-2223
(9 100A OFEA4) T, Slayer X 12stack D 3%V % 18l ( h—# /L 1080 W F]) THE
BRETW5D

BT, EﬁﬁI%@Bmm%ﬁH<mBmaD)iﬂb?~f@fﬂMA@@%%
WMeERo>TWD, 2T, FH ITER @ TF H HTS &t U — K TlX{FEE D DI-BISCCO
ZAERH L, WA E 2 BIRRERD S kGt 2D T b, 25O ITER OER Y
— ROMFFERFE IR & 2 #hilnm@6wAaan BV — FHEAT %2 FFHR ~
HEHARRETH Y, REIEE TRV Ebh s,
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Table 2.5.5.2 Parameters of HTS Current leads of ITER TF coils.

Items Unit Value | Remarks

Rated current kA 68

Temperature at HTS warm end K 65 At operation current 68 kA
Operating temperature margin K <20 AT warm end temp. of 65 K
Joint resistance at 65 K nQQ <10

Joint resistance at 5 K nQQ <2

Loss of flow accident time sec >400 | Carrying full current

Hot spot temperature K <200 | Take 160 K for design
Burnout time from quench S >13 Including 2 s delay
Temperature at HEX warm end K 300 Design for 25 °C

Helium temperature at HEX inlet K 50

Max. helium pressure in HEX MPa 0.6

Max. heat leak at cold end Y 15

Maximum voltage kV 30 Paschen resistant

External magnetic field mT 50
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%o METOFER, A AR — FANZOW TII S FERAREICER A E X, 77 XA<IC
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breeder blankets) proposed in the FFHR-d1 design study to improve the replacement
process significantly. [2.6.9].

Figure 2.62.5 Concept of CARDISTRY-Blanket (CARtridges Divided and InSerTed
RadiallY) proposed in the FFHR-d1 design study to improve both the fabrication process
and replacement process dramatically. [2.6.10].
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Fig. 2.7.2.2 Radial build design of FFHR-d1 at
an early design phase [2.7.2.4].
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Fig. 2.7.2.3 Radial build design of FFHR-d1 at
an early design phase [2.7.2.4].
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Figure 2.7.2.4 Definition of the shape of vacuum vessel on helical coil vertical cross-
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Figure 2.7.2.6 Segmentation of the blanket shape modulation. The shaded area corresponds
to “upper at ¢ = 0 for the formulae which give the shape of blanket at the bottom of helical
coil.
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Figure 2.7.2.7 Fundamental design of the coil support torus structure for the early design
of FFHR-d1.
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Figure 2.7.2.9 Poloidal cross-section of magnetic lines of force, helical and poloidal coils,
vacuum vessel and blanket at (a) ¢ =0, (b) ¢ =n/2, (c) ¢ ==, and (d) ¢ =« 3/2.
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Figure 2.7.2.10 Cross-sectional image of the FFHR-d1A helical coil in the plane
perpendicular to the winding direction.
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Figure 2.7.2.11 Distributions of the magnetic field strength and electromagnetic force

occurring in the FFHR-d1A helical coil at the toroidal angle of 0 degree.
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Figure 2.7.2.12 Distribution of the von Mises stress occurring in the magnet supporting
structure.
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Figure 2.7.2.14 Application of the LHD-type thermal support to FFHR-d1A.
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Figure 2.7.2.15 Outline of the cryostat for FFHR-d1.
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Figure 2.7.2.16 Schematic view of the cryostat and the components of FFHR-d1A.
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Fig. 2.7.3.2-1. Layout of the helical divertor components for FFHR-d1 at two toroidal cross-

sections.
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MTEHA— FMTIZIE, EHOHIE05m, BES SmBEOHKRY 7 N&skiT, A%
Yy ROBATE Z 1m EAREL, XA N—FELKR— MO YRR L &2
NA4Pa i N3Pat95E AANR—EZRELEINOR—EDOBOa L Z 7 2 A%
10,000 m¥s &72%, buaAEZ 1B a Al oNnTIDEIRERT Y v 6
FENDZOT, h—FABRTOa L X7 X 2 AT 10,000 X6 X 10=600,000 m*/s & 7
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L. FREBEB~ET D, FREOa L Z IR A eEZ D, BHNO ZHEKEHN AT
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m’/s DKFRNMAPERITITRETH D EEZXDBND,

2733 BEav T va=v7

BREEIFIZBWT, RFEBRHBAL— R T T A2 b A7 DI12i%, Hrici
RieEZ AL LitkEa T o a = IRNEICR D EEZ BN 5, LHD (2
BWTIEL, KRRBAIBIRSFHIRA TRIC, REX—F 7, o —REEE, fu=+t
—yay%imb EERHAM P X MBS U T O a — BT ¥ 7R3 & 30 L
TW5b, LHDIZBIT 5 7/ 0 —EEIL 20~30A TH 5, LHD DO EZERZRNMIFE H
FEIT AR — bifa@fﬂmmﬁ&®f\§WW%@ T2 5 W 7kl AT 1.6
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FNBEOKFEAUR— R DT Z > v FE—BEO—# & BRI L TR &
THIELEZOLNS,

Al chn=—ra v EREFBEBICLDBEa T v a = I RN
BN E I MIIREITTH DN, D &L EMARKBAKEOEN S EIFRICIX,
P Z2IME T 270l Rhn =Y — g b iEkicsi> & Ebih b, FFHR-
dl TLHD ERREDOR e UEETEKT D DICHBE R VR T o OREIT, BELERmNE
AN 16 512725 & LT, KI400NL & 725,

LHD & FFHR-dl TiE, #EEOREX I LR, RZEERED 7T X< %} BE iR
JEMRELS B D, BEaA NN ~OBR AL 5720, LHD OBEREIL 95 C
THIR XA TW5b, —JF FFHR-dl TliX., 77 %7 v MEREOBEERE N 500 Cxil#x
BHEIRIZ D, IRSFHIRIE TRICEDIREZ E DX A I 7 TEF T ONFEE=
VT4 va=y T EBLEETHY ., AHRORTERETH D,

180



2.7.3.4 UL A S — 2 Kk

FFHR-d1 TiX & A /—% OBAHIL 10MW/m? 2B 2 57-0, mWEBREVERE 2 Fr
DA N—HIEIROPAFMF D ED STV D, £/, LHD BUIEX 2.7.2-16 4 A /3—
A ORBHT 27 77y NOBRMNZT HZ ENARETH D, ZOHEaT 77
RO EFEREFRNZZT 5 Z RN enad, BEEZEHT 52 EBETH
%, bLLFoIcHEFEfR SN TERE CONE, XA N2 EGROFEMERLLT
HLHIZEMTEDLELELEBIT, HIEEELHANA TIHERT L2 bAEE D, £2T
W DX A N — 2 75’ S BITHPEFRF DD 72 AU v a3 A L OEMIf T E T
B¢ 52 ENRESNTNWD, 72720, BHEO LHD BAY DVFETEA~Y L=
ANE KR D IXFHEEM DT DTod, XA N—Z (B L EHEICE))N T Z L3 T
2, ZEZTCHFEEMI CZOX A N—FRELZ AL T 5O DREREEL T
DRRET S NTo, 2 ORBITH L A N—ZBLiE & FETIL, EEeyE & prE 7 RRGHE
BONRETEEZO THRFT LT,

FFHR-d1 (2563 2 47 N oD H i %
fRATIN T Z oy MREFIOF TR I
(2.7 ), F A N\— 2 Rarx EAE T
@éﬂ ’iﬁ“é%arﬁ (dpa/yr)iE. X1 2.7.3.4-

Wt L 9T, REMEICIY 14T
O)ﬂJEa RO TWAHIZ ENbroi,
FFHR-d1 /& b v A ZJ5micx LT
72° TR TH Y Eo, 1 DO~V
J1vaA JLHCL & HC2 11X 36° DT A
b BT, K TILHCL IZHE WA A 73—
B TOHAADHZR LTS, T
b . ZDT T T 36°0Y 7 M
[FHC2 IV o /\%?{L%O)/\%ﬁ ~  at the divertor region as functions of toroidal
2D ZORRIND, AN HLE angle at 3 GW fusion output power [2.7.3.4-
TOHFMEOREIA~Y I/L= AL 1], The locations of HCl-arml, arm2, and
b =7 ZNMNCALIET D HT2V 23KE  toroidal angle ¢are shown in Fig. 2.7.2-16.
<., KT l.6dpalyr THD, ZDHEE

LUV TR, SGe0HITETH
LN, A4 DFF L ODS-Cu % 350 °C T L72%HE T 1dpa RELEZEZHND
[2.7.3.4-2,3], 1> TIFNTHHEESZMEH L 2720121, S 5722 PR ORI

—+ Beside HC1-arm1 |
A —— Beside HC1-arm2 1
10E E

10“2- /‘></
10“E \/Q\

Location on the center of HC1
10—2 outboard‘ - mb?ard - ‘outboard

0 18 36 54 72
Toroidal angle, ¢ (degree)

Irradiation damage (dpa/yr)

2.7.3.4-1. Irradiation damage for a copper

D0, 1AEFLE OSBRI R A G 2 DVEN D D, — FTEERIIR LT
IZ. LHD D 4 KI5 mivd Z A "= L 7|2 L » CREHEBARIIERV & & v

%, FFHR-dl DA TIX, XA =27 > 7 U FORILHEFEIE~70 m? (~90 m &
SO0 mm g4 ARDOL 7 L LT) T, 3GW Tk LY 8§ MW/m? & RAED i
TWoh, LU n, haAg ZVIERPRAEIC X0 BGRRICAE —28 4 T 5[2.7.3.4-
4,5]. 1% 2.7.3.4-3 |% FFHR-d1 (2%} 3 DB IFHEBNZ LV 7> N7V v MNgE T >~ b
L7AER T, WA MR H D 2 ERXbnD, B h—T7 ARNANCHE S I DA E
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2.7.3.4-3. Histogram for footprints of R

and enough room
magnetic field lines entering the divertor
region of the FFHR-d1 [2.7.3.4-5].

zZim)|

(HCl-arml TlX¢=22°, HCl-arm2 T T
Lj:¢ - 500) GC I:O_ 7 75§£E12/LVCI/ \ éo : configiiratian 6 10 14R[m] 18 22 26
DALED A 3= F Fas 1T D 1 2.7.3.4-4. Plan for changing the divertor
O 5Ll EOBGR 245 2 &I
BT, MR XA N—=F T &
FALIPERSNDZ EIZRD, 1

location in the region inboard of the torus.

’l\i%ﬁﬁ%%fﬁ? k /El\j,)_t]_-\ ]\ - ? Z Ij;MEJJ Posture of HC1 .at ¢=36"° / HC2 at ¢=0°
(T DA /= Z LI LB Torus-shaped shell Raz:z:: - T:Jlr radius 3744
BlCRINTSHZ &L 5, // 2 \ Ers

h—F 2 NI T O T BRI & T g \
ARG 57010, A LI | catna A

szffmb IS iﬁf? Yy %\\1‘%3%\‘03{%% a | \ Wining |
AT, X 2.7.3.4-4 (XX A N—H L& \virzi :
PRI ER S LR NN LR e
AENDANY IV af VOEMETE Arm1 and arm2 of HC are removed partially.

) S5 72 OB g 3 A VIR IS

W75y Ol ERT, 20 2.7.3.4-5. Cross section of HC
BEIEOTDIZT~Y hraAf Lo XH  perpendicular to the winding direction and
REYE) D —3 A KX < H10 R < MLBN removed regions of HC arms.
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D RN REE DB U TR Z R T DN ERRAET D72 DI T T VA AERK
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%o BHLE A N—5 D728 DX FELE
WMET IV EK 2.73.4-6 \ZRT, FEEH
MiZAT v L RAZEE LY 7R
200GPa, N7 Y U H 0.3, BB oA L
A3 IX HTS #A51K[2.7.3.4-5,6] & ([ E
LTI 21T o 72, 2 DA OBRME
PEITEARER 53 D YEVE AR IZ & - TH
DAV WMEAE & VN T2 [2.7.3.4-7],

2.7.3.4-7 BN LV BEL
von Mises iz /1D 5347 (a) & 227 & 43 AR
b)TH D, wKIII1E 687 MPa THJ Y
RWT=aA )T — L5450 a—F—T
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L35 LI SMESEEI L TWL B 08,
il 21X ITER THEHINDLI AT LR
#f FM316LNM DO FF%5his 711 700 MPa |2
ELTEBD[2.7.3.4-8). AMEHHEFIS
TR EHNTH D &b s, &K
ZENr T 23.5 mm CI A H Y0 Rz
o TRAELTWD, FYTIVENLR
Mg LN b —F ZANAID 2 A JVIE L
BECEMEIZ12mm T 7 A<vhbiE
IMB B THoT-, TOHETIE~
7T F oy RRFIR I TV D EERRST
IR B T 5 a4 EARIRER > —L
FEOF v v 71X 10 mm & FHISH
%o HME A N—HELE D T8 DK
REEM Y R &2 L DT
NTWnbENnZ 5, T RWZETIZ
X7 7 A~BEZBZEMNEAT 52 En
TE, ZOIRL MRS NTZERIICH A
N—L S ERET DI ENAIREL R
5,

B A N—HFELEIZ L0 PP
N EDRREZLT 5 D% MCNP T
HELEHEE2KX 2.73.4-8 ([TRT, f#
BrclZaA Ty — 2855 % Fr 7217 gl

Support shell

Outer VFC
HC2-arm2

HC1-arm2
HC2-arm1

Inner VFC

Support stay

upport legs

2.7.3.4-6. 3D analytic model of the

modified structure, including support legs and
support stay.
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2.7.3.4-7. Results from structural

analysis calculations: (a) von Mises stress
distribution in the coil-support structure. (b)
Amount of deformation in the coil-support
structure.
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K4 JE & it (liquid metal jets) & AN 72381 L& D 2 1 23— % REVOLVER-D (Reactor-
oriented Effectively VOLumetric VERtical Divertor) Z#£% L T\ % (Fig.2.7.4.1) [2.7.4.1,
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Figure 2.7.4.1 A bird’s eve view of the FFHR-d1 and the REVOLVER-D.
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Table 2.7.4.1 Physical properties of various metal materials.

