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Abstract.

The Large Helical Device (LHD) is a heliotron device with | = 2 and m = 10 continuous helical coils with a
major radius of 3.5—3.9 m, aminor radius of 0.6 m, and atoroidal field of 0.5— 3 T, which is a candidate among
toroidal magnetic confinement systems for a steady state thermonuclear fusion reactor. There has been significant
progress in extending the plasma operational regime in various plasma parameters by neutral beam injection
(NBI) with a power of 13MW and electron cyclotron heating (ECH) with a power of 2MW. The electron and ion
temperature have reached up to 10 keV in the collisionless regime and the maximum electron density, the volume
averaged beta value and stored energy are 2.4 "~ 10°m?, 4.1% and 1.3 MJ, respectively. In the last two years,
intensive study of the MHD stability providing access to the high beta regime and of healing of the magnetic
island in comparison with the neoclassical tearing mode in tokamaks has been conducted. Local Island Divertor
(LID) experiments also have been done to control the edge plasma aimed at confinement improvement. As for
transport study, the transient transport analysis was executed for the plasma with an internal transport barrier
(ITB) and a magnetic island. The high ion temperature plasma was obtained by adding impurities to the plasma
to keep the power deposition to the ions reasonably high even at very low density. By injecting 72kW of ECH
power, the plasma was sustained for 756 second without serious problems of impurities or recycling.
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1. Introduction

A heliotron type device is a probable candidate among toroidal magnetic confinement
systems as a thermonuclear fusion reactor under steady-state operation because it can confine
plasma with only externa coils and utilizing a well-defined divertor configuration.
Compatibility between magnetohydrodynamics (MHD) stability and good confinement is one
of the crucial issue in the Heliotorn device, because there exists a trade off between the
magnetic well and small drift of helicaly trapped particles from the magnetic flux surface [1].
When the plasma is shifted outward, the high b plasma will not be achieved because of the
reduced confinement and the limited heating power, not because of the MHD instability. |deal
MHD instabilities universally have the potential for strongly limiting the operational regime
of the plasma parametersin high b regime. In tokamaks, it is well known that the operational
b limits are quite consistent with the theoretical predictions of ideal linear MHD theory [2,3].
On the contrary, in helical plasmas, alimited number of experimenta research into the effects
of pressure driven ideal MHD instabilities on the operational beta range has been reported, for
examples, on Heliotorn DR [4], the compact helical system (CHS) [5] and the Large Helical
Device[6].

Large Helical Device (LHD) is a superconducting heliotron device (poloidal period
number L = 2, and toroidal period number M = 10) with amajor radius of Ry =3.5—-4.1 m, an
average minor radius of 0.6 m, magnetic field up to 3T, and heating neutral beam with
negative ions with a beam energy of 150 — 180 keV[7,8] with a radius of tangency, Rr ngi Of
3.65m - 3.7m. The high b experiment is done in the inward shifted configuration, where the
confinement is good (and the b limit is low) enough to study the b limit in a heliotron device.
Because the plasma pressure is still marginal for the b limit even in the inward shifted
configuration, the improvement of confinement is required. The extended operation regimes,
the development of control techniques and understanding of transport, especially in the
plasmawith an internal transport barrier[9-12] are discussed in this paper.

2.MHD study

2.1. High beta experiment
The operationa highest beta value has been

expanded from 3.2% to 4% in the last two years — A ‘_‘i 254‘ T

by increasing the heating capability and E 03l g=L1. ]
exploring a new magnetic configuration with a £ “°f ; R
higher aspect ratio by changing the pitch ﬁ, 'R ?:1-22
parameter of the helica coil, g(=n/2-a/lR), from 3 0.2} "7 nel :i
1,254 to 1.22[13]. This new configuration with § ; ]
higher aspect ratio is characterized by a smaler & 0.1} % & Oy .
volume and smaller Shafranov shift than the 22, ° 1
standard configuration as seen in Figl. Although o0kt e e e

