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Abstract
Plasma toroidal rotations not driven by the momentum input but by the
electric field due to a loss of ions have been observed for the plasmas
heated with perpendicular neutral beam injection. They are found to be
increased in the counter direction to the plasma current as plasma ions
are heated with ion cyclotron resonance frequency waves. The electric
field derived from rotations are quantitatively consistent with those

inferred from the ambipolarity of particle fluxes.
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Recent theories predict that the plasma electric field and space
potential play an important role in a transition from low confinement
(L-mode) to high confinement (H-mode) plasmas and/or improved ohmic
conf'inement (IOC) plasmas'*’. Experimental observations show that the
toroidal rotations correlate to the plasma confinement. Improvement of
impurity particle and energy confinement have been observed with counter
neutral beam injection (NBI) experiments in ISX B") and ASDEX®,
respectively. Reduction of ion and electron heating has been reported in
the TFTR plasma which has a strong rotation.” These theories and
experiments show that the both electric filed and toroidal rotation have
strong effects on the improvement of the plasma confinement., Direct
measurements of the space potential distribution have been done for NBI
plasmas in ISX-B and ohmic plasmas in TM-4 tokamak, using beam probe
methods”®. The electric fields have been derived indirectly from plasma
rotation measurements in stellarator/heliotron plasmas using a radial
momentum balance equation'OJ'X

Most toroidal rotation measurements have been done for the plasma
heated by tangentially injected neutral beams to study the angular
momentum confinement.'?'¥ In these analysis only the direct momentum
input from injected beams are taken into account, since the toroidal
rotations due to electric filed are smaller than that due to the momentum
of NBI. However the toroidal rotations induced by the electric field
become significant for the plasma heated by perpendicular NBI. In this
paper, we present the toroidal rotations not due to the direct momentum of

NBI but due to the radial electric field induced by a loss of ions.

Parameter dependence of the space potentials given by integrating the



radial electric field are also described.

The radial momentum balance equation yields the radial electric field
from which the potential & is calculated. The momentum due to this
potential should be balanced to the others caused by the ion pressure
gradient vp;, the toroidal rotation V,By, and the poloidal rotation VyBr.
In tokamak plasmas especially with low aspect ratio, the pressure gradient
and toroidal rotation are the dominant terms, since the poloidal rotation
is small due to the large viscosity associated with toroidal effect,!!"!®
Poloidal rotation velocities 3 ~ 5 cm inside the plasma are measured with
intrinsic CIV line radiation without neutral beam. They are found to be
smaller than the minimum detectable rotation velocity of our spectroscopy
system ( ~ 2 km/s) for our experiment. An electric field (-ad/3r) can be
derived from the measured toroidal rotation velocity V, and the ion

pressure gradient using radial momentum balance equation,

evilo = T8 - 5.y 2T 228, M

vhere (8.g) is a numerical coefficients depending on the collisonality
regime'”. 1In JIPP TII-U both toroidal rotation velocity and ion
temperature profile are measured with a multi-chord spectrograph using the
charge exchange recombination spectroscopy'®

The radial profiles of the toroidal rotation velocity, ion
temperature and electron density for a 0.7 MW perpendicular NBI discharge
and for a 0.7 MW NBI plus 1.4 MW ion cyclotron resonance frequency (ICRF)

heated discharge are shown in Figs. 1(a)-(c). The plasma rotates in the



direction opposite of the plasma current (counter-direction) during NBI
(slightly tilted to co-direction). The plasma rotation profile is hollow
and it is significantly different from that observed in the plasma heated
with tangential neutral beams. The direction and the profile of the
toroidal rotation velocity can not explained with the momentum input of
neutral beam injection. This speed increases as the ion temperature
increased by applying ICRF vaves. '® The radi;l electric field profile is
peaked at a radius of r = (2/8)a, as shown in Fig. 2(a), where a is the
plasma minor radius. The peak values are -130 V/cm for NBI and - 210 V/cm
for NBI plus ICRF heated plasmas, respectively. Other measurements
related with the electric filed shows the consistent results. The
dispersion relations of the drift waves-type density fluctuations have
been measured with HCN laser scattering™, and the electric filed is
estimated to be -90 V/cm at r= 16 cm (corresponding to R = 107 cm )
assuming the measured phase velocity is the superposition of the electron
diamagnetic drift velocity on Doppler shifts. The electric filed near the
plasma center (r = 3 cm, R = 94 cm) is estimated by using m/n=1/1 MHD
oscillations and found to be -20 V/cm (NBI) - 40 V/cm (NBI+ICRF).

