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The National Institute for Fusion Science (NIFS), which was established in 1989, promotes academic ap-
proaches toward the exploration of fusion science for steady-state helical reactor and realizes the establishment
of a comprehensive understanding of toroidal plasmas as an inter-university research organization and a key cen-
ter of worldwide fusion research. The Large Helical Device (LHD) Project, the Numerical Simulation Science
Project, and the Fusion Engineering Project are organized for early realization of net current free fusion reactor,
and their recent activities are described in this paper. The LHD has been producing high-performance plasmas
comparable to those of large tokamaks, and several new findings with regard to plasma physics have been ob-
tained. The numerical simulation science project contributes understanding and systemization of the physical
mechanisms of plasma confinement in fusion plasmas and explores complexity science of a plasma for realiza-
tion of the numerical test reactor. In the fusion engineering project, the design of the helical fusion reactor has
progressed based on the development of superconducting coils, the blanket, fusion materials and tritium handling.
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1. Introduction

The National Institute for Fusion Science (NIFS)
was established on May 29, 1989 aimed at academic ap-
proaches towards the exploration of fusion science for a
steady-state helical reactor and establishment of a com-
prehensive understanding of toroidal plasmas as an inter-
university research organization and a key center of world-
wide fusion research. Especially, projects of the Large He-
lical Device (LHD), simulation science and fusion engi-
neering and design mainly have been pursued to promote
scientific understanding, technology, human resource de-
velopment and education through collaborations with uni-
versities and institutions. The above three projects are or-
ganized for early realization of the helical fusion reactor,
and their activities contribute to the design work.

The recent activities of each project are mainly in-
troduced in this paper. The recent progress of LHD ex-
periments is briefly described in Section 2. In Section 3,
the activity of the Numerical Simulation Science Project
is shown, and the developments of fusion engineering are
described in Section 4. A discussion and a summary are
given in the final section.

2. Large Helical Device Project
The LHD is a heliotron-type device employing large-
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scale superconducting magnets to enable advanced studies
of net-current-free plasmas [1,2]. The major goal of the
LHD experiment is to demonstrate the high performance
of helical plasmas in a reactor relevant plasma regime for
verifying the potential capability of a fusion reactor. The
following missions are declared [3]:

(1) realization of plasmas with high fusion triple product
and execution of extensive confinement studies

(2) demonstration of a stable long-pulse discharge

(3) clarification of the role of the radial electric field in
plasmas with high ion temperature

(4) realization of beta as high as 5% and exploration of
related physics

(5) control of edge plasmas by divertor for a stable long
pulse discharge

(6) investigation of high energy particles simulating al-
pha particles

The original target plasma parameters are set at 7; >
10keV, averaged beta (8) > 5%, fusion triple product
netel; > 109keV-m™3-s and a steady state operation of
more than 1 hour (3 MW).

Since 1998, the LHD has been producing high-
performance plasmas comparable to those of large toka-
maks, based on the reliability of cryogenic systems [4]
and the technology development of heating devices. In
the past 12 years, the superconducting coils have been
excited 1,380 times without any serious problem and the
confining magnetic field has been provided with up to

© 2011 The Japan Society of Plasma
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Fig. 1 The development of (a) available troidal field, (b) powers of NBI, ECH and ICRF, (c) central ion and electron temperatures, (d)
achieved volume averaged beta and central electron density, (e) pulse length of discharges and input energy of LHD in 1998-2011.

2.96T in steady-state as shown in Fig. 1 (a), which realized
101,000 plasma discharges [5]. Three kinds of heating de-
vices are equipped with LHD, that is, neutral beam injec-
tion (NBI) [6], electron cyclotron heating (ECH) [7] and
Ion cyclotron heating frequency (ICRF) [8]. Figure 1 (b)
shows the development of the powers of NBI, ECH and
ICRF. Three tangential beams with negative ion sources
with the acceleration voltage of 180keV generate 16 MW
in total. The two additional perpendicular beams with pos-
itive ion sources of 40keV were added in 2008 and 2010,
for the direct ion heating. The total heating power of NBI
has reached about 27 MW. The ICRF system greatly con-
tributes to produce the steady-state operation. The power
of ICREF itself achieves 1.6 MW for 5000s. Recently, a
high power gyrotron of the ECH system has been success-
fully developed in collaboration with Tsukuba university.
The output power of 1.8 MW was steadily obtained for one
second in a 77 GHz-gyrotron (Fig. 2).

