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ABSTRACT

We perform numerical simulations of high harmonic fast waves (HHFWs) in the scrape-off-layer (SOL) of National Spherical Torus
Experiment (NSTX)/NSTX-U using a recently developed 2D full wave code. We particularly show that a realistic NSTX SOL boundary can
significantly affect HHFW propagation and power losses in the SOL. In NSTX SOL boundaries, HHFW is easily localized near the antenna
and propagates less to the SOL, and thus, less power is lost to the SOL. We also show that the lower SOL power losses occur when the SOL
volume is smaller and the distance between the last closed flux surface and the antenna is shorter. We investigate the effect of electron
density in front of the antenna and the ambient magnetic field strengths on the SOL power losses as well. Showing consistency with the
experiments, SOL losses are minimized when the SOL density is near the critical density where the fast wave cutoff is open, and the plasma is
strongly magnetized.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5091579

I. INTRODUCTION
Radio frequency (RF) heating and current drive are essential

components in many magnetic fusion devices. Understanding of the
interaction between RF antennas and the scrape-off layer (SOL), the
region of the plasma between the last closed flux surface (LCFS) and
the SOL boundary, is critical to optimize performance of RF in a toka-
mak because a significant fraction of the RF wave power can be lost in
the SOL instead of being delivered to the core plasma as desired.1–6

The SOL RF power loss is expected to play an increasingly important
role in future higher power RF experiments including that in ITER.
Since the SOL plasma is essentially “cold” from the RF wave physics
point of view, the present analysis should be applicable, for example,
to ITER ICRF experiments especially during the initial lower field
operations.

Experimental and theoretical studies of the high harmonic fast
wave (HHFW) on the National Spherical Torus Experiment
(NSTX)7,8 have been focused on optimizing core heating and CD effi-
ciency by minimizing power losses in the SOL.9 The experiments
showed that the HHFW core heating efficiency in NSTX strongly
depends on the ambient magnetic field strength. For instance, esti-
mated core heating efficiency from the NSTX experiments increases

from 44% to 65% by increasing the magnetic field from 0.45 to
0.55T.1,2 Heating efficiency is also found to be sensitive to the electron
density in the SOL. Because the HHFW has frequency much higher
than the local fundamental ion cyclotron frequency and much lower
than the local lower hybrid frequency, this wave propagation begins
when the local density exceeds the critical density (nec) satisfying the
fast wave (FW) cutoff condition N2

k ¼ R, where Nk is the refractive
index parallel to the ambient magnetic field and R is the Stix nota-
tion,10 respectively. One can also show that nec / n2kxBT ,

2,3 where x
is the wave angular frequency and BT is a magnetic field, respectively,
and higher core heating occurs2,3 when the density in front of the
antenna (nant) is below nec, thereby the HHFW is evanescent in the
SOL which suggests reduction in the SOL RF power loss.

A number of power loss mechanisms in the SOL have been pro-
posed including collisional losses,11 surface wave propagation associ-
ated with large poloidal wave numbers,11 antenna reactive field losses,2

and RF sheath dissipation;12–14 however, it is not well investigated
which is the dominant mechanism of the power losses. There are sev-
eral numerical efforts18,19 to understand power losses of HHFW in the
SOL of the NSTX/NSTX-Upgrade16 using all order spectral algorithm
(AORSA) full-wave code.15 They have inserted into AORSA, an
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artificial “collisional” damping mechanism as a proxy to represent the
actual unknown mechanism(s) in order to understand whether the
large wave electric field amplitude is one of the main drivers of the
SOL power losses. They showed that power losses in the SOL start to
significantly increase when evanescent HHFW begins propagating in
the SOL due to higher nant, which is consistent with the experiments.
They also showed that strong RF wave amplitude with the standing
mode structure in the SOL leads strong power losses.

Because the power lost to the SOL scales with the amplitude of
the RF field18,19 and the volume of the SOL region which supports the
RF fields, understanding wave structure and amplitude in a realistic
SOL boundary is essential for investigating the power loss mechanisms
in the SOL of a tokamak. However, for simplicity, the initial AORSA
investigation adopted idealized rectangular boundaries, which are sig-
nificantly larger than the actual NSTX SOL boundary.

In this paper, we investigate the HHFW structure in the SOL by
adopting realistic vacuum vessel boundaries and examine the trend SOL
loss along the SOL size, plasma density, and/or the magnetic field
strength. We thus utilize a recently developed two dimensional full-wave
(FW2D) code. The FW2D code can easily adopt various SOL boundaries
because this code uses the finite element method and an unstructured tri-
angular mesh. The FW2D code solves cold plasma equations and has
been originally developed to examine plasma waves in space plasma.
Since a cold plasma approximation is adequate to determine wave behav-
ior in space,20 this model has been used to examine low frequency waves
near the ion cyclotron frequency in the planetary magnetospheres.21–23

More recently, this has also been successfully adopted to the tokamak
geometry.23 The FW2D code is ideal for investigating waves in the SOL
plasma because realistic 2D SOL boundary shapes and arbitrary density
profiles can be adopted in the code, and the SOL plasma can be well
described by a cold plasma for the present wave physics study.

