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Neoclassical Ambipolar Radial Electric Fields in H-1NF
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Abstract

A Monte Carlo neoclassical transport code has been developed to solve for the equilibrium ambi-
polar radial electric field in the H-1NF Heliac. The code is applied to the conditions surrounding the
Improved Confinement Mode transition in H-1NF, and it is found that the transition is not inconsistent
with neoclassical theory. The Monte Carlo code is also used to investigate the ion-electron root transi-
tion. Positive radial electric fields are found, and it is suggested that the electron root may be easier to
obtain in the H-1NF than in a conventional stellarator of the same size.
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1. Introduction

Ambipolar radial electric fields have been calcu-
lated previously using analytic models [1, 2} and
Fokker-Planck codes [3, 4]. The analytic model used
here is a slightly modified version of the neoclassical
transport model which appears in references [5] and
[1]. Geometric parameters in the model were used to
tailor it for H-1NF, by fitting it to Monte Carlo (MC)
results [6], and extrapolating the resulting fit over the
plasma radius using the functional dependence of g,
and &. The MC code used to calculate E; is based on a
MC transport code due to Refs. [7, 6]. Detailed de-
scriptions of the calculations can be found in Ref. [8].

In the MC code, the density and temperature
profiles are not self-consistent, and particle sources are
modelled by assuming the plasma is in a steady state.
Both RF heating and inelastic collision processes are
neglected, using the assumption that their associated
heat fluxes exactly cancel. The radial particle fluxes are
measured on a radial grid, and the electric field is
determined at the grid points using an iterative proce-
dure. In each cycle of the iteration, electrons and the
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ions are propagated along their drift orbits, with an
arbitrarily fixed background E,. After a time #,, > max
(Togar 271/ 825,) (a=ie, and Qg, is the electric field drift
frequency of species a), the particles are stopped and E,
is updated to minimise the radial current. The electron
radial flux profile is calculated from the Monte Carlo
diffusion coefficient D(r) and thermal diffusivity x(r)
at each of the grid points. The radial ion fluxes are cal-
culated directly from the radial ion test particle fluxes
at the grid points 7. The electric field between the grid
points is specified using a cubic spline, which makes it
possible to specify boundary conditions at the ends of
the (0,4,) interval.

2. Improved Confinement Mode

We calculate ambipolar radial electric fields in
conditions similar to those observed experimentally;
after the transition to ICM, ny = 0.02 X 10® m3, T;, =
60 eV and T, = 10 eV, and before the bifurcation to
ICM, n, = 0.01 X 10 m3, T, =40 eV and T,, = 10
eV. Three cases are studied here, with density and tem-
perature profiles given in the left column of Figure 1.
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Fig. 1 ICM radial electric fields corresponding to the density and temperature profiles given in the left column: L-mode elec-
tric fields (middle column) and H-mode fields (right column.)

The main features of the experimental radial elec-
tric field are a zero field at the last closed flux surface
(Icfs), a strong negative peak just inside the Icfs, a drop
in magnitude by a factor of 5 or more within r<a,/2,
and an increase in magnitude, by 50—100%, after the
transition to ICM. These tendencies can be observed in
most of the plots shown here.

In the ICM conditions, the ion Larmor radius is
approximately 5 cm and a strong positive radial electric
field exists immediately outside the last closed flux sur-
face, so FLR orbits may be lost if their gyration carries
them beyond this surface. As a result, the ion loss rate
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in the outer 5 cm of the plasma can be expected to be
higher, when FLR effects are included, than the ion loss
rate predicted using gyroaveraged orbits. This would
tend to make the electric field more negative at the
plasma edge, in the FLR case.

The transition to ICM has also been associated
with the suppression of fluctuations in the density and
electrostatic potential [9]. We neglect these fluctua-
tions, and simulate quiescent, equilibrium plasmas.
Even with this simplification, we find good qualitative
agreement with experimental results.
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3. lon/Electron Root Behaviour

After the first stage of the National Facility up-
grade, it may be possible to observe a transition to the
electron root in H-1NF. To address this possibility, we
have calculated ambipolar radial electric fields for the
200 eV Hydrogen plasma which was studied (in a 1
tesla background field) in Ref. [6]. Figure 2 shows the
MC results (connected diamonds) and the analytic re-
sults (smooth, solid curves,) at 5 radii: r,=0.2, 0.4, 0.6,
0.8 and 1.0. For comparison, the analytic results for a
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model conventional stellarator with similar geometric
parameters (Ry=1 m, 4,=0.124 m, g a=0.35) are also
given (the dashed curves.)

In the analytic predictions in Figs 2(a)—(e) there is
a “point” pointing to the left, and the electric field is
multivalued. This can be understood by plotting the ion
diffusion coefficient as a function of the electric field: at
intermediate collision frequencies a resonant peak in its
value is observed (due to the resonance between the E
X B and VB X B drifts) which allows the ion and
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Fig. 2 Comparison of ambipolar radial electric fields calculated using the Monte Carlo (connected diamonds) and analytic
(solid curves) models, for a 200 eV Hydrogen plasma in a 1 tesla background field in H-1NF. Results are shown at 5
radial positions, (a) r,=0.2, (b) r,=0.4, (c} ,=0.6, (d) r,=0.8, and (e) r,=1.0. For comparison, the analytic results {dashed
curves) are also shown for a model conventional stellarator with similar geometric parameters.
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electron transport coefficients to be equal at several
values of the electric field [10]. In the analytic results,
H-1NF differs from conventional stellarators in that the
above “point” is suppressed, to the extent that it no
longer exists at the plasma core (Fig. 2(a)). This is be-
cause the helical ripple gradient de,/dr is approxi-
mately constant in H-1NF [8], while it is linear in r in
our conventional stellarator model. This affects the
shape of the ion resonant peak, so that multivalued am-
bipolar solutions do not occur in H-1NF near the
plasma core.

The Monte Carlo result is single-valued
throughout because it includes finite orbit width effects,
but the suppression of the resonant point (in the ana-
Iytic predictions) seems to determine the collision fre-
quency at which the bifurcation to the electron root oc-
curs in the Monte Carlo results: where n,<0.01 in the
MC results, the presence of the electron root in the
core “drags up” the electric field at the plasma edge
(Fig. 2(d) and (e)). This effect is less likely to occur in
the conventional stellarator because the resonance is
still strong at the plasma core. Because of this, and be-
cause the ion root exists over a smaller collisionality
range in H-1, and the electron root exists over a larger
collisionality range, it is likely that it will be easier to
achieve the electron root in H-1NF than in a conven-
tional stellarator of the same size.

In the ion root, the Monte Carlo results agree well
with the analytic results for H-1NF, except at the
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plasma edge. In the electron root the field magnitudes
do not agree so well, and are substantially larger at
r=0.003, except at the plasma edge. The differences at
the plasma edge may be due to difficulties in the calcu-
lation of D, and y, there.
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