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Abstract. Off-axis radiofrequency-driven current is expected to be critical for stabilizing and 
sustaining solenoid-free spherical torus (ST) plasmas when β > 20%. Electron Bernstein wave 
current drive (EBWCD) may be able to generate the required off-axis current in the overdense 
(ωpe >> ωce) ST plasma regime. Fokker-Planck and 3-D EBW ray-tracing models and EBW 
emission (EBE) measurements are being used to study EBW coupling, propagation, damping 
and EBWCD physics in NSTX. This research supports the proposed implementation of a multi-
megawatt EBWCD system on NSTX that utilizes EBW coupling via obliquely launched, 
elliptically polarized, electromagnetic waves and efficient off-axis current generation via 
Ohkawa EBWCD. EBWCD modeling for plasmas with β of 20-40% and launch frequencies 
between 14 and 28 GHz predicts current drive efficiencies of 30-50 kA/MW and EBW-driven 
current densities that peak well off-axis on the outboard side of the NSTX plasma. The thermal 
EBE coupling efficiency has been measured to be 80±20% at 16-18 GHz, with the coupling 
efficiency and emission polarization being in good agreement with modeling. The NSTX EBE 
diagnostic has recently been upgraded to include two remotely steered, quad-ridged antennas, 
capable of detecting EBE at 8-18 and 18-40 GHz.  
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INTRODUCTION 

Magnetically confined spherical torus (ST) plasmas, such as those in the National 
Spherical Torus Experiment (NSTX) [1], offer an attractive design path for a high 
β  fusion reactor only if the plasma can be sustained non-inductively. Off-axis 
radiofrequency-driven current is expected to be critical for stabilizing solenoid-free ST 
plasmas when β > 20% [2]. Since ST plasmas are inherently overdense (ωpe >> ωce) 
conventional ECCD cannot provide this off-axis current. Electron Bernstein wave 



current drive (EBWCD) has the potential to generate this stabilizing off-axis current in 
the overdense ST plasma regime. Fokker-Planck and 3-D EBW ray-tracing models 
and EBW emission diagnostics (EBE) are being employed to study EBW coupling, 
propagation, damping and EBWCD physics to guide the design of a  
multi-megawatt EBWCD system planned for NSTX. The EBWCD system design 
includes ~100% EBW coupling via obliquely launched, elliptically polarized, 
electromagnetic waves [3,4] and efficient off-axis EBWCD via Ohkawa [5] current 
drive in a region of the NSTX plasma dominated by magnetically-trapped electrons 
[6]. This paper summarizes recent modeling results for EBWCD, and EBE coupling 
measurements and modeling on NSTX. 

EBWCD MODELING RESULTS 

The GENRAY numerical ray tracing code 
[7,8] and the CQL3D Fokker-Planck code [9] 
have modeled EBW propagation and damping 
and EBWCD in NSTX plasmas with β > 20% 
[6]. Figure 1(a) shows the characteristic 
electron resonance frequencies versus major 
radius (R) on the midplane of a β = 42% NSTX 
plasma. Mode conversion between EBWs and 
electromagnetic waves occurs at the upper 
hybrid resonance (UHR) that surrounds the 
overdense plasma. A magnetic field well near 
the core depresses the electron cyclotron 
frequency (fce) outboard of the magnetic axis. 
EBWs propagating in from the UHR typically 
experience a significant Doppler shift so that  
N// (=ck///ω) ~ 1. As a result, EBWs are strongly 
damped well before they reach the non-Doppler 
shifted electron cyclotron resonances shown in 
Fig.1(a). In Fig. 1(a) the shaded regions 
represent N// = ±1 Doppler broadening of each 
electron cyclotron resonance. The Doppler 
broadening combined with the magnetic field 
well limits accessibility for EBWCD to the 
outer regions of β > 20% NSTX plasmas when 
the EBW launch frequency is above 2fce at the 
UHR. In order to non-inductively sustain this  
β = 42% plasma, ~100kA of RFCD is needed in 
the region between R = 1.2 m and R= 1.45 m, 
or at a normalized minor radius (ρ) between 0.4 
and 0.8 [2].  Figure 1 (b) shows CQL3D results 
for the EBW-driven current density versus ρ for 
3 MW of 14 and 28 GHz EBW power launched 

 
FIGURE 1. (a) Characteristic 
frequency plot for β = 42% NSTX 
plasma. The plasma is overdense up to 
6fce. Shaded regions represent N// = ±1 
Doppler broadening of electron 
cyclotron resonances. Coupling to 
EBWs occurs near the UHR frequency 
(fUHR). (b) Current density profile, 
calculated by CQL3D, plotted versus 
normalized minor radius, generated by 
3 MW of EBW power at 14 GHz and 
28 GHz for NSTX β = 22% and 42% 
plasmas. The vacuum toroidal field on 
axis is 0.35T. 