The present paper is structured as follows: A brief description of
the FW2D code is in Sec. II. A collisional effect is shown in Sec. IIA.
In Sec. II B, we performed benchmarking of the FW2D with the
AORSA using the same rectangular SOL boundary condition and
demonstrated that both codes yielded essentially the same SOL wave
patterns and the losses. We demonstrate the effects of the SOL bound-
ary on the SOL losses by adopting rectangular and hexagonal bound-
aries in Sec. III. In Sec. IV, we investigate the effects of the SOL size,
density in front of the antenna, and magnetic field on HHFW power
losses. Section V contains a summary and discussion.

II. FW2D MODEL DESCRIPTION
A finite element full wave code, termed FW2D, appropriate for

general geometries and boundaries has been developed.21,23 The code
currently solves the cold plasma full wave equations in two dimen-
sions. Assuming time dependence, exp(–ixt), the linear and cold
plasma wave equation takes the form

r" ðr" EÞ % x
c

! "2

! & E ¼ 4pi
x
c2
Jext; (1)

where E is the perturbed electric field,x ¼ 2pf is the wave angular fre-
quency, c is the light speed, ! is the cold plasma dielectric tensor, and
Jext is the external current source representing the antenna.

The dielectric tensor ! is expressed in coordinates aligned along
and across the local ambient magnetic field direction b̂ 'B0=jB0j,
where B0 is an ambient magnetic field. For an axisymmetric plasma

model, Eq. (1) can be expressed in cylindrical (r, z, /) coordinates and
all variables are represented as a superposition of Fourier modes with
dependence exp(in//), where n/ is the toroidal wave number.

The electric field E is represented in terms of its projections along
(b̂) and perpendicular (n̂; ĝ) to B0, where n̂ ' r̂ " b̂ and ĝ ' b̂ " n̂.
Thus, the electric field can be described to

Eðr; zÞ ¼
X

n/

Ebb̂ þ Egĝ þ Enn̂
# $

expðin//Þ: (2)

Equation (1) has been solved on an unstructured triangular
mesh. We represent the variation of the electric field within each trian-
gle by vertex-based linear finite elements local basis function, Fj,k,
where j labels each triangle and k¼ 1, 2, 3 labels each of its vertices.
The Fj,k varies linearly between 1 at the kth vertex and 0 at the other
vertices, and is identically 0 outside triangle j, thus the electric field is

E ¼
X

j;k

Ej;kFj;k: (3)

Then, Eq. (1) is cast into the matrix form by taking its inner product
in turn with each Fj,k and integrating by parts to obtain the weak varia-
tional form (see, for example, Ref. 24)
ð
d/rdrdz ðr" F)j;kÞ & ðr" EÞ þ F)j;k & ! & Eþ i4p

x
c2
F)j;k & Jext

& '
¼ 0:

(4)

Substitution of Eq. (3) into Eq. (4) yields a sparse matrix system that is
amenable to solution by standard algorithms. To take advantage of the
sparseness of the matrix system, we employed a Gibbs algorithm25 to
reorder the mesh to minimize the bandwidth of the matrix.

The density of the mesh can be specified based on the expected
wavelength obtained from solution of the local dispersion (except close
to resonances) so that the most efficient resolution can be used. We
generated the mesh by using an adoption of DISTMESH26 or
TRIANGLE27 algorithms that construct 2D triangle meshes for given
specific boundaries and target density function. These mesh algo-
rithms are particularly useful because they allow us to pack the extra
resolution where waves propagate with the short wavelength and the
complex SOL boundary (see Fig. 2 of Ref. 22).

Some advantages of using the finite element method and unstruc-
tured triangular mesh are that the employed local basis functions can
be readily adapted to curving SOL boundary shapes, and the computa-
tional time is short. Thus, the FW2D code is well suited to investigate
wave properties in realistic SOL boundaries. Figure 1 shows examples
of the mesh generated using the TRIANGLE algorithm for the toka-
mak plasma, which adopts different boundary shapes. The first main
plasma boundary as shown in Fig. 1(a) follows the LCFS, which has
been used for previous simulations.15,28 Because this boundary does
not include the SOL, recent simulations extended the simulation
domain from LCFS to larger rectangular SOL boundary,18,19,29 which
is similar to Fig. 1(b). However, the SOL in this boundary is much
larger than the realistic SOL boundary as shown in Fig. 1(c). We will
adopt different size of rectangular and actual experimental SOL
boundaries and examine wave structures in the SOL.

