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Abstract. Efficient non-inductive start-up of a spherical tokamak may be achieved by using lower hybrid waves
that have high current drive efficiency. On the TST-2 spherical tokamak, three lower hybrid launchers are
installed at the outer-midplane, top and outer-off-midplane to explore efficient start-up scenarios. The previously
installed outer-midplane and top launchers were both found to drive current far off-axis where confinement of
fast electrons were expected to be low. The outer-off-midplane launcher was newly developed to increase
current drive by improving absorption closer to the magnetic axis. The outer-off-midplane launcher driven
plasma was confirmed to have higher core electron temperature than those of the previous two launchers, and

reduced fast electron losses compared to the top launcher.

1 Introduction

Establishment of a non-inductive start-up method will
make a large central solenoid (CS) unnecessary, which
may lead to an economical spherical tokamak fusion reac-
tor. Radio frequency (RF) waves are widely used to heat a
plasma as well as drive current. Non-inductive start-up us-
ing rf waves has been studied for electron cyclotron waves
[1-3] and lower hybrid waves [4—6]. Lower hybrid start-
up has an advantage of having a high current drive effi-
ciency at the low temperature of the initial plasma. CS-less
formation of advanced tokamak has been demonstrated on
JT-60U by utilizing lower hybrid waves [7].

On TST-2, fully non-inductive plasma current ramp-
up up to 26 kA, which is about a quarter of the ohmically
driven value, has been achieved using the outer-midplane
and top lower hybrid launchers [8, 9]. Numerical analysis
showed that the current was driven far off-axis for these
two scenarios that limited the driven current. The outer-
off-midplane launcher was newly developed to drive cur-
rent closer to the magnetic axis [10]. The core electron
temperature of the (outer-)off-midplane launcher driven
discharge was found to be substantially higher than those
of outer-midplane and top launcher driven discharges, con-
firming qualitatively the improved core absorption of the
new scenario.

In this paper, we report our progress in the understand-
ing of the current drive characteristics of the three launch
scenarios. Numerical analysis was performed using the
ray tracing code GENRAY [11] and the Fokker-Planck
code CQL3D [12].
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Table 1. The nominal parameters of the three lower hybrid
launchers. R, Z are the coordinates of the strap surface midpoint
and N, is the peak toroidal refractive index.

R [m] Z [m] N”
Outer-midplane 0.621 0 5.5
Top 0.283 0436 49
Off-midplane 0.595 0.179 13

2 Experimental setup

TST-2 is a spherical tokamak located at the University of
Tokyo (Ry = 0.36 m, a = 0.23 m, By < 0.3 T). Three
lower hybrid launchers are operated at 200.1 MHz. The
source power is 100 kW for each launcher. The outer-
midplane launcher [9], the top launcher [8] and the (outer-
)oft-midplane launcher [10] are presently installed. The
parameters of the lower hybrid launchers are shown in ta-
ble 1. Electron cyclotron heating at 2.45 GHz was applied
to assist breakdown, and was turned off for the rest of the
discharge.

3 The outer-midplane launcher driven
plasma

Figure 1 shows the trajectories of lower hybrid waves
launched from the outer-midplane antenna for the dis-
charge shown in figure 11 and 12 of ref. [4]. The phase
space trajectories of the same rays are shown in fig-
ure 2(a). The hatched region shows the inaccessible pa-
rameter space. The high phase velocity limit is given by
the mode conversion limit. The low phase velocity limit
is given by the absorption limit that is three times the
bulk electron thermal velocity. The lower hybrid start-up
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Figure 1. The typical lower hybrid ray trajectories for the outer-
midplane launcher.
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Figure 2. (a) The phase space ray trajectory for the outer-
midplane launcher. The hatched region shows the inaccessible
parameter space. (b) The simulated driven current profile for
the outer-midplane launcher. The density profile was perturbed
within experimental errorbars to estimate the uncertainty of the
prediction.

plasma on TST-2 typically have electron temperature of 5—
40 eV depending on the condition [4]. Parallel refractive
index of at least Ny ~ 27 is required for good absorption
in this cold initial start-up plasma. For the outer-midplane
launch scenario, this is achieved through up-shift of the
toroidal index of refraction. The waves are launched at
central N of ~5.5 and up-shifts to N ~ 26 at the inner lim-
iter (R = 0.13 m). Consistently with the expected absorp-
tion mechanism that is purely geometrical (i.e., 1/R up-
shift of the toroidal refractive index), the outer-midplane
launch scenario has a relatively robust current drive char-
acteristics for plasma current of zero up to ~20 kA.
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Figure 3. The typical lower hybrid ray trajectories for the top
launcher.

