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Abstract

Off-axis rf-driven current can play a critical role in sustaining high 3 spherical torus (ST)
plasmas without a central solenoid. Numerical modeling of electron Bernstein wave
current drive (EBWCD) for a p~ 40% ST plasma predicts efficient, off-axis, Ohkawa
EBWCD. Current can be efficiently driven at r/a > 0.5 where the large trapped electron
fraction precludes conventional Fisch-Boozer current drive and provides near-ideal
conditions for Ohkawa EBWCD. Also, Ohkawa EBWCD efficiency increases with r/a.
Enhancement over Fisch-Boozer current drive is a factor of two at r/a ~ 0.2 rising to over

an order of magnitude at r/a ~ 0.5.
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I. INTRODUCTION

While pressure gradient-driven bootstrap current [1] can provide a large fraction of the
plasma current required to non-inductively sustain a magnetically-confined, spherical
torus (ST) plasma, an externally driven current may still be required to provide magneto-
hydrodynamic stability during the plasma current flat top and to assist non-inductive
plasma current ramp-up. Efficient, highly localized, off-axis current driven by electron
Bernstein waves (EBWSs) can provide this non-inductive current and thus may play a
critical role in enabling high {3, sustained operation of ST plasmas, without the need for a

central solenoid.

Recently, modeling has shown, that to remain ballooning stable, fully non-inductive,  ~
40% ST plasmas in the National Spherical Torus Experiment (NSTX) [2] require about
10% of the plasma current to be driven off-axis by an external source [3]. NSTX
operates at high electron densities (1 - 5 x10* m™) relative to its confining magnetic field
(< 0.6 T). In this “overdense” regime the electron plasma frequency significantly exceeds
the electron cyclotron frequency and, as a consequence, electromagnetic waves at
fundamental and low harmonic electron cyclotron frequencies cannot propagate within
the plasma. Consequently, conventional electron cyclotron current drive (ECCD)
techniques cannot be used in NSTX or other ST plasmas. However, EBWs readily
propagate and are strongly absorbed at the electron cyclotron resonances [4]. These
characteristics make EBWs attractive for local electron heating and current drive in a ST.

Numerical modeling has shown that localized, EBW current drive (EBWCD) is possible



in ST plasmas using a perpendicular launch, with the directionality of the EBW-driven

current being controlled by launching EBWSs above or below the torus midplane [5].

EBW access to the high field side of the magnetic axis is often limited or precluded in
high B ST plasmas due to the formation of a magnetic field well near the plasma core.
Furthermore, electron trapping on the low field side of the magnetic axis in high aspect
ratio Tokamaks can significantly reduce the efficiency of conventional, Fisch-Boozer,
current drive [6]. In this paper, we show that it is possible to efficiently drive radially-
localized, off-axis current via the Ohkawa current drive mechanism [7] and thus provide
a tool to stabilize magneto-hydrodynamic instabilities that can prevent sustained ST
operation at high g. We have used the GENRAY ray tracing computer code [8] and the
CQL3D relativistic, bounce-averaged, Fokker-Planck computer code [9], to model
propagation and damping of EBWSs and the EBW-driven current density profile for a p ~

40% NSTX plasma equilibrium.

In section Il of this paper we provide a description of the EBWCD modeling, section 11l

presents results from the modeling for a § ~ 40% NSTX plasma and in section 1V we

discuss the implications of these results.

1. DESCRIPTION OF THE EBW MODELING

The CQL3D code provides a general model of radio-frequency (rf) quasi-linear collisional
effects in toroidal plasmas using a bounce-averaged, Fokker-Planck equation to model

velocity distributions in two-velocity dimensions and a one-dimensional-noncircular



radial coordinate. The code is multi-species, and time-dependent. CQL3D [9] is coupled
to the GENRAY [8] ray-tracing code to obtain rf damping which is made self-consistent
with non-thermal distribution functions by iteration between the Fokker-Planck solution
and the rf damping. GENRAY calculates ray trajectories in non-circular and non-
axisymmetric toroidal geometry for several dispersion relations, including the EBW
dispersion [5]. Recently, GENRAY has been parallelized to significantly reduce the
computation time for multi-ray modeling. Typically, 48 rays were used to model the
EBW propagation, with the calculation distributed over 48 central processing units. The
Tokamak Simulation Code (TSC) [10] provided the magnetic equilibria and the kinetic

profiles used in GENRAY and CQL3D.

