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The H mode was achieved in limiter discharges of a tokamak with lower-hybrid current drive for the
first time. Simultaneous application of rf powers at two diff'erent frequencies such as 1.74 and 2.23 GHz
or 1.74 and 2.0 GHz appeared to be eA'ective in the attainment of the H mode. The threshold lower-

hybrid power was as low as the Ohmic-heating power with hydrogen plasmas. A nearly steady-state
edge-localized-mode-free H mode with a duration up to 3.3 sec was established without significant im-

purity accumulation.

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

Since the discovery of a phase of improved con-
finement during neutral-beam-injection (NBI) heating,
known as the H mode, in the poloidal divertor
configuration of ASDEX, ' the H mode has been ob-
tained with several heating schemes such as ion-
cyclotron-resonance heating (ICRH), a combination
of NBI and electron-cyclotron heating (ECH), ECH, '

and Ohmic heating alone. The H mode has also been
realized in limiter discharges. 3 'o This Letter reports
the first observation of the H mode in limiter discharges
with lower-hybrid current drive (LHCD). We observed
sharp L-to-H and H-to-L transitions in distinction from
the particle-confinement improvement during LHCD in

Versator II." The threshold LH power of the H-mode
transition was about 1.2 MW with hydrogen plasmas.

In JT-60, the H mode was obtained in the outer or
lower divertor configuration with NBI heating and com-
bined heating with NBI and ICRH or NBI and LH. '

The threshold heating power was about 16 M%. In con-
trast to the beam-heated H mode with frequent edge lo-

calized modes (ELM) in the divertor configuration, the
limiter H mode with LHCD produced ELM-free H
phases longer than 3 sec.

Typical plasmas of the present experiments had
R =3.04 m, a =0.89 m, and nearly circular cross section
which contacted inner bumper-type limiters. The gap
between the outermost flux surface and the outside lim-
iters was about 5 cm. Graphite first walls were condi-
tioned by Taylor-type discharge cleaning. The plasma
was developed from hydrogen gas at 8, =4.5 T, and the
plasma current was 1.5 MA resulting in q,„,-4.7. The
LH power was applied from two launchers; a convention-
al grill of 8 (torroidal) x 4 (poloidal) and a multijunc-
tion type of 24x4 phased-array wave guides. ' ' The
launchers were located at the outer (low field) side of the
torus at an upward angle of 40 from the midplane.
Most of the experiments were conducted with LH waves
at two diff'erent frequencies of 1.74 and 2.23 GHz from
the rnultijunction and conventional launchers, respective-
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FIG. 1. Time evolution of plasma stored energy evaluated
by diamagnetics, injected LH power, line-averaged electron
density, one-turn loop voltage, H, emission, ratio of soft-x-ray
signals through Be foils, reflection coe%cient of the convention-
al launcher, and Cvl line signals along chords near the edge
(rla-0. 9) and through the center.

ly. The phase differences between adjacent wave guides
were 180' and 90', the phasing of which provides high
directivity for current drive. The peaks of the refractive
index parallel to the magnetic field were about 2. 1 and
1.5, respectively.

Typical traces of an H-mode discharge with LHCD
are shown in Fig. 1. The LH power of about 1.4 MW
was launched for 3 sec. The gas feed was turned off just
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before the application of the LH pulse. The L-mode
plasma of this discharge lasted for 0.7 sec before the first
H transition was triggered at 5.76 sec. After repeated
short H phases, the discharge entered a quiescent H
phase at 6.2 sec. A sharp drop in H, emission below the
Ohmic level was accompanied by increases in the plasma
stored energy and in the line-averaged electron density.
All H, signals fell almost the same way as the H, trace
in the figure along a view chord just above the plasma-
limiter interaction points. The low-energy neutral-flux
levels decreased substantially as well. This behavior in-
dicates a sudden improvement in the global particle
confinement. Roughly speaking, the improvement is by
an order of magnitude since the electron density was
nearly doubled with reduced particle recycling by a fac-
tor of about 5. The loop voltage increased gradually
since the fraction of current driven by the LH waves was
reduced due to the rise of the electron density. The im-

purity accumulation, which is often observed during
ELM-free H phases, was so modest that the discharge
reached a quasisteady state. Although the dominant im-

purity ions were carbon, the carbon influx behaved al-
most the same way as hydrogen. The giant ELM's were
accompanied by carbon influx as seen in the (Cvt)'ds'
trace.

