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Progress of high-temperature
experiments in LHD

Realization of high-temperature plasmas is one of the most
important issues in helical plasmas, which have an advan-
tage over tokamak plasmas for steady-state operation. In
the Large Helical Device (LHD), the heating capability
has been upgraded year by year and the high-temperature
regime has been successfully extended. In the LHD, three
negative-ion-based neutral beam injectors (NBs) produce
hydrogen neutral beams with a beam energy of 180 keV
and a total port-through power of 16 MW [1]. These nega-
tive NBs are tangentially injected to the LHD plasma. A
positive-ion-based NB [positive neutral beam injection
(NBI)] with a low energy of 40 keV was perpendicularly
injected for ion heating. Since 2010, a second 40-keV per-
pendicular NB has been operational in LHD and the total
port-through power for perpendicular NBI has thus
increased from 6 MW to 12 MW. An electron cyclotron
resonance heating (ECRH) system with eight gyrotrons
has been operated for preionization and plasma heating
[2]. Enhancement of the output power per gyrotron has
been planned in LHD and the replacement of the existing
gyrotrons with higher-power tubes is in progress. At pres-
ent, three 77-GHz gyrotrons with output power of more
than 1 MW each, are operational for plasma experiments.
LHD now has 28 MW of NB power and 3.7 MW of ECRH
power available for experiments.

Figure 1 shows (a) the radial profiles of ion temperature
T;, electron temperature T, and electron density n, in a
typical high-T; discharge with a carbon pellet, and (b) the
progress of the achieved central ion temperature 7;, in
LHD as the dependence of T, on the density-normalized
ion heating power P;/n., where P; is the volume integral of
the local NBI deposition power for ions evaluated using
the FIT3D code, and 7. in Fig. 1(a) represents the effec-
tive minor radius. lon temperature of 7 keV at the plasma
center was successfully obtained and the achieved T}, has
increased with Pj/n,. High-T; plasmas have been realized
with injection of a carbon pellet [3—5]. The kinetic
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Fig. 1. (a) The radial profiles of T;, T,, and ng in a typical
high T; discharge, and (b) the progress of the achieved T;
in the center of LHD.
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The operational regime in high-temperature plasmas
has been successfully extended due to the upgraded
heating system and optimization of the discharge sce-
nario in the Large Helical Device (LHD). Transport
analysis of the high-ion-temperature plasma showed
that the ion thermal diffusivity and the viscosity were
reduced after the formation of the ion internal trans-
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energy confinement improves by a factor of 1.5 after pellet
injection. In the high-7; phase, a flat or hollow profile in n,
has been observed. This has different characteristics from
the PEP mode investigated in tokamaks [6—8].
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Fig. 2. Radial profiles of (a) T;, (b) ne, and (c) Pi/ng before
and after ICRF wall conditioning.

This improvement was attributed to the upgrade of the NB
system, the optimization of the discharge scenario, and ion
cyclotron radio frequency heating (ICRF) wall condition-
ing. It was found that intensive wall conditioning by a
series of ICRF minority-ion-heating discharges helped to
increase the ion temperature. In fact, there was no signifi-
cant increase of NBI power from 2010 to 2011 in LHD.
Figure 2 shows radial profiles of (a) 7;, (b) n., and (c) the
ion-heating power normalized by n, before and after ICRF
conditioning. In Fig. 2, ayg is the averaged minor radius
inside which 99% of the stored energy is confined. In the
ICRF discharges, NBIs were not used and helium was
fueled as the working gas for minority heating. Before the
ICRF conditioning, a hollow n, profile was formed and T,
was below 6 keV. After 30 discharges of ICRF condition-
ing with a pulse duration of 10 s, a lower electron density
with a parabolic profile and T}, exceeding 6 keV were
obtained. The partial pressures of both H, and He during
the discharge were found to be decreased after ICRF wall
conditioning. This represents a decrease of outgassing
from the wall, namely a decrease in neutral particle recy-
cling. The increase of Tj, after ICRF conditioning is con-
sidered to be the result of an increase of NBI heating
power per ion at the core region due to the decrease of
edge density, as can be seen from Fig. 2(c), rather than an
improvement in the ion heat transport.

Figure 3 shows (a) radial profiles of 7, and n, in a high-T;
discharge and (b) a map of simultaneously attained central
electron temperature 7 and line-averaged electron den-
sity for ECRH discharges. Highly accurate T, profiles
were obtained by the accumulation of the intensity of
Thomson scattered light at 17 times during fixed-condition
discharges with the three YAG lasers all injected together
[9]. Central electron temperature of 20 keV was success-
fully achieved by centrally focused ECRH of 3.35 MW at
an electron density of 0.2 X 10" m™3. The plasma parame-
ter regime with regard to the electron temperature has been
successfully expanded in both low- and high-density con-
ditions.
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Fig. 3. (a) Radial profiles of T, and ng and (b) map of simul-
taneously attained T,y and ng for ECRH discharges.