Ga Li Pb \%% Fe Na
Atom Num. 31 3 82 74 26 11
112 (0.97 %)
114 (0.66 %)
180 (0.12%,  54(5.8 %,
115 (0.34 %) 204 (1.4 %, 1.8>(<1018y) >3'1(X1022 i’
e ZLI0Ty) el 1) sseT3y)
Isot 111187((2‘26282 i;)) 69 (60.11 %) 6 (7.5 %) 2()250(61(;2)(113 )Y) 182 (26.50 %) 56 (91.72 %) 22 (2.602 y)
sotope O % o/") TIEO89 %) TO25%) G oo 0/") 183 (1431 %)  57(22%) 23 (100 %)
59 % %) 184 064 %) 58(0.28 %)
112202(542'6538 0//")) 2201% ((5222‘; ;")) 185(75.1d) 59 (44.503 d)
of () . 6
124 (5.79 %) 186 (28.43 %) 60 (2.6x10°y)
126 (2.3><105 y)
Density @m.p. 6.095 0.512 10.66 17.6 6.98 0.927
(gecm™)
Me'ﬁ(“lg)p"i“t 3029146 453.69 600.61 3695 1811 370.87
B““?%"““‘ 2875 2676 1603 2022 5828 3134 1156
Heat of fusion
m 5.59 3.00 477 353 13.81 2.60
Heat of
vaporization [PIIREL) 254 147.1 179.5 806.7 340 97.42
(kJemol)

Heat capacity [IREXALP] 25.86 24.860 26.650 2427 25.10 28.230
EWRSN  (b, 25°C) (25°C) (25°C) (25°C) (25°C) (25°C) (25°C)
f::lcs:::‘y' 115 270 92.8 208 528 96.1 477

i (0°C) (20°C) (20°C) (20°C) (20°C) (20°C) (20°C)
coTnl(liflrclzzilty 66.8 40.6 84.8 353 173 80.4 142
P (300 K) (00K) (300 K) (300 K) (300 K) (300 K) (300 K)

Thermal

expansion 22.0 12 46 289 45 11.8 71
coefficient [NEY ) (25°C) (25°C) (25°C) (25°C) (25°C) (25°C)
(umemteK-1)
Temp. at
P 1497 1310 797 978 3477 1728 554

Al (~505K) D OERAKED A X ZHKRTHWS (Fig.2.74.2) [2.74.3], XV Kft
RERDIVT T L« ARXEEREEHNDZ LA VELD, BLERE CITMREEO
VR AZXDFEAEEZZTND, ARXEINCETOERTTHY, SRIZA X%
AyFX L7 Y XEEHE R EICASHOYLN TS, TR AR FULDL I
K EMBERINIEOLE LW & 80D L D IZHRWEER 2N & Bk 2 2 RAaMEWZ
. R EBLEBERBHMTH D, ARXKOEOMOVEREE B EHER OMPEE %2 Table
27411CF L, ARXOREMARENT 095 x 103 Pass TH Y, KEIFIEFE L TH 5,
B L., BEIIKD 715720 T, BMERENIKR DK 177 & 7325, FmETES1E 500 1,000
K O#iPH T 440540 mN/m T&H ¥ [2.7.4.4]. /K (~73mN/m) OF 7fEREV, 2l
KERERIFRE D CTH D, RS TERL L3V, RIS, A X &2 Tk
FETDHIRT V=N HTEINAEOIFEDN TAXREDIL) & LTHREIZR > TW
%o AL, b7 v @ CEEBIENARETH D LoWELHDH[2.745], BT I v 7
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WZITiFEA AT (T AT ERE
DITAVAITHI 170 [2.7.4.4]) St L
7RNTD[2.7.4.6], VR A X DELE NS
IZ1E SIC-SiC ot T 2 v 7 2 Hw
HREThHDH, 6T, BRIZERFTTT
% &I, BEGT CIREA X &R &
®THICFET I v rigE R EE AN
T MHD JENHEEKZHT 5 Z & NARH
RTHD, ARXDRFEZILS50 TH Y,
CHIEEBERD o Th D, HTER
NEEIESC o D e RITLERNALE %
SEOZ EDRHLATEY, AXT 10
HELORERMAEKEAS T S (£
2.7.4.1), RNLEEFRNKIT 28 FEEDH Y |
N E VB O 13Sn (115.09 H) .
Wmlgn (13.76 H). "mISn (293.1 H) .
12Imign (43.9 4£) | '2Sn (129.2 H) . '®Sn
(9.64 H), '2Sn (23 TH) b5,

FFHR-dl (2B W T 7 T X~ Lok
R mEIMI O = VT ¢ 7 g E T
T ANR—=HIZ[PNH, ZOT)VIT 4
v 7 BIZERERIRN SR E ST, A
N BA\ZHEDS DRI A TR T AU,
ZNO DRI > T+ 577
AwHHEWSEL N TE D (Fig
2.74.3), REVOLVER-D Tl &t 2 X
VXY U—ZHNTINEITY, ¥Y¥ U
— o EmMX E s X VR E % Fig.
274489, 7T R IR -
T ¥ U —WEBICHA L, WREh A g
MORME CTHMEET D, FELHFMH®
KFid, v UV —0RMA2RTHR S
nNd, ¥ U—2kKER—T XMWk
& LTI ANIE, KIS R %

WL TWAHE2I2b /A 25n, Thn
REVOLVER-D @ 4 Hij IZ volumetric

divertor "A > TWHEHTHD, —HK
7Y I & LR VPR B A D
ZoEEE, VI Z XA N—X
(limiter/divertor) & FEA TR BT 5,

1x10°
1x10°
1x10*
1x10™*
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1x10° .
1x10” ?

F
1x10°° ' ' ' '
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Y
B [P [P PR TR [ TR TR TR [P TR R [ TS

Figure 2.7.4.2 The vapor pressure of various
materials of Na, Li, Pb, Ga, Sn, and Fe, as a
function of the temperature.

Shower of molten tin ]

3 | A T T T T T T T 1
2 ( Insert the shower to E
i ¢ | the inboard ergodic layer :
~1F G5 - YN s
Eof K
N 4 b ¢ Plasma heading for the ]
:..L divertor disappears
-2 i Plasma going to
-3 L the outboard-side
9 11 13

also disappears

R (i) g

Figure 2.7.4.3 A schematic view of the
molten tin shower inserted to the inner ergodic
layer.

Figure 2.7.4.4 (left) A bird’s eye view and
(right) a top view of the REVOLVER-D
shower unit.
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Fig. 2.7.44 | /R L= L 91T, BlREA T
XN 28 mm D /) X))V % 2 i 2 72 B
2144 mm ORE % 28 HIF X Ty v U
—~y RELEFS6HD ) LTy
U—% AT HEFE LTS, Ty
T—r~y RiZ b A 2T 6 O
FHNIZIE > TR, ZoHE EIZiEY
¥ U —r~y RZHHD A T ) AR
— kg Tbnd (Fig.2.74.1), A ¥
T RT ETEEORETHZ LT
BVRSFEZ BB CE 5, (HL., #fk
H (SIC-SiC 72 &) OV Z=&EE (7
=74 M7 E) TOAT _EiEE L
D ENEESNDL T NETVX T
—~y R&, EOLHC L TRt
I OWTIERRENE > TV D,
WREROABHRERE WS Z &
TEWABERZFRTE 5, #HlxI,
EZREIF BT~ D v P 1 R G el s 1
ELTHHMRAPED LN TS
IFMIF CiL, IRV F v A HBRmE
DE—4 > MZ1GW/m? DERE—
LRRFF S ND 0, IR F U LD
BN 15-20m/s & E DD, ZZ
Mtz 2% Z &N TEH[2.7.4.7], FFHR-dI
IIEEAE 71 3GW T, 2D 1/5 D 600
MW N7 V7 7 IETEH 5, LHD D&
BE T T X< BT 30 %DE
FHEENBN STV 5[2.74.8],
FFHR-dl THFIZ A XN E 72 ARl CTdH
% &9 IGAIT E ORRE ORI N
HOLMNITABRFT T REHRETH D
723, LLUFClX LHD & FEED 30 %DHE

Sn, T =573K,Q, =168 MW/m’,
¢ =0.028 m, wetted area=¢ x 0.5 m

4000 —, 10°
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Figure 2.7.4.5 The flow velocity dependence of
the temperature increase, AT, and the increased
temperature, 71 = To + AT, and the vapor
pressure at 71, in a molten tin jet of 28 mm
diameter heated by Qdiv = 168 MW/m? at a
wetted area of 0.5 m length. Here, 7o is
assumed to be 573 K.

[{[E
» L

Figure 2.7.4.6 The route of molten tin ow in
the REVOLVER-D.

B ZNTET D, REVOLVER-D DV I ¥ /X A R—=HFEE BT 57T A~EN
HARIL Y ¥ U — ORENEIKT U, eI RGE IR RIS L 0 kD D 3

N5, 2T TIFEA—F—iHi 2175 7=

D OIENEHOEE A 0.5m, H%Z 025m & L,

TV Z 0.125 m? EAET D, v V—IF buA ZVHENC 10 EATONMIAR— b
ICREINDT2D, K2 v U —0O I Tix 600 MW x 70 % /10 /2 / 0.125 m* = 168
MW/m?> OERER AT 5D Z L2 b, ZO&RMEZHAWT, Fig. 2.7.44 (2R L7289
7RERE 28 mm DOFEFRIZIIT DIRERINN & A XKL DBk A7 2 5HE L=/ R %
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Fig.2.7.4.5 12”83, 22T, ARDLEL
& LT 250 (kg K)& T, Wit % 3.5
m/s LEETBHZ LT, AXAKIEIT
0.002Pa LA NIz 2 bivd, T, #%
W95 PR AE 10 B HETE S D KRR
NART A DHELIE T 1.3 Pa & DD EA~
U LADOHERIES 0.05Pa &R TH+
IR, Fig. 2.7.4.5 (R L7=oiIvibi
E—JIBETHDLN, £AR— b 56 A,
560 AR DYRFEL A RMEFE AT 600 MW
x70% =420 MW Z51F % LB 2 255
ONEEJFRERINIFI 200K L7205, Zh
W, BE R EIC 7 = 7 A M FS2H % A
WD ENRARETH D EFRIEFIC, XA N
— X TRELEBRZ XL —IZLDH
BEITH) Z BB 2 LN DRI
Lo TW5D,

EAL 28 mm, itk 3.5 m/s O A XVE i
1 K- OEEjEIT 15. 1 kg/ls Th
D . 560 AR DUELA AMEFE AR TIER 3
TN E e D, BARDEHEIEGF b
AU TlE, 5,100ton/h ®F ~ VU 7 A
Ry 7 3 AEPHOLERLTWSD,
REVOLVER-D Tl 3,000 ton/h & A &
Ko7 10 EEHWSZ L2 HET D
2T AU DFERENS 4y FEHR
AIREZRHIPHIS L & 2 Hivd, Fig.2.7.4.6
(YRR A X DR 2ok LTz, TR A K13
KD ANPSNETT LT 7y ME
IZHEI Do Z ORI T 2 Wi 4y
FNZ DWW TITRIE EFEMIZIR R 25 23 K
ReRAR Ly 7 HE T 2 TEDOREEF
ODERICIE 5 T FREE OO EEMSME
ET 570, BiRBREEARP.L Y L
4 K (High-Temperature Superconductor
Center Solenoid, HTS-CS) T X 2 ®é5 &
WMEITH, A L= XK oz, BEICIE
SiIC-SiIC72 XDt 7 I v 7iifxE % 7 —

10 T T T T T rfy T

0.1 r inner diam. {m})

4 F T T T 3 T T T ]
L v {m/s) [—I % 3
2 1 ) s : N A

4000 ' 1 1 1 e r
2000 mass fiow rate p ]
0 L (tomlfh) . . . . / . ]
0 5 10 15 20 25 30 35 40

L (m)

Figure 2.7.4.7 Main parameters of the molten
tin channel in the REVOLVER-D, where the
radial position, R (m), the height, Z (m), the
inner diameter of the duct in m, the flow
velocity, v (m/s), and the mass flow rate in
ton/h are shown from top to bottom. The
abscissa is the channel length.

..'.

N
maze neutrony™
shield

-
moleculalf_?)
pump ==

Figure 2.7.4.8 Typical routes of the exhaust gas
from the molten tin shower, through the maze
neutron shield, to the cryopump in the 80 K
radiation shield or the turbo molecular pumps in
the bottom.

TA N7 EO&REE CHiTR L ERE MWD, Fig 2.7.4.7 IZIXEREA X O
PLESCTEIEe EORFENRT A —EZRNELOHTH S, FIKIE, KREIZBIT R0 &
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X U—HTOWE 3.5 mis HH X, HERENKREEARTELRDLLIICEHEHEL
THELNTELDOTHD, ZOL I RIKATENBRRE PR T IO REL Y 21T
ARG AT 1.2 MPa FREE, Z MW MHD J£ /748212 02 MPa LA F, Ao
BT 1087 23 URKRTS55 MW BEE WO FERNME LI TWD, BUE DN EIREE
Th b E Liza, MHD JE K NREMICHE KT 5720, 211 KIL 70 MPa %
Bz, RU7EHINE3T0MW BE L 725, 1E- T, HEEIINETH D,

REVOLVER-D (Zi%, # A =% L LTEWERRENIEZHTHZ b ERIND,
Fig. 2.7.4.8 |Z REVOLVER-D (25T D HEXR B OMIE AR LTz, % U—ECARK
S AV W T A TR A S O HR e s (B A EB) 2B Y . HTS-CS ZWNEBICA
THHLEZEREN~NEEAIND, FHETZ2O—EIEE S 1 m RE O HTS-CS =2 A
NORRE (X BE) Ziim L, FLEZERGHN EHO 80 K #FH T — /L R T EN
-7 A AR THEBIZANY, £ TY
TAFTNENVIRESND, FHETAD
Ho—HiEX, RITVE S 1 m RO HTS-
CS = A /LD (M CH#B) Z i L,
FLDEZEREN T HICERBE SN D X —R
TR TTHREND,

T IA LRI X HPERITHON
TEE$ %, Fig. 2748 IZBT5H A #D
PRI PR ERA L Y B D HTS-
CSaANDa Xy 2 R E, ROME
WED L H T B A Creetangular (M) D I,
ZHW TR TZ %,

300na?h?,/T/293 .

rectangular (a+ b)L, M /29 Figure 2.7.4.9 Cryopanel units.