The FW2D code has successfully examined waves in space plas-
mas. In order to describe open space, previous simulations in planetary
magnetospheres have adopted the absorbing boundary condition by
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adding strong collisions near the boundaries.21–23 In the FW2D code,
a collisional frequency (") can be implemented in the momentum
equation, and then, the plasma (xp) and cyclotron (xc) frequencies
can be replaced with

x2
pðxcÞ!

x2
pðxcÞ

1þ i"=x
: (5)

The collisions can be added in the simulation domain and near the
SOL boundaries to represent an ad-hoc model for wave dissipation
and/or absorption. In tokamak plasmas, the outer boundaries can be
assumed to be perfectly reflecting to describe a metal wall.18,19,30

Collisions can be included in order to represent an arbitrary loss
mechanism18 in both core and the edge plasma to absorb all incoming
wave energy without requiring energy loss at the boundaries.

We should emphasize that the “collisionality” we are introducing
here is a wave damping factor representing some type of wave energy
dissipation mechanism which is at present unknown. The loss mecha-
nism might be due to non-collisional in nature including the plasma
sheath formation. Since the SOL is an open field line region, the power
can be lost along the magnetic field lines into the plasma facing com-
ponents (PFCs) by a number of loss mechanisms. In NSTX, we did
indeed see such strong power flow along the magnetic field lines into
the outer divertor PFCs which cannot be attributed to just collisional
absorption.5 Instead of actually trying to simulate the experiment, we
investigate here the trend of SOL loss as those experimentally relevant
parameters such as the SOL width, SOL volume, SOL plasma density
(nant), and n/ and BT are varied for a given SOL wave dissipation rate
represented by the “collisionality”.

A. Collisional effects
In this section, we show the relative insensitivity of the SOL wave

fields and resulting losses to the core absorptions by adopting several

core collisional frequencies as shown in Fig. 2(a). The collision in the
plasma core has been assumed to be "coreðqpolÞ ¼ "max

core exp ð%ðqpol
%q0Þ

2=Dq2Þ, where "max is the maximum value of "core; "max
core=x

¼ 0:05, 0.1, and 0.5, respectively, qpol is the square root of the normal-
ized poloidal flux, q0¼ 0.1 is where " ¼ "max

core , and Dq¼ 0.8 is
an arbitrary constant. The "core exponentially decreases near the LCFS
as shown in Fig. 2(a), and the collision in the SOL is assumed to be
"SOL/x¼ 0.01.

We then perform simulations using single toroidal mode
numbers, n/ ¼ –12 or –21, which correspond to an NSTX antenna
phase of –90* or –150*, respectively, and various densities in front
of the antenna (nant). The electron density in the SOL is assumed
to be exponentially decaying, which is the same as the one used in
the previous simulations (see Fig. 1 of Ref. 18). The waves are
launched with the wave frequency of f¼ 30MHz at R¼ 1.575m
near the mid plane.

Figure 2(b) is the total electric fields in the rectangular SOL
boundary for various collisions when we adopt n/ ¼ –12 and the den-
sity in front of antenna nant ¼ 1" 1018 m%3. In this figure, the dashed
black and the solid red lines are the LCFS and the FW cutoff layer,
respectively. We also plot the wave solution along the Z direction at
R¼ 1.55 m in Fig. 2(c). Here, the wave solutions in the plasma core
are significantly different for increasing "core. For "max

core=x ¼ 0:05, the
ray path and wave reflection in the plasma core have been clearly seen,
while for "max

core=x ¼ 0:5, wave energy is totally absorbed to the plasma
as soon as the waves propagate into the plasma core. On the other
hand, in spite of significant differences of wave propagation patterns
in the plasma core for various collisions in the plasma core, waves in
the SOL are almost identical.

The nearly identical wave structures in the SOL as shown in Fig.
2(c) confirm that the wave solutions in the SOL are almost indepen-
dent to "core/x when "core/x is strong enough to absorb all incoming

FIG. 1. Examples of the unstructured trian-
gle mesh from the TRIANGLE algorithm
using (a) the last closed flux surface, (b)
rectangular, and (c) NSTX SOL boundaries.
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wave into the plasma core, and waves in the plasma core do not affect
waves in the SOL significantly.

