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Efficient lower hybrid current drive (LHCD) is demonstrated at densities up to i, ~ 1.5 x 10?° m=3
in diverted plasmas on the Alcator C-Mod tokamak by operating at increased plasma current—and
therefore reduced Greenwald density fraction. This density exceeds the nominal “LH density limit” at

i1, ~ 1.0 x 10 m™3 reported previously, above which an anomalous loss of current drive efficiency was
observed. The recovery of current drive efficiency to a level consistent with engineering scalings is
correlated with a reduction in density shoulders and turbulence levels in the far scrape-off layer.
Concurrently, rf wave interaction with the edge and/or scrape-off-layer plasma is reduced, as indicated by a
minimal broadening of the wave frequency spectrum measured at the plasma edge. These results have
important implications for sustaining steady-state tokamak operation and indicate a pathway forward for

implementing efficient LHCD in a reactor.
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The attractiveness of a tokamak for steady-state power
production depends on demonstrating a means to efficiently
generate noninductive toroidal plasma current. Of the
available means, lower hybrid current drive (LHCD) is
the most efficient process in which LH waves Landau damp
on electrons at a relatively high parallel (along the magnetic

field) phase velocity of v,, ~ 3v,,, where v;, = \/2T,/m,.
As a result, both momentum transfer and an asymmetric
plasma resistivity contribute to LHCD [1,2]. For this
reason, research on lower hybrid current drive has been
vigorously pursued with the expectation that it will ulti-
mately play a crucial role in attaining fully noninductive
operation—augmenting the edge bootstrap current with
efficient off-axis current drive and providing access to high
confinement regimes with the formation of an internal
transport barrier by tailoring the current profile [3].
However, one of the biggest challenges since the
beginning of the LHCD experiments in the 1970s [4]
has been to understand and overcome the so-called LHCD
density limit—an anomalous loss of efficiency observed at
a density below the classical wave accessibility limit [5].
The effect has been attributed to an anomalous wave power
loss or excessive broadening in the launched wave number
due to undesirable wave interactions occurring at the
plasma edge, such as parametric decay instabilities [6,7].
Based on the frequency scaling of this limit behavior [4],
early experiments established a rule of thumb limit of
o/ @y (0) > 2 for efficient current drive, where @y is the
source frequency and @y y(0) is the plasma lower hybrid
frequency at the plasma center, in predicting current drive
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performance. Nevertheless, recent experiments on various
tokamaks have exhibited poorer than expected current drive
efficiencies at densities below this limit (FTU [8], Tore
Supra [9], EAST [10], and Alcator C-Mod [11]). The
parametric decay instability (PDI) onset, which can be
considered a proxy for the anomalous efficiency loss, is
found to be generally initiated when wy/w;y(0) ~ 3 to 4.

Furthermore, a more restrictive limit was observed in
diverted configurations on C-Mod. While no apparent
density limit behavior was observed for inner-wall limited
plasma up to the accessibility limit [12], efficient current
drive was observed only up to 7, ~ 1 x 10** m™3 in
diverted discharges, corresponding to wg/wpy(0) ~ 3.2
with n,(0) ~ 1.4 x 10** m™3 and B,(0) = 5.4 T. Because
of this unfavorable result, experimental exploration of
diverted scenarios with high bootstrap current fraction at
reactor relevant densities was restricted. For those plasmas
exhibiting the anomalous density limit behavior on C-Mod,
increasing the edge pedestal temperature up to 1 keV
resulted in only a modest improvement of the current
drive efficiency [12]. This was in clear contrast to results
obtained from a limiter configuration on FTU [8]: the
regime of effective current drive was reported to be
extended with the increase in edge temperature associated
with special wall conditioning and pellet injection. A key
difference between the diverted and limited configurations
is the behavior of the scrape-off layer (SOL), whose impact
on wave propagation was not carefully examined until
recently [11]. In a reactor, a divertor configuration will
most likely be required in order to accommodate the
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extreme levels of heat and particle exhaust. Therefore, it is
crucial to determine if an approach may exist to extend the
compatibility of efficient LHCD to diverted scrape-off
layers operating at reactor level densities.

In the course of our research on C-Mod [13-15], we came
to realize that diverted plasmas which showed this limit
behavior typically had plasma currents set at a low value
(I, <1 MA). The aim of choosing the low current was to
maximize the noninductive current fraction due to LHCD.
On the other hand, from tokamak boundary physics [16], it is
known that SOL plasmas exhibit broad shoulders and
increased levels of blobby turbulence at low plasma current,
particularly when the Greenwald density fraction [72,/ng,
where ng = 1,/(wa*)] is greater than 7,/ng ~0.2. From
the wave physics point of view, these edge conditions have
recently been identified to cause a number of parasitic
interactions with the boundary plasma. For example, by
doubling the plasma current (0.55 — 1.1 MA) [13] and
reducing the density in the far SOL by about half, parasitic
wave interaction was found to be reduced with a concurrent
increase in LHCD effectiveness.

