VorLuME 40, NUMBER 13

PHYSICAL REVIEW LETTERS

27 MARCH 1978
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In the ELMO bumpy torus, neoclassical transport coefficients depend critically on the
ambipolar electric field. These coefficients, calculated for arbitrary radial electric
fields, are applied in a one-dimensional radial-transport calculation which, for the first
time, treats the electric field self-consistently. This purely classical model predicts
many features of experimental operation including a steady-state solutions with radially

inward-pointing ambipolar fields.

There have been many investigations™? of ra-
dial transport in axially symmetric toroidal mag-
netic traps such as tokamaks where lowest-or-
der neoclassical transport is independent of ra-
dial electric fields. For axially asymmetric sys-
tems such as the bumpy torus, neoclassical
transport depends sensitively on the ambipolar
field, and radially resolved calculations includ-
ing self-consistent ambipolar electric fields have
not previously been attempted. Here we calcu-
late neoclassical transport coefficients for the
ELMO bumpy torus® (EBT) for arbitrary radial
electric fields, and we apply these coefficients
in a one-dimensional radial-transport model
which includes the ambipolar field self-consis-
tently. Previous neoclassical calculations for
bumpy tori have treated only the large-electric-
field limit* and transport in zero dimensions.®
Self-consistent, one-dimensional calculations
are necessary to predict transport scaling and
stability limitations for large fusion-grade sys-
tems.

To model EBT realistically, we calculate trans-
port coefficients without using Kovrizhnykh’s*
simplifying assumption that poloidal drifts due to
electric fields dominate those due to magnetic
field gradients. We use the drift kinetic equation®
in bounce-averaged form,
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where () denotes a bounce average, f is the dis-
tribution of guiding centers, \7,, is the guiding cen-
ter velocity, C, is the collision operator, m is
the mass, e is the charge, E is the electric field,
and v, and v are velocity components perpen-
dicular and parallel to the magnetic field —ﬁ, re-
spectively. Assuming a purely radial electric
field with no poloidal component, we separate f
into an equilibrium Maxwellian part and a first-
order perturbation f, which is Fourier analyzed
in the poloidal angle 6 as f,=Re(f,¢?®). A vari-

ety of collision operators has been used in Eq.
(1) including the complete Fokker-Planck oper-
ator” and the simpler Krook models.® Here, we
use the particle- and energy-conserving Krook
model. In this case moments of Eq. (1) reduce
to algebraic equations for integrals required in
computing the neoclassical fluxes. This simple
solution provides good agreement with results of
Spong et al.® where the detailed kinetic theory is
displayed for the complete Fokker-Planck oper-
ator. Our treatment of particle orbits and the 8
dependence of f, implicitly assumes sufficiently
collisional behavior that banana-shaped orbits
(oceurring in regions where ExB and gradB
drifts cancel) do not dominate diffusion. Such an
approximation is appropriate to the collisionality
of the present experiment?® [v/Q~0(1) where v is
the collision frequency and © is the poloidal drift
frequency]. Particle and energy fluxes for the
jth particle species may be written
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where v is the radial coordinate and » and T de-
note density and temperature, respectively.
Transport coefficients, D,;, Dy;, K,;, and Kp;,
depend on three parameters, v,;/8;, e; ¢/kT;,
and v,;=2kT;/e; BRy, where Ry is the major
toroidal radius, and ¢ is the ambipolar potential.
Mobilities, u,; and ug;, are related to D,; and
Kp; by o ;=(e;/kT;)D,; and pg;=(e;/kT ;)K,;.

In Fig. 1, one of the transport coefficients,
D, =D,;/w,;?/2%;), is explicitly displayed as a
function of collisionality v,/; and electric po-
tential e ; ¢/kT; for EBT-I parameters.® Com-
parison with results of Ref. 4 shows agreement
in the large-field limit (le;¢/%T ;| ~100) and en-
hanced diffusion at low collisionalities and finite
fields. An overall geometrical scaling with the
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FIG. 1. Normalized density diffusion coefficient.com-
pared with the result of Ref. 4 (denoted by circles).

inverse square of the major radius R, is evident
in the dimensional factor (v,,?/29;).

In Fig. 2, Eq. (2) is used to plot electron and
ion particle fluxes versus ambipolar potential.
Ad hoc parabolic profiles are assumed for n, T,
and ¢ characteristic of the quiescent toroidal
mode in the current experiment.® The poloidal
drift frequency @ is obtained from two-dimension-
al magnetic equilibrium calculations and from
analytic fits to Q = 1/(eBv7)aJ/dr where J = $dlmv
and 7=9$dl/v,.'° In the figure, quasi charge neu-
trality is achieved at potentials for which I',,
=~T,,. Negative potentials or radially inward-
pointing electric fields are possible in the low-8
plasma-core region where normal magnetic field
gradients exist [Fig. 1 and Fig. 2(a)], and posi-
tive potentials or outward-pointing electric fields
are predicted in the high-p electron-ring region
where magnetic gradients are reversed [Fig.
2(b)].

In the absence of an electric field, ions and
electrons of equal energy and pitch angle have
coincident orbits and hence equal step sizes for
diffusion. In this case, electrons, due to their
greater collisionality, are lost (m;/m,)"? times
faster than ions. In the presence of an electric
field, this flux discrepancy is equalized in one of
two ways. First, a radially outward-pointing
electric field can electrostatically confine elec-
trons, reducing their flux to that of the ions as
in the large-positive-field solutions in Fig. 2(a)
and 2(b). Alternatively, in normal magnetic gra-
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FIG. 2. Electron and ion particle flux vs ambipolar
potential for (a) normal and (b) reversed magnetic field
gradients.

dient regions, radially inward-pointing electric
fields enhance ion diffusion by cancellation of E
x B and grad B poloidal drifts as in the negative
roots in Fig. 2(a). In reversed gradient regions,
outward-pointing fields enhance ion diffusion as
in Fig. 2(b). Which of these scenarios is stable
and consistent with power balance depends on de-
tails of radial transport, considered next.