ZZ T n, a(m), b(m), L(m) [FZNZ
W HHefee S 405 AT O ¥, HIBE O
Mg, @S, RS THY ., TK) 137 AU,
MIHADGFETHD, AFKD B
DAL HZ A Ca KO CelE, ENE
v (m,a,b, L, T, M)=(10,1.6 m, 0.86 m, 6.0
m, 293 K, 5) KT (10,1.0 m, 0.7 m, 1.8 m,
80 K, 5) MW T, Ca~930 m¥s XX Cs
~600 m/s LEHR S, 2D & EIHEER
Lz s 27 %2 A% 365 m¥fs & 72
B U5 A FE LTI DA T Figure 2.7.4.10 The turbo molecular pump
. - - o assembly. Black TMPs are those for the
ks j/.bé A0 o7 7{ ?__/\Z\ﬂ/;: HTS—CSycryostat.
v I~ (Fig.2.7.4.9) \ZKBRNAES 1% B
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HEIED, =007 TA A/ K=y hORAEIL 20 m? FLE L 35, HALERY
720 OPEREE, ref. [2.7.49]% 552 88 m/s/m? ERETIUE, 7 T A A% 1D
B0 OPERGEE X 1,760 m’/s & 725, BLERETIX, BT 5L 51, 10D T A
FRFva=y MERFFCHWS Z L1383, 1 ETOBELTHERT S Z L2 8E
LTW5b, #oT. ZIA TR TV AT AR TOEDIEZEE L, IT RO
Cak CROBERA XTI H A 365m’ls & VT, 1/(1/365 + 1/1,760) ~ 300 m*/s & 73
Zaxs

DT BZRASONZ K VAR SN D ~NY U LAIREZPRT D720, FLEZERE TS
34 —ARgFRr 7=y b (Fig.2.74.10) &&XT 5, Z—ARpFRT—EHY
DKFE/~V T LPERGHE & LT, ULVAC 10> TM-6300FH #1240 5 m%/s Z{lE T
Do A—RR TR TE, PLEERBTHICEHBESES 0N 11 &, HEi% 0.3 m,
FE&07m OMEEE2N L THERTLLON 15 B0 26HBET D5, ZOF—RAT
Ry 7 o=y hOERDPXEELZ BELDICH70, ROHBGEDa X7 XA
Ceylinder (m*/s) D& HW 5,

121Kd3,/T /293

LJM/29

Ccylinder =

L. K. d (m). L (m) (ZIZNENENIEDOEHEOMEMSE, MEEORE., &3,
FE&, TEK) XHHETAORE, MIZHFETAOSTETH D, (K d, L, T, M)=(0.36,
03m,0.7m,293K,5) & LT, FHEEDa L X7 X AT 40ms 720, Z—R45y
TRy T 2=y FRIERTORDPEZIEEIL 11 x5+ 15/ (1/4.0 + 1/5) ~88 mi/s L FHHE &
b, ZZTIEHEEDOZD, KEBRNMNEEASY 7 AOPERGEE IR T & LTI,

A 713 GW OBAIF CliE, BH7-0 3 x 107/ ((3.52 + 14.06) x 10° x 1.6 x
1019~ 1.07 x 10*! [FIOFE/AKFE-—EAKFE (DT) EEEDBET D, LT TIIRELY A
2B 5 DT OFEIEZE 50%-50%& 35, BREENHZ 1 % ARETIUX, BHZY
2.14 x 103 {H D DT BREID DS 1.07 x 102MHO~Y o ARNERESD Z ik s, Eil

(25 C) ITHBET T, DT BB OB BT ~440 Pa-m’/s, ~ U 7 LK DO FREERIT ~4.4
Pam’/s &72%, DT BREIOREKS EIZRBENRITIKIET 2 O CIEMEZRFEAMIZEE Ly 23,
LLF OFEHT I H O 728 500 Pam’/s IZHE—7 5, ZiuiX 1 g/s © DT BREHiRG &EIC
FIY3 2%, EFEEMAEFICBOTEL, DT BREHIEHE L7272, ~U U A RITRAE
LB T2TdERTDOMEND D, 7V ITA TR T X —RGFRTIZED DT A
DY X 300 + 88 =388 mi/s, ¥ — Ry 72K D He W ADHEZGHE L 88
m’/s 72 DT, ZNENOPERIEIILEIRHLLF T DT U A 1.3 Pa, He A7 0.05 Pa
AR

BRGIFNTY A 3R 72056, ML RL2DIZ=FAKFEORFETH
%o WREDBENG, BRAIF ORERBNICEIT 5 ZBHRKRRFEFEIITHIRSFRE S
N0 LTINS, Bl ITER TiE, BEZERIN —EHKBRFFEOHIFRED 1
kg EREINTBY, ZOND 120 g BN FA AR FICRFEIND EEZHNT
W5[2.7.4.10], ETHE L2 X 912, FFHR-d1 TiX 1 g/s ® DT BB 24045, 1E-
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(a) (b)

FFHR-d1-TW, R,,/R=3.6/3.9, B, FFHR-d1-TW, R, /R.=3.6/3.9, B,

OBA WON =2 O =2 NWHA~OO”
magnetic field strength [T]
OB WON =2 O =2 NWH~EOO”
magnetic field strength [T]

FFHR-d1-TW w/CS (adjusted), Ry/R;=3.6/39, B,

B WN 2O =2 NWwbsEoO
magnetic field strength [T]
OB WOWN 2O =2 NWwWbHEOO
magnetic field strength [T]

0 4 8 12 16 20 24
R[m] R[m]

Figure 2.7.4.11 Profiles of the magnetic field strength of (a) the radial field, B, (b) the toroidal
field, B, (c) the vertical field, B,, without TS-CS and (d) the B, with HTS-CS. In each figure,
schematics of molten tin channel and shower together with the Poincare plot of horizontally
elongated magnetic surfaces are also shown.

T, —HEHAFIT06gs THAIND Z LIl d, BRI/ DD, ZANETr 7
A TR T THR IS &ETHUE, 1,000 @ODE%T 600 g D =FKFENT T A A
FINIRESND Z 21T, ZHITITER THESNTWNWD T T AR T ~D=
BKBEWAERED SHFICHYT L Z LICEREPMETH D, (B, BZERaH —BEEE
75 ITER TIiE 200CFLELL T CTH D DK L, RS Tk 500°CLL L L 7257, %
—BE~OWAE BEIIHYG IR SN D EHEFTE B[2.74.11], 7 T4 7@\‘7\/»;: v |
T 10 EHET D, ZHOITEFERHCIIFRH R 0 BEFICREINTERY
T2 80 K #gH v — /L FNIZEA L CTHER W AHPICERET 5, 7 747?%2\»;%9
MZIE 1,000 #2 O ZFE T 600 g D =FH/KEBPWAE S b, FEBAMIIZZhE ERE L
TaREFIZ %I%L ROV T A AR V= bEEAT, BlE BT T A4
NP = MM, é)ﬁ”’g?\]fﬂ{ﬁbfﬂ( FFENCIREBES 5, Z OB, &@RE I
EHRONY T LAH A E S8 AL CHIBRZHBI T2 Z L LRETH 5, FRMEEE T
%, BOMHAI L THFEZEZ D, MO IO I T A4 A/ _3Fxva2=y FRBEHL TS
KEf, Z OBIDGE T 9,000 #2 = 2 K[ 30 5%, Z OFIETEEE BmAICHW S
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ZENTED, b LAIRNEE S FmEN
30 B CET TE A bIX, BERMAZ
200 FUITHED B = L THEZEREN ZHK
FRHEL 120 g ICETEREBTAZ L
FRETH D, HL., 7 T4 A /32 =

v hO ETENCEESN e — X2 o
EAPE N E 2T 258, BRI
WL 2% s — XD FmICH
BERLE L 725, FZ X FFERF 1,000
B o%4.10,000 B2 2 [BEIEET 2 DT,
1AEFEI B 3,000 J5FD o8 & & i
T HEMERIET 6,000 [RIFLE CHE T,
BRI & 15 12 Lf:%é\blﬁiibﬁ?lﬁ@ﬁ Figure 2.7.4.12 An imaginary circuit where
MSED 3 TR L 785, —MELiEES the ion saturation current is flowing through
7 —X1215 100 BEIL EOBELRMEZH  the molten tin jet.
THLDOLH LN, EREFEDORE T T
BB OEBERMEZRIETE 2008 9 NXEB TRV,

W CIAD R A CIRIEEBE VW2 546. KRKOEIIKS TH 5, Fig
2.7.4.11 |Z FFFHR-d1 OREE Wiz &2 517 D Ba5 8 E 43 4f & 71~ 9°, Fig.2.7.4.11(a) (2
RLTZE DI, WA XORBATIER ~ 7 m OWAIR 0 A Z v oA VTR 3 T
FEE DR TTABSGE N 5, L LRN D Z OBITIHRN & AT TH D120, i
KERMEIZRWEEZ BN D, Fig 2.7.4.11(b) (TR LTz b oA ZVESIX, LA
AORBETIIMNREr THL 0, MIRN T T A~ LT 500 TIX 15 TREL
%o 7T A IPOEPRICERARAIAT & ZD hr A XV E O AEERIZL 5
Tr— LY T4 —ARRAEL, BMEDRKEREF T o b algtEtnd s, 22
TR—L Y 74— R K DEROMMNY ZHEET S8, Fig. 2.7.4.12 177 L9
7RI A E 2 D, TREA ZAVEROBERESUIIEF L ERESERIL 107Qm O
— =), FIZIXER28mm, ES ImA2blE02mQBEETHS, HLIIUTIV D
WALZED MDD L THUX, SkA OB D Z L1272 %, REVOLVER-D Tix=
NAT 4y T HEBICTEMA XY =y MEFAT 505, Fig. 2.74.12 (R L7z X 9ilc=
NVTT o 7 FEBNER T b /N EBRALE S B2 5501, BB ART v v VDRI DY
ZIEET 5720, FOBEMAIZL Y EBIRBIESER I NG, AL, ZO%HAOE)
FIx7 7 X~Th v, BRORKNEIZA A BMERICE->THIREND LD EEZ
D, BAERE S(mA)BH 7= DA A faFEREE /S (kA/m?) (IR THZ b
Do

Lot 1 kT 1
5o = texp ()

ZZTne (10 m3), mi(kg). kTJe (eV) ITZNENETEE, A4V EE, EEE
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THO., B2 DT 77 A~DBRAITE B
2.5 LR,

%(kA/mz)~6.0 ne(10'° m~3)/T,(eV)

&g L TE D, AREAPFEICIBW T, Rl
ARXMEFNZEBIT BT T AFENHOES S &
0.5m, REAFEHZ 168 MW/m? & 34t L 72,
B EEZ 4 x 10° m3, BB HEEZ 100 eV
ETIUXA A AR BT L 240 kA/m?
Y BURHRIE Pav MW/M?) = 7 x IS
(kA/m?) x T (eV) /1,000 = 168 MW/m? & 72 5,
BL, i CTHDHE S 0.5m OFPHCTE
BEKOEFRELET I THAIND,
Z DI KEEE N BRI AIVIAT & 135
Z BV, ZZ CIEFig. 2.7.4.12 (TR LT2L 9D
12, =S 0.1 m O CTHRARA A &
BEE N TRAVIATL, TR WD B2 Z
AU 0.25 m (2> THRNIZRIZT T Av~ &
WM T D EWNHIRIEERE L TEXD, A
Z AR DKE % 0.03 m & THUTHRKRA A
EFNEETTIL T20A L7220 | MR A BT
[ > THIAN D BHRMEIEZE NN D77, Figure 2.7.4.13 A bird’s eye view of the
BiH 360A E725, 2 2 CIARE A XWEFEIZE  central vacuum vessel and the HTS-CS.
TA5ES 0.03m OERIH e—L Y7

d—AEBEZTHhD, BHMEE LT =—

DFEBIZ X > THEZR S, BIRHEE 35m/s DL TWD EIRET D, EA 0.03 m,
£ L=003m, HS m=0.148 kg DIFFA XYL B=15T O hu A XAWSGT % v
=35m/sO—EHETHETFLTEYD, ZiUZ =360 A DEFRIPEEYS & TEIZHRILD
B, WA XS F=ILB =162 N Ou—L YV 7 +— R %%\ F, ZOES A
KRBT D, FENE Z=+0.25~0m OHFPH TIX B\ & OEHR HND, &
DFEIL & VAR A XS @2 DT D REIL t=0.25/3.5~0.071s THDHN D,
KBTI OENEIL (12) (F/im) 2 ~28cm & HEL bND, TDETFD Z=0~-0.25
m TIX R A& OB VEAL, KPEREF MM E 2 28em BNL I H L7720, FEARMITIE
FH0SmEET LB TILOMESNREDS EBEZXDBND, &EZAN28cm &) B
MR RENWTD, Wb BRNNE L5, Figure 2.7.4.12 O HHEAESND K9
12, IRANA XIEFEOREEE N 28 em bR D &, VI X /XA NR—Z|ZL>THEIN
577 A<ER (PO Lo bAMICRROHE LT LE 9, 7T XA~EROIMI
TIEA AU fafERIIEr 725D T, 2620 —L Y 7 4+ —RFFAE LR,

e st LS}

oy m—
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6 T | T T 6 T T T T
FFHR-d1-TWwo/ CS FFHR-d1-TWwo/ CS
4 - - 4 -
2 - 2 faes -
- - p =
E ot . E o+ B
N N / /673
s T 2 //
2+ . 2t =, - -
4 | - 4+ i
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6 l I l ! 6 l L L
10 12 14 16 18 20 10 12 14 16 18 20
R[m] R[m]

Figure 2.7.4.14 Comparison of the magnetic surfaces (upper half) without and (lower half) with
HTS-CS at the (left) vertically and (right) horizontally elongated cross-sections. Each of the
arrows denotes the magnetic axis position.

