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An evaluation of high-field-side (HFS) X-mode injection for the electron-Bernstein-wave (EBW) scenario
is performed using the GENRAY ray-tracing code. In the early stage of low-density plasma start-up, when the
electron cyclotron resonance and upper hybrid resonance layers are close to each other, efficient and localized
heating by the EBW is attainable. We show that, when the electron density rises, the HFS scenario spontaneously
shifts to current drive with successful electron heating. This shift can be explained as a change in heating mecha-
nism from collisional to electron cyclotron damping. Also, we discuss a possible O-X-B scenario to continue the
plasma current drive beyond the formation of an over-dense plasma.
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1. Introduction

Non-inductive current drive is one of the crucial top-
ics in regard to spherical tokamak (ST), where space for
the central solenoid is technically limited [1]. Radio-
frequency (RF) waves in the range of the electron cyclotron
frequency are commonly used in heating and current drive
in STs [2-5]. In the initial phase of plasma build-up, the
first pass absorption at the electron cyclotron resonance
(ECR) layer is very small because the electron tempera-
ture T, and density n. are low, and multiple reflections
of RF waves inside the vessel enable RF-induced break-
down [6-8].

The excitation of electron Bernstein waves (EBWs)
could result in highly efficient heating of magnetized plas-
mas [9-12]. The significance of the EBW often arises
in the context of over-dense plasma, where the electron
plasma frequency wy. is larger than the electron cyclotron
frequency Qce (Wpe/L2ce > 1); therefore, the accessibility of
electromagnetic electron cyclotron waves to the ECR layer
disappears. In contrast, the electrostatic EBW may prop-
agate in the over-dense regime and be strongly damped
near the ECR layers. Also, in the initial discharge phase
where we have lower T, efficient collisional damping of
the EBW is expected because the group velocity of the
EBW is comparable with electron thermal velocity. There
are several ways to excite EBWs in a tokamak configura-
tion but, in the initial low-density phase, where the electron
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density is less than the cutoff density, only the extraor-
dinary mode (X-mode) injection from the high field side
(HFS) is available. The other methods (O-X-B and X-X-
B) require an over-dense regime. Here, O and B stand for
ordinary mode and EBW, respectively. We expect the X-
mode launched from the HFS to fully convert to the EBW
in the upper hybrid resonance (UHR) layer [13]. The diffi-
culty of HFS injection lies in the engineering implementa-
tion; a waveguide at the HFS must cross the ECR layer and
suppressing RF breakdown inside the waveguide is neces-
sary. In a laboratory test, we demonstrated the transmis-
sion of 20-kW RF power through the ECR layer inside a
waveguide, which was filled with SF6 to suppress break-
down.

In this study, we investigated the feasibility of EBWs
in the low-density-phase for the initial tokamak plasma
start-up by RF injection from the HFS of the tokamak con-
figuration. Adopting EBWs in the low-density regime has
a significant advantage when the ECRH is less efficient.
The calculation of wave propagation and absorption was
performed using GENRAY ray-tracing code [14, 15]. The
magnetic configuration used here is based on the experi-
mental results of the QUEST spherical tokamak [16]. The
RF frequency and power are set at 8.2 GHz and 50 kW
to model the experimental set-up of the 8.2-GHz HFS X-
mode in QUEST.

2. HFS Injection Scenarios for EBWs

First, we confirmed the conditions right after break-
down when T, and n. are very low. Note that the O-
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Fig. 1 Low-density regime: (a) Poloidal view of ray-tracing.
Light blue dotted line is the 1st ECR, red dotted line is the
Rcutoft, blue dotted line is the UHR and magenta line is
the lastclosed flux surface. The 1st ECR and UHR are lo-
cated close to each other; (b) Toroidal view of ray-tracing.
Green dotted line is the magnetic axis. The X-mode is
converted to EBW at UHR and it starts to propagate in
parallel direction; (c) Density n. profile. Rho is the mi-
nor radius defined by r/a; (d) RF power absorption with
poloidal projection of ray. Light blue dotted line is the 1st
ECR, where the X-mode passes through. The X-B mode
conversion (MC) point is also indicated.