Figure 1 (c-e) show the development of the plasma
parameters in 1998-2011. Central T; achieved 6.4 keV
at 1.6x 10" m™3 by applying the perpendicular NBI in
2011. Central T, increased after the finding of an elec-
tron internal transport barrier (ITB) [9, 10] and approached
about 20keV with the high-power gyrotron. The (8) in-
creases with the heating power of NBI year by year and
has reached 5.1% [11]. The operation with multi-pellet
injection can produce the plasma with peaked density pro-
file with an internal diffusion barrier (IDB) [12, 13]. The
high central electron density of 1.2x 10! m™ has been
achieved in an IDB plasma. The pulse length of the dis-
charge has been extended by ECH and ICRF. The input
heating energy approached 1.6 GJ, which is a world record.
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Fig. 2 Development of high power gyrotron.

2.1 Physics studies to attain the objectives

The physics studies for attaining these objectives have
been greatly developed over the last 12 years. Global en-
ergy confinement in the magnetic configuration optimized
to neoclassical theory has been proven to be comparable
to those of tokamaks in ELMy H-mode, which shows a
gyro-Bohm-like property as seen in international stellara-
tor scaling [14]. No significant collisionality dependence
as predicted by neoclassical theory has been observed [15].
The geometrical optimization has also demonstrated that
anomalous transport is reduced simultaneously.

The formation of a radial electric field is expected to
improve the transport properties. The experiments indicate
that the large positive electric field (“electron root”) by on
axis ECH forms the internal transport barrier. The tem-
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Fig. 3 Radial profiles of Helium, Cabon and Neon densities nor-
malized to electron density.

perature linearly increases with the power, which means
no power degradation in the electron root plasmas. The
confinement of high energy ions is one of the key issues
in helical plasmas because of the existence of helical rip-
ples, and it has been verified by ICRF heated plasma. The
high energy ion tail was observed in the energy range up
to 2.5MeV, which was measured with a Neutral Particle
Analyser (NPA) in steady state operation [16]. Also full
orbit Monte-Carlo calculations show that high energy par-
ticles of MeV order are well confined in LHD.

Systematic improvement of RF facilities has enabled
stable injection of heating power in steady state. The
plasma with T, and 7; of about 1keV was successfully
maintained by 1 hour by ICRF of 400kW and ECH of
100kW [17].

2.2 New findings

In LHD experiments, three desirable new findings for
realization of a helical reactor have been obtained. The first
one is the realization of extremely hollow impurity pro-
files. The profiles have been observed in the steep gradient
of ion temperature, which is called “impurity hole” [18].
Figure 3 shows the relative concentration of Helium, Car-
bon and Neon gases with respect to electron density. The
profiles of these gases have an “impurity hole”. Experi-
ments show that outward convection is increased with in-
creasing ion temperature gradient in spite of the negative
radial electric field, which is opposite the tendency pre-
dicted by neoclassical theory. Therefore, the impurity hole
is supposed to be driven by anomalous convection [19].

The second is related to the beta limit due to stabil-
ity. The heliotron configuration has a magnetic hill in the
periphery, which destabilizes resistive interchange modes.
Linear theory suggest that an increment of beta increases
the growth rate of the mode further. However, in the beta
range of up to 5%, no significant MHD activity which de-
teriorates plasma confinement has been found [20]. MHD
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Fig. 4 Comparisons of ne, Te P profiles between the gas-puff
and multi pellet cases.

modes are suppressed from the inner to the outer region
with increasing beta [21], and the amplitude of the mode
clearly depends on magnetic Reynolds number, S. This
tendency means further stabilization of the mode in high-
S regime, which corresponds to the reactor regime. The
high-beta state is successfully maintained for more than
100 g without strong MHD activity.

The final one is related to discovery of a new oper-
ational mode. A peaked high density profile with IDB
has been realized by multi-pellet injections. The density
is much higher than the usual gas-fueled plasmas. The dif-
ferences of n., T. and P profiles in both cases are shown
in Fig. 4. In the case of multi-pellet injection, the central
electron density is much higher than the gas-puff case and
the diffusion barrier is formed around p of 0.5 although the
profile shape of T, is almost similar to the gas-puff case.
The central density of 1.2x 10*' m™> at 2.5T, and central
beta of 10% have been achieved. This high-density plasma
has been sustained over 3 s, and the suppression of the im-
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Fig. 5 High density operation on the density and temperature
diagram.

purity contamination in the plasma edge with the stochas-
tic region has been found, which is predicted to be due to
impurity screening due to friction force in the stochastic
layer.