D WVITERNERT 2 Y VI > T2 A b ERIIHEN 2L 725, KR, W
ARMEFRD AR D & LT T T AERIZH I EZAET, EWVWH 2 &IiTRrb,
28 cm &9 K EId Fig. 2.7.4.4 7 ZNVEERKIZEBWT ) AvE 2 O 588 DE
PE2OMITHYT 5, ZOXITKRELS N DA, OB H BEBERE L % bl 5 5l
DOEFREERTHI L TREND, AL, ERAEHNR > THLEZEONHTOF = — 2
B LTI A=z s 2 T uIRER Y, COREOHNAVIZKL, ED X5k
F == THIUXBEHE S Z ENTE 2020 T, BXET LV OEH & 20 ER
WX DEEDRSBMETH D, VIX A N—ZEHATHZ L LA XHR A
Wb U CHERBR A MR SEARZ LD 2 ODHFICLY , 2V IF 4 v ZfEkD 5
A PR EIE i, A A U EFERSMEET 5, 2y — 7 B8Am oL r—L Y
7 = AMEWOWFIZX LA TH Y, REBRERT-D, 0L 5% E BN Tl %
ITOREDRD D,

B\ RERS A (Fig. 2.7.4.11(c)) THHM, I I TIHFFICHKERAR 70X
— Ry FR L T HEET D PEOEE P OEICHB T 5T RRE & FEFITHVL 2 & 23R
BEL 2%, Ry T2 HTAREICT 5 72 DICIIEROERR 21T 9 Z L LB TH H0N, #
FBEHEE LD 3T LA ETh D & 9 2R BHIAAE L 722V, £ D72, Fig.2.7.4.13 1
AT R D IEEE LI EERSR LR, EONBICEIREEEERFLY L A R
(HTS-CS) #MliE L TSR AITS 2 & & Ln, FOELERBIIAKREZE R &
EfE9 5, HTS-CS O EZERER (7 TAF AKX v ) ITHLEERRZONEIZH
HIENWHEENMLETHDL, NN af R X NVafVvny 44 AKXy k
IR BEZEREZOMUN S D DTk L, HTS-CS D7 T A A A X NI U F 7 LR
A YRNICIET D Z SR D720, FD AT F 0 AFIEHICINEE & 72 5, Figure
2.7.4.11(d) IZ HTS-CS % W\ THUL IR OWEKIERK 21T - 72356 O BB 46 7 o
L7-, HTS-CS OlEER L MIES 5 Z & T, HTS-CS WEI DG % 0.5T FRELL T IT
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KR T& 2, IRIKEBAR L 708 —ROA Ry T 2ME T 5 72 O IE TSR E 4
B L, MBEEFEELL T E T2 0ERH DM, ZORE THNITIREE S—~ 1 A 7
ENZ & D — 7 B ER S+ FTHE T d D, HTS-CS D 7° 7 X< P UiA O IT %
T HREIX, BEKEh 7 &V S THN S, Figure2.7.4.14 121X HTS-CS N W5
EBDHA OREERH L OBEREICK T 2R T b VR E R L COR LT, K,
RENTR EN D BEKEINLE D HTS-CS A Y OGAIZ 144 m 5 14.5 m ~ & & TFMAl
N7 RLTWAZ ERDND, ZIUEXLHD O%&TE 21X 3.60m 7205 3.63m ~D
7 MExHET 5, T ORE THIVUIBKENLE % el R 2 & I3l O E=E S
WTH+HAAETH D,

PL b, BidE& DR IR4E I8 2 A N —% T2 REVOLVER-D DAEHE % Fi8H L 7=,
REVOLVER-D Tid, EE3 cm 2, JitiH 3.5 m/s FRJE ORI A Mg 207~ T v
T—ZLlebD% b= ANAOZ NV IT 4 v VBRI A L, ~U IV Z A N—H
NEFHET DT T A EZHERSIED Y I ¥ /L AN—2 L L THIEESE D, KIKEE
N T RORNE =Ry R o T I@mIREEEERF LY L ) A R CRAE R S A7 2
EHODEICALE S D, ZHUCE Y | BIRERIEKE 2 &Ell LR 7 ) & H&/Me
T 5 LRIFFIC, @mWHER a v &7 X o A L@ ok EERMEREDN S H v D, REVOLVER-
DIZEoT, BEREIFOX A N—ZIZERINDEWEEME, @EUWRSFIE, D7k

SYERETEM R, MR HRRMERE. MW BVETTEREZ . [RIRFICEELT 2 2 LS ATEE
2%,
BE 3R
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2.7.5 ERRSF
2751 =

10 2L EORGEM - EHIF 2 B
f&9- FFHR Ti&, EMHR 20T mkR
(K IFNEREE O 2 RO
Mo %, BUEDIEE L LN TRE &
WIEEWBHTREREE TH 5 Z &L TH
D, A~DZEMEE NI BLEND b 1E
PRAEEIC L DRTIERR DB ETH D,
HAE D P /5 R T, BEICHR
B 0 78 A T R IR VR L B VR Figure 2.7.5.1 Vehicle-type manipulator to be
BRI B AL TN 2 78 3 AR % HR AL used in ITER [2.7.5.6].
L TRV ([ CEEM > THEEHO -
— 7 NVEFAT DR NN T
W5[2.7.5.1], ZHUSH LEBATF TIlE% o v R—3 0 FOBIRPERET, »hofkE
Moo, WA DERRSTTENLETH S, BUE, FEIERRTIEREZ AT
LA 7T A~ EREEE X JET[2.7.5.2] AT, 2T 7T X< xtfBEc~NY U
LEMHL TSR, XUV UL CANOEEEZY#T D52 ENERMATH S,
Z Ofli, Tore Supra |[Z31F 2 BN TOEER[2.7.5.3]13% 5, ITER TERY U U A
ST EmBEH L L~V B K OVE B A DVERNMEDOBLE N D K0 % < O=ERTE
¥EDVEENET 5[2.7.54],

E—SI-7=EailL—4

Table 2.7.5.1 Classification of the maintenance works planned in ITER [2.7.5.4].

ITER D& RS ISR HE R=FEAM
N <6M A (&3%#h)
A4 1 SEVIOF | smmma &)
TANIT S vk ~18/E | 2:@8/~1HH
TS ~5[E/20 % | <1HMA
<8 &M (118)

TS5y ED2—IL TEH <3MAU 5

) <2 FE (&%)
954F KT 4E/20% | ~1HhA
RF 777 <5[El/20%F | ~1 A
ECH&CD Y AT L <5[E/20%F | ~1 MR
DSAF Ry, B—
LR BEEa L B 3 TEH
ERB/EII—
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ITER |25 AIRSFREMD VU A N %&F 2.7.5.1 17T, RSFOBEE, LEMEOE
FENS 1307 FRIHEESNTEBY, 20957 5 2 LILEMNASH, 75 X 213K
EHIASHL, 7T A 3IXEBEHEMTOZHIITE SN TN, ZHD T DIRSFY
T UABMEREO L GEINTWD, AR OFE (FFHR, %<2 DEMO) &
ITER TlREEBEMSN:. U b L ~L e ETREENNH 5 7= ITER TOREST
SR ZOEEHAT S Z ERHERY, L, AR FEOa BT N, KB
IR BT DN FIRE Th D, AT T A LIRS T 5 P INEESR D 1 R IR ST
DERXMRELTBY, 7T 7y b, XA NR—=H « X—/F FOLRSF « RSHEE %%
Sl 1L,

2.75.2 ~VU BVIFIZEBIT DimEMRIRSTIZE S 5 AT 6

FFHR TiX, MU~ 7RI AR THEER GRS OMEN G L 0o, 22T &
— MR AR DORREH L D b RE<HLD &L 5. HHFR-d1 Tix=A /L6 L OVE I
OB ENM O, BANREZF IR — MO L O LI Tv=E a2l —
HZEFEA L, h—F ZF5IH 36-72 DR TOVEENEZHERT 5,

#% 2.75.2 |Z ITER & FFHR [T 2 ERFHO ik 274, FFHR HfFARSrEE
ETIX, 777y b, A= loEEY (1 hULE) Z29FR— - BHS
BLHLIBREBEMPBEARR~ =2 L —2B L0 L— i k2 HE. BXOYE
HOSGHTIC ARICBE AR/ NIO B BER Ry SO 2 EOJFHEZ R LT
Wb, ZORE, A— FHOHIX RN —F AR — kL TAH—T Uik e 725, 20
7=, ITER TiddHb =2 o iR — 3> MIF ¥ A7 NI LR U 7 ~JEE S
%73, FFHR TIZEEWERIC b —TF AR— L NOKRIEZ L— b 08 L7z 2
5, 2O =T AKR—IVNTR IR —F FOFEMNLITV, T O%ICERYT
VT ~BEISELIRTHD,

Kz L—3EEY (100 h Ll k) OFEFENAEETH L0, HmRERIEIZ X 58
FEDELERENIRESECH D, BITHEM CO~ = a2 L—2 |2 X 5 EHY O &E &
PRIZ. ITER HICBHR SN B THANIC L 5 L5 10 R TH DA, MEfilE o fH i
) Imm THHD, FEEIY=E a2 L—FR LTV, a VK= MDA T
FUATOBRERBEEBLIOBENIFEICZ L—U RN 2R FELWVWEEZ S, v =
B L—% X h—T A KA 36-72 FEORM TOEEMEE MR T D X 5 EEEZHAR
fEL L. EER—bE2avR—xr bojlsHLosE LTHHAT S,
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Table 2.7.5.2 Comparison of the requirement for remote handing to be applied to
FFHR and ITER (for ITER [2.7.5.4]).

ITER/ZZ v % v b Tifzﬁ g FFHR
PR 500Gy/h
4 7 ~F | 1.4x1.0 3.4x2
1 x0.5m x0.4~0.9m
) 10ton/ffl (v=t"=
12.5ton V*‘?Tﬂﬁf\ﬂﬁ%iﬁﬁf
HE 4.5ton )
¥ 100 b (RK#tr L
— N X B IEWRAT )
(ke 440 54
RSP EE | 1.7(W) 0.7~1.4(W) 7.5(H)
N
(H—
o) | x2.2(H) 2.2(H) 8.5(W)
(m)
i <7 4 '
i j( =4 e L Y% B =
REE T aston (RerRGRE B ) RIE
7 % hk)
8 R (1 1) 8 R (11#)
AZ I8 \ 2 | EEVE I =Yi-N
A2 M B S B A (hod FAFE 1D 6 Nl (2% /n:: /\WLJ:%.’)TEJ%jt@
fH 1) (& T D IR AT HA
24 (EATHL)
10 HEOFEREFIC 1 [\ (2223 H) ;E/ﬁﬁ#ﬁ 10
TR = 7~ =SWER
g + 5 E/EE 10 .Tﬂ/\mé;cté{afﬁjt@
g 6 {4 (FEh) = /ITEIFJTOD%‘Q@
3 /A (ZhListh)
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2.7.5.3 /IMREEEIC L B mIRIRST
HegEhiioRy MIZiE TICERE D5 CTH
WHNTZBNT N, BB ET T N~ -
AU NVIGATHEH T D[RS 5, 72, 8l
EDFNEFEEIIL—F U —27 2 FL LTH
0. FEFRFIHEROSGFT~BET L Z &Nk
Wy NUBAFTIE M~ 7 LD EIFENTELE
NEMETHH2D, RA— FERICERE S -8B ZE
N DM TIIA0THhAH. 2 2 CTHEBEIX
EREOSGIT~BEI L, N7 7 LVOERE SHET D
ZEIZHFIHATEETH 5,

TRt A 0 o LRI ZE I TRUBRGEH 217
St-uRy F&2X2.752 1257, B L=
Ry kT RERTAER 600mm (JE  Figure 2.7.5.3 Walking test of the
250mm) | &b L7kg & B THY | [ (00 o @ LHD-ke vacuum
L ADE a—< ) A REHLUTRE, 72, £8% '
BB BITIBHE R L D Z E N TE D, AEEIL, Z
DOrRy ha3e)E (SUS304 ) BEm TR 4 Al HE
T DR T H oy F X REBFE L, Ihakn
RNy FOREIZEES LB 5 BIKkR7271E%  Figure 2.7.5.4
B, EBIERAEIToT-, 27521207 F k5D A nail-type attachment for the
C TSy F AL bOYEEIC LY EEORAE: O
BWTEBEINAREL 20, T (RH) AT TH R
Ry MIZEMEBEITE A Z LR TETWS (F K 2.7.5.2 TiL, EHIZ
W&, FTEHNENHRTHD, DF D Ry MIROFEIZS S T 5 TRk
L7). £, K 27531277 &9 RBUED LHD 77 X~ HZERZN 2 1545k L7 #h
FEFFOFERT 4 —/L R ECOBBRBR BT > T\ D, 207 0 —/L K ETiE, #ifE
PEDWSET X F A 2 MINFEDZHRPEIZ LY BEO I IZZBAICHE)IG L, 28 LT
FEITH 2 LB LTV D[2.7.5.6], — T, ¥ROZ LN G, WEINTEERIO
ROLNIIEFET D72, KM SNUKFELR2WIRE NS L WIZF hE b o727
2y F A NOBRBERRDOND, EREOT T XA IEETWET # v F A FOffH
ITEE LW E b a0y, REBRIZER CTIZu R v MHOMBEE > ORE S L < (kI
FHIET, Bl THZ G 05T CHIOW S, MAE N AIREThH H Z & & 56k L 7=, FFHR
78 EDJFRYFRR OIFCIE, KL 7 = 7 A M7 s mBE B S 45 RTEEME:
b LA EER LIS H 5,

HIED LHD 7T A~EZERBNO LI R 2 A NVNHEINTWAHLGEEZRE L.
TRIDOT 2o F A FEBE LTS, 2L, 777 v NEORBIZINE D A
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FETHRIELZ T 20D THS, ITERETH 3 R—x FOSERGE)IFFIEL.
FIEEBERRN BT HT-DICHEHONROMLERNH D720, 777 v MO
I NE W 0 A E 8 TR 2 R LB BT 5 FIE B RFTOMIER & 5,

IO ARy b EIIRNC, AAEEEDOZHA e Ry hOREFZIZLHTNWE (K
2.75.5), L, BEOER aR Yy FOAMAEDE Y 2R e Ry b E L THEEL
SNHLDOTHSH, BIEZX, 1HimpounRy hE8EELTRY ., BifE, 8#Eke, =
Ry MRS D=y FOHHMLAERFL T\ 5 [2.7.5.11],

AStkOFEE LT, /MERBRTFE R Y MZOWT, &5 5 Al 2 1B IZ A
RN D, FEHMEORKG, BB EIT>TVD, LNLAERL, BIEDLZ A, R
v NAKORGEIZEH LTeBit oA TH S, EEEICIE, =Ry hoBEREE, ai
v MNEAOF#REA, vy NAYOBIERZE - BEEREORELH Y, £/, T
5OMBENR R Y OB ERFRMLETH D,

2.75.4 ZOfth, PRSFICBET 2 BEEE
SR 7R SR AR BR BE T CENMET B 72012, ITER I 7B TIZE—Z D U — R
RWHDOBBE R EMThbNTET-, #2752 ICITER TOHFERLZH L7-, FFHR
TIE T 7 A EmRE ORI kGy/s & AL O TWDH[2.758]03, AT F v
ABFOREIRSL, T T AEILND AT F U RZEDLE TORBRFMZEDO REL Y
XIS OMETH 5 S HREREE T COMMMAIN & LT, e Ut oftsrE ¢
Bl ENTWD Ry hOFRNELIFETED TWD, FHEROORT 7 AT
X THBEE T TAMIC L A1EEEZ YA — 5] [HZE) Lo glacihmo
X—T—RFK»R&H V., 2 2ENICE T DMERERH D & 5 mh b FHATZEFFE R %
Bt JAXA) ICBUT 2 FHEEERT ¢ 7 AFEREZHFE L, HRNEEIT- 72, F
H 0B TG 3B IS THAERRE T 2B Lo u ARy B L OE OB
FOBEPNEL, FMBERORBRIMITON TGOV A T v 7L EER R R >
RO =7 D THDLINTEY, B0l E25E LT L LAETH D,
ANRREEZ X DB S FRCE LoV b= ) 7 COE =X — 2B D
I3 HARESS (2011 45) 1% OFE s —
JR - 3BT ER & U OGEFRZ
DRI N Tl T\ A7=8[2.7.5.10],
— TR IR A T AT~ OIS S FIRE T
bHEEZD,

Figure 2.7.5.5 Variable structure with a
combination of joint-type robots.
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2.8 MNEEE

AECTIX, FFHR-d1 AL EIZ SOW T ORMET 21T 9 o INEWEER 2% 5 DEMO JF
T % FFHR-d1 CTliX, a. ASEIOHEM, b. 77 7 v MT X DIEE T A R —
FOHIBR, % LT c. FFHR-dl 77 X~ 76 O M-l R S BB 2 MatEH & 72 5,

