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RF actuators will play a major role in fusion 
reactors è must have confidence they will work 

¨  Steady-state fusion reactors will likely need RF actuators 
to control current profile and access burning regime 
¤  Ion cyclotron range of frequency: core heating and current 

drive 
¤  Lower hybrid range of frequency: off-axis current drive 

¨  Two case studies where behavior of RF waves in the 
SOL had unexpected impact on actuator performance 
¤  LHCD on Alcator C-Mod 
¤ HHFW on NSTX [Perkins, EX/P4-42] 
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Loss of LHCD effect at high density 
not predicted by modeling w/o SOL 

¨  Modeling in advance of 
experiments (w/o SOL) 
predicted high CD 
efficiency up to ne ~ 
1.5x1020 m-3 

¨  Experiments show very 
weak non-thermal 
emission and no CD 
effect at ne > 
~1.0x1020 m-3 
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Model prediction 

Ip = 800 kA 

Fast Electron Bremsstrahlung 
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Prompt response of SOL to LHRF power 
indicates waves are absorbed near LCFS 

¨  Edge 
response to 
ICRF power 
is delayed 
¤  t > τE 

¨  Edge 
response to 
LHRF is 
prompt 
¤  t << τE 
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Increasing fraction of LH power damps 
near the LCFS as density increases 

¨  Majority of 
LHRF power 
goes to 
displacing 
Ohmic power 
at low density 

¨  Majority of 
LHRF power 
radiated or 
conducted to 
divertor at 
high density 
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Current drive at high density recovers 
with high plasma current on C-Mod 
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Current drive at high density recovers in 
inner wall limited discharges on C-Mod 
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SOL profiles differ considerably for 
limited and high current discharges 

¨  Larger poloidal field 
affects ray trajectories/
upshifts at higher current 

¨  Density gradient in SOL is 
steeper at high current 
¤ Profiles for inner wall 

limited discharges are 
similar to higher current 
discharges 
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Figure 12. Top row: time traces of (a) plasma current, (b) LH power and (c) line-averaged density for plasma discharges at three different
plasma currents: 0.55 MA (black), 0.8 MA (red) and 1.1 MA (blue). Bottom row: time- and frequency-interpolated spectrograms measured
with the launcher probe at (d) 0.55 MA, (e) 0.8 MA and (f ) 1.1 MA.

the loop antenna exhibit similar features. In the Ip = 0.55 MA
case, ion cyclotron PDI excited at the outer wall are detected
after 0.8 s, corresponding to n̄e≈ ncrit . In the highest current
case (Ip = 1.1 MA), however, ion cyclotron instabilities are
detected after 1.2 s, corresponding to n̄e≈ 1.3 × ncrit . Note
also that the pump spectrum itself remains sharp in this case as
compared to the observed pump broadening in the low current
case.

As the current was stepwise increased, scanning probe
data revealed a reduction in SOL density as expected.
Figure 13 compares the SOL density and temperature
measurements for three different discharges at n̄e ≈ 1.4 ×
1020 m−3, which were measured at 1.35 s in all three
discharges. Due to the presence of the outer limiter at 1.2 cm
away from the separatrix, there is a feature that shows a
decrease in density around this radial location. The location
of the LH launcher was approximately 2 cm from the LCFS as
indicated by the dashed lines in figure 13. The launcher has
its own private limiter and its effect is not shown here since
the scanning probe measurement’s toroidal location is different
from the launcher position, as shown in figure 1. While the
density at the separatrix remains essentially the same in all
discharges, a clear decrease in SOL densities was observed
with increasing plasma current. In the lowest plasma current
case (Ip = 0.55 MA), the SOL density profile flattens out
towards the far SOL, which is expected to result in higher
instability rates and enhanced convective growth. In addition
to scanning probe measurements, Langmuir probes mounted in
the launcher face also showed a marked decrease in the density
at the antenna with increasing plasma current.

