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Full wave simulations of fusion plasmas show a direct correlation between the location of the fast-
wave cut-off, radiofrequency (RF) field amplitude in the scrape-off layer (SOL) and the RF power
losses in the SOL observed in the National Spherical Torus eXperiment (NSTX). In particular,
the RF power losses in the SOL increase significantly when the launched waves transition from
evanescent to propagating in that region. Subsequently, a large amplitude electric field occurs in
the SOL, driving RF power losses when a proxy collisional loss term is added. A 3D reconstruction of
absorbed power in the SOL is presented showing agreement with the RF experiments in NSTX. Loss
predictions for the future experiment NSTX-Upgrade (NSTX-U) are also obtained and discussed.

In fusion experiments, external heating power using
fast waves at harmonics of the ion cyclotron range of fre-
quency (ICRF) [1] is crucial to sustain and control the
plasma performance and will play an important role in
the International Thermonuclear Experimental Reactor
(ITER) experiment. Experimental studies of high har-
monic fast wave (HHFW) heating on the National Spher-
ical Torus eXperiment (NSTX) [2] have demonstrated
that substantial HHFW power loss (up to 60% of the
coupled HHFW power can be lost) can occur along the
open field lines in the scrape-off layer (SOL) when edge
densities are high enough that the fast waves can prop-
agate close to the launcher, but the mechanism behind
the loss is not yet understood [3–7]. Full wave simula-
tions of selected NSTX discharges with the extended full
wave code AORSA [8], in which the edge plasma beyond
the last closed flux surface (LCFS) is included in the so-
lution domain, have found standing modes in the scrape-
off region for specific wavenumbers launched by the an-
tenna [9], but the kinetic damping terms contained in
the full hot plasma dielectric response are insignificant
in the cold, lower density plasmas in the SOL. In this
Letter we go a step further in understanding the HHFW
power losses with full wave simulations, demonstrating
for the first time a direct correlation between the loca-
tion of the fast wave cut-off layer, the large amplitude
of the RF fields in the scrape-off region, and the power
losses in the SOL (driven by the RF field) observed in the
NSTX experiments. In particular, a strong transition to
higher SOL power losses has been found when the FW
cut-off is removed from in front of the antenna with in-
creasing edge density, consistent with the experimental
observations [4]. In other words, when evanescent waves
become propagating waves in the SOL, due to higher
density in front of the antenna, the power losses start to
increase significantly, commensurate with the amplitude
of the RF field found in the SOL. The full 3D reconstruc-

tion shows that the absorbed power in the SOL is largest
near the LCFS and near the front of the antenna, as
experimentally observed. Finally, for the first time, full
wave simulations have been used to predict that plasmas
in NSTX-Upgrade (NSTX-U) will have a wider operating
SOL density range in which RF power losses in the SOL
are low.

In these numerical studies we make use of the full wave
code AORSA that solves the Helmholtz wave equation
for a tokamak geometry, including the SOL region be-
yond the LCFS where the magnetic field lines are open
[8, 9]. AORSA includes the complete non-local, integral
operator for the dielectric tensor that is valid for “all
orders”, namely, AORSA takes into account all contri-
butions in k⊥ρi (k⊥, ρi are the perpendicular component
of the wave vector relative to the local equilibrium mag-
netic field and the ion Larmor radius, respectively). This
is essential for NSTX HHFW in which the ion Larmor
radius is larger than the perpendicular wavelength and
the ion-cyclotron harmonic number is large. In addition,
AORSA utilizes a Fourier decomposition in the Carte-
sian coordinates x and y (in the poloidal plane) and in
the toroidal direction of symmetry (φ), einφφ (nφ is the
toroidal wave number). The density profile in the SOL
is described by an exponential decay from the LCFS and
a minimum density in front of the antenna, nant. The
density decay can be modified in order to fit as best as
possible the experimental data [9]. In this Letter we an-
alyze primarily the NSTX discharge 130608 discussed in
several previous works [5, 9, 10].