The predicted driven current profile is shown in fig-
ure 2(b). The driven current is not limited by the available
power, but by complete flattening of the parallel veloc-
ity distribution [13]. Since the current density is already
saturated, higher density is required for electrons to carry
more current, but this pushes the absorption region more
outward, deteriorating the total driven current. Experi-
mentally, the maximum plasma current has been limited
to 21 kA for the outer-midplane launch scenario under the
present configuration of TST-2 [14].

4 The top launcher driven plasma

Figure 3 shows the trajectories of lower hybrid waves
launched from the top antenna for the discharge shown
in figure 11 and 12 of ref. [4]. The phase space trajecto-
ries of the same rays are shown in figure 4(a). The waves
are launched at somewhat lower N, compared to the outer-
midplane launcher, but because of the smaller major ra-
dius, the minimum of the N spectrum in the plasma is
actually less than a half of the outer-midplane launcher.
Good absorption is achieved with the top launch scenario,
however, thanks to strong poloidal up-shift of Ny. This
mechanism allows for broad wavenumber spectrum to be
generated for the top launch scenario, which is suited to
accelerate cold (and slow) electrons to very high parallel
velocity, achieving high current density. Since the absorp-
tion mechanism of the top launch scenario relies on the
existence of plasma, it can not efficiently start plasma cur-
rent from zero. Usually, on TST-2, the plasma is started-
up with the outer-midplane launcher up to ~10 kA and
switched over to the top launcher to ramp-up the plasma
current further. As long as the density is sufficiently high,
N is predicted to up-shift until the waves are absorbed,
resulting in good absorption. Operating at lower density
has been easier for the top launcher compared to the outer-
midplane launcher, suggesting that the absorption is in-
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Figure 4. (a) The phase space ray trajectory for the top launcher.
The hatched region shows the inaccessible parameter space. (b)
The simulated driven current profile for the top launcher. The
density profile was perturbed within experimental errorbars to
estimate the uncertainty of the prediction.

deed good and the wave interactions with the wall is re-
duced.

The predicted driven current profile is shown in fig-
ure 4(b). The current density is higher than the outer-
midplane launch case, resulting in greater total driven
plasma current. The absorption region, however, is still
limited to far off-axis due to strong refraction the waves
experience for this scenario. Current density is saturated
similarly to the outer-midplane launch case. Experimen-
tally, the maximum plasma current has been limited to
26 kA for the top launcher [14]. This is the maximum
non-inductive plasma current achieved on TST-2 so far.

Figure 5 shows comparison of the measured and sim-
ulated x-ray energy spectrum. It can be seen that the mea-
sured x-ray radiation intensity during the power-on phase
is about an order of magnitude greater than the simula-
tion that only accounts for radiation from the core. Fig-
ure 6 shows the time evolution of the hard x-ray radiation
during lower hybrid power modulation. Simulation pre-
dicts negligible change of the radiation intensity during
this time window due to the long slowing down time of
the core fast electrons. However, the measurement shows
prompt drop of the x-ray radiation intensity within 1 ms.
This suggests that the x-ray radiation observed during the
power-on phase is not coming from the core, but coming
from the thick-target radiation of fast electrons lost at the
limiters. Indeed, figure 5 shows that the x-ray energy spec-
trum shortly after power-off is consistent with the simu-
lated fast electron radiation from the core. The observed
prompt reduction of the x-ray radiation suggests that the
fast electron loss is likely driven by the waves themselves
through the finite orbit effect [15]. The x-ray radiation dur-
ing the power-on phase is much higher for the top launcher
compared to the outer-midplane launcher [4], which indi-

Figure 5. The measured and simulated hard x-ray energy spec-
trum for the top launcher. Radial view at Z = —0.200 m. Red up-
ward triangle: measured energy flux during the power-on phase
(5659 ms); blue downward triangles: measured energy flux dur-
ing the power-off phase (62—-65 ms); black solid curve: simulated
core radiation.
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Figure 6. The time evolution of the measured and simulated hard
x-ray radiation intensity for the top launcher. The vertical lines
at 60 ms indicates the rf power-off timing. (a) Plasma current (b)
major radius of plasma center (c) line-averaged electron density
(d) lower hybrid power (e) hard x-ray radiation intensity (50—
100 keV). The horizontal line shows the simulated core radiation.
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Figure 7. The typical lower hybrid ray trajectories for the off-
midplane launcher.

cates that not only the fast electron energy but also such
orbit losses are much greater for the top launch scenario.