No significant changes in temperatures were observed
during this current scan, as shown in figure 13(b). The
temperature profiles are rather stiff because the parallel heat
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Figure 13. SOL (a) density and (b) temperature profiles at
n̄e ≈ 1.4 × 1020 m−3 in the three plasmas shown in figure 12.

conduction coefficient is a strong function of temperature
(κ|| ∼ T

5/2
e ), and the changes in the ohmic power with plasma

current were not sufficient to result in a large variation in
temperatures. Note that a slightly higher temperature in the
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Inner wall limited SOL profiles also 
steeper than diverted profiles 
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Collisional damping is strong in cold, 
dense regions of SOL 

¨  Electron-ion collisions 
lead to significant 
power loss where  
νei is large 

¨  Conditions near 
active divertor lead 
to e-folding lengths 
of ~ cm’s 
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Modeling including collisional SOL 
model reproduces experimental trends 
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HHFW core heating on NSTX is 
sensitive to Bφ, ne, and k|| 

¨  Strong heating 
effect at higher Bφ 
and k|| 

¨  Core heating effect 
reduced at lower 
k|| and Bφ 
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Figure 2. Ray paths for −30◦ (red), −90◦ (blue) and 180◦ (green) strap-to-strap antenna phasings for OH target conditions ((a) toroidal, (b)
poloidal views) and for rf-heated plasma conditions ((c) toroidal, (d) poloidal views), for a discharge with BT0 = 0.55 T and Ip = 600 kA.
The solid dot shows where 80% of initial power is absorbed.

Figure 3. Time evolution of the electron stored energy during rf
heating at different BT for fixed phasing, and for different phasing at
fixed BT.

and so can be neglected in the core heating efficiency estimates.
The total core heating efficiency, ηT, is similarly inferred using
the time evolution of total stored energy, WT, obtained from
EFIT. For the plasma conditions obtained in these experiments,
the HHFWs are predicted to damp directly almost entirely on
the electrons [4], so changes in We are a reasonable measure of
the HHFW power deposition to the bulk of the plasma [8, 12].

In previous experiments [12] at a fixed toroidal magnetic
field of 0.45 T, a plasma current of 0.6 MA, line-integrated
electron densities of nel ∼ 2.5 × 1019 m−2, and otherwise
similar plasma conditions, the core electron heating efficiency
for a fixed strap-to-strap phasing of −90◦ (k∥ = −8 m−1)
was approximately equal to 22%, in contrast to the 48%
efficiency achieved with 180◦ phasing (k∥ = 14 m−1). The

corresponding total core heating efficiencies at these phasings
were 44% and 68%, respectively [8, 12]. Power losses due
to parametric decay instabilities (PDIs) and associated edge
ion heating were comparable for both of these phasings, and
hence could not account for the large difference in core heating
efficiencies [8]. These experiments were later repeated at
a higher magnetic field of 0.55 T, with a plasma current of
0.72 MA, chosen to keep the edge q approximately the same
as in the experiments at 0.45 T. Similar densities were achieved
at the higher BT , ranging from nel ∼ 2 × 1019 m−2 during the
first rf pulse to ∼2.5 × 1019 m−2 during the second and third
rf pulses. The results are shown for "We in figure 3 and for
"WT in figure 6 later on. As seen in figure 3, the change
in "We is about a factor of 2 higher at Bφ = 0.55 T than at
0.45 T for −90◦ phasing (k∥ = −8 m−1). Note moreover that
with the magnetic field fixed at 0.55 T, comparable increments
in "We were obtained at both −90◦ and 180◦ phasings for
the second and third rf pulses in the discharges, but not
in the first pulse, where the observed increase in "We is
noticeably less with the −90◦ phasing (k∥ = −8 m−1). During
the first rf pulse for the shots at 0.55 T, the edge density
measured approximately 2 cm in front of the antenna with the
Thomson scattering diagnostic exceeded the critical density
of 5 × 1017 m−3 for onset of wave propagation perpendicular
to the magnetic field at k∥ = −8 m−1, but not during the
second and third pulses, when the heating efficiency for both
the k∥ = −8 m−1 and 14 m−1 cases is comparable. During
the second and third pulses at 0.55 T, the time-averaged ratio
of the electron density, measured 2 cm in front of the antenna,
relative to the critical density, ⟨ne/nec⟩, is equal to 0.81±0.12
with the −90◦ phasing and 0.24 ± 0.05 with the 180◦ phasing.
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Spirals observed leaving HHFW antenna indicate 
localized power deposition in SOL of NSTX 
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¨  Probe and IR measurements consistent with localized 
power sink in divertor region 
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V/m V/m