PR B — A ASFINZN (Neutral Beam Injection, NBI) 1%, 1000 F0FRE D B — A A
FHASAIHEZR RF BREIARE A A4 R Z2 V., T 31/ F—1.5~2.0 MeV D EKFEHAA 4
B — L% LB ALEMR TR, LRI 100%10E< | FRE A A4 12 & 2 B A fir
MIEFE AR b E I KD MR- B — A DA RRIC OV TR L T\ 5, &
YA 7 v ke NEL (Electron Cyclotron wave Heating, ECH) X AR — MEFEYH Y
OMBEE NP bEL . FHEFRAIRE LR Y £ — N AT TV 77 T %
RIETEHZ L0006 FFHR-dl 77 A~ Db A NG Th s, Z 2Tl &7
W= a B A NEY (EBWH) @ FFHR-d1 ~O i AlREVE DR ET 21TV, 20l
HIZED O-X T— FARORHFEIT-TWD, A 4470 o 8k ng
(Ion Cyclotron Range of Frequencies Heating, ICH) Cl%, LM77 A 77 THDHT T
7 N—{RBLT 7 )% FFHR-d1 WIZHEAIA T, NEN L RIRFIZ B U F 0 AEFE A AT
IFHETH D, £/, ICH TET 7 A~HNO M) FULEEOKTRTH, HOMAK
DOBEZ T DML FF > T\ 5, 723, AR TIL ICRF 7 > 7 F EBRGR HBU E D
BEtbiTo TV 5,

2.8.1 NBI Nz

FFHR-d1 T NBI O EE 7% E1X, ECH, ICH & [F££IZ FFHR-d1 777 XA~ D H .
HKETOT T A<MENCTHY . FFHR-dl 77 X~ DA X5, 1.5~2.0 MeV O E
— AT X —RNME L 72 5[2.8.1.1], KEIAY 1 /14EE (Large Helical Device, LHD)
NIZPACIASD BT 77 XA~ ORptED 5, NBI IZ L% FFHR-dl 77 X< 23 Lk
WCEDLETOaATET T ADMBANLEL Y | BEES- A A BEEZIIE L
72 NBI & ECH O #:[FEHNEL, FFHR-dl 7T A~ &2 ZEICH 2 kIZE L E T T
FheFiEEBEZBN5[2.8.1.2], BfE. NBI O B — A AHRFITAE 1000 7 & 1%IF
EHARNTHDLZ b, KF/BRKEAA LIRS T X~ KE/FHKBZEA T
k. T LTAA A E— 2RO R OZEENEREINS,

2.8.1.1 FFHR-d1 NBI fHH& A1 A4 > i

AR D X 912, FFHR-d1 fl NBI TidT R /L X —IA% 1.5~2.0 MeV @ E— A% 1000
MLV TOREANRNLEL D, TOXI R XX TOAL A4 E—LDH
AL FEEZEET D &, AA 48 NBI DA ORI I3V, LHD-NBI TO B — A
T RLF—TI KT 190keV TH 572, FFHR-dI & OEHBHE DX ¥ v 713F L <
KREV, RN OEEFA~DOEEFENHTHL 7 v 7L T, 7y
TIRICE DBRSMOFEKIIL I 21— g  EEROMAE T 4 — F2Xy 7 050k
WChD, £z, BAEREMEAT CIIEZNE KA A 4 RO, AA A
VHERD TS DT T XD kO, A A IR E JEL OB ISR THE LB
ZEIINTE 72 UVRIA A LT, AL AU iE BZE2NE 0 D KREMSMT HF R4

203



HL-RaEnH 5, ZoOMEOMIEFEZ, ITERNBI 7 A N7 7> U T ¢ i
DA Z Y T EBEES AWFFEFT - RFX CNR & OILFHIZEIC L > TR L TV TETH
Do

FRFFAS 04, LHD-NBI HHEAA AR TRASN TN 74 T A T —7
HWEHFRTIZ, E—2AKFOT 45 A2 MR RAE L., 7 4 T A v FERERERZ A
FENDBIBIALT T HA[eEMENH D, —JF7 . BT ITER-NBI HAA Ao Jie LT
BAYE ST % RFE BEENERIE A 4 JR[2.8.1.3, 2.8.1.4] TlE, 7 14 T A FW#REELIC
BT XA~ HCAKEMNZ2W LS5, £7=. RF BREEIA A A IR TIE. 747
AL NRDT=DITHEHE SN BRI T~ 7 7 g AN D7l 25,

WIZ, AT VERENESE DAL T U ERNICRNEN 52T A (Cs)
DOHREENHI[2.8.1.5]%, BER E— LB NHIIGICHERAI R TH D, KT, 77 AvE
@kWﬁméﬁfﬁyiﬁﬁﬁmgkﬁ4ﬁ/ﬁmﬁiwwmf®ﬂﬁ LT, &
FRIEHATI TR L KA Y ~ v 7 AT T 7T A< WEWIZERT NBI 7L
— 7L DOBTCs VYA 7V 7L ZOREBHIEICET 25 2 D TV 5,

Cs NIl 72 5-ECld, BA A IRT 16
TRASNOBEBFEENAA T D 1%L 16
W2, TR NIFEAEEAAF A
L F L DHD, WbDLAA G ST A~ E?
DRI NDZENRHL NIRRT
[2.8.1.6,2.8.1.7], 77 A~BE W AR EIND
BA A NIKFBIEA A o N FE Bk T
HY . EAFNTETELED WRIEPLEIC 8 > 14 16 18
Y EAFRT TR ERE DT T plasma
A= ERA~FE L, H Fﬁaﬂﬁ FET D Grid

B RABIGICEVETILT T A~EmR S
NICHAS, TEA &2 O—itstig 4 BN thg'l'lfflf"‘d“nfns“’“;l ;
SRR, V= ROEFEABIAI s g
BAF T T ANEREIND Z ERDH)
572[2.8.1.8], Z OEIEDIEIL, BAA T
EBMBEZENSE 5 ECHEERIZEREETH D,

electron

28.12FFHR-dINBI B — AT A >
FFHR-dl I NBI B — AT A VRGO EEIEH 2777,

1. & NBI {HEE T DA E RO AR M =
2. FFHR-d1 77 X~ 60 F M 158k
3. FFHR-d1 75X~ ~® NBI Abtf L — ALY

EFFEEE 1oV T, ERF LV OERASEE CIXREEE NI T 53 EE S
R DHZENEERI v a T D, %@ﬁ%$ﬁ®o% fhORgss & L4 5%
&ML R ~DOMAGE NI R E <, INBEE ~DOUEIEE T 2 MANASE S DO~
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2 I—REECARD, NBI TIRINEE O S b & — DNEES) SHERI R X < |
LHD NBI O34 . H AHMALE L& FANTVD = 210 L AE BRI RE S XU, 1Y
B ORISR O ED 7= DI 1T, A Ao B ADFHALIZ T e A T2 A8
€ 100% T > 2 H PP E A 28R 2 LB R b 5, Mo FHE(LE L & b L
BB LIHAEDA ) v MAFROEH Th 5,

a LB O — AR, S L OSE | B — A I H W
FIMAFENLE — BN D,

b BV iBIEE ORE AL — L0 10% LA T THD, ZDT-05EEA4 B —2A
IZE DA ERENE S T, EUKR T OB E T IMETES,

c HAHFMHAL LT T X< diE b LRl . LI E L 729 — LT A IND A
AP AT DD TR,

HAFHALE NV & 7T X<tk E AV 5GEoh i bsh=Rit, e ni
60% & 90% T ¥ [2.8.1.9], Bl LTNBI1 M40 20MW B &2 AHTIEE, 77
A HFHALELVOSEETHE 2 MW OBBAMEZEFICE—AX T TRET H 0
Wb, Tz, HH 21ZOWTHEHAFZE LIz a . MEEE~D 2 AT)EINTH
T DG 7T A~ ~OWILEE T Oh=Es OINEVETRE /15023 NEEIZ/R > TRLHMN,
S L' T A AL U LRI 50% DN 1 ORI 78 5, R bR
BL Tk, 77 A~ bt 3eh b S IRIERS R MREEE > TV DH R, #%
WD KON, E—LTA o ~DHZENELITINZ DT 0iE, T A E L A
% 7T X<t bt L% FFHR-d1 F NBI O EFE 23 2 B A MEDME W,

S E L DEAETH, THALIEREZ 100%IZ00FT 5 7201I2iFE—25F A VN
DIEE T AEDORDA ML ETH 5, Ziuhi ke v s et b+ 281 4 E
—LEMA DO TH D, KR, BBRIEROT-DICAA 4 v — A0 RS A%
ETHVNEND DD, R T A TR L S NTKFIRT E— LI X D e dh i EEET A~
OEAMBEGELMET D LER DD, —FH, 77 AVEEZHWTAA T AR AT
I, BE—AT A VNASKBHTAEFFLIALZ LI ONT, BE—AT7 4 0 NE
fEH ZJFEITAEDT- D21, F OO H 28 A& WS IR T 50BN 5,

FFHR-d1 77 X</ b O PEFRIZB LT, Bk FFHR-d1 kT ) ATl
T A< BE A KET NBI AREITW, ZORIZT 77y a2 57— A%
IE U R 25720, M~ 27 CTHIZ NBI I X D ERBRENI S M54
ELERT S b JERIENCA F IR E FOMD B — AT A AR~ D TR S AR
THIENTE D, 7272 L. FFHR-d1 A EAUKSEFIZEMA I LB, BE—AT A
CINORESRIIT A RIC SN D720, A A UVRZ G B — AT A Vg O TS L id
EOWRERZIT, FHEFEREE DR T 20BN’ H 5,

WIZIAE 3 122oW T, LHDNBI Tl — AT R/ X —L LHD 7J Xv~DE— A
W 7> B EERRAR 0% VT 5, —J5 ., FFHR-d1 DA 21X Rk A4 2 A
TAHE, AHE—2INY INZR T FTAvDuaAa—rOEEIZIE—HT 5, 20
72, AAEZEMNIEr Aa— 2V ERET AR EZITOLERH Y . AFAE LT
BLEIZOW T O 21T 9,
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2.8.2 ECH izt

B+ 5 H3E GHz # O JER D BRI 2 FIH 3 % ECH I3,

s BE— A AR ODT T TR T T XA NS EICREARETH Y . T
PRI K p B E B S = &

< JHFTRY 7RIS X OVERBFEIN ATRECTH Y . 7T A~ DFIETEICEND Z &
cKENOEFVA 70 br U ERIERTHDLH Y v A1 o OFINIBER SR L
TH D, ITER OERAARTH 2 FIRE WS 170 GHz « FIRH J1>1 MW - #fiEixRE
[f>1,000 > - FIRNFE>50% 2wV A7 b BEBICBEICHKRSI LTS Z &
[2.8.2.1]

cEBNBENGEGL, NESRA—-FEOE—EP O E—DARNAEETHDZ L, T4D
LNV F LT 7y NaEfEE RES ENDH T &

7R EOBHEMND, FEROEMAIFICB T 2MEATIEE LTROBALEHI N TND
K%Tﬁ\ﬁfif@ﬁ$ﬁ§AWX%%V¥4ﬂFB/@%%ﬁﬁk ﬁ%ﬁ47
B he U ERERERAREERDE DO REEE TS T AICBWTHMEAZER T 5720
D, BAN—r oA ENINEY (Electron Bernstein Wave Heating, EBWH) ¢ FFHR-
d1 ~iE H FTREME DIRFPRBLUIZ DWW TR 5,

2821 V¥ A m bu UBFE
Bt e A rTRe e s JE e - KB - B2V A - @By v A 1 b e o DOFR%E

£, 1990 FFRPALDORERT LA T A—

- BRI RIROBEE Z ATy A r ha v NEFE— LD R AF—%EINT 5,
a7 Z—ENfE T (Collector Potential Depression, CPD) FyED kI & 5 R iRz
>50% D EERK [2.8.2.2]

Vv Au hr L ERKEAERSITE00, KESEEK - mBRE RO RHE A
2T NTHE AT FREZEEOBT [2.8.2.3]

Mk o T RE<SHEREL, BAETITRNRD X 5722 ITER (EEEL LD EMEREY v ( 1
kw723 LHD, W7-X, DII-D, ASDEX-UG, JT60-U Zt R Dk« 72 7" 7 X~ G2k
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ECHEHAIN, 77 XA~v0EEiibicEdE S L TWd, FHIZ LHD ° W7-X O L H 72 A
T T L——AEEEIC L 5> TEORMETH 2 R 7 T A~ HEFFOEIED =012, F
INIVAT v A v ha ORI EEHAPED N TET,

NIFS TIEBE KT & OILFEMFEIC L 0 FIRFEFHEE 77 GHz 3 XV 154 GHz DY %
A v barRiEeE BB ESN, HEETET N1 A (TETD) (2 kv #fESn7-, 2014
EREE CIZ 77GHz & 3 AR, 154 GHz & 2 A0S LHD SEBRICHE A ATEE & 72 0 [2.8.2.4],
ZOMBEINIEFHTSAMWIZEL TS, 26DV v A 11 b &AW
DEFRRR E LT,

c EEFIRE (To=10.5keV. no=1.6X10""m>)

- B RE L&A A IREDORIFRER (To=7.6 keV. Tio=6 keV)

« ECCD (Igcco==26 kA, Pec=731 kW, T;=6 s)

- ECH EW5ME (39 0. ne ave=1.1X10"Y m3, Te=2.5keV. Tio=1keV)
REBELNTV A,

W7-X 1% 2015 RIS T A~ ERPIEFE -T2 ZATHDLIN, EROYH 7 = —
A TOMBIEEIL ECH OATH Y, HI1K 1 MW O RKFEERRA AIEEZR 6 A D 140
GHz Vx¥ A bhurBNHWLNATWDS, SHBRIDIZAARDODY yfu harZ2iBEINL,
10 A THFH8 MW OIENVE /1 & 251 TH S [2.8.2.5], FFERAJIZIZNBIS° ICH b
BHT 5FHETHh 508, RIFHEEE AIEE/R DIL ECH DA TH 5,

Table 2.8.2.1 IZHAEFE TIZERHIN TV D EREMREY YA o bo o oftkk (fld
ot WFZERERE . BERAEE, BIEEREE, ¥v BT 0 TORKRE— R, M1, BIRED
POEEREE) 2 E L H D [2.8.2.6],

FFHR-d1 O 7' T X~ HLEEREE 1L 5-6T ThHHI-H, MEE SNy A o kn
> DEWENTFEAR B IO A 140168 GHz B TéH 5, Table 2.82.1 H0 5 &
I, TNETDOTT-1T0GHz DY v A v hua Y BRO ) o OEREIZLY, 20
E%ﬁ%@kﬁﬁﬁﬁﬁ%%?%4n%uy@%@’k%@l%i@w&%zgh