In this Letter, we present an experimental observation of
efficient lower hybrid current drive above the anomalous
lower hybrid density limit in a diverted configuration. To
the best of our knowledge, this is the first unambiguous
report of efficient generation of noninductive current above
ii, ~ 1 x 102 m™3 in this configuration. Our approach in
the latest experimental campaign was to explore LHCD at
high densities near the accessibility limit but at minimal
Greenwald fraction. This was done by raising the plasma
current further up to 1.4 MA under otherwise identical
conditions. No special wall conditioning was found neces-
sary to recover values of LHCD efficiency at high density
that are consistent with the engineering efficiency scaling
evaluated at low density.

The experiment presented in this Letter was carried out
on Alcator C-Mod [17] (major radius R = 67 cm and
minor radius a = 22 cm). We focus on the LH density
limit observed in the L-mode plasmas without any addi-
tional heating schemes. Both the magnetic field (B, =
5-8 T) and the density (ii,< 1.5 x 10*° m~3), which gov-
ern the wave and boundary physics, correspond to
those anticipated for a reactor. The lower hybrid current
drive system [18] injects a high frequency 1f wave
(fo = 4.6 GHz) at power levels of up to 1 MW (injected).
The interaction of the injected wave with the boundary
plasma was monitored by measuring the wave frequency
spectra with internal rf probes distributed around the
tokamak. In particular, the inner-wall probe is ideally
suited to observe a wave field that has undergone various
wave-edge interactions on its first pass across the tokamak
from the low-field side to the high-field side. Nonthermal
electron cyclotron emission (ECE) and hard x-ray (HXR)
bremsstrahlung emission are used to monitor fast electron
generation by LHCD. The HXR diagnostic system [19] has

32 sight lines that view the poloidal cross section of the
plasma with a detector at the outer midplane, providing
information on the fast electron generation profile.

Figure 1 shows an example of a low-Greenwald fraction
plasma with LHCD (72, /ng = 0.16 with I, = 1.2 MA) at a
density above the nominal density limit. The line-averaged
density was 7, = 1.3 x 102 m™3. A net LH power of
600 kW was coupled to the plasma for 400 ms. The peak
parallel refractive index launched was n,, = 1.9. As shown
in Fig. 1(c), current drive is evidenced by reduction in loop
voltage with the application of LH power, as the inductive
drive required to maintain the prescribed plasma current
is reduced in the presence of the fast electron tail [20]. This
indicates that the LH power was effectively replacing
a part of the Ohmic power, and the plasma current was
partially driven noninductively. The central electron tem-
perature remained at T,y ~ 3 keV, indicating that the
change in loop voltage is not due to the change in
resistivity. Figure 1(d) shows the correlated response of
the edge nonthermal ECE with LHCD. Under similar
conditions at low plasma current, the nonthermal emission
is negligible.

The observed drop in the loop voltage is consistent
with the rf current drive efficiency previously inferred
on C-Mod. In our experiment, the fractional loop voltage
drop is observed to be AV/V = 0.17 with the injected
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FIG. 1. Time traces of an 1.2 MA plasma with lower hybrid

current drive. (a) Line-averaged density. (b) Injected LH power.
(c) Loop voltage. (d) Nonthermal electron cyclotron emission.
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power x = P/ (n..10l ,Ry) =0.056 (MWm>MA™"). This
pair is found to be in line with the data set (Fig. 5 in
Ref. [22]) that was used to evaluate the current drive
efficiency in a low-density regime. In that study, AV /V was
scanned as a function of the LH power, and it was fitted to a
functional form [23] of AV/V = (5 + n1)x/(1 + 1,x) to
infer the rf current drive efficiency: ny = n.I,Ry/ Py~
2.5+0.2(10" MAMW ! m~2), and the hot conductivity
term due to the presence of the dc field: #; = 0.4 +0.5.
Thus, the observed loop voltage drop consistent with the
previous experimental data set shows that the experiment
was limited by the injected power only.