The formation of the electron-temperature pedestal
was confirmed by filtering of soft-x-ray emission near the
edge with Be foils of 250- and 25-pm thickness; sharp
rises in the ratio of the two signals were detected at the
H transitions as shown in the second box from the bot-
tom of Fig. 1. The T, profile measured by an eight-point
Thomson-scattering system remained almost the same
both in magnitude and in shape despite the increasing
density. Temperature changes at the edge were not clear
within error bars. The peakedness parameter of the
electron-density profile, n, (0)/(n, ), calculated from the
Thomson data changed from about 1.9 during the I.-
mode phase to about 1.5 just after the H transition.
Then it increased slightly during the H-mode phase to
around 1.7. A preliminary measurement by a milli-
meter-wave reflectometer suggested steepening of the
edge density profile at the H transitions. These observa-
tions agree with the characteristic signatures of the H
mode.

It should be noted that the LH power could be coupled
to the H-mode plasma. The sudden variation of the edge
plasma parameters, however, modified the rf coupling to
the plasma. The reflection coefficient of the power from
the conventional launcher increased by about 0. 1 at the
H transitions as shown in Fig. 1, whereas it changed only
a few percent for the multijunction type.

The operational region where the H mode was ob-
served is illustrated in Fig. 2 in terms of the line-
averaged electron density and LH power for the com-
bination of 1.74 and 2.23 6Hz. The lines indicate the
electron-density intervals which evolved during each LH
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FIG. 2. Electron-density region where the H-mode phase
was observed as a function of LH power. Broken lines repre-
sent marginal intervals where short H phases were repeated.

pulse. The solid and open lines indicate that the
discharge stayed in the L phase and in the quiescent H
phase, respectively. The broken lines correspond to the
marginal intervals where short H phases were repeated
as in the period from 5.8 to 6. 1 sec in Fig. 1. Figure 2
shows that the threshold LH power is around 1.2 MW
and that there is a lower limit for the electron density of
about 2 x 10' m to achieve the H mode. The H mode
was reproducible as long as the LH power and the elec-
tron density exceeded the thresholds.

The open lines in Fig. 2 represent the increment in the
electron density with the H mode without gas feed.
Then the electron density stayed nearly constant presum-
ably because the LH power does not provide particle
fueling like NBI. A gas puff of 2 Pam /sec for 0.5-sec
duration into an H-mode phase did not destroy the H
mode despite inducing frequent ELM's. The volume-
averaged electron density increased later on by about
6x10' m which corresponds to twice the usual fuel-
ing efficiency of about 0.3. When the gas feed was kept
during the LH pulse, however, the H transition tended to
be delayed until the gas was turned off.

By feedback controlling the electron density at the LH
initiation to be above the threshold density, we could
lengthen the H-mode phase up to 4.6 sec. Figure 3
shows a discharge where the ELM-free H-mode phase
lasted for 3.3 sec. The gap between the outermost flux
surface and the outside limiters was controlled to be
about 6 cm since only short H phases were triggered
when it was less than 4 cm. This sensitive gap depen-
dence of the H-mode quality is common to the beam-
heated H mode in diverted plasmas. '

The Z,~ value estimated from visible bremsstrahlung
emission and the n, and T, profiles from Thomson-
scattering measurements increased slightly from about
four during the L phase to around five at the later phase
of the H mode. The soft-x-ray emission profile became
slightly peaked with time, which suggested impurity ac-
cumulation at the center. Nevertheless, the radiation
power measured by bolometer arrays remained abut 40%
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FIG. 3. Time histories from a discharge with ELM-free
phase of 3.3 sec. Traces are the same as in Fig. 1 except the
bottom box; effective ionic charge from visible bremsstrahlung
emission and total radiation power.

of the total input power as shown in Fig. 3. The attain-
ment of the modest impurity accumulation even in the
ELM-free phase may be due to the relatively low input

power.
The properties of energy confinement are summarized

in Fig. 4. The plasma stored energy increases almost
linearly with the total input power as shown in Fig. 4(a).
Here we assumed that the injected LH power was com-

pletely absorbed by the plasma. The scatter of the data
points is mainly due to the variation of the electron den-

sity. The energy confinement is enhanced by up to 30%
by the H mode. The increment in the plasma stored en-

ergy, however, is primarily gained by the increase in the
electron density as plotted in Fig. 4(b). The L-mode
plasmas with LHCD have almost the same electron-
density dependence as the Ohmic stored energy' of
Wph Ix: n, presumably because the total input power
does not greatly exceed the Ohmic input. Although the
difference is small, the H-mode data points appear to
have a little stronger n, dependence than Ohmic.

