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Abstract

®

CrossMark

Several experiments on different machines and in different fast wave (FW) heating regimes,
such as hydrogen minority heating and high harmonic fast waves (HHFW), have found strong
interaction between radio-frequency (RF) waves and the scrape-off layer (SOL) region. This
paper examines the propagation and the power loss in the SOL by using the full wave code
AORSA, in which the edge plasma beyond the last closed flux surface (LCFS) is included

in the solution domain and a collisional damping parameter is used as a proxy to represent
the real, and most likely nonlinear, damping processes. 2D and 3D AORSA results for the
National Spherical Torus eXperiment (NSTX) have shown a strong transition to higher SOL
power losses (driven by the RF field) when the FW cut-off is removed from in front of the
antenna by increasing the edge density. Here, full wave simulations have been extended for
‘conventional’ tokamaks with higher aspect ratios, such as the DIII-D, Alcator C-Mod, and
EAST devices. DIII-D results in HHFW regime show similar behavior found in NSTX and
NSTX-U, consistent with previous DIII-D experimental observations. In contrast, a different
behavior has been found for C-Mod and EAST, which operate in the minority heating regime.

Keywords: fast wave, heating losses, scrape-off layer, HHFW, ICRH, SOL, power losses

(Some figures may appear in colour only in the online journal)

1. Introduction

In fusion experiments, fast wave (FW) heating in the ion
cyclotron range of frequency (ICRF) has been success-
Fully used to sustain and control the plasma performance.

* This article is dedicated to the memory of Cynthia K. Phillips

0029-5515/16/016019+10$33.00

Consequently, ICRF heating is planned to play an important
role in the ITER experiment [1]. However, the understanding
of the interaction between ICRF antennas and the scrape-off
layer (SOL) plasma is crucial in order to optimize the per-
formance of ICRF in a tokamak. In fact, many ICRF heating
experiments [2-9] have found regimes in which significant
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fractions of the coupled RF power does not appear in the
plasma core. Experimental studies on erosion and impurity
generation in the presence of ICRF have been performed on
different machines [4, 7-10], showing that SOL RF losses
are indeed an important contribution to these effects. In the
recent years, a large effort has been made to understand the
main physical mechanisms behind the interaction between
RF waves and the SOL, such as parametric decay [3, 11-13],
sheath effects [14, 15], etc. Recently, experimental studies
employing high harmonic fast wave (HHFW) heating on the
National Spherical Torus eXperiment (NSTX) [16], a low
aspect ratio tokamak, have shown that substantial HHFW
power loss (up to 60% of the HHFW power coupled from
the antenna) can occur along the open field lines in the SOL
[6, 17-20].

This paper examines FW power loss in the SOL by using
the numerical full wave simulation code AORSA [21], in
which the edge plasma beyond the last closed flux surface
(LCFS) is included in the solution domain [22]. The AORSA
code includes, throughout the plasma, the standard kinetic
effects, such as the Landau damping and the transit-time mag-
netic pumping (TTMP), in the hot plasma dielectric tensor.
Additionally, here a collisional damping parameter is used
as a proxy to represent the real, and most likely nonlinear,
damping processes [23, 24] in order to predict the effects,
and possible causes, of the power loss in the SOL. In [24],
AORSA simulations with a single dominant mode number
and several toroidal mode numbers have shown a direct cor-
relation between the location 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. More specifically, a large electric
field in the SOL is found when the FW propagates in the SOL
at increased SOL density.

An extension of these simulations to other devices with
different geometries and FW heating regimes is performed
in order to explain the prediction of AORSA in the SOL
plasma for a wide range of ICRF. In particular numerical
simulations are applied to ‘conventional’ tokamaks with
higher aspect ratios, such as DIII-D [25], Alcator C-Mod
[26] and EAST [27]. It is important to note that the FW
heating regime adopted in DIII-D is a mid/high harmonic
regime (similar to the NSTX-U [28] heating regime at
full toroidal field), which differs from the, more common,
minority heating regime adopted in EAST and Alcator
C-Mod.

This paper is structured as follows: in section 2 a brief
introduction of the full wave AORSA code together with 2D
AORSA results (obtained with a single toroidal mode) are
presented for NSTX and NSTX-U. Also, a sensitivity analysis
on the proxy collisional damping is presented and discussed.
Full wave simulations applied to ‘conventional’ tokamaks,
such as DIII-D, Alcator C-Mod, and EAST are shown in sec-
tion 3 together with a sensitivity analysis of the proxy col-
lisional damping for each device. In section 4, a discussion
on the simulation results obtained for different fast wave
heating regimes is presented in terms of the pitch angle of the
magnetic field, the hydrogen minority ICRF versus mid/high

harmonic ICRH regimes. Finally, the main conclusions of the
work are summarized in section 5.

