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Abstract : Recent Large Helical Device (LHD) experiments reveaed that the transition from ion root to
eectron root occurred for the first in neutral beam heated discharges, where there is no non-thermal electrons
exist. The measured values of theradial electric field were found to be in qualitative agreement with those
estimated by neoclassical theory. For the configuration with a magnetic axis of 3.75m, where the ion transport
loss was comparable to the neoclassical ion loss, a clear reduction of ion thermal diffusivity was observed after
the mode transition from ion root to electron root as predicted by neoclassical theory. On the other hand, for the
inward shifted configuration (Rax=3.6m), where the neoclassical ion lossis reduced below the anomal ous | oss,
no change in theion thermal diffusivity was observed.

1. Introduction

The transition of radial eectric field from negative values (ion root) to positive ones
(electron root ) istheoretically predicted, when the collisionality of plasma becomes low enough
in helical plasmag]1]. Associated with the transition from ion root to electron root, a reduction
neoclassical transport, especially ion transport, is also expected. However, the transition from
ion root to electron root was observed only in plasmas with electron cyclotron heating (ECH),
where electron heating is dominant. The ion temperature is much lower than the electron
temperature because ions are heated only by the energy exchange between ions and el ectrong 2-



5]. In these experiments, the no improvement of ion transport was observed, because of the
lack of direct ion heating. Although the improvement of ion transport namely the reduction of
ion thermal diffusivity is expected in the electron root by neoclassical theory, thereisno
experiment to show the reduction of ion thermal diffusivity due to the transition of ion to
electron root. Since the transition from ion root to electron root was observed only in plasmas
with ECH, it has been aso open to question as to whether the non-thermal electrons driven by
ECH are required to achieve the transition. In the Large Helical Device (LHD) the transition
from ion root to electron root is observed for the first timein plasmas with neutral beam
injection (NBI) heating alone at talow density of 0.4 — 1.0 x 1019m-3, where thereiis non-
thermal electrons. Although the more significant improvement of ion transport (rather than the
electron transport) is predicted by the neoclassical theory [6], in the temperaturerange of 1 -5
keV, there have been no experiments to study the ion transport in the electron root. Theion
transport in the electron root is studied in low-density plasma, where theion transport is
decoupled from electron transport.

The Large Helical Device (LHD) [7] isalarge Heliotron device (poloidal period
number L = 2, and toroidal period number M = 10) with amajor radius of 3.6 —3.75m, an
average minor radius of 0.6 m, magnetic fieldupto 3 T . Theradia electric field (Ey) is derived
from the poloidal and toroidal rotation velocity and pressure gradient of Neon impurity
measured with charge exchange spectroscopy[8] using aradial force balance. Here the radia
electric field is derived from the poloidal and toroidal rotation velocity (vq , vf) and the
pressure gradient of Neon impurity is measured with charge exchange spectroscopy at the mid
planein LHD (verticaly elongated cross section) using radial force balance equation of Ey =
(enz1)-1(p) /r) - (vqBf —vf Bg), where Bf and Bq aretoroidal and poloidal magnetic field
and Z|, n|, p| areion charge, density and pressure of impurity measured, respectively. The
toroidal rotation is damped to less than afew km/s due to the toroidal viscosity, and the effect of
diamagnetic drift velocity is also small because of the high ion charge of Neon (Z]=10). The
charge exchange spectroscopy system also gives ion temperature (Tj) profiles. The electron
temperature, (Te) profiles are measured with multi-channel Y AG Thomson scattering
system[9]. The electron density profiles are measured with an multi-channel FIR laser
interferometer[ 10].

2. Transition from electron root to ion r oot

The transition from negative electric field to positive electric is observed at the electron
densities below 1.0 x 1019m3. Fig.1 shows the density dependence of the radial electric field
near the plasmaedge (r = 0.9) for the configuration with a magnetic axis of 3.75m and that of
3.6m. By shifting the magnetic axis inward, the neoclassical transport is expected to be
significantly improved, although the beta limit is expected to be lower in Heliotron
configuration[6]. As we discuss later the neoclassical transport lossis predicted to be large
enough to exceed the anomalous loss for the configuration with the magnetic axis of 3.75m,
whileit isrelatively small for that of 3.6m. The transition of electron root to ion root is
observed at 0.7 x 1019m3 (Tg = 0.6keVat r =0.9) for the plasmawith Rax = 3.75m, while it



is observed at the lower electron density 0.3 x 1019m™3 (Te= 0.7keVat r =0.9) for the plasma
with Rax = 3.6m. Thisisdue to the differencesin theratio of edge ion temperature to electron
temperature. The ion temperature is 0.5 to 0.9 times of electron temperature at r =0.9 for the
plasmawith Rgx = 3.75m, whileit is almost the same as the el ectron temperature for the plasma
with Rgx = 3.6m. The condition of Te>Tj causes the transition of ion root to electron root at a
higher collisionality in the plasmawith amagnetic axis of 3.75m than in the plasmawith a
magnetic axis of 3.6m.
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Fig.1 Density dependence of radial electricfieldat r > 0.85 for the plasmas with magnetic axis of 3.75m and
3.6m. Thedashed linesin Fig (a) and Fig (b) are neoclassical predictions.