X-B mode conversion cannot be used at this low density
because there is no O-mode cutoff. Ray-tracing results
by GENRAY are shown in Fig.1. A spatially uniform
T.=5eV and a n. of n.(0) = 2 x 107 m™3 at the center
that is approximately 25% of the cutoff density (ne_cy =
8.3x 10" m~3) for 8.2 GHz electromagnetic waves, are set
up. To evaluate collisional damping, Z.4 is set to 3 for all
conditions presented in this study. The coefficient of ab-
sorption associated with electron collisions with ions a
[m']is expressed as

@l = 2Vei/ng
3
Vei = 9.17 x 1077 neZeg In A/T2 (T, inkeV),

where v,; is the electron-ion collision rate, v, the group ve-
locity of the waves, and In A the Coulomb logarithm. In
GENRAY, the calculation of o is taken along the ray’s
propagation path to estimate collisional damping. Because
the ECR and UHR gap is small [Fig. 1 (a)], we can expect
efficient and localized absorption of the EBWs. GENRAY
can distinguish the damping mechanisms of the cyclotron
and collisional absorptions that contribute to both damp-
ing effects and are comparable in this configuration with
low n. and T,.. For cyclotron damping absorption, the
Doppler-shifted resonance is included to evaluate the evo-
lution of the parallel refractive index N, for EBWs [17].

Poloidal Dist.[cm]

Fig. 2 Medium-density regime: (a) Poloidal view of ray-tracing,
(b) Toroidal view of ray-tracing (for different T, ray tra-
jectories are almost the same), (c) Parallel current density
driven by cyclotron damping with different 7. (note that
the horizontal axis is zoomed in), and (d) RF power ab-
sorption with the poloidal projection of the rays for dif-
ferent 7.

In Fig. 1 (d), the power absorption of the perpendicular X-
mode at the 1st ECR is included but is negligible with low
T.; the EBW is rapidly damped right after the X-B mode
conversion. An important point to note is that the X-mode
should be launched off-mid-plane to control the current
drive direction [11].

Second, we consider the case when n. increases but
remains below the over-dense regime. To explore the ef-
fect of T., we varied the value of T, from 5eV to 100eV.
Figure 2 shows results for center 7.(0) set to 8.0 x 10! m~3
and T, is spatially homogeneous. The current density and
power absorption profiles under cyclotron damping were
plotted [Figs. 2 (c) and (d)]. The contribution of cyclotron
damping clearly dominates relative to collisional damp-
ing at higher T.. Figure 2(d) shows the difference in
the damping mechanism, in which plasma fully absorbs
the injected RF power. At T. = 5eV, collisional damp-
ing of the EBW is dominant and the absorption is local-
ized near the UHR layer. In contrast, as T, increases, the
location of absorption moves closer to the ECR layer as
expected for cyclotron damping. As the toroidally prop-
agating EBW [Fig. 2 (b)] can transfer wave momentum to
excite the driven current /.4, the current density increases
with higher T, [Fig.2(c)]. GENRAY evaluates the cur-
rent drive generated by the injection of electron cyclotron
waves. In Fig. 3, the dependence of 1.4 with T, is shown.
With 50-kW injection, it suggests that 1.4 ~ 20 kA is almost
possible. Moreover, cyclotron damping becomes domi-
nant when 7, > 15eV. If T, increases successfully with
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Fig. 3 Dependence of the net current drive /.4 on T, obtained
using GENRAY.
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Fig. 4 Over-dense regime: (a) Poloidal view of ray-tracing.
Green dotted line is O-cutoff, (b) Toroidal view of ray-
tracing, (c) n. profile, and (d) RF power absorption with
the poloidal projection of the ray.

the injected RF power, then we can say that from the cal-
culation the HFS X-mode scenario automatically shifts to
EBW current drive from heating.