%o ZIREFTIRMEA LT 5 7291213 300 GHz FRE D JEWRE N LI L 10 b, ZNETO
A TiIWKMZUL@WH&@T@/?%QFQ/%%iE AT VAR
CHGELEHANEE . FHAHOIREAE N ETH Y, MBHKEN Y ¥ A 0 b o OFEBIT
SHOMETH D,
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2822 W N—r T a B A PEINED FFHR-d1 ~O 3 H Al REtE O #FT

BV A 7 v ha UJEEECE OB 2 W7 T A IEAEAT 9 7212, FEARR
DIEF I (O ) MEC 2 R diik O FEF W (X ) MR HbN D, Lo LER
BE—RTHD O XWIIET T A~ COMEHELIREE GEWTE L) N{FE L,
FNL EOFEEET T A<t L CIT#EHARE & 72D, BEEIRE 55T I[2BW\W T, ¥
YA u bR IREREE 154 GHz OHEEAR O T— FINEADE O 7 T X< Il &
% 2.9x10%° m3, 308 GHz @ 2 K&K X T— NIEDOLE OA&E] 0 MW X
59x10°m>Th s, LHD EBRTIIT T A~HLH CHEEEL LR 2BEEEaT =

Table 2.8.2.1  Achieved parameters of major high-power, long-pulse gyrotrons
Company/ | Device | Frequency | Cavity | Power Efficiency | Pulse length
Institution (GHz) mode (MW) (%) (sec)
Toshiba/ | LHD 77 TEis6 | 1.8/0.3 38/36 1.0 /900
NIFS 154 TE2s3 1.2/035 | 37/39 1.0/1,800
GYCOM/ | ITER 170 TExs,12 | 1.5 49 2.5
IAP TE2510 | 1.0 53 1,000
Toshiba/ | JT-60SA | 110 TExne |14 45 9.0
JAEA ITER 170 TE318 1.0/0.8 55/57 800/ 3,600
CPI W7-X 140 TExs7 | 0.9 35 1,800
TED/KIT/ | W7-X 140 TE»2s8
CRPP 0.92 44 1,800

SDC 77 XA~ DAERNPHER SN TEY . TOFLETFEEIT 1231020 m3 ([ZEL T
% [2.82.7], ZOREEZITTY BVREREVE IR FFHR (2360 T &% B EE TR
A SOGDZEMR 2 B LTS iED 51 Cnb, ECH IMEZBWNTH, O -
X WOMWWTEELL EOGSBEE T T A< |2 b2 ML LE L TEFN—
2 XA PIMBADIF T 2 D T B,

BE., BEOFBGMNOESTA 7 e ba a0 T— RCTAR LSS, b
HOBABENT T A BB EZBZ TWD & AT T X~ RBET 5
AIZ 77 A=W 12 TR S iz Bl ke, L LETF A7 r ba
BEe—2D AN FmaEiiEd 52 812k 7T A<lllrdm & X EoLR Y K
A RIS -T2 ENAEETH Y . FD X 5 7 Hm (FO45FHT A% 0-X £—
REHZE LN )) IO WEASTTDHZ &T, 0 IET 7 XA~ lEWE CRE S DRI
X WIS (0-X B— NEH) | IRE AN ALE T 5 s s (UHR) &%
TFEE, £ 2 TS OIBERHRICEEDOHIIDORWE T/ N—r T a X A % (EBW) IZ
EHEIN5 (X-BE— REH#) [2.8.2.8], TD#% EBW (XEEBEMIIMEEL, Ky 7T
— U7 NGt R AT T T A~ 2 BT 5, 2 O—H O FE % OXB
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BN N Bix 7 b~ e AT T L — 2 — R T X FEEREE IO CHEBL S
nNTW5 [2.82.9-12],

FFHR-d1 TH SN 5 77 X< |25\, FFHR-dl OEZERIEFINEZEE LT O-

X E— REBBEOHEEZIT> TWD, 77 A~ DEE A ZRETIUXT T X~ KT
JEOIARMN 0 7T A< lEWE EOK ST X LR Y RS2 e —
DA HERHETE D, HFHRTOE—LARITHORY ML EBEZANCEERE L, T
FL7=R7 PABREZEREG R — FHONICHIIE, TNNFEBLATREZ: B — L A 51
Tho BT 5, K282 1 IZEHEMRO—HIZ T, ZOFEICHNWZ/ T XA —%
I
LS IR © 5.6T
wrY A7 a e AR . 154 GHz
FLEFEE no:  4x10°m3
BELEESMAR 0 neo(1-08)2
ThD,
XX FFHR 77 X~ ® 1/10 7 v a Y Z#Hl L TV | LEOKFEN 7 7 X~k
Wifg 2, FORHINT T XA~ lliE EOK R TO X DL R Y ERiS 2038
— A AR H B EHHEONRT S EET, x. y. z FREEERLERRERFE, e
A AT, BES B TH D, BEXELE T T X~ EWE £ TOEIEHO O HOIHE
RIS L 2R 0 O WERREE LTV DN, AREFTOREZEY AtL. L0
et EED TV,

N
3
AN R CE AN

Figure 2.8.2.1 Reversed vectors of the optimum injection
directions of O-mode waves for achieving O-X mode
conversions, plotted on the surface of plasma (O-mode)
cut-off layer.
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2.8.3 lon Cyclotron Range of Frequencies Heating (ICRF)

Bk 7T X~ % F\ 7= ICRF INEIF 22 350 € ICRF BRI IC L 0 NI S 7z ik
FIZE D DT SUSTEERE2.8.3-111F A ThH 5, A CHIRE S 40T 2 5 B fEIR I
®LT%H, ICRF B IX 10° m? EDE FHEELHEZ 577 X~ ThiulX FFHR-d]
DOIEFRFEIR CTH 5 HOEFEBE 3x102m> THEE X P Ol sk 5 72 $[2.8.3-2]. 1@
JRWETHER TO T T X< sUKA~ET T2 MEVR & L CHiFFT& %, ICRF MNEUIwy
BRACEER G MK D FFEDR TN TV DD, AR COEBEMEOE L A T A
BEFE DK\ ICRF JBhAL 7 > 7 F ORREHF TN R ST b,

Table 2.8.3.1 Demonstration for high power steady-state ICRF system towards a fusion
reactor (operation frequency of 50 MHz, a diameter of 203 mm for transmission line)

Transmitt | Transmissio | Liquid | Feedthrough Loop
er n line stub tuner Antenna

Power, Voltage 1.6 MW 50kV 50kV 40 kV 40 kV
Test time 5000 s 30 min 30 min 30 min 30 min

2.8.3.1 KEEH ICRF IMEADBAFE IR

K ICRF IMEAZAT 5 722, (DmJEE ) 2 AT 2 B ikes. Q)E Mok x
1T OBIEK. QI RELENEZ AR T 720 DEAREE, 47T A~ZHLIADTH
HEZEE L KZEZG) 0 BT 7o OBEZEE U, (5) 77 A~ ~DEBW A ¥ 5&E
Wz b > 5 FRIHDORER D B 72 0 BFE S D H ATV 5, FFHR-dl TTE ST
2 BZR A PR X D RESTREE 5.6T, EAKFED): b U F U A(T)=50%:50%% A8 7E L T
W5 7=, JET CTEME SN EEIEED ICRF 7T X~ IIEYD:T=10%:90% D /035 A F >
MEY S F U ATliE72 <, ITER THF S TWD ICRF ME TV A L RIERR T O 2
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W INE(T? ) £ 721 D3He=90%:10% D3 A A IMEACHe'Y 23 1 b b, #
2.8.3.1 IZEERE BT IS wa%%ﬁE@%nTwé%KRFM@%%@&@%
72 RBRISF et 9- 2 R IREE ) « BRI AR (2 B9 2 ARG R A B L 72 [2.8.3.1-1], 32
AERUER CfiE FH U 72 A 403 SOMHz 284 L, %%%i%ﬁ%yf A 50Q DAk
7 203mm O [l (203D) % V72, FFHR-d1 (2815 % T2, 3He's @ ICRF N2\ ¢
T 5L 56.TMHz ToH 5 A, LFHIIC @&f@ﬂ&@®@WTi%£iﬁw
EEZTWD, FTEIEDOT-OITEALREREFFICK L TH, Katld+0Ew Stk
ICELZEEZLNHHITH S, %ﬁénémé%L®%%% %, FEEERRE
TEIR CIIMB L ELED EIR%E 50 kV &35 & 203D ORIEHE D Y i KInEE 1T 8.3
MW (KBS TR 8.7 kViem) & 72 5, Bk CTO ICRF 7 > 7 F O RS & 5
EHEORMEA L —F U AN D20 T T T L AR O M EE RN
TEL., FEELEWR IR L 0 @ WEEEBNFET D AlietEnd 5, LHD ([2351) A E -H
1x10° m> D7 T X< EHEEEF O L— 77 T T OBEHRPUL. F32QBENELNT
WA T, EERER ORI E T T T EPITH D 32Q L5 L wmmo
REHEIEEE ClX 12454 0 1.6 MW FLEE LT v 7 it & ) 2 R ke 7e o,
ITCAVE—H LV ARNT VAT p—<— @%%%@@\7/7ff®ﬁﬁfi®7/
FFALVE—F L A% 2 (F283.12/ICNE A HICKII L., RRHHENE 3.2
MW FJREIZ 72 oo A Y E—H VA RNTF U AT 4 —<—DFERAEBILCT VT F O
WEHRELN 7T X~ OB REIZK Ll LT+ 5 2 2R H L, B8RO FHITITE
?&EHka@77X7@@%Ti4MWH£@m%%ﬁ%ﬁf%é FFHR-dl T
DT T T HEHERAERBERL PHIT 70T, 7o 7B IO 7 X~ B
MEET NV EE DT 3 IRTE mmwwgga@o BRRNT 7 L — T — &@%4%
HfgL T\ 5,

2.8.3.2 ICRF % [l 127 A< I# S+ U 4Ot

FFHR-d1 {Z351F % ICRF INE U A4 & LT ERE T RS- T2, SHes 23 Il S

TméoPmkﬁkmiﬁﬁﬁéﬂﬁﬁﬂﬂbf%@\ﬁ%%%@@fi#m (Z5h=R
RV, — 5 SHe" Ik - & L CTET % *He IEAE RN E W 725 2 LR TR
SNDHTDOBMEREDT =7 aA NEINZ OB/ ieEnH 5, T DOk
AN T 3He 24T 2 v U A (FEAKFED 2 REFILIMBD M) L 0 s Sz
B A A& W DD BORIZ LV AT % *He AT T U D) OBET LD T 5,
koA ZN7 T A< EZERIZEBWT D™ & H = DD 77 X~ N - thidk -3 A 0781
FITHEENED N TEY . ALERMEATFEO—D2 L L THE L LTS, DM
DO EPEHITH 85MHz & T2, SHe!s' 72 PO AR L v @iz, 7o 7 G L
THEVa Ry N7 o7 T aRet T2 ERHRLFIRDH 5,

BIMEAE I O T T A~ 5k%Z A L, ICRF %W =@ RInE U A HF7E70
HOH LN TWD, 3FlA T NSV A A MBI IEF I\ Bl 723V 7 A 7 0
BAERH D Z LN OMESIHE A AT T Y FHERED LN TV D
[2.8.3.2-1], DT 7T X~ IZBIFT D 3 A A MEAD L F U 4L LTFEOD:T=1:2 T
BA AL DOXY YT ABe)x 1%L TIZT DT U A, @D:T=45%:55% CHOHA 4
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DY F v ALY 1% FET 525V 4
D2 FENHE 2 BT\ 5, Be I ITER ©
BRI HT 2 TEOMEITCHY ., Li b
7T X~ PEREm BAFSEOR B LT
LAREMED B DM B Ch D, DT DI
B OFENMEE L CTHERT 2 et &
L7, FEROTTFT U AL Be, Li EHbH
1%L T EEFITBENWRIE THDLZ b,
7T A HEFICHR L e S D AR
MWHHAFT L Thd, ODTFIAHIELT D
HHENS S KA Nk Kk E % Figure 2.8.3.1 Optimized multi toroidal
D:T=1:1 O F U FIZ e~ o i3k array ICRF antenna installed in blanket
T4 278 JET COERRTIE 1 EFLEE O (R module in FFHR-d1

(LR E STV 5,@0F ) AEDT~1:1 T Table 2.8.3.2 Typical waveguide length
HLID, BUEEZ LTS VT U AT to toroidal direction in various ICRF
ELIET%’G:E[/ Vo —HEA ZMBMZES L CidsE heating on FFHR-d1

BT — 2 S E 12D 70 HRFEA I A TUVR
D3, FEFATHE I Te A A NN A R R BE T, *He'! D>
ThHhoZ b, St ICRF IE T U =
ELTERABNZADHIMT 58T

Frequency | 56.7 MHz | 85.1 MHz

VA& LTHEBOIMRZHED TIT LEN | Length 2.65m 1.76 m
H5,
40:..- LB e
2.8.3.3 ICRF 7 > 7 7 (FEBEI D) O 1w 3ﬁ
ICRF 3% B IEETF 21 5\ C ARG HiH ol
e L CL—FHED ICRF 727+ 05F E BE
G SN TG, L—7HED ICRF 75 S 20F
FITEEY A REMR T EEERORNE o7 15
RGO 2 ERR S 5 75, VS ASIME & 72 0
% 12 R CIL RIS L OA » 7 :
VAN 725, % 2 CIREEE B - B e
AT F AT FF IOV —THEE S A E_(kviem)

~7'® ICRF 7 > 7 7 (Fig. 2.8.3.3-1) & @4tk
By T [CRE 7 7 F Ofeat 2ty Figure 2.8.3.2 Radiation power density
s Py at the surface of waveguide antenna

) . — i ious height and maximum electric

833117 ORI I, . invarious heig

O. 2 83 311236 ZE BIRSE(R b7 field Emax inside of waveguide.
N 77y MNEBIZNEL L2 ICRF 7
YT FBlERd, ICRF 77 S OEER T 7 oy b E—FICT 5 Z & TIHANR
B D@L - BICEMROBEY; (TR L CTHAMICRET 5 2 & T, MEoffgi b &b
HEEEOR L - AT T ABHEOKR T2 L TS, 1 KDAXART w7 0b ]
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MW RBREOHSE N 2Rk &35 &
36 MW/20 m? ~ 1.8 MW/m? D8 )1 % & % 7
R D, L LIRAR E L TG 3
HETH D Z L HEEDRILIC L D E R
LIEFMEOM EB L OEIVUSHEES 5 A~
TFURARE - BYER T =7 ax b o
R ZED DVERDH D,

T T TS O 2 g D B

i: bf %7&@%%1/\07‘5 I?RF Z;\/Tﬂ—b; Figure 2.8.3.3 Waveguide ICRF antenna
FFoND, BUEDT T A BFLL L TR in FFHR-d1. The waveguide is installed
BRI 3T RETH Y [ T T AT A XL iy et square region (gray part), which
LTI 0.6mBBETHD Z L B8 consist of surfaces of Blanket module
WEDOERF M OREE (A Z/LJ71)  and/or a square hall in Blanket module.
1T 3m 22 AT OB TR T, There is no additional material as an
FFHR-d1 CIEHEE A A b A& <, pegmm [CRF antenna.
Ebm ROTOEWRET 7T T OMNE LR DRKR 2% 2.833-1 IZ5E LT,
W E ORRY A X% 2.65m ORFOREEEY A X h(cm) & ASHE I B3 2 B E N
DI REFTRE Emax(kKV/em)Z B9~ 2 254 18 L Po (MW/m?) % [%] 2.8.3.3-2 (7L
L7z, EENOREBERTRE % Ena=8.7 kV/iem &3 2% & b E I 15 MW/m?
(h=10cm) & 72V | B EBEEITERE WZHFIL TWD I NG5, 7T 7y
NEYV2—ABOXy v FZERERE L L TEZTHFZEDTWDN, 777
v M EDORAEMEZBE L, BEEOTA XZREL TV KLERH D, [¥2.833-31C
FFHR-d1 FICE%EF L7l 8B T 7 T VA #E -, B2ERM E TR Rk
L. £ O%FHI-EEE R 2TV E £ — NICAE LERK 2 BN Mok S &
5,777y NEVa—/MEhrA XL FROYF A XL LTIOmEL EERWZD,
3m LA T OEWE T Ty MIWNET 5 Z Ltk 5, h (15 em) x width (2.65 m)
ZEATL L 1EEEDD 6 MW OAST S FIRE & 72 5, BIRE OESGRIEIIM AR
TH720, BHOEL RLPRGEED URTH2FTHRLENEALAREE 2D T
W, Kb EH#EDTND, 27Ty MNIEV 2a— AV E A TS THEEATH L
MTPRINDLTD, 7707y MAORERBZHMT 22 L ThEEET T T &
LTHGNZLT D720, 77 7 & L TRBIZRER S 2RI FI8WE 7 7 T 25 AT
LD TIT <,

BE IR

[2.8.3.1] M. G. Bell et al., Phys. Plasmas 4 (1997) 1714.