the MHD stability properties are expected to be 0 1 <bete%_ dia> 3 4

even worse according to ideal MHD theory in
this configuration (g= 1.22 ) than in the so- Fig.1 Shafranov shift as afunction of beta
called standard configuration (g= 1.254 ), the value for the configurations of R
smaller shift is considered to contribute to the =3.6 and g=1.254 and g=1.22.
central deposition of the neutral beam and hence
the reduction of the direct loss of the beam by keeping the magnetic axis close to the
tangential radius of the neutral beam (indicated by the shaded region in Fig.1) at higher beta.
Figure 2(a) shows typical MHD activities in a typica high-beta discharge with a
magnetic axis of 3.6 m and a magnetic field of 0.45 T, respectively. As the electron density is
increased by the gas puff, the volume averaged b value estimated from the stored energy
measured with a diamagnetic loop, <bgz>, increases and reaches 4% at 1.12sec. Here the
<bg=> is the diamagnetic beta value defined as 4m,/3>\Ndia/(Bav02VpO), where Wy, is the
diamagnetic energy. The B, and V,, are the averaged toroidal magnetic field inside the
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plasma boundary and plasma volume, respectively, and both of them are estimated under
vacuum condition. Theb value estimated from the kinetic stored energy based on the
measured electron temperature and density profiles is 3.3% assuming Z«s = 1, while the b
value due to beam pressure evaluated with the FIT[14] code is 1.5%. Here, it should be
noticed that the b vaues estimated with kinetic measurements and with beam pressure
calculation have relatively large uncertainties due to the lack of precise measurements of ion
density and temperature profiles and due to the difficulty in evaluating the accurate orbit loss
of high energy ions in the low magnetic field

of 0.45T. The m/n = 1/1 and 2/3 modes of @
the magnetic fluctuations excited in the edge b T 28 s () ' '
region are dominantly observed in this 3k dia l}\\
discharge. Here m and n are the poloidal and oF A e T A
toroidal mode-numbers of the magnetic i ---""ne(1o19m'3) —<p,_ > %)
fluctuations, respectively. The m/n = /1 and - NBI 1
2/3 modes grow from 0.5s and their . 5 IB: . |
amplitudes increase with < bgs>. However, 0.02L © (%) |
when < bgiz> exceeds a certain value at 1.14 ~ min=21
s, the m/n = 1/1 mode is frequently 0 ' PRI ,
interrupted. b /B, (%)

The equilibrium reconstruction and 0.02F i =1/1
stability analysis are done for this discharge
by the 3-D MHD equilibrium code O———
VMEC[15]. Figure 2(b) shows the 0.05L b/ (%) i
experimentally observed beta gradients at T min=2i3
r=0.9 in the Rx =3.6m and g = 1.22 0

configuration, where the rotational transform L
is estimated to be unity, as a function of
< bgiz=>. The data were obtained in 0.45T to
1.75T operation. Here the b gradients are
evaluated with kinetic pressure
measurements and volume averaged b is
given by diamagnetic loop measurements.
The solid line in Fig.2(b) denote a contour of
the low-n (m/n =1/1) ideal MHD modes
(with globa mode structure) with  gow-
Jwa= 0.5x10% and 1.0x10? for currentless
equilibria. The growth rate is calculated by a
MHD stability analysis code
(TERPSICHORE [16]). Here wa =Vad/Ru,
Vao and Ry are the Alfven velocity and the
major radius at the magnetic axis. The dotted
lines are the stability boundary of Mercier 0 ‘ ‘ ‘ ‘
modes (with a highly localized mode 0 1 2 3 4
structure / high-m limit) [17]. The change of <b,. > (%)

the gradients ae observed around
< bgiz>=1.5%, which corresponds to Mercier
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Fig.2 (a) Time evolution of averaged

unstable region. However, the observed beta
gradients at r =0.9 increases with increasing
beta up to < bg> = 4%. Here, the electron
temperature profiles measured with a multi-
channel  YAG Thomson scattering often

electron density and averaged b value
and magnetic fluctuation of m/n
mode and (b) kinetic beta gradients at
r=0.9 (i/2p = 1) in <b>-db/dr
diagram.

show a local flattening at the rational surface, which is not included in the analysis using