This super high density core (SDC) operation enable
us to consideration of new reactor scenario. Figure 5
shows the approach to self-ignition by using SDC opera-
tion. This approach is different from the conventional high-
temperature scenario, and the plasma with the temperature
of 7keV and density of 6 x 10?! m~3 is targeted. This is
expected to mitigate the access to the self-ignition regime
because the required temperature is quite a bit lower than
the conventional scenario.

2.3 Future plan

In order to extend the operational regime and achieve
the target parameters further, we have the following plans
in the near future:

(1) Steady State Operation with higher heating power

(2) Deuterium-deuterium (DD) Experiments

(3) Effect of Closed Divertor System on Plasma Confine-
ment

The steady state operation by ICRF with 3 MW for
more than 1 hour is planned. The DD experiments are
planed so as to realize the confinement improvement and to
realize higher ion temperature plasmas. The installation of
a full closed divertor system is planned for impurity con-
trol, stable divertor detachment and so on [22]. 80% of the
inboard divertor area will be modified to the closed con-
figuration with in-vessel pumping by 2012-2013. Figure 6
shows the schematic view of the structure of the closed
divertor system. The cryosorption pump system with
a pumping speed of 100m’/s and with an LN, cooled
chevron baffle will be applied. In 2011, the partially closed
divertor was installed to demonstrate the neutral compres-
sion. The neutral pressure in the closed divertor reached

Fig. 6 Structure of closed divertor system.
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Fig. 7 Difference of neutral pressures in closed, open divertor
and non-divertor region.

more than 1 Pa, which is about 20 times higher than that in
open divertor region and 100 times higher than that in non-
divertor region as shown in Fig.7. The maximum com-
pression was obtained in a neoclassically optimized con-
figuration with an inward shifted magnetic axis.

In addition to the above subjects, research for physics
understanding will be pursued to obtain further knowledge
of three-dimensional currentless plasma physics.

3. Simulation Science Project

The simulation science project has been established so
as to understand and systemize the physical mechanisms of
plasma confinement in fusion plasmas including magnetic
confinement and laser systems and to explore the complex-
ity science of a plasma as a nonlinear, non-equilibrium,
open system. The final goal of this project is to predict
the behaviour of plasmas in toroidal magnetic confinement
devices on all relevant scales both in time and space for
realization of an LHD numerical test reactor (LHD-NTR)
[23,24]. The concept of LHD-NTR aims to create a fusion
reactor in virtual reality in order to optimize physics, en-
gineering and economy. In order to realize this concept,
we need an integrated modeling of multi-scale physics,
which is called a hierarchy-renormalized model, based
on the understanding of complexity physics as shown in
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Fig. 8. The hierarchy-renormalized simulation model con-
sists of the hierarchy-integrated simulation model and the
hierarchy-extended simulation model. The former model
is based on the transport model, which is suitable to inter-
pret the experimental observation of macro physics quanti-
ties. The hierarchy-extended simulation model is to under-
stand cross-hierarchy interactions (see Ref [23] in detail).

For developing the LHD-NTR, many simulation
works have been successfully advanced in order to under-
stand multi-physics in fusion plasmas and complexity sci-
ence, as shown Fig. 8. We need all elements of the physics
controlling fusion plasmas and innovative numerical tech-
nologies to interlock them, together with powerful super-
computing resources at the Petascale level or more as a
common platform of simulation science. And we should
assemble all obtained results to upgrade integral transport
models and approach the final NTR in the synergy of ex-
perimental groups and fusion engineering groups.