[2.8.3.2] Y. Takase et al., Plasma Phys. Control. Fusion. 38 (1996) 2215.
[2.8.3.3] T. Seki et al., J. Plasma Fusion Res. 3 (2000) 359.

[2.8.3.4] K. Saito et al., Fusion Eng. Des. 96-97 (2015) 583.

[2.8.3.5] Y. O. Kazakov et al., Nucl. Fusion 55 (2015) 032001.

213



2.9 PREMELRE

H CRBET T X~ D E T HERF IO B BRBHMILRG Rt 2 BRI L, REMILRG 2R & B R 58
FONIF U LGB RAEL DR LT D701, BREMILIE R EDS B CREE T T X~ D#EFE
(CRIFE T BRI, B ORET T A~ OB L 132X 10° /m* 22 DB L/ bH7-
D, JELE R AR T DO E AR T HIENARARELRD , BURE R CIXE AR R
ARy AFHED RS 2SR M TR CTHOLEE Z BN Q0D — 7, RO &R
TRAZIZBWTE, Uy MRAENBEIRLZENES ICTHISN, HOREES 7 X~ %
R 572 DI LB NEHMIE 23 T BE CH LML AL T DM END S, ZIVETH, B
CiADRED A=V 7 Q% V20K TTET MIED, B BB 7 X~ ~DOBREHLG
VAR TN TETOAEN[2.9.1], TR H A OB ELEEFE X0,
TR B LB BRSNS AU CUN . ARAFZE CIE 223D, KA /b S ITBREMIERG Rk
ZTRT 57202, LHDIZBITHFERFE A2 5, XUy ML T R a fitkl, %A
AR DEFRZEA 2R, AR5 A SMETE[2.9.2]% O CIREE A3 AR OFE 28 (b2 sk 7=

AUy AFHZ ZHBREHERE 25 A0 ICBIL T, M~ 735 E CIIE B A S L= o b
W67 7 XEFEARDE X BRUZ MZEADIEPEB AT LD, WUy TR v a oA &l
ELCIRVREHERS DA 2 LT 53 FUF MG L QDA ~UD VEEE Tl
EDOZRTMEICRE LT, I8 T T XEA RO IEPLE AR E DN RN R ER THDHZEN,
FER[2.9.3], BEERAY[2.9.411250 02> TEY, BREMIERE AT 13 » MRS VE T T DAL’ 12
Ko TREDEREL, MR FMED AR (NGS) T /L[2.9.512 LDy MER O
F (D) DR EHMt e A EHEE LT,

% o 7164 né ,;% (1)
ZIZT, ny Ty ndIEEKFESUYNER, ERTTAVERE, SR IATETEE
THD. B EE R B LTI, LHD O &5 K RE R h 3B O % oy Ari ATk Bkl b &
, R PR CIRERUC e R TR D 7 T 7 AR+ 43 /NS, BAZR B i g 0% C 4% i
SRR TR TEDZEND, RN L > TEESAT O 8 2 50 R L7-[2.9.6].

an(r,t) 3n(r,t)  (D(r,t) 9D(r,t)\ On(r,t)
ot =b(r0) or? +( ro or ) or +5(nt) @

ZIT, n, 1 D, SET TR AN, TR /INERALE, YRR, KI5 Th
%. B kld, LHDSZBR TIEOAV R ALIE 7199 M 22D gyro-Bohm D PH L IA & Rt A Al
FELTZIEAR I ATAMTIEIC T, ETROTHE LA IS T DIE I o Aie #EEL, = v
F—HCIADRFE DI A LA — VT, ZDE 53 ~EACSE LF TR0 OBIRYZE
BAFLIR LD (RB)) . F7e, I AMITE A AR 0 Thri o F TR 7.

P - 5 ((Pua) P 00008 o (1) (1) ®)

ZZT, T P Pus By Do [ FES) 50, =L FX—PATIAD R, FMHINEL T —,
aNE T — | BEIGIREE, gyro-BohmBIA&ALIE T THDH. 2D HREAUTIV RO 2R E
B FE AR ORFEIZE AL ED TR A BOC W m O EZ A D ORF 2 bz ke, B Ok
Be 7T A~ DIEEF IR oL — T al GHRAITo72. AR TIX, SMHIMEA T H35 &
725 CRBEIREZ TGl L, Ly MR HHETRS N T T XA~ B E AR KX T 52
B BIOE CRE T T A HERFRFME IS T T 52 B2 1 T2, 7eds, Ny b A X384
BHILS (2O RS ) O EBN D43/ NSRRI, 7T R=IZE ENLRL T (BB X
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Z4 X 10%E) D5 %E7252 X 10*2EELT-.
Ny MRAENERWG S, IEBICL a7 H~ORL N AR+ 070729, +37cal
IRELNT, B OBREET 7 A~ FNTE o7, £z, ZOXH72 05
SOREHMIEIE S T CIIER B ENEE IR B A 550 bh RS T VA L3057
V. B LSy MRAR (Wa) 2303808 B WSMATIX, B CRBET 7 X~ D E RO
RS DTz, K1EN/a%0.3050.9F TELS RO, HHIRVWVE ETH R BER
REAAHERF CEOEIARITIITD, EHRIRBEIRIBOR /A SRS A2~ 7 . A/a=0.30
BRI Y N T AR g IR S NA 20T, BIREAL/ N E88230.7 X0 AR 0 BE R
(EXV Y MARICEDEB O BEZZEAEZT T, FHREE A Ele>Tb. XLvh
RARDESRDITHEINT, BESMITREEL, L/a = 0.3 TIHIZITLI THDLRE(LEE (
10)/<n>) 73, A/a = 0.9 TIXLEETRELRD. ZDIDIT, NLyMRARLZZZCTH
BT TR MR LT XD EFEART A= E K2 T DT, XUy MRAENREIRDE, (
a) HUCNRFE S BEITINL, IR IR T3 2 M 2380, (b) KRS ) ORI, #A5E
(AR BU T DR BET 2R DFIE) O, (c) BALKRFR]&H 720 OBREHILG &
DRI, IZF 575, ZOINC_L Yy OR ANESIXEE MR ETHIEZBUT, H
CURIE 7T X~ DRI % K AFE . TP ARIZ72D)0/a = 0.3128W\W T, H R TS
R EMERFT 57201201, HAKRTH1.0 GWHLOT V77 1B L2 DM, L/a=0.9T
130.7 GWE TR RTHE THY, KOBLFEA LIPS/ REE 70D, Fio, BRBHABERIL1.0 %
M52.8 % ETHENL, HORIET T X~ iR 35720120 B KR RN AROEER £
/4D BITHD SELZENAIRETHD. ZOKFEEEREEZLA YTV RICHE 5L, 63
kg/daym 516 kg/day~DJbE7es. —J7, ZD XTI VVREMIEIS FFEZ LB 5720
121, (d) BAEORL Y AR H T2 KEL E\IS20 km/sz 25X B AGHHEE A 25
LD, B, RERARU YN HTHIENARETHIUL, Ny MNEEEAZ Pl SE 5T LN
AIRETH DO, REZ2ARLy ML a7 S I3RS H ) OZ & Z 5 S 2328
B, MEERHL Y MNHEZFEA T D RILRER THD.

PREMIGG RS A /a = 0.3 EBWIGAIL, JEEUZ LD T i ~DOBREMILIS 3R+
ThorIll, FNEBENEERIGETHIEND, B ORBESRESER TERW. BB
RSN a = 0.3LDBIESR DUy MREHMILIE S T C, B OB I X~ D E e

F~ 1~ 1 1F L L B Y S T F T ]

3_ N,= 2x10% /pellet] £ JE ] 115
o TN ] ] —
Eop : i . 10°
No E : ';
— ] 1E 1E 1 )
3 1F 1E 1B 15 =

=t f,=152 ] 1f f.=1.14 1f £=1.05 ]
- /a=0.9 - 1/a=0.5 - 1/2=0.3 A
TR R TR SN NN TR SO O S | PR Lo o 1 ] T T T T I S B O
% 05 1.0 100 05 100 05 1.0
r r r r

Figure 2.9.1 Effect of pellet penetration depth (A/a) on the formation of density profile in a
self-ignited plasma.
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FimN I REL 72D IREMILIATEES 230 /a = 0.3D XL L2 AFHEE1X1.1~1.6
km/sEEEECTHY, BEFED L v AN HAT THEE LY DEFAD AFHERE THD . SHITHEN
PREMIIR IC LD R E 7 a7 7 A VX, G 1@ U NSRD e, B
HRRERRL -85 % e/ IME 35280 H 595 — )7 C, REMVEEN % FER T 57201207,
BEFOH M2 REMZ 7o m3 ALy NS HE (10~20 km/s) DA RI#EEZ2D, XL R A
SR FE DR BRAO 72 0] ATl 7= BN BRSBTS B &7

ZOM, Ny MR FEEHRIZB WL, Uy MR ADTEE BN L <725 REVEICHE
BLARTERB20, BUE, LU CWODRLy MIEEEL T, &I mdsdbn—X
% DT L C L M T 51 DN E L, SET ADREEZFIHL TnET 5=
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Figure 2.9.2 Variation of major parameters of a self-ignited plasma as a function of pellet

penetration depth.
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Figure 3.7.3.1: Coefficients of (a) ionization
and (b) recombination events per photon for

neutral helium with an emission line of 2'P-
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Figure 3.7.3.2: Schematic design of the spectroscopic measurement system in the visible
wavelength range.
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Figure 2.11.2.1 Steam-turbine generator system and its steam condition diagram for FFHR.
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Figure 2.11.2.2 i-s and T-s diagrams of steam turbine generator system
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Figure 2.11.2.3 Structure of a He-gas turbine generator system.
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Figure 2.11.2.5 i-s and T-s diagrams for a He-gas turbine generator system
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Figure 2.11.2.9 i-s and T-s diagrams of A-SCO-GT.
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Figure 2.11.2.12 Accommodation space comparison between steam turbine and A-SCO>GT.
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Figure 2.11.2.13 A design case of a compact heat exchanger using plate-fin type structure.
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Figure 2.11.2.14 A sample of a stacked plate-fin configuration with micro fin structure.
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Figure 2.11.2.15 The heat exchange performance of J-Tube and Turn J-Tube IHX.
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Figure 2.11.2.16 Configuration of a Super critical CO; gas turbine.
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Figure 2.11.2.17 Structure of ASCO> gas turbine and generator set.

Table 2.11.2.1 Comparison of steam turbine-generator system and an A-SCO. turbine-
generator system.

Steam turbine system
Steam turbine (m3) 1630
Generator (m3) 580

Heat exchanger (m3) 14,380
Total (m3) 16,590

A-SCO2 turbine system

S-CO2 turbomachinery (m3) 660
Generator (m3) 600

Heat exchanger (m3) 5980

Total (m3) 7240
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Table 2.11.2.2 Heat-mass diagram of a A-SCO; turbine system connected to FFHR

(1) /ARG Blanket ZA{LHR
-Heat Load 0.5~1MW/m?2
*Coolant FLiNaBe
(= KIRE 923/623K)

(2)IHX EARHR
* 1% Coolant FLiNaBe
+2Rk% Coolant #BEGH COr

O REHACBREXEA:
753/626K*0.1MPa

Q2 RRHAOBREXEA:
753/626K%20.2/20MPa

@IHX NE#E  02MPa

Vacuum Vessel
Main Compressor 480°C, 20 MPa
69°C, 20.6 MPa Turbine
Bypass
605 MW h‘_‘EDum sor 265 MW
| |
F
35°C 188°C 3TeC
8.19 MPa 203 MPa 8.47 MPa
123 MW
A Precooler |RHX2 RHX |
; Hx_w_| W &
Divertor A 192°C 353°C
89°C, 20.4 MPa £.37 MPa 20.2 MPa
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RIS E X S L TR b TE Y . IAEA @ Seismic Level 2 (SL-2) (2%}
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B PEBEZED RO WD TUIIMI R 22 6 B 8 L 728k it & 72 - T 5 [2.12.1.2],
FFHR-d1 D&, 49T L HEREES L IR 2 X9 2483720 A (AL ITER 128
W T _ERL O RS BRI I X B o B S RICERE I TERY  FE L0 LoD
B L Blp bl SERICHEAED SN L TW A DT TiEZRwy) . AT
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TR ME R GAITEHORRNMNE L 725, — ., BRGFECL > TUL, BEKY
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AFERIZE>TE A FRNTO NI F T LA X N BRRFTIICHER TS L%
WET D720, REDO RN F U LEIFET DO DN LT BB OBRBEN LI/ D 2
EHEZOLND,

BE IR

[2.12.1.1] ITER Final Design Report, Plant Description Document (PDD), Chap. 3.6 (2001).
[2.12.1.2] ITER Final Design Report, Plant Design Specification (PDS) (2001).
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ROV A X ERGREE, HEIZOW TR L7z, FFHR-dl © 2 7 A4 F A% v kD4t
RIT49m, mS1E20.8m & REWVN, HEAREZND D, WO HATIE, LHD K
RE (F40mX70mxX50m) <° ITER AFREZE (70mX80mX70m, 9 HARIK=EFEY
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D[S DR EZEW R0, BRI « A T T AR OVEEZE R K OB SR DR 2522 [H
DB TH D720, EROBERKmEE L CIRETEH 80 mX80 m LA EASMIE LA
HEEZLNDD (K2.122.1), ZiHOJEDZERIZOWTILEN ) 72 NBES: CTHEY)
SNEROEMAEHT LN TELD, HORWE—Z2/ L LT, @EICHE
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AR E R EMNETE CHIREE L T N—=YEIER L7 L—EETH
BEPED, Evv) LHD X° ITER [FIERO R TN WA[EEEN S D, Z D78
JRF- R ETEDOERIFICHEHRA SN TN D, GEREEN CHEEARKRE AN TE,
BEZZOFRVICERL TV FiERE, EEARKEEREL KL L THHRT L LR
PDERAbLEZLN, TOBLENL LREBOMEZHRHN L TBLERD D,

FFHR-d1 reactor building

[ N N |
ITER reactor building
(Inner Gallaries Wall)
LHD building
FFHR-d1
cryostat
1N N .