I1l. EBW CURRENT DRIVE MODELING RESULTS

TSC results show the possibility for non-inductively sustained, f ~ 40% NSTX
plasmas, predominantly heated by energetic neutral beams. Approximately 90% of the
plasma current is generated by a combination of neutral beam-driven current peaked on-
axis and bootstrap-driven current off-axis. The remaining ~ 10% of the plasma current is

driven off-axis, between r/a ~ 0.4 and r/a ~ 0.8, by EBWCD.

EBW-driven current density profiles were calculated for an NSTX target plasma
equilibrium with a plasma 3 = 42%, shown in Fig. 1. This equilibrium has a plasma
current of 1 MA, a vacuum axial toroidal field of 0.35 T, and a major and minor radius of
0.90 m and 0.55 m, respectively. Figure 2 shows a plot of characteristic frequencies

mapped to the midplane major radius for the equilibrium in Fig.1. The model equilibrium



is overdense up to the sixth electron cyclotron harmonic. A magnetic field well, resulting
from the high plasma p is apparent near the magnetic axis. This well effectively
constrains accessibility to the high field side of the magnetic axis. Mode conversion from
electromagnetic waves to EBWSs occurs in the vicinity of the upper hybrid layer (fyn).
For launch frequencies above the second harmonic edge electron cyclotron resonance,

conversion to EBWSs occurs inside the plasma edge at the last closed flux surface.

TSC was benchmarked against an NSTX neutral beam-heated H-mode plasma, shot
109070. The shape of the density profile was fixed to the density profile from shot
109070 and the magnitude was adjusted. Neutral beam characteristics and diffusivities
were provided by a TRANSP [11] transport code analysis of shot 109070. Kinetic
profiles from TSC used in the modeling are shown in Fig. 3. The electron temperature
profile is fairly peaked with a central value of 2 keV (Fig. 3(a)) and the electron density

profile is broad, with a central density of 3 x 10*° m™ (Fig. 3(b)).

The GENRAY EBW ray tracing code requires rays to be launched inside the plasma as
EBWs, following conversion from electromagnetic waves launched outside the plasma.
The EBW launch parameters input to the GENRAY ray tracing calculations were
determined as a result of an optimized EBW plasma-antenna coupling study conducted
using the GLOSI 1-D wave equation solver [12]. This study was conducted for a launch
frequency of 14 GHz, a frequency that mode converts to EBWs between the
fundamental and second harmonic electron cyclotron resonance frequencies outside the

last closed flux surface, as shown in Fig. 2. The launch polarization was adjusted to



obtain the maximum EBW conversion efficiency as a function of the perpendicular and
parallel wavenumber (n, and n,, respectively). Figure 4(a) shows a plot of contours of
EBW coupling efficiency as a function of », and n, for 14 GHz electromagnetic waves
launched into the plasma with a similar edge magnetic field to the equilibrium of Fig. 1
and with a density scale length of 1 cm at the mode conversion layer. This density scale
length is typical of an L-mode edge on NSTX. Efficient coupling of near-circular
polarized electromagnetic waves was found for launched », ~ 0 and launched n, ~ +0.55.
Similar calculations for an H-mode edge, shown in Fig.4 (b), show efficient EBW
coupling over a wider range of n, and n,, as a consequence of the steeper H-mode edge

density gradient.

The GENRAY modeling used 48 EBW rays launched from inside the last closed flux
surface, with either -0.6 < n, < -0.5 or 0.5 < n, < 0.6 and with the power distributed
poloidally over a distance of 10 cm. The poloidal angle of the center of the EBW
launcher was adjusted between -80 and +80 degrees. Figure 5 shows the n, variation for
14 GHz EBW rays launched at 60 degrees below the midplane and with the EBW rays
launched with -0.6 < n, < -0.5, plotted versus the poloidal distance from the EBW mode
conversion layer. 99% of the power is damped in the shaded region in the plot, where n,
=-04to-15and w/w, = 1.5 to 1.8. Figure 6(a) shows the profile of 14 GHz EBW
power deposited to electrons versus normalized minor radius, calculated by CQL3D for
1 MW of input EBW power. The EBW power is deposited between r/a = 0.6 and r/a =