Several works are briefly described as follows: The
gyro-kinetic Vlasov simulations of ion temperature gradi-
ent (ITG) turbulence and zonal flows have been done in
the LHD configuration [25]. The simulation results indi-
cate that the given zonal flows have higher levels for longer
time in the inward-shifted configuration of the magnetic
axis than that in the outward shifted one, which is consis-
tent with the experimental observation [26,27]. The simu-
lation code for investigating an interaction between MHD
and energetic particles, MEGA, was extended with the ion
Larmar radius effect, and was applied to calculate the lin-

ear growth rate and the damping rate of the n = 4 toroidal
Alfvén eigenmode (TAE) in the TFTR D-T plasma [28].
The obtained results are consistent with the calculation of
the NOVA-K code [29]. Recently, the extended MEGA
code has been applied to investigate the non-linear evolu-
tion of TAE in an ITER-like plasma [28]. The non-linear
evolution of MHD instabilities has been investigated by
numerical simulation of the fully three-dimensional MHD
code, MINOS [30]. This simulation has been carried out
for linear unstable configuration of LHD, and clarified that
the instability leads to the local flattening of the pressure
and releases the kinetic energy in the direction parallel to
the magnetic field line. The compressibility effect reduces
the linear growth rates of the instability.

In addition, multi-scale interactions among the MHD
instability, micro turbulence and zonal flow have been in-
vestigated based on two fluid equations in tokamak con-
figurations [31, 32]. The magnetic reconnection, which
is known as a multi scale phenomenon, has been investi-
gated by using a multi-hierarchy simulation model [33,34].
The simulation works with regard to pellet injection [35],
plasma-wall interaction including blob dynamics [36] and
molecular dynamics [37] have been successfully devel-
oped. These works are expected to contribute the devel-
opment of the LHD-NTR.

4. Fusion Engineering Project
In the fusion engineering project, four key subjects for
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the early realization of the helical fusion reactor have been
researched: developments of superconducting coils, mate-
rial and blanket, tritium handling, and the design of helical
fusion reactor. The investigation of these subjects has been
developed in parallel with the design work of helical fusion
reactor based on LHD experiments.

The application of superconducting technology to a
commercial fusion reactor is absolutely imperative from
the viewpoint of the economic efficiency and compactness.
The objectives of our researches are (1) improvement of
LHD superconducting system, (2) development of a heli-
cal reactor system and the elemental technology, (3) basic
study for the construction of a superconducting system and
(4) the application research of fusion technology to other
fields.

As described at Section 2, the high reliability of
the LHD superconducting system itself has been demon-
strated through actual experiments for the past 12 years.
In FY2006, the cryogenic system was reconstructed for
the sub-cooling of helical coils, which realizes a higher
magnetic field. Both inlet and outlet temperatures were
successfully decreased to 3.2K and 3.8 K, respectively,
and the maximum magnetic field of 2.96 T became avail-
able [5]. This sub-cooling system has been safely running
for over 7000 hours. The operational experience and the
high reliability contribute the design of the superconduct-
ing system for the helical fusion reactor [38].

The system for current control of the superconduct-
ing coils was improved for the temporal movement of the
magnetic axis during a discharge [39]. The capacity of the
power supply of the poloidal coils was increased, which
enables motion of R,x by 5cmy/s. This system was mainly
applied to the experiments for high-beta plasma production
and MHD study [11].

In a helical fusion reactor, the construction of the cool-
ing system with a low pressure loss of liquid Helium is
a major crucial issue because the superconducting mag-
nets with the major radius of more than 14m and the
maximum magnetic field of about 13T are required in
the present plan. In order to resolve this problem, the
indirectly-cooled superconductor has been proposed and
developed [40]. The planned superconductor has a square
cross section with 50 mm X 50 mm and the maximum cur-
rent is about 100kA. The superconducting (Nb3Al) and
copper wires are bundled and covered by an Aluminum-
alloy jacket. The jacket is agglutinated by the Friction Stir
Welding method. For demonstrating the validity of this
method, the sample with 17 mm X 5 mm was fabricated and
tested under the conditions with 12T and 4.7kA. As a re-
sult, no degradation from the critical current was observed.
On the other hand, the application of the high temperature
superconducting (HTS) magnet is also considered instead
to Nb3Al. The R&D test of Bi-2223 wire under the con-
ditions with 8 T and 20K indicates the critical current of
10kA. Also it was shown that the HTS conductor has sig-
nificantly higher stability against heating than the conven-

tional superconductor.

The effect of neutron exposure on superconductors
is also an important subject for a fusion reactor. This
research has been advanced in collaboration with uni-
versities and JAEA. For example, changes in the critical
current, magnetic field and temperature of several super-
conducting wires due to 14 MeV neutron exposure with
1.78 x 10?! n/m? were investigated [41]. A database has
been constructed for the modeling. Also, the development
of materials with lower radio-activation has been carried
out. Especially, superconductors of V3Ga and MgB,, hav-
ing a short half-life, have been successfully fabricated and
the validity has been demonstrated in collaboration with
universities [42].