Figure 1 shows the wave electric field amplitude ob-
tained with the 2D full wave code AORSA for a single
(dominant) toroidal mode, nφ = −21, which corresponds
to an antenna phase of −150◦ in (a) and for nφ = −12,
which corresponds to an antenna phase of −90◦, in (b).
Six different cases of the density in front of the antenna
(indicated in white) are plotted for both antenna phases
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FIG. 1. Electric field amplitude for different density values in front of the antenna (nant) (shown in the plots) with toroidal
mode numbers nφ = −21 (a) and nφ = −12 (b). The white and black curves indicate the FW cut-off layer and the last closed
flux surface, respectively.
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FIG. 2. Fraction of power lost to the SOL as a function of
the density in front of the antenna for nφ = −21 (solid curve)
and nφ = −12 (dashed curve). The vertical lines represent
the value of the density for which the FW cut-off starts to be
“open” in front of the antenna (see Fig. 1).

together with the contour (in white) corresponding to
the FW cut-off in the cold plasma approximation. The
black curves indicate the LCFS. From this figure we can
clearly see that as soon as the density in front of the an-
tenna increases sufficiently to ”open” the FW cut-off in
front of the antenna, the wave electric field amplitude in
the SOL increases strongly. In other words, these simu-
lations show a strong correlation between the location of
the FW cut-off layer with the large electric field ampli-
tude: when the FWs are no longer cut-off in front of the
antenna and instead are propagating, the electric field
amplitude outside of the LCFS increases. When the FW

cut-off is “closed” in front of the antenna and the waves
are evanescent, we do not predict a large RF field ampli-
tude in the SOL. It is also important to note that for very
low density we found that the RF field is strongly peaked
radially and localized in front of the antenna, because the
wave is strongly evanescent. For high density, when the
wave is propagating, standing waves appear to form out-
side of LCFS independent of the launched wavenumber
selected. In fact, these results appear for both antenna
phases shown. Furthermore, it appears that with increas-
ing density, the RF field amplitude in the SOL increases
but not monotonically. The above effects are more evi-
dent for nφ = −12 (Figure 1(b)).

In order to understand whether the large wave elec-
tric field amplitude is one of the main drivers of the SOL
power losses found in the NSTX experiments, we have
inserted into AORSA an artificial “collisional” damping
mechanism as a proxy to represent the actual mecha-
nism(s) which is(are) presently unknown [11]. Specifi-
cally, a collisional frequency, ν, has been implemented as
the imaginary part of the angular frequency, ω, in the
argument of the Plasma Dispersion function, Z:

Z

(
ω − nωc

k‖vth

)
−→ Z

(
ω − nωc + iν

k‖vth

)
, (1)

where n is the harmonic number, ωc is the cyclotron fre-
quency, k‖ is the parallel (to the magnetic field) compo-
nent of the wave vector, and vth is the thermal velocity.
The term ν/ω is then an AORSA input parameter and
allows us to adopt this specific proxy for a commensurate
prediction of the power losses in the SOL region and, in
particular, their behavior as a function of the density in
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FIG. 3. Fraction of power lost to the SOL as a function of the density in front of the antenna, comparing the 3D runs (solid
curves) with the dominant mode runs (dashed curves), for nφ = −21 (a) and nφ = −12 (b). The vertical lines represent the
value of the density for which the FW cut-off starts to be “open” in front of the antenna.

front of the antenna. It is important to remember that
without an added damping mechanism such as this proxy
in the SOL, no significant SOL power losses are predicted
in the simulations even in the presence of a large electric
field amplitude (as shown in Figure 1). Figure 2 shows
the predicted absorbed power in the SOL region (SOL
power losses) as a function of the density in front of the
antenna (nant) assuming ν/ω = 0.01. Two different an-
tenna phases are shown: nφ = −12 (dashed curve) and
−21 (solid curve). Here, the cut-off of the fast wave,
ne,FWcut−off , corresponds to the right hand cut-off [12].
In the HHFW frequency range, since the wave frequency
is much higher than the local fundamental ion cyclotron
frequency and much lower than the local lower hybrid
frequency, the FW cut-off density is given by [3, 4]

