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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 firound,0 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 NbsSn 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 AOroshhi-20 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 worldés 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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High_density p|asma physu H|gh_temp Plasma phys Muf‘ngsTlarEEgLaeV;Zvers Int[;ef;]lr;n Task setting, Project management | Sagara, Miyazawa, T. Goto
Plasma heating phys., Device eng. and advanced phys. e Sg ara 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 HdeilstllgrDEM o Power supply, |Generator, Power supply system| Chikaraishi, . Yamada
- ’ ! Generator — - —
Large-scale Ijlgh»ﬁglq Vanagi, Mito basic design | Chikaraishi Transmission. H production | S.Yamada, Hishinuma
conductor testing facility Janag " "
Tritium processing system M. Tanaka
Conductor - Obana, Imagawa, o,
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 — —
Varagi 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
power supply Bus-line, Current lead S. Yamada, dynamics under high Coreplasma | High performance plasma Ichiguchi, Satake, Suzuki
Ol A Yokoyama, Murakani (Kyoto J.)
NsvySteT - — ChikhﬁLaraishi’ magnetic field S—_— TCT effect, U P8R ET e M
amoto Ol pOWET SUpply System amada Ignition Scenario Mitarai, Goto, Sakamoto
. 7 NBI Tsumori, Osakabe
Test fabrication of high ; .
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. . T.Tanaka, Hishinuma activation material U. . Kubo, Shimozuma
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STARFIRE Commercial Tokamak Fusion Power Plant (ANL)
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FFHR1 F F H-R LHD
2m2

Coil pitch p. g 1.25 1.2 1.2 1.25
Hel i cal coi l Re m 15.6 a 17.3 3.9
Pl asma major R m 14.4 a 16 3.75
Average toroi <
the winding = T 4.7 a 4.84 3
Pl asma volum V, m3 1878 1710 1744 30
Fusion out pu P GW 3 2.6 3 T
Hel i cal <coil jc A/mm? 25 a 25 53
Stored maanei! W GJ 160 a 160 1.64
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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 2.3.2.5 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 ne(r), (b) is the electron temperature profile Te(r), (c) is the plasma beta

profile b(r)s * 2ne(r) Te(r) / (Bo? 1 (2 m)) (Bo is magnetic field strength on the axis in the

vacuum equilibrium), (d) is the alpha particle birth profilea Padr), (e) is the sum of the
volume integrated alpha heating power and Pa(r) and the bremsstrahlung loss Pg, and ()
is the profile Pqep(r) and the line-averaged value of heat deposition normalized by its value
on the plasma surface (r = 1) Pqep1. Horizontal axis corresponds to the normalized minor
radius 7 refr / @go (refrand agg are the effective minor radius and the effective minor radius
of the region contains 99% of plasma stored energy, respectively). Open circles in (a) T (¢)
and (f) denote the data from LHD.
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Figure 2.3.4.2 The result of MHD equilibrium analysis by HINT2 code for (a) Case A (Ap
=5.8) and (b) Case B (A, = 6.6).
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[vacuum magnetic field configuration]

Magnetic hill Magnetic well

[deeply trapped particle orbit]

NS
(NN
NN *’/‘) \S“:‘}J/’// \
SIS
Vac:jum r;;agneltica;s p01sitli10n o T ' ’
Rix=3.55m 3.60m 3.75m 3.90m

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).
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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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http://www-naweb.iaea.org/napc/physics/meetings/TM49934.html
http://www.ulvac-cryo.com/products/cryo-pump/about_cp/cp-basic_04/
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