The edge radia electric field sharply increases up to 15 kV/m in the electron root as the
electron density is decreased while the absolute val ues increase gradually up to — 5kV/m in the
ion root over awide range of electron density of 1.0 — 3.0 x1019m-3. The transition from ion
root (negative Ey) to electron root (positive Ey) is observed atr > 0.85 and thereis no large
radial electric field observed in the plasma core. The behavior of theradial electric field
measured can be explained by the neoclassical theory as shown in Fig.1. The absolute values of
radial electric field measured in the electron or ion root are the levels predicted by neoclassical
theory. The critical electron density required to the transition from electron root to ion root has
good agreement with the neoclassical prediction.

3. Radial electric field in the lon root

The electric field is negative when the electron density is above 1.0 x 1019m3 and it
becomes more negative as the el ectron density gradients are increased. The radia eectricfieldin
theion root istypically small and the absolute values are less than 5 kV/m for most discharges
(see Figl). However, alarge negative electric field is observed for the discharges with pellet
injection.
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Fig.2 Radial profiles of (a) electron density and (b) ion temperature (c) radial electric field and (d) gradient of ion
temperature for the discharges with pellet injection and gas puff for the discharges heated by NBI with the
magnetic axis of 3.6m and the magnetic field of 2.75T.

By injecting theice pellet , where the 1 % Neon is doped for the purpose of diagnostic
of charge exchange spectroscopy, the electron density isincreased to 3 x 1019m-3 as shown in
Fig.2. The central ion temperatureis lower for the discharge with pellet injection because of the
higher density, however, the ion temperature gradient near the plasma edge (r > 0.85) with
pellet injection is comparable to that without pellet injection even at higher electron density. This
data suggests the improvement of ion transport near the edge with pellet injection. The negative
electric field extends to the plasma core range of r =0.6, where a sharp density gradient is
sustained by the pellet injection. The absolute values of negative electric field reach 10 kV/m at
r =0.8—0.9for the discharge with pellet injection. As shown in Fig.2(d) the gradient of ion
temperature multiplied by electron density is high even at the plasma edge for the discharge with
pellet injection, while it started to decrease toward the edge for the plasma without pellet
injection. The improvement of ion transport is observed only near the plasmaedge (r > 0.8),
where the large negative electric field is observed.



4. Reduction of ion thermal diffusitiy in the electron root

Figure 3 showsthe radial profiles of electron density and temperature and ion
temperature and radia electric field. The density profilesin LHD areflat or dightly hollow. The
temperature shows an edge pedestal [11] at r > 0.9 but there is no clear edge pedestal in theion
temperature profiles. As demonstrated in Fig.3, at the transition regime from ion root to electron
root, the ion temperature increases associated with the transition as the electron density is
decreased, while thereis no significant change of electron temperature for the plasma with Rax
= 3.75m. On the other hand, the ion temperature sightly decreases as the electron density is
decreased for the plasmawith Rgx = 3.6m, regardless of the transition. As shown in Fig.3(d),
theradial eectric field near the edge changes from negative value (ion root) to positive values
(electron root) asthe electron density is decreased. The measured radial electric field is
compared with that predicted by neoclassical theory. Theradial electric field is calculated with
the balance of neoclassical ion flux and electron flux using measured el ectron density, electron
temperature and ion temperature profileg12]. Theradia electric field calculated with
neoclassical theory in the electron root becomes larger towards the plasma edge as shown in
Fig.3(d), which shows qualitative agreement with the measured Ey.

The increase of ion temperature gradient ismost significant at r > 0.6, where the
transition from ion root to electron root occurs. The ion temperature gradient increases towards
the plasma edge up to 7 keV/m in the electron root, whileit isonly 2 keV/m in theion root. It
should be noted that the temperature gradient in the ion root in LHD is comparable to that in the
L mode ( 2 — 3 keVV/m) and the temperature gradient in the electron root is close to the level
observed inthein H-mode discharges (5 —25 keV/m) and in D-I111D[13]. Asshownin Fig. 3
(e), theion temperature gradient multiplied by electron density in the electron root is twice of
that in the ion root, which suggests the improvement of ion transport in the electron root. The
transport analysis shows that the ion diffusivity at r = 0.85 is reduced from 5.5 m2/sto 2 m2/s
(more than factor of two) associated with the transition from ion root to electron root as shown
in Fig.3(f). The beam power deposition profiles are calculated with a three-dimensional Monte
Carlo simulation code [14] including orbit loss and charge exchange loss. The reduction of ion
thermal diffusivity predicted by neoclassical theory is much larger than that observed. This fact
suggests that the anomalous transport is of the order of 2m?2/s at the plasma edge. The gradient
of radial eectric field (Er shear) is120 kV/m2 atr = 0.9 in the electron root and it is not large
enough to suppress the anomal ous transport. The Er shear required to suppress the fluctuations
and to improve electron transport is 350 kV/ m2 in CHS[4]. Therefore larger Ey shear is
expected to be necessary to suppress the fluctuations and improve anomalous transport in the
electron root plasmain LHD.
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Fig.3 Radial profiles of (a) electron density, (b) electron temperature, (c) ion temperature (d) radial electric field,
(e) ion temperature gradient, (f) ion thermal diffusivity for the electron root (closed circles) and ion root
(open circles) plasmas. The dashed linesin Fig (d) and Fig (f) are neoclassical predictions.

