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ABSTRACT

The energy content of high density purely lower hybrid current-driven plas-
mas has been measured under a variety of operating conditions on the Alcator C
tokamak. The energy stored in the current-carrying electron tail can be a large
fraction of the total kinetic energy in an rf-driven plasma, while the energy residing
in the bulk plasma is comparable to that of a similar ohmic discharge. At densities
fte < 3 x 103 cm™3, the global confinement time of the rf-driven plasma is similar
to that of an ohmic plasma, but degrades relative to its ohmic counterpart at higher

densities and/or rf powers.

PACS numbers: 52.50.Gj, 52.35.Hr, 52.55.Fa, 52.55.Pi



Tokamak plasma currents sustained completely by lower hybrid rf current drive
have been achieved in a number of experiments.! Experimental findings have sup-
ported the basic predictions of the Fisch theory:? the rf-driven current is carried by
a superthermal electron tail in the distribution function, and the rf power required
to maintain this tail current is proportional to the density and plasma current. On
Alcator C, an empirical current drive efficiency, defined as = 7[R,/ Py (10°°m™2
MA/MW), of n =0.12 has been measured for densities up to n.= 1x10*cm=3.3
Here, 7, is the line-averaged electron density, I, is the plasma current, R, is the
plasma major radius, and Pys is the net injected rf power. The density scaling of
the current drive efficiency is in agreement with the theoretical supposition that the
major loss of the superthermal electrons is due to collisions with bulk electrons; i.e.
that tail energy is transformed primarily into plasma thermal energy. Regarding
the overall energy confinement properties of such plasmas, it is important to note
that rf current-driven plasmas represent auxiliary-heated discharges in which the
plasma is maintained and heated entirely by non-ohmic power. In this Letter, we
present measurements of the energy content and global energy confinement times
of rf-driven plasmas and compare them with measurements in similar ohmic plas-
mas. Energy confinement studies of lower hybrid current-driven discharges at low
densities (7 < 10'® cm™2) have also been reported recently from the PETULA-
B% and ASDEX?® tokamaks. In the present study however, experiments have been

performed in a reactor-relevant regime at densities up to 7, = 8 x 10 cm™3.

The confinement experiments were performed on the Alcator C tokamak (R,=
64 cm., a=16.5 cm.) in the parameter range 7,=2-8x10*cm™3, B=7-11 T,
1,=100-200 kA, q(a)>8, Z.ss=1.5-2, Ps < 1.0 MW at f = 4.6 GHz in hydrogen
discharges with molybdenum limiters. Electron temperature profiles were measured

with a five-channel Thomson scattering system and the central ion temperature was
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determined by charge-exchange analysis. Plasmas of constant current were main-
tained by injection of sufficient rf power into ohmically-created target plasmas;
during the rf current-drive phase, no current flowed in the ohmic primary circuit
and the loop voltage was reduced to zero. Following temperature measurements on
rf-driven plasmas, conventional ohmic discharges of identical current and density

were studied in order to make comparisons under as similar conditions as possible.

The results of a typical comparison are shown in Fig. 1. The evolution of the
current, loop voltage, density, central electron temperature, and equilibrium quan-
tity B, + l;/2 are illustrated for both an rf current-driven and an ohmic discharge.
For the rf-driven plasma, the loop voltage is zero, I, = 135 kA, n. =4 X 1083 cm™3,
and the rf power is 460 kW; for the corresponding ohmic discharge, the ohmic power
is 200 kW. Within experimental error, the central electron temperatures of both
the ohmic and rf-driven plasmas are the same, and the electron temperature pro-
file widths are also very similar; consequently the thermal energy content of both
discharges (W (rf) ~W?»*¥(oh) =1.4 kJ) are nearly identical. The observed in-
crease of (3, + 1;/2 in the rf-driven plasma relative to that of the ohmic plasma is
attributed to the kinetic energy stored in the current-carrying superthermal elec-
tron tail of the former. This conclusion is supported by measurements of the plasma
hard X-ray emission spectrum (E,=30-500 keV) performed with an eight-channel
vertically-viewing array and a five-channel array which views the plasma at different
angles with respect to the toroidal field.® Using the techniques of Ref. 7, we have
modelled the two dimensional shape of the fast electron distribution function from
X-ray measurements taken at a density of n, = 3 x 10 cm™3 and a current of I, =
140 kA. Since the loop voltage is zero, it is reasonable to assume that the entire
plasma current is carried by the electron tail; therefore the macroscopic parameters

of the tail can be calculated.” In particular, the fractional density of the tail relative
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to the bulk is 0.7% and the energy moment over the tail distribution gives a value
of 1.4+ 0.3 kJ, with the estimated error arising primarily from the ambiguity in the

modelling of the fast electron distribution.