0.75. Figure 6(b) shows the EBW-driven current density versus normalized minor radius



calculated by CQL3D. The peak driven current density is 19 A/cm? at r/a = 0.7 and the

current drive efficiency is 44.7 KA/MW.,

Figure 7 shows the dependence of EBWCD efficiency on the poloidal angle of the
antenna, for EBW waves launched with n, between -0.6 and -0.5 (filled circles) and
between 0.5 and 0.6 (open circles). The peak current density is also plotted. For all cases
second harmonic cyclotron damping was dominant and the driven current remained well
localized radially between r/a = 0.6 and r/a = 0.75. Positive current was driven for EBWs
launched with positive n, well above the midplane and negative current was driven for
EBWs launched with negative n, well below the midplane. The n, shift for the EBW
rays in the plasma increased as the antenna was moved further away from the midplane
and, as a result, the current drive efficiency increased. However, near the midplane,
current was driven in both directions, significantly reducing the net current drive
efficiency. A similar behavior has been noted for ion Bernstein waves [13]. In one case
plotted in Fig. 7, with launch 10 degrees above the midplane and negative n,, a net

positive current was generated.

Modeling for higher frequency launch at 21 GHz and 28 GHz, respectively above the
second and third cyclotron harmonic at the plasma edge, was also investigated for the
same plasma equilibrium. Results at 21 GHz were very similar to the 14 GHz results. At
21 GHz, current was driven between r/a =0.65 and r/a = 0.75, but with the current drive
efficiency being somewhat higher at 21 GHz. At 28 GHz the overlap between the third

and fourth electron cyclotron harmonics (Fig. 2) complicated access to the plasma for



antenna poloidal angles above 25 degrees or below —25 degrees. At poloidal angles greater
than 25 degrees most of the power was damped on the third harmonic near the plasma
edge. However, small changes (~10%) in the toroidal field allowed access to fourth
harmonic damping deeper in the plasma. At a launch angle of 20 degrees above or below
the midplane the calculated current drive efficiency at 28 GHz was about 50 KA/MW.
Close to the maximum for the 14 GHz cases shown in Fig. 7. The deposition location
and current drive profile were relatively resilient to changes in the electron temperature
profile. Changing the magnitude of the electron temperature profile by 30%, while
keeping the profile shape the same, changed n, at the EBW damping location by about

10% and the deposition location by only 2 mm.
IV. DISCUSSION
If we now calculate the dimensionless current drive efficiency, €, [14], defined as

_3.271,(AR(m)n (10" m™)
“ T (keV)P(W)

1)

where 1, is the plasma current, R is the major radius, n, is the electron density, 7, is the
electron temperature and P is the input EBW power, for the case shown in Fig. 6, we find
that £,.= 0.6 at r/a = 0.7. When NSTX equilibria with p = 20% and § = 30% were
modeled, values of , in the range 0.6 to 0.75 were obtained for EBWCD localized at r/a ~
0.7. This is about twice the value of Z, calculated and measured for ECCD near the axis

of a low aspect ratio Tokamak such as DIII-D [15]. Also, this EBWCD is driven well off

axis in a region dominated by electron trapping. In contrast, in DIII-D at low 8, C,.



decreases rapidly with r/a due to electron trapping, falling to 0.1 at r/a = 0.4. Even at
relatively high B, &,.is only 0.2 at r/a = 0.4. In contrast, Ohkawa EBWCD efficiency

increases with r/a.

Recently, EBWCD experiments on Wendelstein 7-AS Stellarator have achieved &, =
0.43%0.1 near the axis [16], 2-3 times the &, obtained using ECCD on Wendelstein 7-AS.
However, in this case Fokker-Planck modeling shows that the EBWCD was via the
conventional Fisch-Boozer [6] current drive mechanism and was more efficient than
ECCD on the same machine because the wave interaction was with more energetic

electrons that were well away from the trapped electron population.