B. Comparison between FW2D and AORSA
In this section, we compare the results from FW2D with the

existing full wave kinetic code AORSA for code benchmarking. The
AORSA, which is valid to all order of Larmor radius and can resolve

arbitrary ion cyclotron harmonics, is ideally suited to examine RF
waves in the hot plasma core of tokamak.15,17–19,30 We perform wave
simulation benchmarking by adopting the same plasma conditions in
the SOL that has been used in AORSA calculations,18 such as SOL
boundary shape and locations, magnetic equilibrium, electron density,
and antenna location and direction in the SOL. A key difference
between FW2D and AORSA is in the wave absorption model in the
hot plasma core while the cold SOL plasma region is essentially the

FIG. 2. (a) Adopted collisions that have
the maximum values in the plasma core of
(light blue) "maxcore=x ¼ 0:05, (blue) 0.1,
and (purple lines) 0.5. The collisions in the
SOL are assumed to be "SOL/x ¼ 0.01.
(b) Calculated total electric field amplitude
from FW2D for "maxcore=x ¼ 0:05, 0.1, and
0.5. The dashed black and solid red lines
are the LCFS and the FW cutoff layer,
respectively. (c) Total electric field ampli-
tude and J & E) along the Z direction
at R¼ 1.55 m for "maxcore=x ¼ 0:05, 0.1,
and 0.5.
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same for the both codes. With arbitrary collisions in the plasma core,
we perform FW2D wave simulations by adopting the same plasma
conditions in the SOL that has been used in AORSA calculations.18

Both the codes adopt the perfect reflecting wave SOL boundary
condition, implying no power dissipation at the reflecting boundary.
To add dissipation to the SOL plasmas, both models employ collisional
wave damping terms as noted above. In reality, the reflecting boundary
has some level of dissipation. The SOL plasmas also have dissipation
from actual collisions including those from neutral molecules and
impurities. There are various possible SOL dissipation mechanisms as
noted earlier. Since the SOL plasmas are by definition in the open field
line region, the SOL plasma power flow to the nearby wall is also
expected to be quite rapid. This relatively rapid power dissipation is
modeled here by adopting relatively high values of collisional damping.

The comparison between FW2D and AORSA without collisions
in the SOL is presented in Fig. 3. The plasma LCFS, antenna location,
and boundaries are chosen to be the same. This figure shows total

electric field amplitudes obtained by FW2D and AORSA codes for n/

¼ –21 and Nant ¼ 2" 1018 m%3 in NSTX shot 130608. Here, simula-
tion results from AORSA are reproduced from Ref. 18.

In spite of such differences in methodology between two codes,
Fig. 3 shows that the simulations from FW2D and AORSA codes have
excellent agreement with a similar standing wave phase and amplitude
patterns in the SOL. The core wave structures are also quite similar
between two codes cases. The apparent finer granularities observed in
the FW2Dwave field structure can be attributable to the somewhat finer
mesh sizes and the triangular mesh of FW2D. The similarity of the core
wave field structures is the fact that the fast wave propagation is reason-
ably well described by the cold plasma wave model. The vertical cross
sections of wave electric fields are shown for R¼ 1.55 m and 1.65 m in
Fig. 3(c). As can be seen from the figure, the wave electric field ampli-
tudes are quite similar in amplitude and the phase for both radii.

The clear utilization of FW2D is that it is computationally much
faster than the AORSA. For example, the FW2D code takes about

FIG. 3. (a) Total electric field amplitude in
the NSTX shot 130608 using FW2D and
AORSA codes for nant ¼ 1" 1018 m%3

with the toroidal mode number n/ ¼ –21
and (b) Total electric field amplitude along
Z at R¼ 1.55 m and 1.65 m from (red)
FW2D and (blue) AORSA codes.
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10min for the mesh number of 1" 105 to get the results using only
single CPU, a level manageable on a personal computer, while
AORSA takes around 10 min using over 1000 processors for the reso-
lution of 160" 160, thus usually needs a much larger cluster.
Therefore, the FW2D can efficiently provide the wave properties in
the SOL and enables us to perform numerical surveys by adopting var-
ious plasma and more realistic SOL boundary conditions.

The comparison with the fully kinetic AORSA code and the pre-
vious core collisionality scan shows that the cold plasma full wave
code FW2D is indeed well suited to investigate the SOL wave power
loss mechanism.We may note that the present full core power absorp-
tion condition yields minimum levels of edge wave fields. If the core
power absorption condition is not satisfied such as the case of multiple
reflections, the SOL fields and resulting SOL power loss could be cor-
respondingly larger. For the reminder of the paper, we investigate
wave structures and power losses in the SOL for various conditions
using FW2D with sufficiently strong absorption in the plasma core for
simulations.

III. EFFECT OF BOUNDARY SHAPE VARIATIONS
As shown in Fig. 1, the FW2D code can easily adopt various SOL

boundary shapes. Prior to investigate wave properties in the actual
NSTX SOL boundary, we explore wave properties in various idealized
boundaries. Figure 4 shows boundaries that we used, such as rectangu-
lar boundaries of various sizes (light blue, blue, and purple), hexagonal
(dark red), and NSTX SOL (black lines) boundaries.

