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Electron Cyclotron Heating Start-Up Experiments on TST-2
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Experiments were performed to study non-inductive current generation by electron cyclotron heating (ECH)
in the TST-2 spherical tokamak. A magnetron (2.45 GHz/5 kW) and a horn antenna were used to inject either the
O- or X-mode. The maximum plasma current does not depend on the injected wave polarization; however, it has
a weak dependence on the vertical field configuration and is proportional to the vertical field. The initial current
ramp-up rate depends on various operational parameters. The ramp-up rate increases with the injected EC wave
power, and decreases with the filling pressure, resonance position (i.e., the toroidal field strength), and vertical
field strength. It also depends on the magnetic field configuration. Conversely, the ramp-up rate does not depend
on wave polarization, suggesting that multiple pass absorption of the EC wave is important.
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A key issue in spherical tokamak (ST) research is to
develop a method for initiating the plasma current and
forming an ST configuration without using the central
Ohmic solenoid. Various scenarios have been studied on
ST devices. Electron cyclotron heating (ECH) start-up is
one such method, and many experiments on ST devices
have been carried out [1–13], but the current drive mech-
anism is still not clearly identified. Moreover, the mech-
anism of current jump, which is believed to occur when
closed flux surfaces are formed, is not completely under-
stood. A major difficulty in these studies is that the power
deposition profile and the phase space region of wave-
particle (electron) coupling are unknown. In such a situ-
ation, experimental comparison of different injection sce-
narios (i.e., O-mode vs. X-mode) and various parameter
dependences are crucial. There is no systematic experi-
mental comparison between O-mode and X-mode polar-
izations. The X-mode is expected to be more effective than
the O-mode, because X-mode absorption is efficient even
in low density plasmas and can be converted to the electron
Bernstein wave (EBW), which can heat the plasma even at
densities higher than the cutoff density.

The O-mode is absorbed most effectively at the fun-
damental resonance, while the X-mode is absorbed most
strongly at the second harmonic resonance [14]. There-
fore, these two polarizations would have different heating
efficiencies and deposition profiles. Since the densities ob-
tained in the ST experiments have the same order of mag-
nitude as the O-mode or X-mode cutoff density, wave re-
flection and refraction during propagation can significantly
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affect the overall efficiency [5]. We also compared several
vertical field configurations with different curvatures. At
the beginning of a discharge, the plasma current is very
low, and the particle orbits in the externally applied field
are believed to play important roles in generating the initial
small plasma current [15]. This indicates that the vertical
field configuration would affect the formation of the initial
current. A typical ECH start-up discharge can be divided
into three phases: (i) the plasma production and initial slow
current ramp-up phase, (ii) the rapid current ramp-up phase
(i.e. current jump) [3,17], and (iii) the current sustainment
phase. For understanding the physics in each phase, it is
important to understand the plasma response to various pa-
rameters. We performed a systematic survey of operational
parameters, including wave polarization and magnetic con-
figuration. In this paper, the parameter dependences of the
initial current ramp-up rate and the sustained current, as
well as the condition for current jump, are reported.

Experiments described in this paper were carried out
on TST-2 [16]. Four magnetic configurations shown in
Fig. 1, with different vertical field curvatures generated by
different poloidal field (PF) coil sets, were compared. The
radial profiles of Bz are also shown at the bottom, and the
decay index n = −∂lnBz/∂lnR at R = 0.38 m is indicated in
each figure. The PF1 configuration has a strongly positive
curvature (i.e., large mirror ratio), PF2 and PF1+PF2 con-
figurations have moderately positive curvatures, and PF3
configuration has almost no curvature in most of the vol-
ume inside the vacuum vessel. The PF coil waveform is
preprogrammed to provide a stationary vertical field. The
electron cyclotron wave (ECW) is injected along the ma-
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Fig. 1 Equi-flux contours for magnetic configurations and Bz profile at z = 0 formed by different PF coil sets. Decay index n for R=0.38 m
is shown in the bottom figures.

jor radius (i.e., perpendicular to the magnetic field) from a
port located 250 mm below the midplane.

The port has a quartz vacuum window, and a tapered
transition from a rectangular standard waveguide to a cir-
cular aperture with a diameter (D) of 0.16 m is used as a
horn antenna to launch the wave. The wavelength (λ) is
0.12 m, and the beam divergence angle is about λ/D =
0.75. Thus, N|| can be of order one, although the wave
is injected along the major radius. By replacing a straight
waveguide section with a twisted waveguide section, we
can switch the wave polarization from the O-mode to the
X-mode. To monitor wave absorption and polarization,
a microwave detector attached to the end of a standard
waveguide section (leakage monitor) is located just out-
side a large quartz window, which is separated toroidally
from the ECH injection port by 120 degrees. By rotating
the waveguide, we can measure the O-mode (i.e., horizon-
tally polarized) component or the X-mode (i.e., vertically
polarized) components.