The variation of 3, with density is shown in Fig. 2 for plasma currents of
I, ~140 kA and a toroidal magnetic field of B=8 T. The triangles at the bottom of
the graph represent the values of 3, calculated from kinetic measurements of the
bulk plasma. Up to a density of 7z, = 6 x 10’3 cm™3, the bulk stored energy of the
ohmic and rf-driven plasmas is similar, while at higher densities some additional
heating of the bulk plasma is occurring in the rf-driven case. Over the range of
densities illustrated in the figure, the input power to the ohmic discharges remained
at Pop, ~200 kW. To perform the density scan for the purely rf-driven plasmas, the rf
pbwer was raised from P,.s =200 KW at ne = 1.5x102 cm ™3 to Py =950 kW at 7, =
8x10® cm™2 in order to keep the current constant. The data points at the top of the
graph indicate the measurements of 3, -+ ;/2 from the equilibrium measurements.
Though the absolute level of the magnetic 8, +I;/2 measurement is too low (based
on the kinetic measurements) due to baseline errors, comparisons of relative values
remain valid. We note that the measured Bp + 1;/2 in rf-driven plasmas is always
higher than in their ohmic counterparts. For the case in which the tail was measured
by hard X-ray spectrometry (7. >~ 3x10'3 cm™3), the difference in 3,+1; /2 between
the ohmic and rf-driven cases is approximately 0.18, which corresponds to Weail ~
0.9 kJ. In deducing this value, the equilibrium field measurement was corrected for
the pressure anisotropy of the tail® and l;/2 was assumed to be unchanged from the
ohmic case. The magnitude of the tail energy estimated in this fashion is in the
same range as that from the X-ray measurements. The difference in the two may be
attributed to experimehtal error and a possible lowering of the internal inductance

in the rf-driven plasma relative to the chmic one. In rf-driven plasmas, the current
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profile cannot necessarily be computed from the temperature profile; in fact, in
recent ASDEX experiments, the temperature profile was found to narrow during rf
current drive while the current profile broadened slightly.? If we assume that the
same fractional change in inductance occurs in our experiment as in ASDEX, the
tail energy increases by approximately 20% above our previous estimate and the
total stored energy by approximately 10%. In subsequent calculations of the plasma
energy content, the internal inductance is taken to be the same for rf and ohmic
plasmas over the density scan, which may result in the energy in the tail being
underestimated.

The global energy confinement time for both the rf-driven and ohmic plasmas
is shown in Fig. 3 as a function of density. The confinement time in these quasi-
steady-state discharges is defined as 7 = W** /Py, where W** is the total stored
energy in the electron and ion populations (including the electron tail) and Py, is
the net input power to the plasma. For the rf-driven plasmas, we have used the
net transmitted rf power for P;,. We may add that experimental measurements of
the current drive efficiency suggest that the absorbed fraction of rf power does not
vary strongly over the density range of our experiment. Moreover, code simulations
of Alcator C current-driven plasmas which successfully reproduce the experimental
current drive efficiencies suggest that over 95% of the injected rf power is absorbed
by electron Landau damping.'®

The global energy confinement time of the ohmic plasmas increases linearly
with density, as expected from neo-Alcator scaling.’’ However, the confinement of
the rf-driven plasmas shows a decreasing trend with density and/or power. Shown
by solid circles are the calculated confinement times of the rf-driven plasmas if only
the bulk energy is taken into account, as in the case of ohmic plasmas. These

values are not to be taken as good estimates of the true bulk confinement times
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because of the possibility of radial loss of tail electrons. The difference between
these calculated values and the true global confinement time 7 (shown in open
circles) defined earlier indicates the importance of the stored tail energy in the
overall energy balance. At densities 7, < 3 x 103 cm™3, the global confinement
times of the rf-driven plasmas are similar to and may even exceed that of the ohmic
plasmas because of the presence of the energetic electron tail. As the density (and rf
power) are raised, the rf confinement time degrades relative to the ohmic value, and
the tail energy represents an increasingly smaller fraction of the total plasma energy
content. The decreasing treﬂd of confinement time with injected power is similar
to Kaye-Goldston scaling for neutral beam-heated L-mode plasmas.'? Comparisons
of ohmic and rf confinement times have also been made as functions of the plasma
current and toroidal field. As the current is raised from I, = 100 to 200 kA, g}
decreases by 25% while Tlgf increases by approximately the same fraction owing
to an increase in the estimated tail energy with plasma current. The value of ‘r;;f
increases by at most 20% as the toroidal field is raised from By = 7 to 11 T,
with 72" remaining constant over the same range. The major difference in the
confinement properties of the two types of discharges appears to be the unfavorable
density dependence of Tg relative to ohmic plasmas, or degraded confinement with

increased total input power.