AORSA shows enhanced RF fields in SOL when 
cutoff layer opens in front of antenna 
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SOL power losses increase as wave transitions 
from evanescent to propagating 
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Increased B-field of NSTX-U predicted to 
reduce SOL losses at high density 
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Need to consider SOL impacts when 
assessing RF actuators for reactors 
¨  SOL profiles are important for more than just antenna 

coupling 
¨  Other deleterious effects are also sensitive to SOL  

¤  Parametric decay instabilities (PDI) [Ding EX/P7-5] 
¤  Impurity generation with high-Z walls 

¨  SOL and core should be considered together when 
modeling new experiments/reactors [Shiraiwa, TH/
P4-27] 

¨  As discussed in previous talk [Bonoli, TH/5-1], HFS SOL 
profiles are very different from LFS SOL profiles 
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Conclusions 

¨  Current drive efficiency of LHCD on Alcator C-Mod is 
reduced when power is absorbed close to the LCFS 

¨  Heating efficiency of HHFW on NSTX suffers from SOL 
losses if FW is allowed to propagate in the SOL 

¨  Wave propagation/absorption in SOL can lead to 
unexpected consequences and must be considered in 
modeling of RF actuators for future reactors 

*This work supported by DoE Contract No. DE-FC02-99ER54512 on Alcator C-Mod, a 
Department of Energy Office of Science user facility, and also by DoE Contract No. DE-
AC02-09CH11466 on NSTX, a Department of Energy Office of Science user facility.  
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Extra slides 
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LH waves launched by slow wave 
structure at plasma edge 

¨  ω ~ 3 – 5 x ωLH 
¤ ωLH = ωpi(1+ ωpe

2/ ωce
2)-1/2 

¨  LH launcher couples 
electrostatic slow mode 

¨  Waves launched 
preferentially in counter-
current direction 
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LH waves transfer energy and parallel 
momentum to fast electrons to drive current 

¨  LH waves Landau damp on 
electrons at v|| ~ 3vte 

¨  Asymmetry in f(v||) results in 
net current  
[Fisch, Rev. Mod. Phys., 1987] 

v|| 

f(v
||)

 Fast electrons 
carrying current 
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Parallel index of refraction, n|| ≡ ck||/ω, 
impacts wave damping, propagation, & CD 

¨  LH wave damps strongly at 

¨  LH wave cannot propagate 
unless: 
 
 

¨  Lower n|| improves current 
drive efficiency 
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LHCD system on C-Mod investigates 
LH physics with ITER-like parameters 

¨  ne = 0.5-5x1020 m-3  
(ITER = 0.5-1x1020 m-3) 

¨  BT = 3 – 8 T (ITER = 5 T) 
¨  Diverted plasma configuration 

(ITER = Lower Single Null) 
¨  n|| = 1.5 – 3 co- or counter-

current (ITER ~ 2) 
¨   fLHCD = 4.6 GHz  

(ITER = 5 GHz) 
¨  4 rows of 16 waveguides 
¨  PSource = 2.5 MW 
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AORSA shows enhanced RF fields in SOL when 
cutoff layer opens in front of antenna 
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Cutoff 
layer 

Lower SOL density (nant = 
1e12 cm-3) 

Antenna  
Location 

Higher SOL density (nant 
= 2e12 cm-3) 

V/m
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26 |Etot| is shown for nφ = -21, Δφ = -150o (“2D”       single dominant mode), # 130608 
 

•  For very low density the RF field is  
 strongly localized in front of the antenna 

• Standing wave appears at higher density 
 

0.5x1018 0.7x1018 1.0x1018 1.5x1018 1.7x1018 2.0x1018nant[m-3] =

V/m

RF field amplitude in the SOL increases as soon as the 
FW cut-off is removed from in front of the antenna 
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