When we compared the O- and X-mode polarizations,
other parameters were kept fixed. A stationary vertical
field is maintained by the PF coils, while the toroidal field
(TF) coil current decays slowly, moving the fundamental
resonance layer out of the vacuum vessel in 50-100 ms.
In most cases, the plasma vanishes when the fundamen-
tal resonance layer disappears from the region that can be
occupied by the plasma. Figure 2 shows two almost iden-
tical discharges with O-mode injection and X-mode injec-
tions. After the initial gradual increase, the plasma cur-
rent often shows an abrupt increase (at 40 ms in Fig. 2),

Fig. 2 Comparison of waveforms for discharges with O-mode
(red) injection and X-mode (black) injection.

referred to as the current jump [3, 17], after which it tends
to stay nearly constant. The plasma current after the cur-
rent jump is compared in different magnetic configurations
as shown in Fig. 1. We found that the current is propor-
tional to the vertical field strength (Bz). The differences be-
tween the different magnetic configurations are not signif-
icant (Fig. 3). Compared to the PF1+PF2 configurations,
the PF3 configuration shows higher currents and the PF1
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Fig. 3 Maximum plasma current after the current jump as a
function of Bz for four different vertical field configura-
tions shown in Fig. 1: PF1 (circles), PF1+PF2 (pluses),
PF2 (triangles) and PF3 (squares).

configuration shows lower currents. This difference might
be related to the difference in the vertical field curvature.
In equilibrium, the hoop force should be balanced by the
inward force exerted by the external vertical field. There-
fore, it is reasonable to observe the linear dependence on
Bz. The coefficient is not inconsistent with that expected
for equilibrium. The plasma current of 1 kA for the verti-
cal field strength of 1 mT (see Fig. 3) can be derived from
the relationship:

Bz =
μ0Ip

4πR

(
ln

8R
a
+ βp +

li
2
− 3

2

)
, (1)

where we assume R = 0.38 m, a = 0.25 m, βp + li/2 = 2.8.
However, the equilibrium field also depends on other pa-
rameters such as the pressure, size, and vertical field cur-
vature. The reason for the weak dependence on the ver-
tical field configuration is not understood. Such a stiff de-
pendence might arise from a self-organization process, and
should be further investigated. It should be noted that the
coefficients (i.e., the ratio of Ip to Bz) are similar to those
obtained in CDX-U[1], LATE [10, 11], and CPD [13], but
is about 2.5 times lower than TST-2@K (TST-2 at Kyushu
University) [5].

Figure 4 shows the relationship between the vertical
field strength and the plasma current just before the current
jump. The current jump occurs when the plasma current
reaches a value proportional to the applied vertical field
strength. The ratio is about 0.5 kA/1 mT in the figure. This
ratio corresponds to the condition Bz = Bp, in which Bp is
the induced poloidal field calculated by Bp = μ0Ip/(2πa)
with a = 0.1 m. When the current satisfies this condition,
Bp induced by the plasma at the inboard side of the plasma
boundary cancels the externally applied vertical field of
strength Bz, and creates a field reversal. Thus, a close flux
surface with a minor radius a is created. Normally, this
condition depends on the current profile. The same con-
dition is satisfied with a rectangular cross-sectional current

Fig. 4 Plasma current just before the current jump as a function
of the applied vertical field strength Bz. Both O-mode
injection (circles) and X-mode injection (crosses) cases
are plotted.

channel with a width of 0.05 m and a height of 0.3 m. Once
the closed flux surfaces are formed, the confined orbit re-
gion in the phase space expands, resulting in an abrupt in-
crease in the current. Besides the dependence on the verti-
cal field strength, no dependence on other parameters such
as injected EC polarizations was found. To induce cur-
rent jump at an appropriate time, it is necessary to increase
the plasma current at an appropriate ramp-up rate, since
the available discharge duration is limited by the slowly
decaying toroidal field (Fig. 2). Thus, we need to under-
stand the dependence of the ramp-up rate on the opera-
tional conditions. Evaluation of the current ramp-up rate
is also important for extrapolating of the present results in
small STs to larger STs, where appropriate currents with
certain magnetic and kinetic energies should be generated
with a limited heating power. We investigate the depen-
dences on the incident power, filling pressures, and verti-
cal field. Figure 5 shows the relationship between the inci-
dent power and the ramp-up rate. Higher power results in
a faster ramp-up rate. No significant difference is observed
between the O-mode and X-mode polarizations.