VMEC discussed above[18].
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An important subject of investigation is the effect of b on confinement. Figure 3 shows
the improvement factor (H,ss) of the globa energy confinement time evaluated with the
diamagnetic flux measurements on the ISS95 (International Stellarator Scaling 1995)
empirical scaling[19] as a function of <bgz>. A serious degradation of a global energy
confinement time has not been observed up to < bgz> ~4%, and the enhancement factor is
gradually reduced in < bgz> >2%. This gradual decrease of the enhancement factor is thought
mainly to be due to the increase of the electron density (and plasma collisionality) to achieve a
high b plasma, not due to MHD stability, since the gradual decrease of the enhancement factor
is also observed in the plasma with low b values s low less than 1.5%). This is due to the
weaker density dependence of the energy confinement time (weaker temperature dependence
on thermal diffusivity) at hlgher plasma collisionality[20], while the density dependence of the
energy confinement time of n > (Gyro-Bohm type scaling ) is assumed to be unchanged over
awide range of the collisionality in the 1SS95.
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Fig.3 The improvement factor of effective energy confinement as a function of (a) beta value
for the plasma with Rx=3.6m, B=0.45-1.75T?andg = 1.22 and (b) collisionality
normalized by bounce frequency of banana orbit particles for the plasma with Rx;=3.6m,
B=1.5-2.75T and g= 1.254.

2.2. Healing of Magnetic island

The suppression of the growth of the magnetic island at a rational surface in the high
b regime is the other important issue of MHD, which has been considered to be a serious
problem in tokamak plasmas known as the neoclassical tearing mode. In LHD, where the
magnetic shear is negative, the magnetic island is healed rather than growing in contrast to the
neoclassical tearing mode. The experiment in the plasma with an n/m = 1/1 perturbation field
clearly shows that this healing effect becomes more effective as the conductivity or the betais
increased[21,22]. The bootstrap current and Pfirsch-Schluter current are considered as
candidates to cause healing of the magnetic island[23], however, the magnitude of these
currents in the plasma with a magnetic island is too small to be sufficient for healing the
magnetic island. Therefore the characteristic of magnetic island healing is considered to be
one of the advantages of a heliotron configuration, because it gives more tolerance for the
error magnetic field, which is difficult to be eliminated completely.

Figure 4(a) shows time evolution of the T, profile at f =136° after the hydrogen pellet
injection in the case of Ry«=3.6 m. Thisis atypica evidence of ‘healing’ events. The island
appears after the pellet injection, but the island width (w) is reduced as the temperature
increases. Findly, the Te profile returns to that before the pellet injection, and the island
disappears. The island width in the plasma depends on the plasma parameters. In this
experiment, it is observed that the magnetic island width decreases as Te or beta increases.
Figure 4(c) shows that the island width in vacuum is increased as the n=1 coil current (ly)
increases, but the island in the plasma suddenly appears when it surpasses the threshold of the
current[21,24]. This is another aspect of ‘healing’. Here, the coil current is normalized to Bax.
The threshold level (1) isincreased as the betaincreases, as shown in Fig.4(c).
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Fig.4 Time evolution of the T, profile with the n=1 external field. (b) Normalized coil current
vs. island width (w) in vacuum (open circles) and in plasma (closed circles). (c) betavs.
threshold of the normalize coil current.

3. Extended operation regimein LHD

3.1 Edge control by L ocal island divertor

A local idand divertor (LID) has been installed in the LHD plasma to increase edge
pressure gradients to achieve better energy confinement time. As discussed in 2.2, LHD
plasma shows a weaker density dependence of the global energy confinement time than the
ISS95 scaling at higher density. This saturation at the higher density should be due to the
lower collisionality near the plasma edge, because a stronger gas puff applied to achieve the
high density causes a flat density profile. Therefore it is considered to be important to reduce
the edge density keeping the lower collisionality and improve energy transport at the edge to
achieve a good energy confinement time. The LID isa kind of pumped limiter inserted inside
the n/m=1/1 magnetic island produced at the plasma edge. Since LID head is inserted to the
middle of the O-point of the magnetic island, the core plasma does not touch the limiter and
the outward heat and particle fluxes do not directly go to the front of the limiter but flows to
the backside of the LID limiter along the field lines across the separatrix [25,26].
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Fig.5 (a)comparison of energy confinement time observed to the that predicted by the 1SS95 scaling
and (b) radial profiles of electron temperature for the plasma with helical divertor configuration
(open circles) and LID configuration (closed circles) in LHD and (c) radial profiles of radial
electric field with magnetic isand (LID configuration) and without magnetic island
(limiter configuration).