2. AORSA results for NSTX

AORSA is a full wave code that solves the Helmholtz wave
equation for a tokamak geometry, including the SOL region

beyond the LCFS where the magnetic field lines are open
[21, 22]. The density profile adopted in the SOL is given by

Ne = Nant + [Me(p = 1) — gyl exp[l; :|, p=1 (1)

SOL
where an exponential decay is prescribed from the LCFS, nyy
is the minimum electron density just in front of the antenna,
p is the square root of the normalized poloidal flux, and dsoL
is a SOL decay length. n,, and dsoy, are input to AORSA and
they can be modified in order to fit as best as possible the
experimental data [22, 24]. Within the LCFS, the density pro-
file is obtained from measurements. Furthermore, AORSA is
valid for ‘all orders’ retaining all contributions in k p; (k; and
p; are the perpendicular component of the wave vector rela-
tive to the local equilibrium magnetic field and the ion Larmor
radius, respectively) and the harmonic number. The electric
field in AORSA is implemented as a Fourier decomposition in
the Cartesian coordinates x and y (in the poloidal plane) and in
the toroidal direction of symmetry (¢):

E(x,y, ) = Z Z En@,n,mein¢¢eknx+kmy )

ny n,m

where x =R — Ry (R and R are the radial coordinate and
the major radius, respectively), y is the vertical distance from
the midplane, ng4 is the toroidal mode number, and n, m are
the Fourier mode numbers. AORSA can be run by using the
single dominant toroidal mode number, ny, of the antenna
spectrum for a specific antenna phasing (in this paper, we
will refer to this as 2D AORSA results) or by using the full
antenna spectrum summing over several toroidal mode num-
bers with toroidal mode spectral weightings calculated for a
specific antenna phasing (in this paper, we will refer to this
as 3D AORSA results) , as shown in [24]. Moreover, the full
hot plasma dielectric tensor implemented in AORSA includes
the standard Landau damping and the TTMP kinetic effects.
Finally, in order to estimate the power lost to the SOL, an arti-
ficial ‘collisional’ damping mechanism has been implemented
in AORSA as a proxy to represent the actual mechanism(s)
which is(are) presently unknown [23, 24]. A collisional
frequency, v, has been implemented as the imaginary part
of the angular frequency, w, in the argument of the Plasma
Dispersion function [23, 24]. The term v/w is an AORSA
input parameter and allows us to estimate the power losses
in the SOL region and, more specifically, their behavior as
a function of the density in front of the antenna. It is worth
recalling that without adding a proxy damping mechanism in
the SOL, such as the collisional damping adopted here, no
significant SOL power losses are predicted in the simulations,
even in the presence of a large total electric field amplitude
in the SOL and the standard kinetic effects in the dielectric
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Figure 1. Fraction of power lost to the SOL as a function of the density in front of the antenna for n, = —21 (solid curve) and ny, = —12

(dashed curve), for an NSTX case (shot 130 621) with By = 0.55 T (figure (a)) and NSTX-U case with By = 0.76 T (figure (b)).‘The
vertical lines represent the value of the density for which the FW can propagate in the SOL.

tensor (see also [24]). Figure 1 recalls similar results pre-
sented in [24] but for a different NSTX shot, i.e. 130 621 with
Neo=2.7%10°m 3, T, o = 1.2 keV, and By = 0.55 T (figure
(a)) and a NSTX-U case withne g = 1.2 x 109 m 3, Teo=1.1
keV, and By = 0.76 T (figure (b)), assuming a single dominant
mode corresponding to the antenna phase considered. The
wave frequency is 30 MHz. These figures show the predicted
fraction of power absorbed in the SOL region (SOL power
losses) as a function of the density in front of the antenna
(nan) assuming v/w = 0.01. Two different antenna phases are
shown: ny, = —12 (dashed curve) and —21 (solid curve). The
vertical lines represent the density at which the wave is propa-
gating in front of the antenna. As shown in figure 2 of [24],
the amplitude of the electric field starts to increase in the SOL
region as 1,4, increases beyond this cutoff value. This density
is associated with the FW wave cut-off (the right-hand cut-
off), which for a single ion species plasma and w < |wee| (Wee
is the electron cyclotron angular frequency), can be written as
[6, 17, 24]
2
e, FW cut—off X k"_B» 3)
w