The vanadium alloy is expected as one of the attractive
materials for fusion materials because of low activation.
NIFS has been mainly developing high purity vanadium
alloy (V-4Cr-4Ti), NIFS-HEAT, for a long time in col-
laboration with many universities. The high machinabil-
ity and weldability of NIFS-HEAT were demonstrated till
2003 [43], whereas the applicability to the blanket has been
investigated through various experiments such as neutron
exposure. Also the applicability of NIFS-HEAT coated by
tungsten to the first wall has been investigated. Tungsten
coating has been directly done by the vacuum plasma spray
(VPS) method, which is advantageous to coat to structures
with complex shape and large area. This test was applied
to low activation ferrite steel.

In the blanket, the reduction of the loss of pressure
due to the MHD effect is one of the key subjects. In or-
der to increase insulation properties for electricity in liquid
lithium, the application of ceramic materials as has been
considered [44]. In particular, immersion test of sintered
ceramic samples to liquid lithium indicates that Er,O3 is
one of the probable materials. Also it has been experimen-
tally found that the Er,O3 coating has low corrosion and
high insulation characteristics [45].

In the D-T fusion blanket, (1) conversion of high neu-
tron energy to heat, (2) breeding of tritium and (3) shield-
ing of radiation to superconducting coils are required. In
order to satisfy these subjects, four kinds of concepts of the
blanket, (a) Flibe (LiF-BeF,)+Be, (b) Flibe+cooled STB
(Spectral-shifter and Tritium breeder Blanket), (c) Li/V-
alloy and (d) Flibe/V-alloy have been considered. In ad-
dition to investigations into the characteristics of the above
blanket materials, transport of neutrons and gamma rays
has been calculated by using MCNP code for estimating
the effect on materials [46]. The radioactivation character-
istics of the blanket materials have been investigated by the
neutron exposure.

Based on the above engineering developments, the de-
sign of the Force Free Helical Reactor (FFHR) has pro-
gressed as an attractive steady state helical fusion reactor
[47]. The design of the magnetic configuration is mainly
based on the confinement scaling of LHD experiments, and
the recent design considering engineering constraints such
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Fig. 9 Plan toward helical demo reactor.

as neutron wall loading shows the optimum major radius
and central toroidal field are 14-17m and 4-6T, respec-
tively. The neutron wall loading is predicted to be lower
than 2 MW/m?2, and the blanket lifetime is about 10 years.
If the STB is applied for the first wall, the replacement-free
blanket concept is possible. The new ignition scenario,
SDC plasma with high-density and low-temperature, has
been taken into account as well as the standard scenario
with low-density and high-temperature as described at Sec-
tion 2.2. The operation using the proportional-integration-
derivative (PID) feedback control system is proposed in or-
der to avoid thermally unstable operation [48].

5. Discussion and Summary

The role of NIFS is to systemize the science related
to the helical demonstration power plant (helical DEMO)
by steady-state magnetic confinement in collaboration with
universities and institutes as well as international collabo-
ration. The understanding of two major issues, burning
and steady-state, are required for early realization of a he-
lical DEMO. Therefore, the complementary development
of helical devices and the ITER are absolutely imperative.
The ITER is expected to provide the knowledge regarding
demonstration of ignition and a control of burning plasma,
whereas the understanding of steady-state plasma would
be obtained in experiments of LHD, W7-X [49] and JT-
60SA [50]. Also, the numerical test reactor would con-
tribute to the concrete prediction of plasma physics and the
engineering (Fig. 9).

Since 1989, NIFS is making an effort to obtain the
knowledge of science and technology aiming at the real-

ization of a helical fusion reactor through Large Helical
Device experiments and theoretical simulation, as well as
human resource development.

Large Helical Device experiments have verified the
intrinsic ability of Stellarator/Heliotrons with currentless
plasmas, and produced new findings contributing to the un-
derstanding of common physics in magnetic confinement
systems.

The detailed plan aiming at the realization of a helical
fusion reactor has been established through physics under-
standing based on contributions from LHD experiments,
simulation science and development of fusion engineering.
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