Clear evidence for reduced parasitic wave-edge plasma
interaction in this low-Greenwald fraction plasma is pro-
vided by measurements of the frequency spectrum by an
inner-wall probe. Figure 2 compares the LH frequency
spectra in low- and high-Greenwald fraction plasmas
(0.16 vs 0.36) at fixed 1, = 1.3 x 10 m~ under other-
wise identical conditions. The lower current (higher
Greenwald fraction) discharges typically show a pump-
wave amplitude that is lower by about 10 dB [13] at this
location, suggesting that first pass losses might be an
important player in the LH density limit behavior. The
symmetrically broadened frequency components around
the source frequency indicate a role of turbulence scattering
[24] and/or ion sound PDIs [25]. In addition, the harmonics
of the sideband below the source frequency evidences the
onset of ion cyclotron PDIs [6].

On the other hand, in a low-Greenwald fraction plasma
that exhibits a good current drive efficiency, experimental
signatures of parasitic wave-edge interactions are largely
eliminated despite exhibiting the same line-averaged den-
sity. A level of pump broadening is noticeably reduced,
which can be attributed to a reduction in blobby transport
occurring in the SOL. It was previously reported [26] that the
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FIG. 2. LH frequency spectra measured with an inner-wall
probe at 7i,/ng = 0.16 (I, = 1.2 MA, Py = 600 kW) in red
and 0.36 (I, = 0.55 MA, Py =300 kW) in black. In both
cases, i, ~ 1.3 x 10% m=3,

effective particle diffusion coefficient (Do =1'/Vn,,
where I' is the particle flux) in the near SOL is reduced
significantly below 71, /ng ~ 0.2 with corresponding reduc-
tion in density shoulder in the far SOL. Under this condition,
the launched wave is not expected to undergo significant
scattering interactions with the background turbulence.
Furthermore, the suppressed PDI sidebands indicate that
the nonlinear wave scattering process is also below the
threshold condition, consistent with a homogeneous PDI
analysis [27]. The reasoning for this is as follows: based on
previous SOL profile measurements [13], the SOL density at
such a low-Greenwald fraction plasma quickly falls to below
n, ~ 0.3 x 10> m~3 outside the separatrix without forming
a shoulder structure even at 7, = 1.3 x 10 m~3. At this
local density, a PDI analysis shows that the convective
threshold condition (yAf > x) is not satisfied for the most
unstable ion mode of n,, ~ 20 in the limit of perpendicular
coupling. Here, y is the growth rate, and At = Ay /v, is the
residence time of the excited sideband LH wave within the
pump-wave resonance cone determined by the height of a
single grill structure (Ay =6 cm) and the sideband
perpendicular  group velocity (v, ~ (0/k)(0/@)p,)).
Note that SOL temperature is not found to be a strong
function of the Greenwald fraction. It is also a weak function

of the power to the SOL (T, ~ PégL). Therefore, the edge
and/or SOL density and its associated density fluctuation
level are found to be an important parameter to control
parasitic wave interactions at the plasma edge.

Fast electron generation is found to be increased by more
than 2 orders of magnitude in the high current plasmas
compared to the lowest current cases (0.55 MA). Figure 3
summarizes HXR count rate observations as a function of
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FIG. 3. Hard x-ray line-integrated count rates as a function
of 7, at different currents: 0.55 (star), 0.8 (inverted triangle),
1.1 (circle), 1.2 (square), and 1.4 MA (triangle). Data are
calibrated against the detector shielding thicknesses and the
coupled LH powers. Two unfilled square (inverted triangle)
symbols denote the modeled count rates of the 1.2 MA
(0.8 MA) discharge with and without the dc electric field.
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the line-averaged density at different currents. The HXR
emission may be taken as a proxy for fast electron
generation. The count rates are summed from 16 central
viewing chords out of 32 chords in the energy range from
60 to 240 keV. While previous experimental results at
lower plasma current exhibit an exponential decay of
HXR emission with increasing density, the count rates at
I, > 1 MA are substantially higher for 7, > 1 x 10% m™>.
The loop voltages in these plasmas remain similar at about
1.0 V, eliminating the possibility that a higher dc electric
field could have accelerated the fast electrons more in a
high-current plasma.

Figure 4 compares the HXR count rates versus the
channel number between the low-current and high-current
plasmas. In the low-current cases, the profile is peaked
at the central chord. This feature was proposed to be
caused by the modification in the launched spectrum due to
wave-edge plasma interactions [14,28], which is in line
with our experimental observation of the increased wave
interaction with the edge plasma with increased Greenwald
fraction at the fixed line-averaged density. In the high-
current cases, the fast electron generation profile is not
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FIG. 4. (a) Hard x-ray count rates and (b) the normalized count
rates to the total count rates as a function of the channel number.
The profile in blue (green) is measured in a plasma with 7, =
0.55 MA at i1, ~0.9(1.05) x 10°° m™3. The profile in purple
(red) is measured in a plasma with I, = 1.2(1.4) MA and
fi, ~1.3(1.4) x 10 m=3. (Inset) The 32 sight lines of the
HXR diagnostic system, with the LCFS of the 1.2 MA discharge
overlaid in red. The increasing count rates observed for the
channels greater than the no. 28 could be due to thick target
bremsstrahlung emission outside the LCFS [12].

peaked, indicating the broadening of wave power deposi-
tion. While such a broadening with increasing current is
generally attributed to the increase in core temperature and
an increased level of poloidal up-shift, our result suggests
that this current dependence might not be fully isolated
from the change in the edge-SOL plasma with the decrease
in the Greenwald fraction.