In the present experiment with LID as is mentioned above, a factor of ~1.2
improvement of the energy confinement time has been observed over the ISS95 at higher
electron density (larger energy confinement time) regime as seen in Fig5(a). This amount of
reduced enhancement of energy confinement time is thought to be due to the increase of the
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edge temperature gradient as seen in Fig5(b). Although the minor radius of the plasma is
reduced by inserting the LID head into the magnetic island produced by an n/m = 1/1 external
perturbation field, the core electron temperature does not drop because of the larger electron
temperature. At the moment, the experiments are restricted to the relative low density (due to
technical reason related to the plasma operation), where the absolute value of the energy
confinement is low, because the pumping exceeds the capability of efficient central fuelling.
In order to achieve the improvement at higher density, more efficient central particle fuelling
such as due to beam fuelling or a pellet with a higher speed is required. Another characteristic
of the plasmawith LID configuration is low radiation level. A significant impurity shielding is
observed in the plasma with the LID configuration in the Ne puff experiments. In this
discharges, there is a large positive radial electric field observed at the X-point of the
magnetic island in the LID configuration[Fig5(c)]. This positive radial electric field
contributes to the exhaust of impurities and prevents the radiation collapse, while the negative
electric field and its shear contribute to the improvement of heat transport.

3.2 Control of radial electric field by shift of magnetic axis

A change in the magnitude and radial profiles of the helical ripples will be the most
straightforward tool to control the radial electric field. The reason is that the radial electric
field in LHD is determined by the ambipolar condition of ion flux and electron flux that are
trapped in helica rippleg27]. In LHD, the radia profiles of the helical ripples can be
controlled by the shift of the magnetic axis from 3.9m to 3.5m.[28] .

00— 0.6

I (a) 20 T T T T T T T T T T T 0'6
—°70.7x10°m? 105 —°71.3x10"m? (b) 05
10} —1.1x10"m® \ 04 10 [ ~* 1.4x10°m? )| 17
£ —2.2x10°m” EL T 2w | 104
g 0 _______________ Jaes) - 03 @ E 0 ™N >~ |/ _1__ 1 03 o
LUh_]_o 102 w” 10 102
[ R =3.5m -10F
e 7 01 - 01
-20 ———— 0 -20 . 0
00 02 04 06 08 10 12 00 02 04 06 08 10 1.2

r r

Fig.6 (a) Radia profiles of radial electric field for the plasma with a magnetic axis of (a) 3.5m
(inward shift configuration) and (b) 3.9m (outward shift configuration)

Figure 6 shows the radia profiles of the radial electric field for the ion root (large
neoclassical flux with negative E; in the high collisionality regime), electron root (small
neoclassical flux with positive E; in the low collisionality regime) and the transition regime
(between ion root and electron root) for various configurations with different helical ripple
profiles. When the helical ripple increases gradually towards the plasma edge (Rxx=3.9m), the
electron root region extends to half of the plasma minor radius and the radial electric field
shear produced is relatively weak. However, when the helical ripple increases sharply at the
plasma edge (Rx=3.5m), the electron root region is localized at the plasma edge and strong
radial electric field shear is produced. These results show that a strong magnetic field shear
can be obtained at the plasma edge by shifting the magnetic axis inward rather than shifting
the magnetic axis outward, where the electron root condition becomes achievable even at
higher collisionality.

The electron density at the transition from ion root to electron root is 0.7 x 10x*°m™ for
the plasma with the magnetic axis of 3.5m, while it is 1.3 x 10m™ for the plasma with the
magnetic axis of 3.9m. The difference in critical electron density can be explained by the
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differences in the magnitude of helical ripples and these characteristics are consistent with the

prediction by neoclassical theory[29,30].

3.3 Density limit and radiation collapse

It is important to study the mechanism of radiation collapse to extend the density limit,
since the plasma is terminated by the radiation collapse at the density limit. The radial electric
field is expected to be negative in the high density limit. In the latest experimental campaign
in LHD, line-averaged densities of upto 1.6~ 10°°m™ have been sustained for more than 0.7 s
by 11 MW neutra beam injection using gas puff fuelling. In addition, using multiple
hydrogen pellet injection, the density has been increased to 2.4~ 10°°m™ transiently.
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Fig.7. Comparison of achieved electron density to Sudo scaling and (b) total radiation power

as afunction of electron density.

Data from the most recent campaign also shows a limit which exceeds the Sudo limit
[31] by a factor of approximately 1.4 as is seen in Fig.7(a). At the radiation collapse the

thermal instability occurs, where the
total radiation sharply increases
because of the increase of cooling rate
of impurities associated with the low
edge temperature below 0.15keV at r =
0.9 regardless of the input power and
plasma density[20].When the thermal
instability starts, the total radiation
power Py iS proportional toﬁe3, while
it usually is proportional to n, as
demonstrated in Fig.7(b).