In order to explain the high ¢, values predicted for off-axis EBWCD in the modeling of
NSTX plasmas, in Figure 8 we plot contours indicating the strength of the quasi-linear
diffusion operator versus the normalized perpendicular and parallel velocity calculated by
CQL3D. This plot is for the case shown in Fig. 6, at r/a = 0.7, the peak of the EBW power
deposition profile. The diffusion operator is a maximum near the trapped-passing
boundary and, consequently, particularly well suited to efficiently drive electrons from the
passing negative v, population to the trapped population. As a result, there are more
electrons traveling in the positive v, direction than there are in the negative v, direction
and so net electron current is driven. This current drive mechanism was originally
predicted by Ohkawa [7] and has been proposed as an attractive mechanism for off-axis
ECCD [16]. It is in the opposite direction to Fisch-Boozer [6] current drive, the

mechanism normally employed for ECCD and, because the Ohkawa EBWCD mechanism



requires a trapped electron population it becomes more efficient the further off-axis it is
driven. For a high pressure ST plasma this feature is critical because ST’s have very large
trapped particle populations on the low field side of the magnetic axis and need externally

driven off axis current between r/a ~ 0.4 and r/a ~ 0.8 to remain stable.

Presently, we are considering a high power EBWCD system for NSTX and, based on the
EBWCD estimates obtained so far from the GENRAY/CQL3D modeling, we conclude
that about 3 MW of EBW power will be needed to sustain the required ~ 100 kA of off-
axis current. Practical limitations resulting from the higher electromagnetic wave diffraction
at 14 GHz and the lack of an existing commercial high power rf source with relatively long
(2-5 s) pulse lengths at 14 or 21 GHz, make 28 GHz the preferred operating frequency for
the NSTX EBWCD system. It should be noted that, unlike ECCD, n, and n, at the
launcher must match the conditions required for efficient mode conversion to EBWSs, so
the location of the driven current needs to be adjusted by varying the toroidal magnetic

field, rather than by steering the antenna launching mirror as is done with ECCD.
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FIGURE CAPTIONS

Figure 1
Poloidal cross section of an NSTX 3 = 42% equilibrium showing the location of the
EBW antenna used for the GENRAY modeling. The 48 EBW rays from the GENRAY

modeling are also shown.

Figure 2

Characteristic frequencies versus major radius for an NSTX = 42% equilibrium. The
fundamental and lowest six harmonics of the electron cyclotron resonance (thin solid
lines) show the existence of a magnetic well on the outboard side of the axis. Also,
plotted are the right and left hand cutoff, the upper hybrid resonance and the electron

plasma frequency.

Figure 3
(a) Electron temperature and (b) electron density profiles versus normalized minor radius
used to model the NSTX 3 = 42% equilibrium.

Figure 4

Maximum coupling to EBW waves versus poloidal and toroidal angle for 14 GHz
electromagnetic waves. The magnetic field at the EBW coupling layer is similar to that at
the edge of the equilibrium shown in Fig. 1. The coupling efficiency is calculated for an
electron density scale length at the mode conversion layer of (a) 1 cm and (b) 0.25 cm,
corresponding to density scalelengths at the edge of L-mode and H-mode NSTX plasma,

respectively.
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Figure 5

Parallel wavenumber versus poloidal distance for 48 EBW rays with a frequency of 14
GHz calculated with GENRAY for launch 60 degrees below the midplane of the
equilibrium shown in Fig. 1. The shaded region shows where 99% of the EBW power is

deposited.

Figure 6

(a) EBW power deposition and (b) EBW-driven current density versus r/a, calculated by
CQL3D for 1 MW of 14 GHz power launched 60 degrees below midplane into the f =
42% NSTX plasma equilibrium.

Figure 7
EBW current drive efficiency versus poloidal angle of the EBW launcher for a launch
frequency of 14 GHz, filled circles are for EBW rays launched with 0.6 < n, < -0.5 and

open circles are for EBW rays launched with 0.5 < n, < 0.6.

Figure 8

Contours indicating the strength of the quasi-linear diffusion operator versus the
normalized perpendicular and parallel velocity at the peak of the EBW power deposition
profile located at r/a = 0.7 for 1 MW of 14 GHz power launched at 60 degrees below the
midplane into the § = 42% NSTX plasma equilibrium in Fig. 1. The quasi-linear

diffusion peaks near the trapped-passing boundary.
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