The agreement of the simulated driven current with the
experiment is remarkable considering the fact that it does
not take into account the finite orbit effect which seems to
be substantial experimentally. The possible reason is that
the parallel velocity distribution is saturated at the present
parameters. Since the current density is already saturated,
it is not sensitive to small differences in the model as far
as the current drive location is adequately simulated. This
suggests that scenarios that can deposit power closer to the
magnetic axis is needed to drive more current.

5 The off-midplane launcher driven
plasma

To overcome the limit of the outer-midplane and the top
launchers, the off-midplane launcher was newly devel-
oped. The scenario was designed to drive current closer
to the magnetic axis. Figure 7 shows the typical trajecto-
ries of lower hybrid waves launched from the off-midplane
antenna for the plasma generated in the actual experiment
presented in figure 2 and 3 of ref. [4]. The ray paths were
shifted upwards compared to the design target [16] due to
the lower plasma current. The phase space trajectories of
the same rays are shown in figure 8(a). Good absorption is
expected closer to the axis. The temperature was found
to be substantially higher for the off-midplane launcher
generated plasma compared to the previous two launch-
ers [4, 10]. On the other hand, the driven current fell short
of expectations, at 8 kA [4]. Figure 8(b) shows the pre-
dicted driven current density. The simulated total plasma
current was much smaller than our design target. This was
due to the lower plasma current, lower density and lower
power. The power was limited due to frequent arcing at
the antenna. We have modified the limiter to increase the
distance of the straps to the plasma. So far, we were able

r/a

Figure 8. (a) The phase space ray trajectory for the off-midplane
launcher. The hatched region shows the inaccessible parame-
ter space. (b) The simulated driven current profile for the off-
midplane launcher. The density profile was perturbed within ex-
perimental errorbars to estimate the uncertainty of the prediction.
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Figure 9. The simulated parallel distribution function at the cur-
rent peak for the outer-midplane (r/a = 0.69), top (r/a = 0.69)
and off-midplane (/a = 0.65) launch scenarios.

to increase the coupled power by 50 % (to 40 kW) and ob-
served modest plasma current increase of about 10 % . We
aim to increase the coupled power further by a factor of
four.

The discrepancy between the simulated and measured
total plasma current was found to be more significant for
the off-midplane launch scenario compared to the previous
two scenarios. The simulated distribution function for the
off-midplane launch scenario is plotted with those for the
outer-midplane and top launch scenarios in figure 9. The
maximum energy for the outer-midplane and top launch
scenarios are determined by the accessibility limit at the
low-field side and high-field side, respectively. In con-
trast, the tail of the off-midplane launch scenario has much
lower energy. Figure 10 shows the power dependence of
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Figure 10. The simulated parallel distribution function at the
current peak (r/a = 0.65) for the off-midplane launch scenario.
The plateau extended with the incident lower hybrid power.

the distribution function for the off-midplane launch case.
It can be seen that the current density is not saturated for
the present off-midplane launch case, and it is possible that
the zero orbit model is not accurate enough for quantitative
prediction.

6 Conclusions

Three lower hybrid start-up scenarios have been studied on
the TST-2 spherical tokamak. Fully non-inductive lower
hybrid start-up was demonstrated with the outer-midplane
launcher. In the outer-midplane launch scenario, the ab-
sorption was achieved through up-shift of the toroidal in-
dex of refraction, allowing for plasma current ramp-up
from zero. The top launch scenario could generate broad
wavenumber spectrum suited for current drive through
poloidal refractive index up-shift. However, strong refrac-
tion limited the absorption region to far off-axis. The off-
midplane launch scenario was designed to drive current
closer to the magnetic axis and overcome the limit of the
previous two launchers. So far, the plasma current driven
by the off-midplane launcher remained lower than the pre-
vious two launchers due to limited coupled power to the
plasma. Increase of lower hybrid power at higher plasma
density may be necessary for the off-midplane launcher to
overcome the plasma current achieved by the previous two
launchers.
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