The negative potential derived by integrating the radial electrie
field along the minor radius becomes deeper with NBI+ICRF combined heating
than with only NBI heating, as shown in Fig.2(b). In order to investigate
its parameter dependence, a parameter scan was performed with various
electron densities and plasma currents for NBI and ICRF heated plasmas.
The plasma space potentials depends most strongly on the ion temperature,
and these values are 1.5 times the central value of the ion temperature

for both NBI and ICRF heated plasmas, as shown in Fig.3. No significant



dependence of the space potential on the electron temperature and density
and plasma current is observed. The beam line of NBI is tilted typically
in co-direction (a direction of plasma current) only by 9 degree. The
direction of the plasma current was reversed to check the effect of the
momentum input of NBI on the space potential. No change of direction of
the toroidal rotation velocity., however, the momentum input of the neutral
beam changes space potentials slightly as demonstrated in Fig.3.
Nonambipolar fluxes should exist in the plasma, since the negative
plasma potentials are obtained. Nonambipolar direct ion loss has a
important role only in the region of |a—rl<pp”, where p, is poloidal
gyroradius, however it should be negligible in the plasma core. The
nonambipolar ion particle flux induced by the plasma momentum loss
associated with charge exchange processes should be taken into account
especially in the plasma peripherym. However, this flux can be neglected
in the core region, where the neutral density is below 10° cm™ for the
plasma rotating toroidally at the velocity of 20 ~ 30 km/s. According to
the neoclassical ripple transport theoryZLgm there is a finite residual
toroidal rotation velocity due to toroidal field ripples in the banana

regime and the electric field predicted to be

Tione T,

ek = ooy + ey

where oo is a function of the ripple depth and collision frequency and
in the range of 2.5 ~ 3.5, The predicted electric field is much larger
than the measured values as shown with dashed lines in Fig. 2 and 3. The

central space potential given by integrating this electric field is aboul



four times of the central ion temperature and lager than the measured
values by a factor of 2 ~ 3.

Here we will take a simple model using the Einstein relations between
diffusion and mobility, to explain the measured electric field and
potentials. An inward pinch term is added only in the electron flux to
produce the negative potential. The ion and electron radial fluxes in the

plasma core can be modeled by,

o0 (3 BE)
ro=-0(G + il nigk), @

where D. and D; are the electron and ion anomalous diffusion coefficients,
and « and a; are numerical coefficient of order unity and upinch is
nonambipolar pinch term. Eq.(3) is divided to diffusive and convective
terms as I'q =-D.(r)ane./dr+u(r)n. . Radial dependences of
De(r)=D(0)/(ne(r)/ne(0)) and u(r)=ve(r/a)® are introduced to fit the
measured electron density profiles. The values D(0) and v, are measured
to be 0.5 mz/s and -40 m/s (inward) in the small ice pellet injection
experiment.Z” The absolute values of these coefficient have error in the
measurement by factor of two due to that the change of electron density
profile by ice pellet is too small to specify more accurate values.
However, the ratio of convective velocity to diffusion is measured with 10

- 20 % error, since this ratio is only determined by the electron density



profile in steady state. Since the Z.s is 2 ~ 2.5 and ne ~n; for these

dischargesz‘“. the ambipolar electric field for I'j=I, can be shown as

_Di-DeTione aidlT; v
eE =S5 fear * or *Dlt ®

The estimated electric field and space potential assuming D.=D, are also
shown with solid lines in Fig.2. The electric field and space potential
radial distribution estimated from ambipolarity of particle fluxes shows
reasonable agreement with the measured data points from plasma rotation
velocity distribution.

By integrating Eq.(5), the space potential between plasma center and

plasma edge is obtained as follows,

+Qi +

N sD; 2

®(a) - (0) - (Df“De E»De)ﬂ

where n; and a; is the ratio of the gradient of ion temperature to that of
the electron density and a numerical coefficient of ~1. The value of #,
is 1.0 ~ 1.2 for the present experiment. The peaking parameter
c.,——v(r)az/(ZrDe(r)) is relatively constant in space. The parameter
s=T;(0)/<T;>, where <> represents a volume averaged, and line averaged
peaking parameter c, are factors derived from the shape of ion temperature
and electron density, and s~2.7 and c,~1.5. The estimated space
potential derived from ambipolarity for D;=D. is shown by a solid line in
Fig.3. This estimation agrees well with the measured ratio of the central

space potential to the central ion temperature.



The nonambipolar fluxes are induced by toroidal field ripples, fast
ion orbit loss, charge exchange loss and electron pinch velocity. The
electric field and potential estimated by toroidal field ripples are
larger than the measured values by factor of more than two. The
observation of intrinsic toroidal rotations can not be explained by
neoclassical nonambipolar fluxes alone. It is still open to question
which loss is most dominant in the plasma, however it is clear that the
plasmas have negative potential and toroidal rotations due to this
electric field without any direct momentum input. This intrinsic toroidal
rotations is important to study the momentum confinement.

The authors wish to thank K.Itoh and S.-1.Itoh for useful

discussions.
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Figure caption

Fig.1 Radial profile of (a) toroidal rotation velocity (b) ion temperature

(c) electron density for NBI and for NBI + ICRF heated plasma.

Fig.2 (a) Radial electric filed and (b) space plasma potential
distribution. The dashed lines stand for the estimations by
neoclassical ripple transport theory, while the solid lines stand

for the estimations from the model of particle fluxes .

Fig.3 Central plasma potential as a function of the central ion
temperature for NBI and ICRF heated plasma. The closed circles
denote co-injection case, while closed squares denote
counter-injection case. The dashed line stands for the estimation
by neoclassical ripple transport theory, while the solid line stands

for the estimation from the model of particle fluxes,
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