The spontaneous increase of
density and radiation power (which is
proportional to N, ) precedes the
therma instability, especialy in the
plasma  with higher impurity
concentration. In order to study this
spontaneous density increase before the
radiation collapse, a short Ne puff was
applied to the early phase of the
dischargeq 28]. When the short Ne puff
is applied to the early phase of the
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Fig.8 Time evolution of (a) normalized total
radiation power, (b) radial electric field, (c)
ion temperature at r = 0.9 for the

discharges with and without radiation
collapse.

discharge with the pulse width of t = 0.5 — 0.68s, there is no spontaneous density increase and
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no radiation collapse as seen in Fig.8. In contrast, by dlightly increasing the pulse width of Ne
puff (t=0.5-0.7s), a clear spontaneous increase of radiation power and density is observed,
although the Ne puff is already turned off.

The radial electric field a r = 0.9 starts to be more negative 0.5 sec before the
radiation collapse, where the radiation loss due to NeVI and NeVII is maximum. The radia
electric field becomes more and more negative until the radiation collapse. The change of
radial electric field to more negative is due to the increase of collisonality (increase of
electron density and decrease of temperature). When the radial electric field becomes more
negative, the negative radial electric field causes the increase of impurity influx, because the
exhausting effect by positive radial electric field disappears. In the discharge without radiation
collapse, the radial electric field remains positive with no increase of electron density and
radiation power. The ion temperature shows a significant drop to 0.15 keV and the thermal
instability causing the radiation collapse starts. The role of positive electric field in preventing
the spontaneous increase of the electron density and impurity radiation demonstrated in this
experiment is also important in the LID configuration, because strong positive radia electric
field is produced at the plasma edge as described in 3.1.

3.4 Achievement of high ion temperaturewith NBI

At present, LHD has three tangential neutral beams lines with negative-ion-sources, of
which are designed to have a high energy of around 180keV. They are effective tools for the
experiment, but primarily contribute to the electron heating rather than the ion heating. To
increase the ion temperature up to 10keV and to investigate the property of high ion
temperature plasma, the experiments using the high-Z plasmas have been done with Ar-
and/or Ne-gas fuelling to increase beam absorption and energy deposition to ions in low-
density plasmas. Intensive Ne- and/or Ar glow discharge cleaning was applied to reduce the
wall-absorbed hydrogen and increase the concentration of Ne and/or Ar ions. As aresult, the
ion temperature increases with an increase in the ion heating power normalized by the ion
density, and the highest ion temperature obtained in LHD has increased from 5 keV to 10 keV
in the last two yearg32,33]. However, plasma with large concentration of high-Z impurity is
not be relevant for the future research aimed at nuclear fusion because of the large dilution of
the fuelling. Therefore this is intended as a preparatory experiment to study the property of
high ion temperature plasma up to 10keV and to demonstrate the high capability of LHD asa
magnetic confinement device, before the installation of a neutral beam with the energy of 40
keV for the purpose of ion heating, which is planned to beinstalled in LHD in the near future.
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Fig. 9 (a) lon temperature as a function of the direct ion heating power normalized by the ion
density in the plasma with Ar- and Ne-puff and (b) time evolution of electron and ion
temperature in alow-density high-Z plasma.
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The ion temperature increases with increasing normalized ion heating power in the
plasma with Ar- and Ne-puff as seen in Fig.9(a). No distinct saturation has been observed.
Figure 9(b) shows the time evolutions of ion and electron temperatures in the plasma with Ar-
puff at t=0.5s. After an increase in the electron density due to the Ar gas-puff, the central ion
temperature, measured with the Doppler broadening of an X-ray line of ArXVII, rapidly
increases as the density decreases with the addition of NBI power, and stays at high values.
The ion temperature reaches 10 keV at around t=1.65s with an injection power of 12.2 MW,
around 30 % of which is absorbed at an electron density of 0.37x10°m™. The electron
temperature is aso increased up to 4.3 keV, and, however, is much lower than the ion
temperature. The observed beam slowing-down time after the NBI-off is as long as 1.2 s
probably due to both the low electron density and the high electron temperature, and the ion
and electron temperatures show an extremely slow decay after the beam turn-off.

