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Cause of the Lower-Hybrid Current-Drive Density Limit
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We derive a simple model which predicts the observed lower-hybrid current-drive density limit for all
major experiments to within a factor of 2. The model is based on (i) the experimentally observed upshift
in k~~ and (ii) the k t dependence of the mode coalescence condition of the linear model conversion of a
lower-hybrid wave into a hot-plasma wave.

PACS numbers: 52.40.Db, 52.25.Sw, 52.50.Gj, 52.55.Fa

Fisch ' predicted in 1978 that dc toroidal currents
could be driven in tokamaks by the injection of suitably
phased lower-hybrid waves. Prior to 1978, lower-hybrid
experiments had been designed to provide ion heating via
the linear mode conversion process predicted by Stix to
occur at the lower-hybrid layer where co =cosh. Initial at-
tempts to reconfigure these heating experiments so as to
produce current drive were unsuccessful, until Yamamo-
to et al. demonstrated on the AFT-2 tokamak that
current could be driven provided that the plasma density
was reduced substantially from the values typically used
in the heating experiments (i.e. , the density was reduced
so that ctt& 2co~h). The JFT-2 results have been subse-
quently reproduced and extended in a large number of
devices, ' and it has always been found that current
drive works only up to a (rather low) "density limit"
where mode conversion would not be expected since
co & 2co~h. Experiments indicate that the density limit in-
creases with' co and' rn;. The density limit is not pre-
dicted in Fisch's theory. Tonon and Moulin, ' and

Wegrowe and Engelmann postulated a density-limit
mechanism based on the wave interacting with hot ions,
but (as we will show) their model predicts the density
limit to have a strong singularity, inconsistent with ex-
perimental observations.

We present here a new and very simple model which
predicts within a factor of 2 the observed density limits
of all major current-drive experiments. This model is
based upon (i) the dependence on parallel wave number
k~~ of the coalescence of the two modes involved in linear
mode conversion of a lower-hybrid wave into a hot-
plasma wave and (ii) the upshift in k~~ that is associated
with the filling of the spectral gap in current drive. Be-
fore deriving the model, let us brieffy review (i) and (ii).

k~~ dependence of mode coalescence Stix .—showed
that when hot-plasma eAects are included, the lower-
hybrid dispersion relation becomes
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Equation (1) is quadratic in k~ giving two modes,

k =[—e ~ (E —4k'e e )' ]/2e, , (3)

Examination of Fig. 1 shows that the location of mode
coalescence is at a lower density than the lower-hybrid

which are plotted in Fig. 1. The small-k& mode is the
launched lower-hybrid wave (cold mode) which propa-
gates from the plasma periphery towards the lower-
hybrid layer (where e~ =0); in the vicinity of this layer
the cold mode converts linearly to the large-k& hot-
plasma mode which propagates back towards the peri-
phery and is strongly damped. It was originally as-
sumed that mode conversion occurred at the lower-
hybrid layer where e~ =0 (or equivalently to=coach), but
it was later noted ' that the mode conversion actually
occurs at the point where the two modes described by
Eq. (3) coalesce, i.e. , where

~z/4 &th ~II.
2

layer, and Eq. (4) shows that this location depends on a
large number of parameters.

Upshift of k~~.—There is a well-known 2 problem
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FIG. 1. Plot of k& vs density. Note that the location of

mode coalescence occurs at lower density (Ref. 21) than the
location of the lower-hybrid layer.
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concerning the use of Fisch's theory to explain the results
of current-drive experiments. According to Fisch's
theory, lower-hybrid waves drive current by imparting
momentum to electrons in the tail of the distribution
function. These electrons can interact with the wave be-
cause their velocity u satisfies the resonance condition
u =co/ki~. Yet, in all experiments' the parallel ref'rac-
tive index launched is typically ni~ =cking/co=1. 5-10 so
that, in order for electrons to be resonant with the wave,
they must have 3 x 10 & u & 2 x 10' . In the experi-
ments the electron temperature has ranged from 50 to
2000 eV (3 x 10 & ur & 1.3 x 10 ). Thus, except for the
hottest of these plasmas, there ought to be essentially
zero electrons capable of resonantly interacting with the
wave. What seems to happen is that the wave creates its
own tail by pulling electrons from the bulk out to high
velocities via parallel-wave- partial resonant interaction.
In order to do this, at least some component of the
launched wave k ii spectrum must interact resonantly
with electrons in the bulk, and so a spectral component
must develop which has a parallel phase velocity much
lower than the launched value. In eAect, kii has been
shifted up for some fraction of the launched wave power
(the remainder is, of course, unshifted and interacts with
the newly created tail electrons to give current drive as
predicted by Fisch). Various mechanisms for the upshift
have been proposed, such as toroidal-poloidal and pon-
deromotive eAects. It has also been suggested that
there is no upshift, but that the antenna spectrum in-
cludes enough of a large-kij component to pull electrons
from the bulk to high velocities.