The critical factor in obtaining the H mode with

LHCD is not yet established. The effect of the current-
profile modification by LHCD on the H transition is not
clear since the change in the internal inductance was

small. Other heating schemes such as NBI or ICRH us-

ing the second-harmonic resonance with powers up to 20
and 2 MW, respectively, never produced the limiter H
mode in JT-60. The application of LH power at two
diA'erent frequencies, however, appeared to be favorable
in the attainment of the H mode. When the frequencies
from the two launchers were both set at 1.74 GHz, no H
mode was observed within applied powers up to 1.5 MW.
Although the combined LH power at 2.0 6Hz of higher
than 2.0 MW produced the H mode, the H phase did not
last long due to abruptly enhanced carbon influx.

The beat frequency for 2.23 and 1.74 6Hz is 490
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FIG. 4. (a) Plasma stored energy as a function of
Ptpt Poh +P I H. Open and solid circles represent data from
the H and L mode, respectively. (b) Electron-density depen-
dence of plasma stored energy when the total power is restrict-
ed. The curve shows a dependence as a- n,

MHz, for which the seventh-harmonic ion-cyclotron res-
onance occurs at the plasma center and the ninth at the
outer edge when 8, =4.5 T. The H transition became
obscure with lowering 8, down to 3.5 T. In the combina-
tion of 1.74 and 2.0 6Hz, sharp H transitions were trig-
gered in the range of 8, from 2.8 to 4.3 T; the beat fre-

quency corresponds to from the third to the eighth har-
rnonic in the plasma column. The waves at the beat fre-
quencies, however, were not detected by a rf probe.
Thus it is not clear whether the presence of the ion-
cyclotron harmonic resonances is connected with the K
transition.

NBI heating was combined to examine the effect of
wave-particle interactions. Figure 5 shows an example
where an NB power of 1.2 MW was injected to an H-
mode phase. The beam pulse interrupted the H phase as
seen in the concurrent rise in the H emission and fall in

the electron density. Note that the trace of the
electron-cyclotron emission (ECE) at 1.5ro„multiplied
by n„which is a measure of the LH coupling to fast
electrons, ' dropped at the same time. Hard-x-ray emis-
sion behaved similarly to IEcE(1.5'„)xn, . During the
L phase with NBI, beam acceleration by the LH waves'
was observed in the neutral flux as shown in Fig. 5(b).
These facts suggest that the H mode could not be sus-
tained when the LH power was absorbed by beam ions.

Such ion tails were not observed in the H phase with
LH alone. No parametric decay instabilities were ob-
served either. Nonthermal ECE spectra suggest a favor-
able eff'ect of fast electrons on the H transition. In fact,
ECH has been reported to be more efficient than NBI in

producing the H mode. The presence of fast electrons
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these issues should shed light on the H-mode physics.
In summary, the mode with LHCD was demonstrated

in the limiter discharges of JT-60. These discharges ex-
hibited the characteristics of the H mode. The improve-
ment in particle confinement was prominent. The
ELM-free H phase with durations up to 3.3 sec was at-
tained without significant impurity accumulation.
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FIG. 5. (a) Time evolution of a discharge where the H mode

with LHCD was destroyed by NBI. (b) Neutral-particle spec-
tra from a charge-exchange analyzer whose chord normal to
the magnetic field crosses the NB line at the plasma center.
NB injection energy is indicated by an arrow.

may be relevant to the low threshold power.
It is a puzzling question that the H mode with LHCD

has never been obtained in the lower X-point divertor
configuration. One of the possible causes is that gas feed
must be maintained to keep the electron density above
the threshold against the divertor pumping. The favor-
able effect of the application of LH powers at two

different frequencies is left for future work. Resolving
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