3.5 Long pulse operation with ECH

In the LHD, steady-state plasma heating by electron cyclotron (EC) wave with 72kW
and ICRF with 500kW was achieved during 756 and 150 sec, respectively. A EC heated
plasma with time-averaged radiation temperature of 240eV and density of less than 1x10'®m
was obtained. As for an ICRF heated plasma, plasma with electron and ion temperature of 2
keV and density of 6x10"m™ were sustained until the discharge was terminated by increasein
radiation loss.

4 Transport study
4.1 Property of particletransport

Hollow density profiles are often observed in LHD, which isin contrast to the peaked
density profiles observed in tokamak plasmas. A hollow profile even in the steady state
suggests the existence of outward convective velocity in the core region, because the density
profiles should be flat in the steady state in the plasma, where most of the particle source is
localized at the plasma edge. In order to study the parameter dependence of diffusion and
convective velocity in the plasma, a modulated gas puff is applied to the plasma[34].
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Fig.10 (&) Electron temperature dependence of diffusion coefficient and (b) convective
velocity as afunction of the temperature gradient.

The diffusion coefficient increases as the temperature is increased as seen in Fig10(a).
The temperature dependence of the diffusion coefficient is Te-"*° and T in the core
(r <0.7) and the edge (r > 0.7), respectively, both values are close to that expected by gyro-
Bohm scaling of Te. The dependence of edge diffusion on magnetic field is measured to be
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B2, which is also consistent with the prediction of gyro-Bohm scaling. These characteristics
are supported by the fluctuation measurements using CO, laser scattering. Figure 10(b) shows
that the convective velocity in the core becomes more positive, while the convective velocity
in the edge becomes more negative as the temperature gradient is increased, which results in
the density profile becoming more hollow associated with the increase of the temperature
gradients at higher heating power.

4.2 Electron transport

An electron internal transport barrier (ITB) is characterized with the peaked electron
temperature profile associated with the transition from ion root to electron root observed in
the NBI sustained plasmas with centrally focused ECH [9-12]. The characteristics of the
formation of the ITB depend on the direction of the neutral beam[35]. Figure 11(a) shows the
increment of the electron temperature, DT, at the plasma center by ECH power as a function
of ECH power normalized by the electron density. The threshold power for the transition to
the ITB plasma is clearly observed in the plasma with counter(CNTR) NBI in the direction
that the beam driven current increases the rotationa transform in the plasma. This is in
contrast to that the central Te increases amost linearly with the ECH power and no clear
threshold power for the transition to ITB plasma is observed in the plasma with co(CO) NBI
in the direction of decreasing rotational transform by beam driven current. The differencesin
the characteristics are due to the differences in rotational transform i and not due to the
differences in the deposition profile. In the plasma with CNTR NBI, the rationa surface of
1/2p=1/2 is located at half of the plasma minor radius, while the plasma with CO NBI has no
1/2p=1/2 rational surface because of the increase of central rotational transform above 0.5. As
the magnetic axis shifts outward, the rational surface of i/2p=1/2 moves toward the plasma
edge and always exists in the plasma, regardless of the direction of the NBI, the difference in
characteristics of the ITB between CO NBI and CNTR NBI becomes small.

3 ‘ ‘ 0.012 Co N$| targ?t ‘ ‘ 0.012 CNTR‘ NBI t?rget ‘ ‘
(8 CNTRNBI ta.r& o (b) NBIplasma (6  NBIplasma
< 0.01L ce/(T:/z/BZ) =8.0 2 0.01 ¢ /(T *2/B?) = 23.8 95‘?
(e 4 e e
2 20 i | Py ) | 0?9
N £.0.008 | s £0.008 | \ ,
2 CO NBI target g £ |3 L__o® %
(0] by <] Fo) ‘ -
!'/ A £0.006 | §0.006 L s A
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! MECH }ce/(Te /B%) =3.8 MECH T}e/(T:/Z/Bz) -39
0 - ‘ 0.002 L./ ‘ ‘ 0.002 L /N, ‘ :
3 0 02 04 06 08 1 0 02 04 06 08 1

1 2
-19 -3
PECH/ne [107° MWm™] r r

Fig.11 (a) Electron temperature increases at the center and peripheral are plotted as a function
of density-normalized ECH power and time lag of ECE signals from MECH is plotted
versus normalized minor radius for (b) CNTR NBI heated plasma and (c) Co NBI
heated plasma. Electron heat diffusivities estimated from heat pulse propagation
velocity are also indicated in the figures.