where kj and B are the parallel component of the wave vector
and the equilibrium magnetic field, respectively. From these
figures, a clear correlation between the location of the fast
wave cut-off and the RF power losses in the SOL is found
in NSTX and NSTX-U as observed in [24]. More specifi-
cally, (i) when the wave can propagate in the SOL the electric
field outside of LCFS significantly increases (see figure 2 in
[24], where no collisional damping is added); (ii) when eva-
nescent 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; (iii) for lower ng (ng/R = kg ~ ky))
the transition, from low to high SOL power losses, occurs at
lower n,y, and for higher B the transition occurs at higher n,,,
clearly following equation (3). For very low density the RF
power losses tend to increase again with decreasing density,
due to the fact that the wave is so strongly evanescent that
the power can only be damped in front of the antenna, con-
sistent with the large electric field localized in front of the
antenna (as indicated in figures 1(a) and (b)). In addition,
the 3D AORSA results, where the full antenna spectrum is
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Figure 2. Fraction of power lost to the SOL as a function of v/w
for four different values of gy = 0.4 x 10" m=3,1.0 x 10"¥ m—3,
1.7 x 10" m~3, and 2.5 x 10" m—3 with ny = —21 for NSTX shot
130 608 as previously shown in [24].

reconstructed, exhibit similar behavior to that of the domi-
nant 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 [24]. Before extending our 2D AORSA
simulations to tokamaks with ‘conventional’ geometry and
also different heating regimes, a sensitivity analysis for the
v/w parameter for a NSTX case is shown in figure 2. In [24]
and in figure 1, a fixed value of v/w was adopted in the numer-
ical simulations whereas figure 2 shows a scan in v/w for four
different values of ngy = 0.4 x 10" m™3, 1.0 x 10'® m—3,
1.7 x 10" m~3, and 2.5 x 10"® m~3 with ng = —21for NSTX
shot 130 608. From this figure one can see that for the two
low n ¢ values (where FW is evanescent in the SOL) low frac-
tions of power lost to the SOL are found while for two high
Nant (Where FW is propagating in the SOL) values higher frac-
tions of power lost to the SOL are found for all v/w values in
agreement with the results shown in [24]. Therefore the gen-
eral behavior of the fraction of power lost to the SOL does not
change varying the v/w values. One can also note that the case
for nay = 0.4 x 10'® m~2 has larger fraction of power lost to
the SOL with respect to the case for ny, = 1.0 X 10" m—3
for the reason mentioned above: decreasing the density at
very low values, the amplitude of electric field in the SOL is
strongly localized and increased in front of the antenna and



Nucl. Fusion 56 (2016) 016019

N. Bertelli et a/

3.0e+d
I 2.25e+4
1.5e+4
. 7500
00

V/m

¥ (m)

¥ (m)

.0 2.41.21.6 2.0
R (m)

1.2 1. .4 1.

ot = 05.% 10" m'®

N
’

Y (m)

B ’ 4

Nlane=1.5x " :

Y (m)

1.21.6 2.02.41.21.6 2.02.41.21.62.02.4
R (m) R (m) R (m)

Figure 3. Total electric field amplitude for different density values in front of the antenna (n1,) (shown in the plots) with toroidal mode
numbers ny = 15 and w/2w = 60 MHz (a) and w/27 = 90 MHz (b), for DIII-D shot 111 221. The white and red curves indicate the FW
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Figure 4. Fraction of power lost to the SOL as a function of the density in front of the antenna for w/27 = 60 MHz (a) and w/27 = 90
MHz (b) with ng = 15 for DIII-D shot 111 221. 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 figures 3(a) and (b)).

therefore the power losses tend to increase again (see figure 3
in [24] and figure 1 in this paper).

2D AORSA simulations to tokamaks with ‘conventional’
geometry and also different heating regimes are presented and
discussed in the following section.

3. Numerical simulations on DIII-D, C-Mod, and
EAST devices

We extend the numerical simulations to ‘conventional’ tokamaks
with higher aspect ratios, such as DIII-D, C-Mod, and EAST
devices, in order to estimate the behavior of the RF power losses
in ‘standard’ tokamak geometry experiments and compare
them with NSTX/NSTX-U results. Note that FW experiments
in DIII-D are in the mid/high harmonic regime [29], while in
C-Mod and EAST they are in the minority heating regime [8, 30].