Figure 5 shows the resulting total electric fields for (a) n/ ¼ –12
and nant ¼ 1" 1018 m%3 and (b) n/ ¼ –21 and nant ¼ 2" 1018 m%3

for the rectangular and hexagonal boundaries. In the first to the third
columns (light blue to purple boundaries), the boundaries are rectan-
gular, and the outer boundaries are shifted from R¼ 1.7 m to 1.62 m,
thus the SOL volume is reduced. The standing mode structure
becomes weaker with the SOL size reduction. For the smallest rectan-
gular boundary in the third column in Fig. 5, the waves for n/ ¼ –12
even start to be localized near the antenna. When we adopt a hexago-
nal SOL boundary as shown in the fourth column of Fig. 5, the wave
structure near the antenna is similar to the smallest rectangular
boundary in the third column showing reduced standing mode
appearance due to the boundary shape.

We calculated fraction of power losses in the SOL in various
boundaries. Because the FW2D code adopts a cold plasma approxima-
tion, power losses in the plasma core and SOL have been calculated by
adopting collisions. Then, power losses in the SOL (WSOL) and the
plasma core (Wcore) can be calculated as

WSOL ¼
ð

qpol>1
J & E)dV (6)

and

Wcore ¼
ð

qpol+1
J & E)dV ; (7)

where V and J are the volume and the perturbed current density,
respectively. Then, the fraction of power losses in the SOL (Pabs) can
be defined as a ratio between total power absorbed to the plasma
(Wtotal¼WcoreþWSOL) to power loss in the SOL

SOLpower loss ðPabsÞ ¼
WSOL

Wtot
: (8)

Figure 6 shows the predicted fraction of power losses in the SOL
(Pabs) by assuming "SOL/x ¼ 0.01 as a function of nant for n/ ¼ –12
and –21, respectively. In this figure, vertical dashed lines are the critical
density (nec), where the FW cutoff layer is open in front of antenna.

Here, the largest SOL rectangular boundary (light blue) is the
same as the one used in previous AORSA simulations, and it shows
excellent agreement with Bertelli et al.18 For nant < nec, when the FW
cutoff layer is closed, waves are localized near the antenna and cannot
propagate into the SOL. As a result, much less power is lost to the
SOL. As soon as the FW cutoff is open (i.e., nant, nec), the waves start
to propagate into the SOL and have strong standing modes, and
thereby, Pabs tends to be rapidly increased. For the smaller rectangular
boundary case (blue and purple), Pabs also shows a sudden increase for
nant > nec; however, the maximum value of Pabs is reduced when the
SOL size is reduced. Here, one can note that the nant where the maxi-
mum Pabs occurs decreases as the SOL size decreases, i.e., the Pabs gra-
dient near the nec becomes lower.

For hexagonal boundaries (dark red lines), even though the dis-
tance between the LCFS and the outer boundary is the same as the
smallest rectangular boundary (purple line) as shown in Fig. 4, weaker
standing modes appear as shown in Fig. 5 due to the geometry effect.
Therefore, Pabs becomes lower than the smallest rectangular boundary
and gradually increases rather than showing Pabs enhancement for
nec> nant.

The results in this section suggest that the SOL power losses
strongly depend on the boundary shape and size. We also show that

FIG. 4. Adopted boundaries in this paper; (light blue) big rectangular, (blue dashed)
medium rectangular, (purple) small rectangular, (red dashed) hexagonal bound-
aries, and (thick black solid lines) NSTX boundary. The gray shaded region repre-
sents the plasma core, and the thin black line is the LCFS.
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sudden enhancement of the power losses in the dense SOL does not
occur in the non-rectangular boundary for given density range in the
case of larger rectangular boundary.

IV. HHFW WITH THE NSTX SOL BOUNDARY
In this section, we examine HHFW properties in the actual

NSTX SOL boundary. We compare the wave solution with the ones
using the largest rectangular SOL boundary as shown in Fig. 4. Figure
7 shows comparison of wave solutions in the NSTX-like and the rect-
angular SOL boundaries for n/¼ –21 and nant¼ 0.6, 1.8, and

3.0" 1018 m%3. For nant ¼ 0.6" 1018 m%3 in Fig. 7(a), the FW cutoff
layer is closed, and the waves in both boundaries are almost identical.
In this case, the waves are evanescent in the SOL and localized near
the antenna. For nant ¼ 1.8" 1018 m%3 in Fig. 7(b), wave solutions
with two boundaries become significantly different. For the NSTX
SOL boundary, even though the FW cutoff layer is open in front of the
antenna, the SOL cavity of the FW mode, a region between the LCFS
and the outer SOL boundary, is still very narrow and the wave power
is localized near the antenna. On the other hand, waves in the rectan-
gular boundary propagate to the SOL region and create a strong