 



into a β = 22% and 42% NSTX target plasma. The EBW-driven current density peaks 
between ρ = 0.6 and 0.8 and the total EBW-driven current is ~ 100 kA. The 
normalized EBWCD efficiency, ζec [10], is in the range 0.6 to 0.75, about twice the 
value of ζec measured for ECCD near the 
axis of a large aspect ratio, conventional 
Tokamak [11]. The synergy between the 
EBWCD and the current driven by the 
electron bootstrap effect has been 
calculated to be relatively weak, typically 
<10%. However, locally bootstrap current 
density increases in proportion to 
increased plasma pressure, and this effect 
can significantly affect the radial profile 
of the rf-driven current density [12]. 

Figure 2(a) shows a velocity space plot 
of the strength of the rf-driven quasilinear 
velocity space diffusion coefficient 
(contours) and the electron flux due to rf-
driven diffusion (arrows) plotted at the 
peak the EBW-driven current density for 
the case with 28 GHz EBWCD in Fig. 1. 
The length of the arrows indicates the 
logarithm of the magnitude of the electron 
flux. Figure 2(b) shows a plot of the total 
electron flux, due to both Coulomb 
collisions and rf diffusion. Here the length 
of the arrows indicates the linear 
magnitude of the electron flux. The rf-
diffusion coefficient, due to EBWs 
damping on the Doppler-downshifted 
fourth electron cyclotron harmonic 
resonance, peaks near the trapped-passing 
boundary. There is a strong electron flux 
from the population of transiting electrons 
having negative parallel velocity across the trapped-passing boundary and as a result a 
negative Ohkawa [5] current is generated. Consequently efficient off-axis current 
drive is expected in NSTX even in regions of the plasma with a large fraction of 
trapped electrons [6]. 

EBW COUPLING MEASUREMENTS AND MODELING 

Electromagnetic radiation can couple to EBWs either at normal incidence to the 
magnetic field when launched with extraordinary mode polarization (X-B coupling) 
[13] or at oblique incidence to magnetic field when launched with ordinary mode 
polarization (O-X-B conversion) [3]. EBW coupling physics is reversible [14], except 

 
FIGURE 2. (a) Contours of the rf-driven 
diffusion coefficient calculated with CQL3D 
plotted in velocity space at the peak of the 
EBW generated current profile for the case 
with 28 GHz EBWCD in a β = 42% NSTX 
plasma shown in Fig. 1. Arrows show 
electron flux due to the rf diffusion 
(logarithmic length of flux vector). (b) Total 
electron flux due to Coulomb collisions and 
rf diffusion plotted in velocity space (linear 
length of flux vector). Velocities are 
normalized to vnorm, the momentum per rest 
mass corresponding to an electron 
normalization energy = 25 keV. 

 

 



for nonlinear effects, such as parametric decay instabilities, so studying mode-
converted thermal EBE with absolutely calibrated radiometers provides experimental 
benchmarking of numerical simulations of EBW coupling. The advantage of X-B 
coupling is that it is always normal to the field and so it is not necessary to steer the 
antenna. The disadvantage of X-B coupling is that it is very sensitive to changes in the 
density scale length (Ln) at the UHR.  On the CDX-U ST, ~100% B-X coupling was 
achieved using a limiter to establish the optimum Ln for B-X coupling at the UHR  
(~ 7 mm) [15]. NSTX has a higher edge magnetic field than CDX-U, so the optimum 
Ln is much shorter, typically ~ 3 mm. B-X emission experiments on NSTX achieved 
only Ln ~ 7 mm and a maximum 
measured coupling efficiency ~ 40% 
[16].  