ne,FWcut−off ∝
k2
‖B

ω
, (2)

where B is the equilibrium magnetic field. The vertical
line in Figure 2, for both cases, represents the density at
which the cut-off starts to be “open” in front of the an-
tenna, i.e., when the wave is propagating in front of the
antenna and the amplitude of the electric field starts to
increase in the SOL region as shown in Figure 1. There-
fore, from Figure 2 one can note a rapid transition in the
fraction of the power lost to the SOL from the evanescent
region to the propagating region both for nφ = −12 and
−21. Moreover, for lower nφ (nφ/R = kφ ∼ k‖) the tran-
sition occurs at lower nant as expected from Eq.2. When
the cut-off is “closed” in front of the antenna and there-
fore the wave is evanescent without a large SOL RF field
amplitude, the fraction of power lost to the SOL is found
to be smaller with respect to the region in which the cut-
off is “open” and the wave propagating in the SOL has
a large RF field amplitude. For very low density the RF
power losses tend to increase again with decreasing den-
sity due to the fact that the wave is strongly evanescent
such that the power can be only damped in front of the

antenna, consistent with the large electric field localized
in front of the antenna as indicated in Figure 1. This
effect is more evident for the nφ = −12 than nφ = −21
because of the significant shift of the FW cut-off density
toward lower density and, as a consequence, a narrower
density range for the evanescent region. For a case with
nφ = −5 corresponding to the antenna phase of −30◦

(not shown), the transition density range is even nar-
rower than the other two cases such that the very low
density induced field dominates the electric field behav-
ior across the evanescent region. This is due to the fact
that the density value for which the FW cut-off starts
to be “open” in front of the antenna is indeed very low.
As a further confirmation of this result, we did the same
numerical analysis (not shown) for another independent
NSTX discharge, 130621, and the same edge loss transi-
tions have been found.

A comparison of the fraction of the power lost to
the SOL evaluated in the 2D poloidal cross section by
AORSA (with one single dominant toroidal mode), as
shown above, and in 3D using 81 toroidal modes to re-
construct the full antenna spectrum is shown in Figure
3. The solid (dashed) curves indicate the 3D (2D) re-
sults for nφ = −21 (a) and nφ = −12 (b), respectively.
The 3D results exhibit similar behavior to that of the
dominant mode (2D) runs and, in particular reproduce
a similar transition in SOL power losses as a function of
the density in front of the antenna, although it is less pro-
nounced due to the contribution of the several toroidal
modes. Larger SOL power losses in 3D runs with re-
spect to the 2D runs are found for low and high nant and
for both antenna phases. From the 3D AORSA runs we
have obtained the 3D absorbed power deposition in the
SOL, as shown in Figure 4 for nant = 2.5 × 1018 m−3

and three different ρ slices (ρ is the square root of the
normalized poloidal flux): ρ = 1.1 to 1.15, near the an-
tenna in Fig. 4(a), ρ = 1.05 to 1.1 in Fig. 4(b), ρ = 1
to 1.05, near the LCFS in Fig. 4(c) (the antenna is at
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FIG. 4. 3D contour plots of the absorbed power in the SOL for three diffrent ρ slices: (a)ρ = 1.1 to 1.15 (near the antenna
located at ρ ' 1.15), (b) ρ = 1.05 to 1.1, and (c) ρ = 1 to 1.05 (near the LCFS). The density in front of the antenna is
nant = 2.5 × 1018 m−3 assuming ν/ω = 0.01. The red curve represents a magnetic field line starting from the antenna and
shows the large pitch angle of the magnetic field with respect to the antenna.

ρ ' 1.15). The NSTX discharge analyzed is 130608 as-
suming ν/ω = 0.01. From these figures it appears that
(i) the SOL power losses are larger near the antenna (cf.
Fig.4(a)), and near the LCFS (cf. Fig.4(c)) consistent
with the experimental studies (see Figure 11 and 12 of
[7]) (the flux surface average of the absorbed power is
about 1.75×104 W/m3 at ρ = 1.15 (at the antenna loca-
tion), 0.8×104 W/m3 at ρ = 1.05, and 1.35×104 W/m3

at ρ = 1 (at the LCFS)) ; and (ii) large SOL power losses
below the mid-plane due to the large RF field.