FIG. 5. Total electric field amplitude from
the FW2D code by adopting different
boundaries from left to right, big, medium,
and small rectangular, and hexagonal
boundaries for (a) n/ ¼ –12 and nant ¼
1" 1018 m%3 and (b) n/ ¼ –21 and nant
¼ 2" 1018 m%3, respectively.
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standing mode structure. For a higher density case of nant ¼ 3
" 1018 m%3 in Fig. 7(c), waves in the NSTX SOL boundary show
the standing mode structure, but the amplitude is much weaker
than the waves in the rectangular boundaries.

The same propagation behavior of the HHFW in the realistic
NSTX boundary appears for different values of n/. Figure 8 shows
the total electric field amplitude for n/ ¼ –12 when nant increases
from 0.4 to 3.0" 1018 m%3. In this figure, amplitude of the stand-
ing mode gradually increases as nant increases. When the FW cut-
off layer is closed, or the SOL cavity of the FW mode is narrow as
shown in Figs. 8(a)–8(c), the waves are strongly localized near the
antenna and do not propagate into the SOL. Even for the dense
SOL case as shown in Figs. 8(d)–8(e), the standing mode ampli-
tudes in the NSTX boundary are not stronger than waves near the
antenna, and the wave amplitude in the SOL only gradually
increases as nant increases.

Prior to calculating the fraction of power losses in the SOL, we
examine how waves vary in the SOL for different values of collisions in
the SOL. Figure 9 shows the total electric field and J & E) along qpol

¼ 1.08 marked as the red dashed line in Fig. 8(e) for "sol/x ¼ 0.01,
0.03, and 0.05, respectively. This figure clearly shows that J & E) nearly
linearly increases with the collision frequency in the SOL while the
total electric field strength remains almost identical.

Figure 10 shows the fraction of the power losses in the SOL in
the NSTX SOL boundary for n/ ¼ –12 and –21 when we adopt "sol/x
¼ 0.01, 0.03, and 0.05. The NSTX SOL boundary is smaller than the
one in the hexagonal SOL boundary as shown in Fig. 4 and it appears
as the weaker standing mode in the SOL, and thus, Pabs for "sol/x
¼ 0.01 is lower than that in the hexagonal boundary. As expected
from the hexagonal boundary case, Pabs gradually increases as nant

increases, showing consistency with the electric field configurations in
Figs. 7 and 8.

Generally, we find that Pabs in a NSTX SOL boundary is much
lower than that in the rectangular boundary. Such a large amount of
fraction of power losses in the rectangular boundaries is due to the
geometry effect as described in Sec. III. Relatively lower power losses
in the SOL can increase with the strong collisions in the SOL. As
shown in Fig. 10, the Pabs linearly increases as "SOL/x increases.19 Pabs
in this case can also increase up to -20% for "sol/x ¼ 0.05 as shown
in Fig. 10 and-40% for "sol/x ¼ 0.15 (not plotted here).

A. Effect of SOL size variations
We show that the collisional power losses in the SOL are strongly

affected by the SOL boundary shape and size. For better understanding
power loss variations within NSTX SOL boundaries, we perform simu-
lations by adopting various magnetic equilibriums of NSTX that has
different plasma positions and thus the location of the LCFS. Figure
11(a) illustrates the outer SOL boundary and three cases of the mag-
netic equilibrium having different locations of the LCFS. Here, the dis-
tances between the LCFS and the outer boundary at Z¼ 0 are 11.8 cm
(light blue), 9 cm (blue), and 7.2 cm (purple lines).

We then perform wave simulations by adopting various nant val-
ues. Figures 11(b) and 11(c) show the calculated Pabs from the FW2D
code for n/¼ –12 and –21, respectively. In this figure, red squares rep-
resent the critical density in front of the antenna (nec) in each magnetic
equilibrium. Here, although the magnetic field strength is almost iden-
tical in each magnetic equilibrium, because nec is proportional to the
local ambient magnetic field strength,3 nec increases when the LCFS is
located in the strong field side.

FIG. 6. Fraction of power lost to the SOL (Pabs) of NSTX as a function of the density in front of the antenna (nant) for (a) n/ ¼ –12 and (b) –21 by adopting four different rectan-
gular (light blue, blue and purple) and hexagonal (red) boundaries. The vertical lines represent the critical density (nec) at which the cutoff starts to be open in front of the
antenna.
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Figure 11 clearly shows that stronger power losses in the SOL
occur when the LCFS is located away from the antenna creating a
larger SOL volume. Similar to previous cases in the SOL boundaries as
shown in Fig. 10, Pabs gradually increases as nant increases. We previ-
ously show that Pabs reaches the maximum value at higher nant in the
smaller SOL in Fig. 6. In order to investigate Pabs gradient in nant, we
also plot the differences of the power losses and the power loss at
nec ¼ nant ðPabsðnantÞ % Pabsðnant¼necÞÞ and the density in front of the
antenna to the critical frequency (nant/nec) as shown in Figs.
11(c)–11(d). In this case, the Pabs gradient also decreases with the
decreasing SOL size.