The time lag that gives the maximum correlation at each position is plotted in Fig.
11(b)(c), together with power deposition profile of the modulated electron cyclotron heating
(MECH) calculated by a ray tracing code. The incremental electron heat diffusivity, ce, IS
evaluated from the slope of the time lag. The heat diffusivity normalized by the gyro-Bohm
scaling To¥?/ B reduced from 8.0 to 3.8 m*s™keV¥2T? with the increase of ECH power,
which indicates an improvement of confinement. The flattening of the time lag observed at
r =04 - 0.55in Fig. 11 (c¢) is due to the appearance of a magnetic island at the rational
surface of i/2p=1/2.
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Another approach to estimate the incremental electron thermal diffusivity is cold pulse
propagation induced by a tracer encapsulated solid pellet (TESPEL) [36] ablated near the
plasma edge. The thermal diffusivity can be derived with transient transport analysis using the
perturbed heat transport equation[37,38]. Figure 12(a) shows the radial profiles of thermal
diffusivity evaluated using cold pulse propagation, c, and thermal diffusivity evaluated with
power balance, cyp. The S|gn|f|cant reduction of the electron thermal diffusivity insidethe ITB
(2 m?/s inside and 10m?/s outside ITB) is observed both in the Ccp and cpp. The temperature
dependence of the thermal diffusivity, a, where the electron thermal diffusivity is proportional
to the temperature to the power of T as Te?, is an important parameter in the study of the
plasma with an ITB. In L-mode, the parameter a is positive and typically it is 1.5, which is
predicted from the gyro-reduced Bohm scaling and is aso consistent with the scaling of
energy confinement in LHD. If the parameter a stays positive, the formation of an ITB would
never occur, because spontaneous increase of electron temperature during the formation of an
ITB requires a negative a. The transient transport analysis with a cold pulse indicates the
existence of dcg/dT. and a can be derived from dc/dTe as a = (T¢/ce)(dcd/dTe). As shown in
Fig.12(b), the temperature dependence parameter, a, derived from the cold pulse propagation
with transient transport analysis also shows the same trend. The temperature dependence is
positive (a = 0.5 - 1.0) outside the ITB, while it becomes negative inside the ITB and
decreases down to -3 towards the magnetic axis. The observation of negative a is considered
to be the most significant evidence of an electron ITB in the plasma.
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Fig.12 The radia profiles of the electron heat diffusivity and (b) the T, dependence factor of
Ce, @, estimated by cold pulse propagation. The heat diffusivity estimated by power
balance is also plotted.

5 Summary

In the inner shifted configuration where the b limit is expected to be low (1.5% in the
Mercier limit), high beta plasma with <bg:>=4% is obtained in the high aspect ratio
configuration where the pitch parameter of helical coil, g, is 1.22. The b values achieved
significantly exceeds the linear MHD stability criteria, the Mercier limit and reaches to the
region where the low-n (m/n =1/1) ideal MHD modes are predicted to be unstable. The
difference in magnetic field configuration between a heliotron plasma and a tokamak plasma
IS positive shear and magnetic well in a tokamak and negative shear and magnetic hill in a
heliotron plasma. The characteristic of magnetic island healing, which is considered to be
advantagesous for a reactor, is due to the negative magnetic shear which is common in a
heliotron configuration. This is in contrast to the tendency of magnetic islands to grow in
tokamaks, where the magnetic field shear is typically positive. The negative magnetic shear is
considered to contribute to the formation of an electron internal transport barrier[39,40]. The
electron internal transport barrier is observed in a tokamak, when the magnetic shear changes
its sign from positive to negative. In a heliotron plasma, where the magnetic field shear is
negative, the electron internal transport barrier is usually observed with ECH heating in the
electron root.
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LID is now showing high capability as a powerful tool for edge control to achieve an
improved confinement regime. It is an important role of the LHD project as a three
dimensional currentless steady state magnetic confinement device to supply a high quality
database for the plasma physics and sciences necessary to realize controlled nuclear fusion,
which should be focused on 1) steady state physic, 2) high b physic, and 3) confinement
improvement and edge control[39].
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