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Abstract

The radial electric field profiles derived from poloidal
rotation velocity are compared with neoclassical estimates
for a plateau regime plasma heated by tangentially injected
neutral beam in CHS helictron/torsatron device. The
measured electric field (E;} is more negative than the
neoclassical prediction especially near the plasma
periphery. A gradient of radial electric field (dE,/dr) in
this region is found to be more negative in the plasma with
higher electron density. Although the corresponding
poloidal rotation velocity is too small to trigger the L/H
transition, these negative E, and dE./dr are associated

with a reduction of thermal electron cenductivity.
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Recently a radial electric field (E,) near the plasma
periphery has been found to play an important role in
plasma confinement especially in H-modelr2. The negative
electric field or negative gradient (dE./dr) is expected to
reduce the electron anomalous loss by suppressing micro-
instability3r4. In a Heliotron/Torsatron device, the
neoclassical theory predicts that an electric field also
reduces helical ripple loss and improve the energy
confinement3( 6. Thus it is crucial to measure the electric
field {and its gradient) and to compare neoclassical
estimates and a reduction of electron thermal conductivity.

The poloidal rotation only near the plasma periphery has
been measured with intrinsic impurity radiation in the
Wendelstein VII-A Stellarator and Heliotron-E devices?:8.
In these devices, neutral beams are injected almost
perpendicular to magnetic field and the significant loss
cone of lons exist in the plasma. Large negative electric
field has been explained to be built up by the fast ion
loss of perpendicular neutral beam injection (NBI) in the
Wendelstein VII-a7. However, in the Compact Helical System
(CHS)9, a neutral beam is injected tangentially and there
is no lcss cone for the injected fast ions. The fast ion
loss does not play an important role any more and the
electric filed is determined by the balance of bulk
electron and ion fluxes. In this paper, we present the
measurements of electric field profiles derived from both
toroidal and poloidal rotation velocities and pressure
gradients in the wheole plasma by using charge exchange
spectroscopy (CXS) .

The Compact Helical System (CHS)}, is the poloidal
period number I = 2 and toroidal period number m = 8
heliotron/torsatron device with a major radius of 100 cm
and an average minor radius of 20 cm. The aspect ratio 1/g
is 5, which is comparable to those in tokamaks. However, a

safety factor of g (ﬂeB/Be) of the magnetic field is much
smaller {(~ 1} than those in tokamaks {(typically 2.5 ~ 3}. A
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28 GHz gyrotron with an injection power of 100 kW produces
ECH plasma with a low density below 1 x 1013 em=3 , while
the tangential NBI with 0.9 MW can sustain the plasma with
high density up te 1 z 1014 em=3. A 128 channel space
resolved 1 m visible spectrometer system using a CCD
detector coupled with an image intensifier has been
develcped to measure the ilon temperature and
poloidal/toroidal rotation velocities1O,

Four sets of optical fiber array have been installed in
CHS. Two of them (one poloidally and the other toroidally)
are viewing a fast neutral beam poloidally and the other
two are viewing not intersecting the neutral beam line to
subtract background radiation. These optical fibers with
100 p mm diameter are led into the entrance slit of I m
Czerny-Turner spectrometer with 2400 grooves/mm grating. At
the exit plane, the light from each fiber gives the
spectrum from one spatial position. The light from all of
the fibers is focused onto the image Iintensifier tube
coupled with a CCD TV camera. The resolution is 0.1 A/ch
(100 spectral channels), while the time resolution is 16.7
ms. The background radiation is mostly due to the reaction
between fully ionized impurities and background thermal
neutrals in the plasma periphery. This background radiation
emitted from the cool plasma edge is proportional to the
neutral density at the plasma edge and depends on the
clearance between plasma edge and inner wall (the position
of magnetic axis) and or the amount of gas puff. Most
measurements have been done using CVI 5292 A (n = 8-7).

For ECH plasmas, the beam emission spectroscopy
techniques can not be used due to the lack of a neutral
beam. The intrinsic line radiation emitted from the plasma
edge is measured to derive a poloidal rotation velocity.
Even though the measurements of poloidal rotation cover the
whole plasma region (84 cm < R < 107 cm}, the measured
velocities represent a chord average and the emission is
localized at r=0.7a. The plasma rotates in the ion
diamagnet direction with a velocity of 3 km/s for the low

density (ne = 4 x 1012 cm~3) discharge produced by ECH.

3



The radial electric field averaged along the magnetic
surface is 16 V/cm (positive). The central electron
temperature is 900 eV. This indicates that the plasma
potential is positive in the collisionless regime of Vi =
0.2, where Vxg is electron collisicnality normalized by
plateau value. On the other hand, for an NBI plasma the
beam emission spectroscopy technique is applicable. The
emission is localized at the cross section between the
neutral beam line (midplane) and the line of sight. The
direction of measured rotation velocity is more likely
poloidal at each point, although the space resolution
becomes poor near the plasma center due to the integration
effect aleong the neutral beam line. The plasma heated by
NBI rotates in the electron diamag direction and has a
strong shear near the plasma periphery. The poloidal
rotation veleocity at the plasma edge depends on the
collisionality of the plasma.

