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Introduction & motivation

EBWs – Electron Bernstein waves
The only waves in the electron cyclotron (EC) range
that can propagate in overdense plasmas (ωpe>>Ωce)
Must be excited by O/X-modes
Strong interaction with the plasma (electrostatic)

Potential goals – stabilization, profile shaping
On/off-axis, localized heating and current drive

How to optimize and control?
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Simulation setup
AMR (Antenna, Mode-conversion, Ray-tracing) + LUKE 
(3D Fokker-Planck) codes

AMR calculates optimum aiming and EBW ray trajectories
LUKE calculates quasi-linear damping and current

O-X-EBW scheme
Frequency and antenna vertical position can be chosen
N||

2, Npol determined 2 ±φ injections possible
Target plasma

NSTX L-mode, B0=0.5 T, ne0=2.6x1019 m-3, Te0=2.9 keV, IP=0.6 MA 
(#123435)
NSTX H-mode, B0=0.5 T, ne0=3.9x1019 m-3, Te0=1.4 keV, IP=1 MA 
(#130607)
MAST-U TRANSP scenario , B0=0.78 T, ne0=3.5x1019 m-3, Te0=2.4 
keV, IP=1.2 MA 
NHTX TRANSP scenario , B0=2 T, ne0=2x1020 m-3, Te0=5.7 keV, 
IP=3.5 MA 
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Feasible frequency ranges determined by the equilibria

MAST-U NHTX

NSTX L-mode NSTX H-mode
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NSTX L-mode, 1 MW 
power launched
1st (12 – 18 GHz) and 2nd

(22 – 28 GHz) harmonics
Antenna Z position
-40 cm … +40 cm
CD efficiency varies with 
the frequency, the 
vertical antenna position 
and the initial Nφ sign
Above/below midplane
launch nearly symmetrical
Specific cases with >200 
kA/MW (ζ >~ 0.6) exist

EBW CD efficient across a wide range of parameters

2nd harmonic

1st harmonic

estimate – central values

C. C. Petty et al., 
Nucl. Fusion 42, 
1366 (2002)
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EBW CD efficient across a wide range of parameters

NSTX L-mode, 1 MW 
power launched
1st (12 – 18 GHz) and 2nd

(22 – 28 GHz) harmonics
Antenna Z position
-40 cm … +40 cm
CD efficiency varies with 
the frequency, the 
vertical antenna position 
and the initial Nφ sign
Above/below midplane
launch nearly symmetrical
Specific cases with >200 
kA/MW (ζ >~ 0.6) exist

2nd harmonic

1st harmonic
midplane, Nφ-

+40 cm, Nφ+

+20 cm, Nφ+

midplane, Nφ+

midplane, Nφ-

midplane, Nφ+

+40 cm, Nφ++20 cm, Nφ+

estimate – central values

C. C. Petty et al., 
Nucl. Fusion 42, 
1366 (2002)



EC16, Apr 14, 2010 J. Urban et al.: Prospects for EBW H&CD on Spherical Tori 7/21

Deposition possible at any radius

2nd harmonic

1st harmonic The dependence on the 
launching parameters is 
clearly seen

Vertical launch position 
influences the |N||| growth
Frequency selects the EC 
resonance location

Broad coverage possible
with either

single frequency, 
multiple antenna Z
multiple frequency, 
single antenna Z

However, CD efficiency 
varies

symbols – max |j| location
error bars – FWHM of |j| profile
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CD efficiency similar in H-mode

1st (14 – 20 GHz) and 
2nd (23 – 29 GHz) 
harmonics assessed
CD efficiency very 
similar to the L-mode

I/P is lower because 
of the higher 
collisionality

H-mode 1st harmonic

H-mode 1st harmonic
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Driven current decreasing towards the edge

Several factors dependent 
on ρ

collisionality (ne/Te)
trapped particle fraction

Total current decreases 
with radius
Current density decreases 
towards the edge

At ρ~0.9 it starts to 
increase

H-mode

H-mode
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CD efficiency ζ high at any radius

Several factors dependent 
on ρ

collisionality (ne/Te)
trapped particle fraction

Total current decreases 
with radius
Achievable current drive 
efficiency ζ remains 
around 0.5 for any ρ
Even an increase in ζ for 
ρ>0.7 is predicted

local values

H-mode
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MAST scenario, 1 MW 
power launched
1st (19 – 29 GHz) and 2nd

(32 – 42 GHz) harmonics
Antenna Z position
0 cm … +60 cm (symmetry 
assumed)
The CD efficiency seems to 
be somewhat lower
compares to NSTX

MAST-U: good coverage, lower CD efficiency

2nd harmonic

1st harmonic

estimate – central values

C. C. Petty et al., 
Nucl. Fusion 42, 
1366 (2002)
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MAST scenario, 1 MW 
power launched
1st (19 – 29 GHz) and 2nd

(32 – 42 GHz) harmonics
Antenna Z position
0 cm … +60 cm (symmetry 
assumed)
The CD efficiency seems to 
be somewhat lower
compares to NSTX
Good coverage at both 
harmonics

MAST-U: good coverage, lower CD efficiency

2nd harmonic

1st harmonic
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NHTX: low I/P, less flexible

10 MW power 
launched
1st (56 – 76 GHz) 
harmonic assessed
Antenna Z position
0 cm … +120 cm
CD efficiency ζ on the 
same level as NSTX
Radial location almost 
does not vary with the 
antenna vertical 
position
Worse accessibility for 
higher frequencies
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ζ~0.5, future devices less flexible

NSTX L-mode
NSTX H-mode

MAST-U NHTX



EC16, Apr 14, 2010 J. Urban et al.: Prospects for EBW H&CD on Spherical Tori 15/21

Quasilinear effects visible for high powers

0.1MW 1 MW 10 MW
A/W -0.022 -0.011 0.003
ζ -0.09 -0.05 0.01

NSTX L-mode, 13 GHz, ZA=10 cm
central deposition, low CD efficiency

0.1MW 1 MW 10 MW
A/W -0.022 -0.022 -0.015
ζ -0.31 -0.32 -0.22

NSTX H-mode, 29 GHz, ZA=20 cm
off-axis, high CD efficiency
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Collisional losses critical in H-mode

Losses due to strong EBW collisional damping were 
predicted and observed experimentally on NSTX [S.J. Diem 
et al., Phys. Rev. Lett. 103, 015002 (2009); Nucl. Fus. 49, 
095027 (2009)]

Qualitative agreement with simulations
Much larger effect in H-modes
Can be mitigated by reducing the edge density (e-i collisionality)
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Collisional losses – mitigation possible

Lower edge density shifts the 
O-X-EBW mode conversion 
layer inwards
Lower losses at higher 
frequencies

Less time spent in the MC 
region (higher group velocity) 
Mode conversion more inside
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Collisional losses not severe for NHTX
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Collisional losses also predicted, although for the lower 
frequencies only
Similar edge density decrease can completely suppress
the collisional losses
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Low collisional losses predicted for MAST-U

Predicted collisional losses < 20 %
(calculated for central rays of all cases, Zeff=1)
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Summary & conclusions

EBW heating & current drive investigated with 
AMR + LUKE codes

Large number of different cases examined
CD efficiency ζ~0.4 – 0.5 can be reached at any 
radius on all devices

Configuration (frequency, launch conditions) determined 
by specific goal
Quasilinear effects should be considered

Collisional losses might be critical
Particularly dangerous for NSTX H-mode, NHTX lower 
frequencies
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