We will not attempt here to decide which (if any) of
the above mechanisms cause the kii upshift. Instead, we

will simply accept the upshift as an experimentally ob-
served fact; i.e. , experiment has shown that ki~ is shifted
up for part of the launched power in such a way that

k ii
= co/fur, (5)

where y= 1-2.
We postulate that the density limit occurs when the k

~i

predicted by Eq. (5)—i.e. , the k~~ interacting with the
bulk —is of such a value to satisfy Eq. (4). When this
occurs, (i) mode conversion takes place for the upshifted
kii component which thus becomes strongly attenuated
by perpendicular damping processes, and so cannot pull
electrons from the bulk to the tail by parallel-
wave-particle resonance, so that (ii) there are no tail
electrons to resonantly interact with the unshif'ted (i.e. ,

high phase velocity) component of the incoming wave,
and so (iii) there is no current drive. We emphasize
that, for the upshifted kii component, mode conversion
takes place even though co) boih.

Proceeding with the mathematical derivation, we
define x =co&,/co, so that c, i

= —x, c~ =1 —Xx, where
X =m, /m; —co /co„, and c,h

= —xaur' /co where a
=

4 P, co /co„+3(m, /m;) P;T;/T, (Here, we . have in-

troduced the temperature enhancement factors p„,p;
which multiply the bulk temperatures T„T;. These
enhancement factors take into account the fact that the
total energy in rf-produced supratherrnal tails can, de-
pending on rf power levels, be comparable to the energy
of the bulk; in particular, P, will exceed unity when the
fast electrons providing current drive have a total energy
comparable to the bulk, while p; will exceed unity when
there is ion heating. ) Using Eq. (5) in Eq. (4), we find
x =1/(2a' +) ), or in terms of the original variables
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All the major current-drive experiments had T;/T,
=0.3 —1; however, there was a fairly large range of fre-
quencies, magnetic fields, and observed density limits.
Figure 2 plots Eq. (6) for hydrogen (solid lines) and for
deuterium (dashed lines) and also shows the experimen-
tally measured normalized density limits of a large num-
ber of experiments. Here we have chosen @=p, =p, =1
as plausible values which give a good fit to the observa-
tions [note, that according to Eq. (6), equally plausible
values of @=1.4, P, =P; =2 would give the same re-
sults]. Figure 2 also plots Eq. (6) for argon which was
used in the Caltech Encore plasma. '- Table I presents
the same information but with nonnormalized parame-
ters; hydrogen gas is assumed, unless specified otherwise,
and for case where T; and/or T, were unspecified, an es-
timate of T;/T, =0.3 was used to calculate the predicted
density limit.

It is clear from Fig. 2 and Table I that Eq. (6) pre-
dicts the experimental observations for a wide variety of

parameters. Several ' ' experiments were carefully
controlled so as to determine the dependence on just one
parameter. Equation (6) is consistent with the observa-
tions of these experiments: in particular, Eq. (6) is con-
sistent with the dependence on co observed in Versator '

and Petula-B, '" the dependence on 8 observed in FT,
and the dependence on m; observed in ASDEX. '

From Eq. (6) and Fig. 2 it is seen that there are essen-
tially two regimes of interest: (i) a low-field region (slope
on left-hand side of Fig. 2) where the density limit is in-
dependent of co and proportional to B, and (ii) a high-
field region (flat portion of curve in Fig. 2) where the
density limit is independent of 8 and is instead deter-
mined by T;/T„co, and m;. The change from regime (i)
to regime (ii) occurs at co = cog (2T;/T, ) 'i2, where
cog =(co„co„)'i is the geometric mean frequency.

It is worthwhile to compare our model to that pro-
posed by Wegrowe and Engelmann (the Tonon and
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Moulin model' is essentially the same as the one in Ref.
20). We consider the standard case where there is one
ion species and Z=1. Expressing Eq. (12a) of Ref. 20
in our notation gives the Wegrowe and Engelmann den-
sity limit as
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which is given in Ref. 20 to be tt /zo =2. It is easily
seen that the right-hand side of Eq. (7) becomes singular
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also shown in Fig. 2, where Eq. (7) has been plotted as a
dotted line for the typical case of hydrogen, T;/T, = —,

'
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Finally, let us consider the predictions of our model
for typical fusion-reactor parameters. With T, = T;,
average atomic mass = 2.5, f=8 6Hz, and @=p,
=P; =1, Eq. (6) gives density limits of 4&&10' cm for
B =6 T, and 8x10' cm for B =10 T.

In summary, we have described how the combination
of (i) the experimentally observed upshift of k ii to
ki~ =co/)ur and (ii) the ki~ dependence of linear mode
conversion (of' lower-hybrid waves into hot-plasma
modes) accounts for the lower-hybrid current-drive limit.
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