Figure 4 shows the relation between ion thermal diffusivity and radial electric field near
the plasmaedge (r ~ 0.9) at the density of transition regime ( ng(0.9) = 0.4 — 1.2 x 1019m-3
for Rax = 3.75m and ng(0.9) = 0.2 — 0.5 x 1019m3 for Rax=3.6m). The neoclassical ion
thermal diffusivity for the given radial electric field isaso calculated. The neoclassical ion
thermal diffusivity becomes maximum at zero radia electric field and decreases asthe radial
electric field increases both for negative and positive Er. Since the absolute values of radial
electric field in the electron root are much large than that in the ion root, larger reduction of ion



thermal diffusivity is expected in the neoclassical theory. In experiment, in the density regime
of transition from ion to electron root, the absolute values of radial electric field in theion root
areonly 1 -3 kV/m, while they increase sharply up to 10 kV/m in the electron root.

| (b)

Fig 4. lon thermal diffusivity as a function of radial electric field at r = 0.92 for the plasmas with magnetic axis
of (a)3.75mand (b)3.6m. The solid lines are prediction by neoclassical theory, while the dashed linesare
anomalous level s using a temper atur e dependence of T1.5

The reduction of ion thermal diffusivity sharply decreases as the positive electric field increases
after the transition from ion root to e ectron root in the plasmawith Rgx = 3.75m, which
qualitatively agrees with the prediction from neoclassical theory. Once the neoclassical ion
diffusivity decreases below the anomalous levels (~ 2 m2/s), there is no reduction of ion
thermal diffusivity observed. On the other hand, the reduction of ion thermal diffusivity
associated with the transition from ion root to electron root is not observed in the plasmawith
Rax = 3.6m, where the neoclassical ion diffusivity islower. Theion thermal diffusivity dightly
increases asthe radia electric field isincreased after the neoclassical ion thermal diffusivity
decreases below the anomalous levels (~ 2 m2/s). Thisis because the temperature slightly
increases astheradial eectric field becomes more positive in the electron root. We assume the
ion thermal diffusivity has the temperature dependence of cj i T1-9, where T = (Te + Tj )/2,
based on the LHD scaling for the global energy confinement time (tE 1 P-0.6 wherePis
absorbed power) [15]. The anomalous ion thermal diffusivitiesis scaled ascj i T1-9 in order
to compare the anomalous levels for those two configurations that have differenct temperature.
Asshown in Fig.4, the levels of anomalousion thermal diffusivity required to explain theion
thermal diffusivity measured, are 6 x T1.5 m2/s, where T isin the unit of keV, for the plasma
with Rax = 3.75m B=1.5T and 4 x T1-5m2/s for the plasmawith Rax = 3.6m B=2.5T. The
coefficient of anomalousion thermal diffusivities are determined by the best fit of T1-3 curves
to the experimental anomalous values, that are given by subtracting neocalsical values from
measured ion thermal diffusivities, in the range of radial eectric field from 2 kv/mto 11 kV/m,
where the neoclassical transport is less dominant than the anomal ous transport. The coefficient
for the plasmawith Rgx = 3.6m B=2.5T issmaller than that for the plasmawith Rax = 3.75m
B=1.5T, which is because the ion transport is improved by the higher magnetic field and the
inward shift of magnetic axis.



5. Discussions

The reduction of ion thermal diffusivity in the electron root observed in LHD support
the validity of the concept for the stellarator configuration, where the helical ripplelossis
suppressed by the radial electric field even in the low collisionality regime. The anomalous
transport near the edge is comparable or even smaller than that observed in L-mode plasmas (Cj
= 3—10 m2/s) in tokamaks[16]. In order to suppress the anomalous transport, the Ey shear (
not just Er) should be produced similar to that in the transport barrier in tokamak plasmas.

The neoclassical prediction used in this paper is based on the conventional ambipolarity
condition of the local particle fluxes, that do not include the fluxes due to viscosity or high
energy particles. Since the plasmais sustained only by the NBI heating, there is no non-thermal
electrons. However, high energy ionsin the direction parallel to the magnetic field exist in the
plasma. In general, the high energy ions contributes to the bipolar ion loss and tends to prevent
the trangition from ion root to electron root. In experiment, the transition is observed at the
electron density, where the ssmple neoclassical theory predict. This fact suggests that the ripple
loss of high energy ionsin LHD istoo small to affect theradial electric field.

In order to make a definite comparison of radia electric field and ion thermal
diffusivity between the measurements and neoclassical theory, the Monte Carlo technique[17],
which would be the appropriate approach to solve the Fokker-Planck equation, should be
applied. In this paper the prediction by neoclassical theory is given as areference to explain the
experimental results and the definite comparison between the measurements and theory is out of
scope of this paper.

The authors would like to thank technical support of the device engineering group for
LHD.
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