Dynamic transport analysis that takes into account the
slowing-down effect of NBI deposition is suitable when
the plasma parameters change transiently in the discharge
[10], as they do with the injection of a carbon [3—5]. Here
the temporal changes in ion heat transport and toroidal
momentum transport in high-7; discharges are discussed.
Figure 4 shows the time evolution of (a) the line-averaged
electron density and the port-through NBI power, (b) the
NBI absorption power, (¢) the NBI input torque, (d) T3, (e)
the toroidal flow velocity ¥y, (f) X/ Ti3/ 2 at the three posi-
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tions, (g) the effective viscosity |1, consisting of the tan-
gential NB-driven rotation and the intrinsic rotation at 7./
agg = 0.31, and (h) the dependence of the Prandtl number
P, on T at refagg = 0.31 in a typical high-T; plasma. The
thermal diffusivity is normalized by Ti3/ 2 to cancel the
gyro-Bohm dependence Here the Prandtl number is
defined as 1y/x;. The integrated absorption power and the
force in Figs. 4(b) and 4(c) were calculated taking account
of the slowing down of the energy and the velocity of NB
particles in the plasma [10]. The plasma was sustained by
three tangentially injected NBs and two perpendicularly
injected NBs with total-port-through power of 27 MW,
and a cylindrical carbon pellet (¢ = 1.0 mm, /= 1.0 mm)
was injected at t = 4.57 s. In Ref. [3], the increment of Z ¢
was shown to be ~1 just after carbon pellet injection,
decreasing to ~0.2 due to the formation of an impurity
hole. One line of the perpendicular NBs was modulated
for 7; measurement by charge exchange recombinant spec-
troscopy (CXRS). After the pellet injection, 7, Vy, dT}/
dregrand dVy/dregy, clearly increased in the core region,
indicating the formation of the ion internal transport bar-
rier (ITB). In the core region, x; was found to change more
slowly than in the peripheral region. The toroidal momen-
tum transport also improved with the reduction in thermal
diffusivity, and the Prandtl number (ignoring the intrinsic
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torque) was close to unity despite the extensive change in
confinement during the discharge. Note that i, and P,
were underestimated in this analysis by a factor of 2 at
most, because the contribution of intrinsic rotation is in the
co direction and peaks at rog/agg ~0.6 with magnitude
comparable to that driven by NBI [4]. However, the heat
and the momentum confinement degraded in the latter
phase of the discharge.

Figure 5 shows the flux-gradient relation between

(a) Oy/ne and dTi/dr g and (b) Py/nem; and dVy/dr g at
Teff/dgg = 0.31, where O; is the ion heat flux and Py is the
toroidal momentum flux [5]. The slopes in the relation
between Qi/n, and dTi/dreyy, and between Py/nom;, and

dV y/dr g correspond to x; and Ly, respectively. As shown
in Fig. 5(a), dT;/drs increased after carbon pellet injection
despite the small change of Q;/n,. This indicates that the
ion heat transport was improved, leading to the achieve-
ment of 7 keV. However, the confinement improvement
was temporary and dT;/dr¢ gradually decreased after
dTi/drg reached —13 keV/m. The toroidal momentum
transport was also improved by ion ITB formation. The
increase of dVy/dreg with constant-momentum flux means
the decrease of Iy, and implies an increase in intrinsic rota-
tion. However, the momentum transport went back to the
low-confinement branch in the latter phase of the dis-
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Fig. 4. The time evolution of (a) ng, (b) the NBI absorption power, (c) the total force, (d) T;, (e) Vs ) xi/Tia/Z, (g) 1y, and (h)

the dependence of P, on T,.
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a change in electron heat confinement was not observed in
the discharge [10]. The intrinsic rotation [5, 11] due to the
off-diagonal terms in the transport matrix should be inves-
tigated for more qualitative and quantitative evaluation of
heat and momentum transport. Clear dependence of the
intrinsic torque on the ion temperature gradient was shown
in Ref. [5]. Detailed results of the heat and momentum
transport analyses, including off-diagonal terms, will be
reported in the near future. Hiromi Takahashi
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Fig. 5. The dependence of (a) Qi/ne on dTi/dre and (b) Py/
ngm; on aV/dreg.
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