3.1. DIII-D results

FW current drive experiments in DIII-D used frequencies
of w/2m = 60-120 MHz and the range of toroidal fields of
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Figure 5. Fraction of power lost to the SOL as a function of v/w
for four different values of iy = 0.5 x 10" m=3,1.0 x 10" m3,
2.0 x 10" m~3, and 2.5 x 10'® m~3 with w/27 = 60 MHz and

ng = 15 for DIII-D shot 111 221.
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case. The vertical line represents the value of the density for which
the FW cut-off starts to be ‘open’ in front of the antenna.

Br = 1.3-2.1 T, therefore the FW heating scheme is in the
mid/high harmonic regime (w/we p = 4-12, where w, p is the
deuterium angular cyclotron frequency) [29], which is similar
to the regime adopted in NSTX/NSTX-U. Previous experi-
mental work on DIII-D found a clear reduction of the FW cur-
rent drive efficiency in the core due to an increase in the edge
losses as the SOL density was increased above the FW cut-off
[2]. For this reason, a 2D AORSA numerical analysis has been
performed for a DIII-D case. Figure 3 shows the total electric
field amplitude for DIII-D shot 111221 (1.9 = 6.1 x 10m~3,
Teo =44 keV, and B = 1.85 T) with ny = 15 for w/2m = 60
MHz (figure 3(a)) and w/2m =90 MHz (figure 3(b)). For
both cases, the strong increase of the total electric field ampli-
tude occurs when the wave can propagate outside the LCFS
as found in the NSTX and NSTX-U numerical analysis. The
corresponding SOL power losses are shown in figure 4 for
v/w = 0.01and both frequency values. We clearly see the same
transition found in the results shown for NSTX/NSTX-U. In
addition, for higher w/27 the transition occurs at lower 7y,
as expected from equation (3). Moreover, these results are in
agreement with previous DIII-D experimental observation
[2], pointing out the importance of the location of the FW cut-
off and the associated SOL density. A difference between the
NSTX and DIII-D cases should be noted: in the latter case the
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Figure 8. Fraction of power lost to the SOL as a function of

v/w for four different values of ngy = 2.0 X 108 m~3,

5.0 x 108 m=3,10 x 10" m~3, and 17 x 10" m~3 with w/27 = 80
MHz and ng = 10 for Alcator C-Mod case.

standing wave does not appear as soon as the cut-off is ‘open’
in front of the antenna as found in NSTX (see also discussion
on pitch angle in section 4.1). Figure 5 shows the fraction of
power lost to the SOL as a function of v/w for four different
values of 7y = 0.5 x 10" m=3, 1.0 x 10" m—3, 1.7 x 10'8
m 2, and 2.5 x 10" m 3 with w/27 = 60 MHz and ns = 15.
For the two low (high) density values, where FW is evanes-
cent (propagating) in the SOL, we found low (high) fraction
of power lost to the SOL (see also figure 4(a)) in agreement
with the NSTX results shown in figure 2.

3.2. Alcator C-Mod results

As mentioned above, ion cyclotron resonance heating (ICRH)
of the hydrogen-minority species in a deuterium majority
plasma is the prime auxiliary heating scheme on Alcator
C-Mod [8], which differs from the mid/high harmonic regime
adopted in DII-D and NSTX/NSTX-U. Figure 6 shows
the total electric field amplitude for Alcator C-Mod with
w/2m = 80 MHz for ngy = 10 and the different values of 7.y
shown in the plots. The central electron density and tempera-
ture are nep = 1.3 X 102 m—3, Te0 = 3.6 keV, respectively.
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In this figure, one can note that, unlike NSTX/NSTX-U and
DIII-D, the total electric field amplitude decreases outside of
LCFS with increasing n,y, even when the wave can propa-
gate in the SOL. Figure 7 shows the SOL power losses as a
function of n,, evaluated for v/w = 0.01. The behavior of the
SOL power losses shown in figure 7 is clearly different to the
behavior shown in figure 1 for NSTX/NSTX-U, and figure 4
for DIII-D; in other words, in Alcator C-Mod the transition
to higher SOL power losses does not appear with increasing
Nane- A sensitivity scan on v/w is shown in figure 8 where the
fraction of power lost to the SOL is plotted as a function of
v/w for different values of n,,. From this figure one can note
that for all v/w values the fraction of the power lost to the SOL
decreases with increasing n,, unlike the NSTX/NSTX-U and
DIII-D results.

Section 5 presents a discussion of some elements that
might contribute to the differences mentioned above.