We can now extend our numerical analysis to the
NSTX-U experiment, which will be operating at the end
of 2014 [13], in order to make some predictions on the
behavior of the RF power losses in future NSTX-U dis-
charges. We analyze an H-mode scenario being consid-
ered for NSTX-U with BT = 1 T, obtained by using the
TRANSP code [14]. This toroidal magnetic field corre-
sponds to the full toroidal magnetic field that will be
available for the NSTX-U experiment. Figure 5 shows
the predicted RF power losses in the SOL as a function
of nant for this NSTX-U case. Exactly the same tran-
sition behavior found in the NSTX case is predicted for
the NSTX-U case for both nφ = −21 (solid curve) and
nφ = −12 (dashed curve). The main important difference
with respect to the NSTX case is that the transition to
higher losses in the SOL occurs at higher density. This is
explained by the fact that the FW cut-off is proportional
to the magnetic field (see Eq. 2), and therefore for the
NSTX-U case with BT = 1 T the transition occurs for
about a factor of two higher in density with respect to
NSTX case with BT = 0.55 T (compare vertical lines in
Figures 2 and 5 for each nφ). This result tells us that the
evanescent region for NSTX-U, in which the SOL power
losses are smaller, will be wider than the one in NSTX
and therefore from the experimental point of view there
will be a wider SOL density range in which the experi-
ment can run with lower SOL power losses.

The results shown in this Letter might appear to be

counter-intuitive in the sense that for low density in front
of the antenna the wave is evanescent and, in princi-
ple, the antenna-plasma coupling is relatively poor; and
vice-versa, for high density the wave is propagating and
the antenna-plasma coupling is relatively good. How-
ever, with these simulations we have demonstrated that
too high density in front of the antenna, although pos-
itive for the antenna-plasma coupling, leads to substan-
tial increases of the RF electric field in the SOL and
corresponding RF power losses. As a result, from the
experimental point of view, it is crucial to be able to op-
timize the density in SOL region in order to balance the
antenna coupling and the RF power losses in the SOL.
For the NSTX-U experiment, this optimization will be
more easily facilitated with respect to NSTX due to the
fact that, with higher magnetic field, the transition be-
tween the evanescent and the propagating region will be
at a higher density nant since the cut-off density value
is directly proportional to the magnetic field. These re-
sults suggest that SOL power losses such as predicted
here, may also prove to be important for ICRF heating
on ITER. Though, it is important to note that ITER
will employ minority ion cyclotron heating with exci-
tation in the range of the third harmonic of the deu-
terium ion cyclotron frequency, a much lower value than
the ∼ 11th/12th harmonic excited on NSTX. Some in-
sight into the effect of reducing the harmonic value will
be obtained on NSTX-U, for which excitation will be
at the ∼ 5th/6th harmonic. Also, the geometry and
the main plasma parameters are very different on ITER
with respect to the NSTX and NSTX-U experiments;
e.g., the considerably smaller pitch of the magnetic field
on ITER and its larger size combine to make the field
line length from the lower to upper divertor strike points
much greater on ITER than NSTX/NSTX-U. Therefore,
in order to develop conclusive predictions for ITER, fur-
ther studies, from both the experimental and theoretical
point of view, are necessary in order to identify the ac-
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FIG. 5. Fraction of power lost to the SOL as a function of
the density in front of the antenna for nφ = −21 (solid curve)
and nφ = −12 (dashed curve), for an NSTX-U case with
BT = 1 T. The vertical lines represent the value of the density
for which the FW cut-off starts to be “open” in front of the
antenna.

tual physical mechanism(s) behind the RF power losses
in NSTX. Nevertheless, the optimization of the density
in the SOL region could prove to be crucial for the per-
formance of the ICRF heating system in ITER since the
distance between wall and separatrix is large (∼ 20 cm).
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