Figure 2.12.2.1 Comparison of the size of FFHR-d1, LHD building and ITER reactor
building. Anticipated size of the reactor building of FFHR-d1 is also plotted
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Eh, SEEAMANC BT D BEESGOMKENKEL D Z R0 THDHN, WT
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Figure 2.12.2.2 Contour plot of magnetic Figure 2.12.2.3 Contour plot of
field strength for FFHR-d1 A at magnetic magnetic field strength for FFHR-d1 with
axis position Rax/R. = 3.6/3.9. additional helical coils at magnetic axis

position Rax/Re = 3.6/3.9.
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additional helical coils and CS coils at
magnetic axis position Ra/Rc = 3.6/3.9.
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[2.13.1.1] J. Sheffield et al., “Cost Assessment of a Generic Fusion Reactor”, ORNL/TM-9311
(1986).

[2.13.1.2] Y. Kozaki, et al., “Design windows and cost analysis on a helical reactor”, Nucl.
Fusion 49 (2009) 115011(8pp).
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Figure 2.13.2.1 Result of the design window analysis of the LHD-type helical reactor.

The red, green and blue curves are the contours of fusion gain, net electric power and

engineering Q value (the ratio of gross electric power and recirculation power),

respectively. Color contour corresponds to the total construction cost normalized by the

value of FFHR-d1A (Reproduced from Figure 4 of Ref. [2.13.2.2]).
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[3.1.1.1] S. Imagawa et al.: Plasma Fusion Res. Vol. 3 (2008) S1050.

Fig. 3.1.1.1 Mockup for winding a helical
coil with CIC conductors.
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Fig. 3.1.1.3 CIC conductor sample for twisting tests.
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Fig. 3.1.1.4 Strain of the wires versus the strain of the conduit.
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3.1.1.2 JT-60SA Yu =7 k& odiHE - Hik
2007 FFREND 2014 FEEICE YD | R FFEIZERT (NIFS) & B AR -7 /9B s gt
(JAEA) HIE[EIT, JT-60SA H.0 Y L/ A K (CS) « Eihiss (BF) = A VSR L OB
EROPEREREAMARER 21T - 72, ARBRTIL, 4 FEOEKRY 7L (K 3.1.1.5), KO 7 fEH
DEEEY 7V NIFS 3FTA $ 2 REDEAEBREEE (4 3.1.1.6) & PABEAGKERILE 4
TR L 7=,

HARER TIX, CS « EF &Y o 7L D55 i BRAGIRE (Tes) I E & B EMERR AT o 72, &
3L ICHEROHERE L Tes PIERE RO —EE2 T, ARETIL, Tes Z 10 Vim & EFEL
7=, CSHE(R L BF H{KIX, ZhEh, BEEFRMBIT NbsSn & NbTi #fEH L727r—7 L - A
Ve arYy MCIC)EIETH S, BIRY 7 LDIIRIT, MBRTERINDIWHRELE
B L C.CS ERIIAT BN EF 8T T 7 v MBIk E Uiz, FEEY 7L OL R,
1.5mBETH D, Tes HIEEIT oI fER. CS-EF E{AORE EREA R T H I N TX -,

2 3 > 3
= £ ‘o
2 2 :
Prototype EF-H EF-L CS
Figure 3.1.1.5 Photographs of the CIC conductors used for the EF and CS coils of JT-60SA.
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Figure 3.1.1.6 (a) Schematic drawing of the conductor test sample installed in the NIFS 9-T split-coil
facility and (b) a photograph of the sample covered by the thermal insulating vessel.
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CS * EF EARBEGHH OB HIIE 21T o 72, 2% 3.1.1.2 ICKBEREB OFEH & JIERS R D —
W% 79, CS pancake #2#¢ (2 1% NbsSn ##¢IA + % 2461 5 Butt joint FXNZHH L., ZOfh
DOFEGEERTIX, #RIFE L2487 1 » 7 290 L T 9% Lapjoint A HH Uiz, HIEZ1T
IR, BR 1M BONTEVRRE Ty MEROBERT 7V OREIL, KREEARGER
EEEZMFEHL, 2K 0.5m BOUFRIKOER Y 7V ORE L H RS AR EE 2 H L
7o BERCHRBTHE OFE L. CS Terminal (Type B)Z R . 3T O Tt st ZRE(S nQ)
iR T DI EMTE,

2012 AR & 2013 A IS TRGImAIREREEE A VT CS £ v a1 (X 3.1.1.7) OMHRE
AR A e LTz, ZORGE., (HERZ MR T 28R 2 G017, 2016 FITIXFEE CS =411
EY 2 — VOB - iR E TEL TV 5,

Figure 3.1.1.7 Photograph of the CS- model 0011 of JT- 6OSA installed in the NIFS forced-flow
conductor testing facility.

Table 3.1.1.1 Summary of conductor tests for JT-60SA.

Prototype EF-H EF-L CS
Strand NbTi < - NbsSn
No. of strand 486 450 216 -
No. of Cu wire 0 0 108 -
Cabling pattern 3/3/3/3/6 351516 3/3/6/6 -
Sub-wrapping w/ wlo - -
Void fraction 30-32% 34% - -
Jacket outer size [mm Xmm] 28.0Xx28.0  27.7X27.7 25.0X25.0 27.9X27.9
Sample configuration Racket -shaped - Hairpin-shaped
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Test conditions

Current 20 kKA < < 22.6kA
Magnetic field 62T - 48T 80T
*Tes
Requirement 5.82 K 6.14 K 751K
Test result 6.2 K 6.21 K 7.24 K 8.75 K  (before
**the cycle)
8.85 K (after
the cycle)
*Tcs is an abbreviation for current sharing temperature.
**The cycle means repeated electromagnetic and thermal cycles.
Table 3.1.1.2 Summary of conductor joint tests for JT-60SA.
EF EF EF EF CS pancake CS CS
Prototype Pancake Terminal  Feeder Terminal Terminal
(Type A) (Type B)
Joint Type Lap joint « — — Butt joint Lap joint —
Jointed NbTi — — — NbsSn NbTi/NbsSn
cables
Sample U-shaped Racket- — U- Hairpin- Racket- —
configuration shaped shaped  shaped shaped
Test
conditions
Current 20 kA — — — — — —
Temperature 4.2K — — — 7.0K 42K —
Magnetic 2T 3T — 2T — 4T —
field
Cooling Bath — — — Forced Bath —
flow
Joint
resistance
Requirement - 5.0 nQ — — — — —
Test result 1.9 nQ 1.9 nQ 2.1 nQ 1.7nQ2 2.1 nQ 1.2 nQ 16.8 nQ
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<NIFS BfnE~ 7 3 v NMFFEERC O L FIAFSE D SEkE >
2007 4RFE : EF 2 A VHRWEEIRO 3 BAGIRE (Tes) HIE
2008 AL EF =2 A /L B EEE G O HEHLHI &
2009 FFJE : EF =2 A /L HERWEER O 22 8 kR
EF-H =1 A )V FEHEER D Tes HIE & Z2E R BR
2010 4FFE : EF-L = A )V FEREER D Tes JIE & 228 iR

EF = A )V FEREREGeE (EF-H & EF-L) O#HUAIE

2011 4FJ : CS = A /L SEREIRD Tes HIE : F5r 2 [A]

2012 AFJE : CS oA VSRR R & CS A Vil $efe o O HHTHIE
CSEF N AL (1 %07 —F) OEH &P ORI E

CSET /NN aA N (137 —F) OBEE ks
2013 - : CS T /LA L DOFRER
CS = A )Lyl OPLRIE : 1 [FIH
2014 L 0 CS A Vil O IPHLHIE « 2 [ H
EF = A )V FEREH  (BF-L [F+) OEHLE
<NIFS B{nE~ 7 % v MU T O L FHFIE O 4% O FE >
2016 - - CS EY 22— /LR (1 FY 2 —/LORER)
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3.1.2 LTS MEAHNI<T YT v FORKEHE

243 filZik~7= K 51z, #HHEe CIC BiRZ AW B fRb 5 e LT, M
@ﬂ%%%%%b\éﬁﬁﬁmﬂh%ﬁﬁ%%wtﬁbw%W%%%waéoﬁ%
L. NbsSn 2D Ao, 7AI=UAEE&EMOT Y7y M ANTMEE LT
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X, I OREEBLURZER <D,

RN 21T > 7= DIE, 10kA@I12 T #ERTH 5[3.1.2.1], Figure 3.1.2.1 (21
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£ 4 K. SMERBES 8 T 1TV CTEAR I 20 S Mo
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ZAICBI 7 (Figure 3.1.2.2), . | et

WIZ, SHOICEIEEZ LT 5720, 5
kKA@12 T BEARDBAFE 21T - 72[3.1.2.2-4],
ZO%A EREEILSS A/mm? EERE LT,
o, BT OZERITA VT ATERL
7o E{ROWrH % Figure 3.1.2.3 [Z/R"7, =
DERZ KR I 10 m THIFEL ., Figure
3124 [IRTHEMI X —rDaf VIBIRD
Yo7 LT, RKIEERBRIGE D X7
Uy haA LRI L TRMERBR 21T - Figure 3.1.2.1 10-kA-class LTS
oo 270w b aA O RPMES51E 9T  indilectly cooled superconductor and
THHN, o7z af VIR E - photograph of the prototype.
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Figure 3.1.2.2 Critical currents of the 10-
kA-class superconductor.
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Figure 3.1.2.3 Schematic diagtam and
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cooled superconductor with high current
density.

Figure 3.1.2.4 Photograph of three-turn
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measurements.
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Figure 3.1.2.6 Schematic diagtam and photograph of 100-kA-class LTS indilectly

photograph of 20-kA-class LTS indilectly  .goled superconductor for FFHR.
cooled superconductor with high current

density, 100 A/mm?.
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3.13 HTSTY %y FORAXEHE

244 EICER L TWA X 92, FFHR-dl ~U WUFDO~ 7% v+ HABIREERD
EREOOE DL L TEIRBERE (HTS) #4482 W2 8K 2 et LT, HTS &
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FEHD,

NIFS Tl% FFHR ~®jiE % 6 & L 7= 100 kA #% HTS ERDOPIFE & 2005 4 L 0 D
THRY YUIE. 10 kKA DT v ~ & A 7TEROERAERIZ L 5 JFEREED i 72,
BANE Bi-2223 #4422 R g L 7238 K CIELE 20 K AN RESS 8 T C 10 kKA DFg R ER &
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4], (ZDt%, 2013 3 A& 5 AICbZ0BMNEER), X512, 2013 4 10 HI2iE,
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B SN 7 ) v vaf s MolkoTERL, 1 ¥—U L —T%FKR LT,
ATV haA VOWSGEE ST L Z Lo TH U I NICEREZGHET 5 HK
A L2, 5 1 RIORBROR S, I 20 K I2HBV\ T 30 kA LLEOERZ 1 4L
BT SITERI L. ARG 6 T 12BN T 45 kA DGR B 2B L7223, HoEk
TEEE 80-90 B & WITFE DOy D 1 TH Y . 45 kA LLEICEET 5 & 2B BT
FLZ, Zhid, 2Md 285650 5 B O AOBEGHEHA THIED 10 513 £ &
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3.1.3.2 HTSSTARS E{K 100 kA 7' 1 k% A 7ikBr
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Figure 3.1.3.1 Cross-sectional schematic illustrations of the 100 kA-class HTS prototype
conductor at the sample center. (Reproduced from [3.1.3.1].)
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Figure 3.1.3.2 Schematic illustrations of the 100 kA-class HTS conductor sample installed in
the large-conductor testing facility at NIFS together with a photograph of the actual sample.
(Reproduced from [3.1.3.1].)
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Figure 3.1.3.3 (a) Waveforms for the measured sample conductor current and bias magnetic
field at temperatures of 20 K (thick curves) and 4.2 K (thin curves). (b) Stable sample
conductor current of 100 kA sustained for 1 h at 4.2 K.

Figure 3.1.3.4 Defect area of the fabricated joint (photo taken after dismantling the sample).
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Figure 3.1.3.5 Waveforms of the measured sample current and bias magnetic field with a fast
ramp-up rate of ~1 kA/s for (a) the 30-kA-class conductor sample at 4.2 K, and for (b) the
100-kA-class conductor sample at 40 K. (Reproduced from [3.1.3.1].)
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Figure 3.1.3.6 Schematic illustration of the model of the critical current analysis. The units
are in millimeter. The normalized external magnetic field distribution is also shown.
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Figure 3.1.3.7 (a) Critical currents of the 30-kA sample obtained by the experiment and
numerical analysis as a function of the bias magnetic field at each temperature. Symbols and

curves show the results of the experiment and the analysis, respectively. (b) The same for the
100-kA sample.
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Figure 3.1.3.8 (a) Critical currents of the 30-kA sample obtained by the experiment and
numerical analysis as a function of the bias magnetic field at each temperature. Symbols and

curves show the results of the experiment and the analysis, respectively. (b) The same for the
100-kA sample.
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Figure 3.1.3.9 (a) Waveforms of the sample current, bias magnetic field, and temperature (at
two locations on the stainless steel jacket) observed in the critical current measurement of the
30-kA-class HTS STARS conductor sample. (b) Quench or no quench points on the bias
magnetic field and current plane observed in this experiment.
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Figure 3.1.3.10 Schematic illustration and a photograph of the joint section of the HTS
STARS conductor sample.
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Figure 3.1.3.11 (a) Joint resistance measured for the 100-kA-class conductor sample as a
function of bias magnetic field. (b) Joint resistivity measured for the 100-kA-class conductor
sample as a function of the applied pressure during joint fabrication.
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