Initial B-X-O coupling studies on 
NSTX where performed with a dual-
channel, 8-18 GHz radiometer 
connected to a fixed, obliquely-
viewing, quad-ridged antenna with its 
ridges aligned to simultaneously 
measure the radiation temperature of 
EBE polarized parallel (T//) and 
perpendicular (T⊥) to the magnetic 
field at the UHR [17]. The antenna 
was aligned for maximum  
B-X-O coupling efficiency at 16-18 
GHz when the magnetic field pitch at 
the UHR was 35-40 degrees. An 
example of data from this antenna is 
shown in Fig. 3(a), which shows the 
evolution of the EBE radiation 
temperature, Trad (=T//+T⊥) for a L-
mode plasma with a vacuum axial 
toroidal magnetic field of 4 kG and a 
flattop current of 800 kA between 
0.27 and 0.46 s. The EBW coupling 
efficiency, (T//+T⊥)/Te, where Te is the 
electron temperature of the EBW 
emitting layer, was measured to be  
80 ± 20% at 16.5 GHz (Fig. 3a). This 
coupling efficiency was in good 
agreement with the ~ 65% EBW 
coupling efficiency predicted by a model that includes a 1-D full wave calculation of 
the EBW mode conversion at the UHR, radiometer antenna pattern modeling and 3-D 
EBW ray tracing and deposition modeling [18]. The measured EBE polarization ratio, 
T///T⊥, was measured to be 1.2, slightly lower than the ratio of 1.5 predicted by 
modeling (Fig. 3(b)). Emission at 16.5 GHz was from the fundamental electron 
cyclotron resonance at the plasma magnetic axis during the plasma current flattop 

 
FIGURE 3. (a) The evolution of the measured EBE 
T//+T⊥ signal and the calculated T//+T⊥. The ratio of 
measured T//+T⊥ to Te at the emission layer was 
80±20% (dashed line). (b) The EBE polarization 
ratio, T///T⊥, measured by the dual-channel 
radiometer compared to the modeled ratio. (c) 
Variation of the magnetic field pitch at the UHR, 
the antenna was aligned to measure efficient EBE 
coupling when the pitch was 35-40 degrees. (d) 
Modeled radius of the EBE source layer. 
 



(Fig. 3(d)).  Rapid fluctuations were observed in both (T//+T⊥) and T///T⊥, possibly 
resulting from Ln fluctuations near the UHR. 

Last year, an 18-40 GHz quad-ridged antenna, with limited local steering in the 
poloidal and toroidal direction, was installed on NSTX. A comparison of measured 
and simulated EBE data acquired with this diagnostic is shown in Fig. 4(a). Te 
measured by Thomson scattering near the UHR in this case was only ~ 15 eV. EBW 

collisional damping at the UHR may be 
significant at this Te. The measured 
EBE Trad evolution at 25 GHz (solid 
line) is much lower than the simulated 
Trad assuming no EBW collisional loss 
at the UHR (long dashed line). 
Including EBW collisional loss in the 
simulation (short dashed line) reduces 
the simulated Trad, by about 50%, but 
not enough to match the measured EBE 
Trad. Figure 4(b) shows a characteristic 
frequency plot versus major radius at 
the midplane. Doppler broadening of the 
electron cyclotron layer for N// = ±1 is 
indicated by the shading. EBE 
simulation results predict that 25 GHz 
EBE measured by the antenna was 
radiated predominantly well off-axis 
from the Doppler-downshifted 3fce 
resonance. The large fluctuations in 
simulated EBE Trad evident in Fig. 4(a) 
for the case with EBW collisional 
damping at the UHR are due to small 
changes in Te at the UHR. There are 
only a few Te data points available from 
laser Thomson scattering in the vicinity 
of the UHR and there is a steep Te 
gradient in this region, so there are 
significant uncertainties in what Te 
actually is at the UHR. Clearly EBW 
collisional damping may present a 
significant challenge for a viable 
EBWCD system if Te cannot be 
maintained above ~ 30 eV at the UHR. 
However, it is possible that the 

significant radiofrequency power densities present in front of a megawatt-level 
EBWCD antenna will be sufficient to heat the plasma in the vicinity of the UHR so 
that Te is maintained well above 30 eV. 

 Recently, two remotely steered quad-ridged antennas, covering 8-18 and 18-40 
GHz became operational on NSTX [19]. The antennas can be steered between shots to 

 
FIGURE 4. (a) Time evolution of the 
measured EBE Trad at 25 GHz (solid line), 
compared to the simulated Trad with no EBW 
collisional loss at the UHR (long dashed line), 
and with collisional loss at the UHR (short 
dash) for NSTX shot 117970. Measured EBE 
polarization (T///T⊥) agrees well with the EBE 
simulation. (b) Characteristic electron 
frequencies and electron temperature profile 
versus major radius plotted at 298 ms for shot 
117970. Shading indicates N// = ±1 Doppler 
broadening.  

 



map the EBW mode conversion efficiency versus toroidal and poloidal angle. Each 

antenna can be steered at least ±10o in the poloidal and toroidal. Initial EBE 
measurements from these new antennas are being analyzed.  
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FIGURE 5. Schematic layout of dual channel 8-18 GHz and 18-40 GHz EBE radiometers on NSTX. 
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