Radial electric field profiles are obtained from the
profiles of the ion pressure gradient dpy/dr and the
toroidal/poloidal rotation (V¢/VG) with the use of

momentum balance equation,

ap,

E,=—1—_ -
" eZnpr ByVo = By Vo),

where I stands for the measured impurity species. Here the
radial frictional force between the different species is
small enough to be neglected. The toroidal rotation
velocity at r > 0.3a is damped to almost zero by the
parallel viscosity caused by the helical ripple and has a
very narrow profile at the center.

To investigate the dependence of collisiocnality, typical
two discharges, one with low electron density (ng = 1.5 x
1013/cm3) and the other with high density (ng = 6.0 x
1013/cm3), are compared. The electron temperature and
density profiles are measured with Thomson scattering as

shown in Fig.l. The electron collisionality Vg at the half
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radius is 4.9 and 33 for the low density and high density
cases, respectively. The ion temperature and poloidal
rotation velocity profiles are measured with CXS8 as shown
in Fig.2. The ion collisionality of vx4{ at the half radius
is 3.6 for the low density discharge and 33 for the high
density discharge. The ion temperature profile shows the
significant Shafranov shift of magnetic axis due to the
bulk and beam pressure. The Shafranov shift estimated by
using finite P equilibrium code VMEC is 3 cm for high
density case and 4.5 cm for the low density casell. The
large shift in the low density case, which is also measured
in the shift of ion temperature peak, is mainly due to the
peaked parallel beam pressure driven by the tangential
neutral beam. On the other hand, the magnetic axis shift in
the high density case is due to thermal pressure.

The poloidal rotation profile for these discharges has a
strong shear near the plasma edge. The poloidal rotation
velocity shear results from the shear of radial electric
field at the plasma periphery. Although the profile of
poloidal rotation is similar to those cbserved in tokamak
H-mode plasmaz, the poloidal rotation velocity is not large
enough to trigger L/H transition. The polecidal rotation
parameter Up q [=(vgB) / (venhBg) +Ap/2, Ap=pp(dpi/dr)/pil 1is
0.2 for the low density case and 0.5 for the high density
case. These values are much smaller than those cbserved in
tokamak H-mode plasma ( ~ 4 in H-mode). This edge electric
field estimated from momentum balance equation increases as
the electron density is increased. This negative electric
field is —-80 V/cm for the low density and -120 V/cm for the
high density plasma as shown in Fig.3. The radial electric
field profiles measured in CHS are compared with the
results based on the neoclassical theory presented by
Kovrizhnykh5 and HastingsG. These calculated electric field
profiles are smaller than those measured from polcidal
rotations. The electric field calculated with the
Kovrizhnykh formula gives smaller values than that with the
Hastings formula with multi-helicity effects. In the

Kovrizhnykh formula, symmetric ambipolar fluxes play a role
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in reducing the electric field produced by the asymmetric
ambipolar flux. However, these theories do not explain the
electric field shear near the plasma edge. Ion orbit loss
is a candidate to explain the large electric field measured
near the plasma edge.

The radial electric field has been found to be related
with the confinement improvement as observed in H-mode in
tokamaks. An electreon thermal diffusivity is evaluated with
the analysis using ORNL PROCTR-mod code and the finite JB
equilibrium code VME( for these plasmas. The electron
thermal diffusivity is the lowest at p = 0.7 ~ 0.9, where
the negative electric field and negative 0E,./dr is
observed. We note that both more negative electric filed
and smaller electron thermal diffusivity are observed in
the higher density case. More negative electric field
should be enhanced, if only the electron flux (not ion
flux) 1is reduced by the confinement improvement. Moreover,
more negative electric filed is expected to suppress the
electron anomalous loss. It is not clear that more negative
electric field is a cause or result of reduction of
electron thermal conductivity, because the analysis is in
steady state. However, as in H-mode, the more negative
electric filed is observed associated with the improvement
of electron confinement. The difference with H-mode in
tokamaks is that the reduction of thermal conductivity in
CHS is not a bifurcation phenomena. Theoretically, the
poloidal rotation parameter regquired for L/H transition in
CHS 1is larger than those in tokamak, because of larger
ripple ¢of magnetic field. Even for the same values of
poleocidal rotation parameter, larger peoloidal rotation
velocity is reguired in CHS than in tokamak with similar
aspect ratio because of low g value at the plasma
periphery. However, the poloidal rotation velocity measured
in CHS even for the high density case, 1s less than those
measured in H-mode plasma in tokamaks, and is too small to
trigger the bifurcation. Without any bifurcation of the

poloidal rotation wvelocity, the reduction of thermal




diffusivity is observed associated with negative electric
field and negative gradient of electric field.
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Figure captions

Fig.l Profiles of {(a) electron density {ng) and (b)
temperature (Tg) measured with Thomson scattering for the
plasma with the Jlow density and the high density, where Vig
is the normalized electron collisionality evaluated at the

half of the plasma minor radius.

Fig.2 Profiles of (a) ion temperature (Ti} and (b}
poloidal rotation velocity (vg) measured with charge
exchange spectroscopy for the two cases in Fig.l, where Vxj
is the normalized icn collisionality evaluated at the half
of the plasma minor radius. Arrows in Fig. (b} show the
location of magnetic axis for vacuum magnetic field and

finite P equilibrium.

Fig.3 Radial electric field profiles measured in CHS and
neoclassical estimates. Solid lines are calculated radial
electric field for the high density plasma, while the
dashed lines for the low density plasma.

Fig.4 Radial profile of electron thermal diffusiwvity
analyzed with ORNL PROCTR-mod code for the low and the high

density plasma.
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