The increased level of the HXR count rates observed
is in reasonable agreement with preliminary steady-state
GENRAY-CQL3D model calculations [29,30] shown in
Fig. 3, which includes a simple exponentially decaying
SOL for the temperature and density profiles outside the
separatrix with a fixed scale length normalized to a minor
radius of 1 =0.022. About 20% of the LH power is
found to be collisionally lost in the model. Because of
the known sensitivity of the simulated total driven current
to the dc electric field [31], two simulations with and
without the dc electric field were conducted. First, the dc
electric field is assumed to have a 1/R dependence with the
on-axis value of E; = 0.234 V/m, consistent with the
measured loop voltage of 1 V. The predicted total current
(1.23 MA) is found to agree well with the experimental
current (1.2 MA), while the predicted hard x-ray count rates
(=3.3 x 10° A/ /s) are higher by a factor of 3 than the
experimental measurement (Fig. 3). The second simulation
result without the dc electric field predicts the count rates of
0.69 x 10% N'/s, which is below the experimental count
rates. The rf driven current is predicted to be 86 kA. Since
the experimental count rates are between the two model-
ing results, it is concluded that the ray-tracing—Fokker-
Planck model can reasonably reproduce the observed
experimental level of the HXR emission. Note that this
standard model is found to significantly overpredict the
count rates in the low-current case (e.g., 800 kA), as
shown in Fig. 3. It has been reported [11,14] that a proper
modeling of the diverted SOL plasma (e.g., the shoulder
structure) and associated parasitic wave interactions is
crucial in reproducing the strong reduction in the count
rates observed in the low-current cases. An agreement
found in the high-current case supports that wave parasitic
losses in the boundary plasma are largely eliminated in the
low-Greenwald fraction plasma. Further investigations are
necessary in modeling the fast electron population in the
presence of a strong dc electric field.

In summary, efficient lower hybrid current drive is
recovered on the Alcator C-Mod tokamak up to the
accessibility limit when 7,/ng; < 0.2. The dependence
of SOL parameters on Greenwald density fraction is
identified as an important tool that can be used to control
edge-SOL plasma conditions and attain efficient LHCD
above the nominal LH density limit. The observed change
in the loop voltage is in line with the efficiency evaluated at
a low density. Several orders of magnitude increase in the
fast electron generation is indicated by HXR observations,
which is consistent with initial ray-tracing—Fokker-Planck
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synthetic-diagnostic analysis. The frequency spectra mea-
surements detect parasitic wave interactions with the edge
plasma, whose suppression is correlated with the improve-
ment in LHCD efficiency.

Further work remains to identify more clearly the
dominant mechanisms for the observed loss of efficiency
in plasmas with an increased Greenwald fraction. In
particular, an experiment in a strong single-pass damping
regime would be particularly helpful for this purpose in
order to assess the loss occurring on the first pass. A high
temperature in a reactor is expected to suppress collisions
and PDIs. The insight that SOL conditions play such a key
role suggests a number of pathways forward to attain an
efficient LHCD in reactor—akin to the realization that the
Greenwald density limit itself may be overcome by proper
tailoring of the edge and pedestal density profiles [32-34].
Unlike our experiments, the Greenwald fraction in a fusion
reactor is fixed and cannot be lowered. However, high-field
tokamak reactors that can operate at a moderate Greenwald
fraction [35] may provide a favorable SOL condition for
wave penetration. Furthermore, a placement of the launcher
at the high-field side (HFS) of the tokamak in a double null
configuration [36] may offer another important optimiza-
tion approach via magnetic balance control. In this mag-
netic configuration, the HFS SOL becomes disconnected
from the low-field-side SOL, and density shoulders and
blobby transport phenomena are expected to be absent
there, as indicated by the HFS SOL profile measurements
on Alcator C-Mod [37]. In this situation, parasitic wave
interactions may be avoided even at high-Greenwald
fraction.
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of Science User Facility, and is supported by DOE Contract
No. DE-FC02-99ER54512.
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