B. Effect of magnetic field strength
The experimental study showed that core heating in efficiency

increases in the stronger magnetic field.1–3 In this section, we

investigate the effect of the magnetic field strength on the power losses
in the SOL. For calculation, we adopt a H-mode scenario of NSTX-U
with BT¼ 1T obtained by the TRANSP code29,31 and rescale the mag-
netic field strength to BT¼ 0.5 and 0.75T, respectively.

Figures 12(a) and 12(b) plot the Pabs as a function of nant for n/

¼ –12 and –21 and BT¼ 0.5 (light blue), 0.75 (blue), and 1T (purple).
It is clear from the figure that less Pabs occurs in the stronger magnetic
field plasma, which is consistent with the experiments.1–3

In this figure, red squares are the critical density in front of the
antenna (nec) in each case, showing higher nec occurs in the stronger
magnetic field case. For weaker magnetic field cases (BT ¼ 0.5T), the
minimum Pabs occurs near nec, on the other hand, the minimum Pabs
does not occur at the nec in the higher magnetic field case (BT ¼ 0.75
and 1T) but Pabs gradually increase near nec.

A sudden increase in Pabs occurs near nant ¼ 2.5, 3.5, and
4.5" 1018 m%3 for BT ¼ 0.5, 0.75, and 1T, respectively. These Pabs

FIG. 7. Total electric field amplitude by
adopting (a)–(c) NSTX boundary and (d)–(f)
rectangular boundaries for n/ ¼ –21 and
nant ¼ 0.6, 1.8, and 3.0" 1018 m%3.
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enhancements occur when the waves have a strong standing mode in
the SOL as shown in Figs. 7 and 8. As the density in front of the
antenna increases, the wavelength in the SOL decreases and the size of
the SOL increases. When the SOL size is large enough to fit the wave-
length, a strong standing mode and higher Pabs occur in the SOL as
shown in Fig. 12. Therefore, less power losses occur in a wide range of
the nant in the strongly magnetized plasma.

Figures 12(a) and 12(b) also shows that the Pabs gradient slightly
decreases as BT increases. Since nec are different in each BT case, we
normalized the density in front of antenna to the critical density as
shown in Figs. 12(c) and 12(d). The Pabs curves are now similar for all
BT cases, suggesting the BT effects are attributable to the nec. Here, we

find that lower power losses in the SOL for all magnetic field
strength cases occurs similar range of normalized density nant/nec,
where nant/nec < 2 for n/ ¼ –12 and nant/nec + 1.25 for n/ ¼ –21,
respectively. This result thus provides us the density range in front
of the antenna where effective wave propagation into the core
plasma minimizes the collisional power losses in the SOL.

V. DISCUSSION AND SUMMARY
The NSTX experiments showed that a dramatic increase in core

heating efficiency was achieved when the SOL density was lowered,
and thereby, the FW cutoff is closed near the LCFS.2,3 Thus, it has
been suggested that the careful balancing of the edge density in front

FIG. 8. Total electric field amplitude by
adopting nant ¼ 0.4–3.6" 1018 m%3 for
n/ ¼ –12 in the NSTX boundaries. The
dark red dashed line in (e) is where qpol
¼ 1.08.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 26, 062501 (2019); doi: 10.1063/1.5091579 26, 062501-10

Published under license by AIP Publishing



of the antenna may be required to limit edge power losses from direct
fast wave damping.3

Previous full-wave simulations18,19 using simplified rectangular
boundaries showed a good SOL loss trend in agreement with the
experiments. Enhanced power lost to the SOL occurs as soon as the
FW cutoff condition in front of the antenna is open, thus the HHFW
begin propagating into the SOL. Therefore, the critical density for
onset of perpendicular propagation is suggested to be critical to esti-
mate the density where strong power losses in the SOL begin, which is
also confirmed by 1D wave simulations.9 In this paper, we carried out
the SOL loss calculation using a realistic NSTX SOL boundary.