The impurity behavior was monitored in some of these experiments to assess
the role of radiation in the power balance of current-driven plasmas. Spectroscopic
measurements of the light impurity (C,0) emissions indicated that their densi-
ties were unchanged or increased by at most a factor of two during rf injection.
Molybdenum emissions increased between a factor of 5 and 15, while the bolometer
signal increased by roughly a factor of 5 during rf injection. The radiated power as

measured by the bolometer, and inferred from the molybdenum line brightnesses,
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was observed to decrease with increasing density. The Z.ss measured by visible
Bremsstrahlung showed a similar trend. The absolute calibration of the bolometer
is presently in some doubt; however, the total fraction of radiated power due to
high-Z impurities based on spectroscopic measurements and the cooling rates of
Ref. 13 was estimated to be Pr.q/P.s < 0.15 at the highest powers employed in
this experiment. Although the radiation levels are strongly enhanced during rf in-
jection, radiation appears to play a less important role in the overall power balance
of the rf-driven plasma as the density and rf power are raised, and therefore does

not explain the diverging trend in Tjg.f and 7" at the higher densities.

In order to investigate other possible reasons for the different scaling in the
confinement times, we have simulated these discharges with a detailed Fokker-
Planck-ray tracing-transport code.!® The radial loss time for fast electrons is taken
to be a constant (3 msec) multiplied by a velocity-dependent factor.* The bulk
electron thermal conductivity x. is modelled in both ohmic and rf discharges by
Coppi-Mazzucato diffusion;!® in the latter case, we allow . to be multiplied by an
adjustable factor to match to the experimentally-obtained temperatures. As men-
tioned earlier, this code models the macroscopic parameters and current drive effi-
ciency of rf-driven discharges with fair accuracy. For the simulations of the Alcator
C experiments, the main energy loss of the current-carrying fast electrons was found
to be collisional absorption on the bulk. Radial losses of tail electron energy were
approximately one-third of the input rf power at a density of 7, = 3 x 10" cm™3,
but only one-sixth of the input power at 7, = 7 x 103 cm™3. If the confinement
time of the tail electrons (typically 4-6 msec) was significantly reduced, flat-top cur-
rent drive could not be maintained in the simulations with the experimentally given
input powers. Although the rf deposition profiles are predicted to be broader than

ohmic ones, almost all the rf power is calculated to be absorbed inside r/a = 0.4
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for all densities in this experiment. Thus, the apparent degradation in confinement
relative to the ohmic plasma is not explained by either unfavorable rf power depo-
sition profiles or poor conﬁnement. of the superthermal electrons. To attain similar
bulk temperatures in the code to those observed experimentally, it was necessary to
increase X, in the rf-driven plasma above that of the ohmic plasma at higher den-
sities; an acceptable match of the simulation and experiment could be achieved by
setting x7/ = x°* at 7, = 3 x 10"* cm™2 and x2f = 2.3x%* at 7, = 7 x 103 cm 3.
Thus a plausible explanation of our experimental results is that the confinement
of the thermal component of the rf-driven plasma degrades relative to that of the
ohmic plasma with increasing density. This finding is consistent with yf remaining
nearly independent of density, or increasing with increasing total input power.

In summary, the energy content of purely lower hybrid current-driven plasmas
has been compared with that of ohmic plasmas. The bulk plasma energies of the
two types of discharges are found to be similar over a wide range of parameters.
In rf-driven discharges, a significant amount of additional kinetic energy resides in
the superthermal electron tail. Under plausible assumptions of the rf absorption
efficiency, the global energy confinement time is found to be lower in rf current-
driven plasmas than in ohmic ones for densities 72, > 3 x 103 cm™3.
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FIGURE CAPTIONS

FIG. 1. Comparison of the plasma parameter time histories of an rf-driven
discharge (solid lines) and an ohmic discharge (dotted lines) for B=8 T. From top
to bottom: plasma current, line-averaged density, loop voltage, 3, + l;/2, central

electron temperature obtained on a shot-by-shot basis, and rf power.

FIG. 2. (3, and 3, + l;/2 vs. density for rf-driven and ohmic plasmas for I,, ~
140 kA, B=8 T. Triangles represent kinetic 3, measurements (Thomson scattering

and charge-exchange), while the circles depict equilibrium field measurements.

FIG. 3. Global energy confinement time of rf-driven and ohmic plasmas vs.
density. The closed circles are the represent the quantity WP /P calculated for

the rf-driven plasmas.
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