Figure 6 (a) shows the current ramp-up rate as a func-
tion of RF power for different TF strengths. A lower TF
strength is favorable for faster ramp-up, presumably be-
cause the EC resonance layer is located at a smaller major
radius. Figures 6 (b) and (c) show the dependences on the
Bz strength and the filling pressure. Faster ramp-up rates
are obtained at lower filling pressures and lower vertical
field strengths. At a lower TF strength, the injected power
is deposited in a smaller volume because of the smaller
resonance radius. As a result, electrons can acquire higher
energies. Higher energy electrons contribute to the plasma
current more efficiently compared to lower energy elec-
trons. The importance of high-energy electrons is also sug-
gested based on the experimental results from LATE [18].
Lower filling pressures result in a similar situation, favor-
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Fig. 5 Dependence of the current ramp-up rate on RF power for
O-mode injection (filled circles) and X-mode injection
(open circles).

Fig. 6 Dependences of current ramp-up rate on (a) RF power,
(b) Bz strength, and (c) filling pressure.

ing the formation of higher energy electrons. Furthermore,
the lower electron-neutral particle collision frequency re-
duces both momentum and particle losses. A lower vertical
field strength is favorable because of the larger perpendic-
ular drift and the larger contribution to the toroidal current
by each electron [15].

As shown in Fig. 7, the experimentally observed cur-
rent ramp-up rate before the current jump appears to scale
as

dIp

dt
= CPF ×

P2.1±0.1
RF

R
2.4+0.2
−0.4

ECH p1.0±0.1
fill B

0.4+0.4
−0.1

z

, (2)

Fig. 7 Empirical power law scaling of current ramp-up rate.

where, RECH represents the major radius of the ECH funda-
mental resonance, Bz represents the vertical field strength
at the same R, and PRF represents the injected RF power.
The current ramp-up rate also depends on the PF config-
uration (shown by different symbols in Fig. 7). CPF is a
coefficient that depends on the vertical field configuration,
and the relative magnitudes for the PF1, PF12, PF2, and
PF3 configurations are in the ratio 1 : 1.7 : 1.4 : 0.8.
Among the four PF configurations, PF1+PF2 configuration
with moderate positive curvature exhibits the highest cur-
rent ramp-up rates, PF1 with the strongest curvature shows
smaller ramp-up rates, while the PF3 configuration with
almost no curvature shows the lowest ramp-up rates. In
spite of the very large difference in the ramp-up rate, the
final current is almost same (Fig. 3). These results suggest
that the high-energy electron orbit plays an important role
during the initial current ramp-up phase, but not after the
current jump.

It is important to understand the dynamics of the cur-
rent jump to clarify the formation mechanism of closed
flux surfaces. Figure 8 shows waveforms for a discharge
with an abrupt current jump. In this case, the electron den-
sity on the outboard side and the Hα emission show a clear
increase and decrease during the current jump. According
to CCD camera images, the plasma often shows a slight ra-
dial and vertical expansion during a current jump. In other
cases the plasma does not show such an expansion; how-
ever it shows a gradual electron density increase and a peri-
odical ejection of plasma from the fundamental resonance
layer. Therefore, the behaviors before and during the jump
are not always the same. Conversely, the plasma always
shrinks vertically at a current jump.

The O-mode and X-mode polarizations show very
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Fig. 8 Time evolution of a discharge with a current jump.

Fig. 9 Leakage O-mode (red) and X-mode (black) wave power
in two similar discharges with O-mode injection.

similar behaviors not only in the achieved plasma cur-
rent but also in discharge waveforms and parameter
dependences. Figure 9 shows the signal detected by
the leakage monitor during O-mode injection. Before
plasma generation (breakdown) at 10 ms, the O-mode
leakage power is nearly the same as the X-mode leakage
power. It can be understood that the injected electro-
magnetic wave undergoes multiple reflections inside
the vessel and the polarization is randomized. When
the plasma is generated, the leakage power decreases
significantly, implying that the plasma absorbs most
of the RF power after multiple reflections. It suggests
that the polarization is randomized in a few reflections.
The leakage power increases gradually and reaches a
stationary level after the current jump at about half the pre-
breakdown level. Conversely, the radiated power from the

plasma decreases with the increase in plasma current. The
fact that both O-mode and X-mode leakage powers show
similar behaviors, indicates that the wave polarization is
randomized even in the presence of the plasma. These re-
sults are consistent with the fact that almost no difference
is observed between the two polarizations (Figs. 2, 4, and
5).

In summary, ECH start-up experiments were per-
formed and various parameter and configuration depen-
dences were studied. The start-up consists of three phases:
the initial current formation phase, the current jump phase,
and the current sustainment phase. A scaling law for the
initial current ramp-up rate was obtained. Different vertical
field configurations were found to be described by differ-
ent coefficients. Contrastingly, the sustained current level
has no significant dependence on the vertical field config-
uration. In both phases, no difference was found between
the different polarizations. The current jump occurs when
the current reaches a value determined by the vertical field
strength.
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