In a realistic NSTX SOL boundary, we saw a simulation trend of
increasing SOL losses with the SOL boundary. We see that the power
losses in the SOL at the critical density have similar values to the

minimum power losses where the FW cutoff is closed, and then, the
SOL power loss gradually increases as nant increases as shown in Figs.
10–12. In this case, the HHFW cannot propagate to the SOL even for
the FW cutoff layer in front of the antenna is open because the SOL
cavity size is not enough large to maintain long wavelength FW stand-
ing modes. The SOL power losses in the NSTX SOL boundary increase
gradually as the SOL density increases above the critical density as
shown in Fig. 12. These results indicate that the critical density for
onset perpendicular wave propagation cannot be an onset density
leading large power losses in the SOL but is a critical density where the
quasi-minimum SOL power losses occurs.

The experimental study also showed that large RF power loss in
the SOL increases inversely with n/ and magnetic field strength.1–3,32

Our numerical study shows excellent agreement with the experiments.
Fewer power losses in the SOL are seen in a stronger ambient mag-
netic field as shown in Fig. 12. It is also clearly seen that the Pabs for n/

¼ –21 is higher than for n/ ¼ –12 for the same SOL density. In addi-
tion to the lower power loss values, since the higher nec appear in the
strongly magnetized plasmas, it is found that lower power losses occur
in a wide range of SOL density making higher BTmore favorable.

We show the power losses strongly depends on the SOL bound-
ary shape and the power losses increases as the SOL size increases. The
Pabs can increase up to -25% using the rectangular boundary18 for
"SOL/x ¼ 0.01. As the outer plasma LCFS boundary shifts toward
antenna (thus the size of the SOL is reduced), Pabs dramatically
decreases and finally the maximum Pabs becomes -5% for a given
condition in the NSTX boundary. Compare to the experimental
amount of -35% for B/ ¼ 0.55T, the -5% in the NSTX boundary is
negligible, but the SOL absorption can increase to the experimental
value of -40% when for "SOL/x ¼ 0.15 as shown in Fig. 10. Here, it
should be noted that we adopt arbitrary collisions that represent
unknown loss mechanisms in the SOL in this study. Therefore, in
order to determine the dominant mechanism of power losses in the
SOL, various power losses mechanism, such as surface wave propaga-
tion,11 antenna reactive field losses,2 or RF sheath dissipation12–14 as
well as collisions, should be considered in the future. Furthermore, in

FIG. 9. (a) Total electric field amplitude and (b) J & E) for qpol ¼ 1.08, nant ¼
2.6" 1018 m%3 and n/ ¼ –12 in the NSTX boundaries for various collisions in the
SOL, such as "SOL/x ¼ 0.05 (dark red), 0.03 (purple) and 0.01 (blue).

FIG. 10. Fraction of collisional power lost
to the SOL (Pabs) of NSTX shot 130608
calculated by FW2D using NSTX bound-
aries as a function of the density in front
of the antenna (nant) for (a) n/ ¼ –12 and
(b) –21 when various collisions in the
SOL, such as "SOL/x ¼ 0.05 (blue), 0.03
(purple), and 0.01 (red). The vertical lines
represent the critical density (nec) at which
the cutoff starts to be open in front of the
antenna.
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order to estimate accurate collisional damping values in the SOL, real-
istic effective collisional frequency should be estimated from the
experiments.

In summary, the effect of the wall boundary on SOL losses of
HHFW in NSTX/NSTX-U is investigated using various magnetic field
equilibriums with different sizes of the SOL, density in front of the
antenna, and magnetic field strength. We numerically show that a
realistic NSTX SOL boundary can significantly affect HHFW propaga-
tion and collisional power losses in the SOL. Because of the geometry

effect, HHFW in curval NSTX SOL boundaries less propagates to the
SOL than previous simulations using rectangular boundaries, and
thus, less power is lost to the SOL. The lower SOL power losses occur
when SOL volume is smaller, and the distance between the last closed
flux surface and the antenna is shorter. We also scan the effect of elec-
tron density in front of the antenna and the ambient magnetic field
strengths on the SOL power losses in order to find the plasma condi-
tion that can minimize the SOL losses. We show that SOL losses are
minimized when the SOL density is near the critical density where the

FIG. 11. (a) Illustration of the SOL boundary and the LCFS locations from various magnetic equilibriums. Here, the distance between the LCFS and the outer boundary at
Z¼ 0 are 11.8 cm (light blue), 9 cm (blue), and 7.2 cm (purple lines). (b) and (c) Fraction of collisional power losses in the SOL (Pabs) as a function of Nant for different location
of the LCFS for n/ ¼ –12 and –21; (d) and (e) Differences between Pabs and Pabs where Nant ¼ Nec as a function of the normalized density (nant/nec). In this case, we assume
"SOL/x ¼ 0.05.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 26, 062501 (2019); doi: 10.1063/1.5091579 26, 062501-12

Published under license by AIP Publishing



fast wave cutoff is open, and the plasma is strongly magnetized, which
is consistent with the experiments.
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