Third, we examined the HFS X-mode scenario in the
over-dense phase. In Fig.4, we set n. at the center n.(0)
= 1.5 x 10'"® m=3, which is about twice the cutoff den-
sity (e cut = 8.3 X 10" m™3) for 8.2 GHz. A temperature
of T. = 50eV is assumed to be spatially uniform. With
increased n., the X-mode starts to bend. In the calcula-
tions, the accessibility to the UHR layer disappears when
1ne(0) ~2.0x 10'® m=3. Ray-tracing has been demonstrated
with a single ray but does not take into account multiple
reflections. Even though the accessibility disappears for
the first pass, the reflected electromagnetic waves may still
reach the UHR as a X-mode and excite an EBW. The HFS
injection scenario has an advantage at this point in that it
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Fig.5 0O-X-B scenario: (a) Poloidal view of ray-tracing. Green
dotted line is the O-cutoff and the black dotted line is the
Lcutoff, (b) Toroidal view of ray-tracing, (c) n. profile,
(d) T. profile, and (e) RF power absorption with poloidal
projection of the ray. O-X and X-B mode-conversion
points are specified.

no longer has to propagate the evanescent layer after re-
flections at the cutoffs or the vessel walls.

3. LFS Injection Scenarios for EBWs

Next, we evaluated a possible O-X-B mode conver-
sion scenario after the formation of the over-dense plasma.
For this scenario, an O-mode launched from the low field
side (LHS) must hit an optimized O-X conversion point
and then the X-mode excites the EBW at the UHR. GEN-
RAY also can simulate an O-X-B scenario; see Fig.5.
The n. and T, profiles [Figs.5(c) and (d)] are assumed
to be Gaussian-like distributions. After X-B conversion,
the EBW is gradually absorbed through collisional damp-
ing and is strongly damped near the ECR layer. Absorp-
tion is localized at the ECR layer but some power is ab-
sorbed prior to ECR [Fig.5 (e)]. The net plasma current
driven by the EBW excited via the O-X-B mode conver-
sion was evaluated, yielding /.4 = 8.8 kA. This value does
not take into account the conversion loss during O-X-B
mode conversion. This scenario involves a triplet of res-
onances and cutoffs and hence its evaluation is more dif-
ficult compared with the HFS X-B scenario. In principle,
the O-X mode conversion efficiency cannot be calculated
directly by ray-tracing. A slight change from the optimum
launching for smooth O-X conversion in GENRAY may
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also allow an O-X mode conversion with less efficiency.
For waves that have a finite width and launched with an
arbitrary angle, introducing a full wave calculation is re-
quired or a model which can restart the ray-tracing af-
ter transmission through the evanescent region to estimate
the characteristics of wave propagation including the O-X
mode conversion and the absorption [18]. Therefore, the
power of the waves launched with a finite width is expected
to be reduced to some extent after O-X mode conversion.
In contrast, the HFS X-mode scenario has an advantage in
that the launched waves can access the UHR without con-
fronting the evanescent region and can be mode converted
fully to the EBW even if they have a finite width.

Another possible scenario from LFS is the direct X-B
(X-X-B) conversion through the tunneling of the X-mode
at the R-cutoff [19,20]. With this direct X-mode scenario,
a precise handling of the launch angle is not required but is
necessary for O-X-B; here, the launched RF power should
be relatively larger to transport the injected X-mode be-
yond the R-cutoff because reflections at the R-cutoff are
not negligible [19].

4. Summary

In summary, an evaluation of HFS X-mode injection
for EBW heating and current drive has been performed us-
ing GENRAY. First, in the early stage of start-up, when
the ECR and UHR layers are close to each other, effi-
cient and localized heating by EBWs is attainable. Sec-
ond, for increased n., we showed that the HFS scenario
spontaneously shifts to current drive as T, increases. This
shift can be explained by the change in heating mechanism
from collisional to electron cyclotron damping. Third, we
explored the HFS X-mode in the over-dense regime. We
also considered a possible O-X-B scenario to continue the

plasma current drive beyond the formation of the over-
dense plasma. All ray-tracing results presented are single-
ray analyses. To examine realistic experimental condi-
tions, a multiple-ray analysis may be needed.
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