If one neglects variation in magnetic field due
to finite plasma B, as well as effects of energetic
electron rings, transport due to drift waves,
magnetohydrodynamic activity, and magnetic
field errors, a series of moments of Eqg. (1) can
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be derived in terms of transport coefficients defined by Eq. (2). Including the radial component of

Ampere’s law averaged over poloidal angle, we have
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where n=n,~n;, I',=T,, I}, k is Boltzmann’s
constant, ¢ is time, E; is the ionization energy of
atomic hydrogen, €, is the perpendicular plasma
dielectric, and @,; is the energy exchange rate
between electrons and ions. Ionization and charge-
exchange rates are n{ov); and n{ov),,, respec-
tively. Resonant electrons absorb microwave
power at the rate' 2m,n(D,). We assume that
neutral density #, and temperature T, adjust in-
stantly to changes in plasma parameters, allow-
ing conventional solution of a stationary kinetic
equation for the neutral velocity distribution.?

The equations in (3) are solved numerically
with parameters corresponding to EBT-I.2 Bound-
ary conditions are enforced at the plasma edge
(r =a) consistent with a cold surface plasma® and
with a uniform isotropic source of cold neutrals
at energy E,=0.5 eV. The time scale for the
electric field in Eq. (3) is much faster than that
for the plasma parameters. Therefore, after
each step on the diffusion time scale, the elec-
tric field is advanced for a sufficient time to en-
sure quasi charge neutrality.

Results in Fig. 3 show steady-state radial pro-
files of n, ¢, T,, T;. The radially inward-
pointing electric field, E < (¢T; /e)d InB/d7, cor-
responds to the most negative root in Fig. 2(a)
and is in qualitative agreement with heavy-ion-
beam measurements.'** [The middle root in
Fig. 2(a) is unstable by Ampere’s law in Eq. (3).]
Results in Fig. 3 are characteristic of toroidal-
mode operation,® however, quantitative compari-
son with experiment should be regarded as ten-
tative because of simplifying assumptions in the
model.

Lowering the plasma density reduces energy
transfer from electrons to ions. Ion temperature
decrease until negative—electric-field solutions
vanish, as in Fig. 2(a), and the system passes
abruptly to the positive-field solution E ~ — (¢T, /
e)d In(nT,?)/d» which we find to be thermally un-
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stable. Here, electrons are confined electro-
statically, and ambipolar diffusion is dominated
by ion transport which is relatively collisionless.
The electric field is proportional to density and
temperature gradients so that transport rates
are approximately proportional to the inverse
square of gradients in » and 7. This produces a
net positive feedback allowing gradients in#n, T,
and ¢ to become arbitrarily large near the plas-
ma edge; no steady state is found. These solu-
tions are thermally stable in simple point mod-
els® which do not include time-varying spatial
scale lengths necessary for positive feedback.
For negative electric fields as in Fig. 3, ambi-
polar diffusion is dominated by electron trans-
port which is relatively collisional, and the elec-
tric field is less dependent on density and temper-
ature gradients. Thus, elements necessary for
positive feedback are missing and solutions are
stable.
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FIG. 3. Steady-state radial profiles of plasma densi-
ty », ambipolar potential ¢, electron temperature kT,
and ion temperature kT;.
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Nonlinear coupling of four Langmuir waves is studied as a new saturation mechanism
for parametric instabilities in underdense plasmas with approximately equal electron and
ion temperatures. When treated in conjunction with the usual ion nonlinear Landau damp-
ing, these processes produce a saturated Langmuir-wave spectrum with a single peak
and a saturated wave energy linearly proportional to the pump intensity. These results
are in good agreement with laboratory experiments.

The nonlinear saturation of parametric insta-
bilities is directly relevant to the feasibility of
applying parametric instabilities for heating plas-
mas.! In the absence of particle trapping, the
dominant saturating mechanism is considered to
be the multiple-decay processes, i.e., ion non-
linear Landau damping® if T, ~T,, which goes
over to cascade mode coupling®* when T,> T,
(T,, T, are electron and ion temperatures).

These multiple-decay processes predict a satu-
rated Langmuir-wave energy P, proportional to
the square of pump intensity, P2, and a spec-
trum consisting of a series of peaks separated
from each other by the ion acoustic frequency.

In early experiments,® the P, <P ? dependence
can be directly inferred from absorption measure-
ments near threshold. However, in more recent
experiments®® the P, o P? relation is not ob-
served. Mizuno and DeGroot report that for 7,/

T,~8, P,xP, from P,/P.;, 2 1to P,/P, ~30.°
Flick’s experimental data at 7, = T; show that near
threshold P,,, P, varies much faster than P?
and for P,/P ., 23, P,varies linearly as P,."?
For T,>» T, experimentally observed steady-
state Langmuir-wave spectra consist of discrete
lines® in agreement with cascade mode-coupling
theories.* When 7,~T; nonlinear ion Landau
damping theories® predict a similar spectrum.
However, although the theoretically predicted
spectrum is consistent with ionosphere measure-
ments,'® it is not consistent with laboratory exper-
iments.”’® Instead, Flick reports an essentially
single-peaked spectrum for P /P, varying from
1 to 10. Since distinct peaks are fine structures
and may not be experimentally resolved, it is im-
portant to note that while previous theories pre-
dict wave energy being spread into modes with
much lower wave vector via secondary ion non-
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