3.3. EAST results

The heating scheme in EAST is the same hydrogen minority
heating used in Alcator-C-Mod [30]. To have a wide com-
parison between different devices, we follow the same exer-
cise performed for NSTX/NSTX-U, DIII-D, and Alcator
C-Mod. Figure 9 shows the total electric field amplitude for
EAST shot 36 217 (o = 5.6 x 10" m~3, T,y = 2.1 keV)
with w/2m = 27 MHz for ng = 12 for different values of n,p.

Although the ‘standard’ dominant toroidal mode in EAST is
ng = 23, we chose ng = 12 in order to study the behavior of
the SOL power losses with and without an evanescent layer in
front of the antenna for this specific EAST shot as was done
for the NSTX/NSTX-U, DIII-D, and Alcator C-Mod cases. In
figure 9, one can note that, unlike NSTX/NSTX-U and DIII-D
but like Alcator C-Mod, the total electric field amplitude does
not increase outside of LCFS with increasing 7y, even when
the wave can propagate in the SOL. Figure 10 shows the SOL
power losses as a function of nay for ngy = 23 (figure 10(a))
and ny = 12 (figure 10(b)) evaluated for v/w = 0.01. Note that
unlike figure 10(b), in figure 10(a) the wave is always evanes-
cent in the SOL for the given density range. The behavior of
the SOL power losses shown in figure 10 is similar to Alcator
C-Mod results and is different to the NSTX/NSTX-U and
DIII-D results. As shown for the previous cases, figure 11
shows the fraction of power lost to the SOL as a function of
v/w for different values of n,,. From this figure one can see
that the SOL power losses behave in the same way as found
in Alcator C-Mod independent of the value of v/w adopted,
namely, for a given v/w value the SOL power losses decrease
with increasing nyy.

Both in Alcator C-Mod and EAST, we have found some-
thing perhaps more intuitive with respect to the NSTX/
NSTX-U and DIII-D results: the increase of the SOL density
enhances the antenna-plasma coupling and, as a consequence,
we get a lower fraction of power lost to the SOL region.
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Figure 11. Fraction of power lost to the SOL as a function of v/w
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ny = 12 for EAST case.

In the following section, we discuss some aspects that might
contribute to generating different behaviors in the fraction of
power lost to the SOL region for different FW regimes and
devices, as found in the AORSA full wave simulations.

4. Discussion

The full wave numerical simulations presented here show
two different behaviors of the fraction of power lost to the
SOL region: (i) for mid/high harmonic ICRH regime, as in
NSTX/NSTX-U and DII-D, high density in front of the
antenna, although positive for the antenna-plasma coupling
(the antenna-plasma coupling is poor (good) for low (high)
density in front of the antenna), leads to an increase of the
RF electric field in the SOL and corresponding increased RF
power losses; (ii) for the hydrogen minority heating regime,
as in Alcator C-Mod and EAST, the RF electric field is more
localized at the front of the antenna, but more importantly,
SOL power losses decrease with increasing density in front
of the antenna. The former is in agreement with the experi-
mental observations found in NSTX [6, 17-20] and DIII-D
[2]. The latter is consistent with the fact that a higher SOL
density results in a higher antenna-plasma coupling and lower
SOL power losses. This aspect is in agreement with ICRH
minority heating experiment in the ICRF minority heating
experiments [9, 10, 31-33] although additional experi-
mental studies might be required for quantitative compar-
ison. Recently, NSTX experiments have shown that HHFW
power lost to the SOL flows from the NSTX antenna region
to the hot spots in divertor region essentially along field lines
[19, 20]. In Alcator C-Mod strong ICRF-enhanced plasma
potentials have been observed in the SOL regions that
are not magnetically mapped to the active ICRF antennas
[34]. Additional and systematic experimental measure-
ments dedicated to the study of the interaction between the
HHFW antenna and SOL region in the upcoming NSTX-U

Table 1. Magnetic field on axis, B, plasma current, I,, and
the flux surface averaged of magnetic field pitch at p = 1
((Bp/Bt)(p = 1)) for different devices used in this paper.

NSTX  NSTX-U DILD C-Mod EAST
Bro[T] 0.55 1 1.85 5.41 1.95
I, [MA] 1 1 12 1 0.49
(Bp/Br)(p=1) ~034  ~0.19  ~0.12 ~0.10  ~0.08

campaign are necessary for more quantitative evaluation and
will be carried out in order to better understand the physical
mechanism(s) behind the RF power lost to the SOL in com-
parison to other machines. Moreover, such experimental mea-
surements will be very important to validate the AORSA full
wave simulations. A common conclusion that can be drawn
from these numerical results for different devices and heating
regimes is that the values and the behavior of the density in
front of the antenna are crucial for improving RF performance
and the optimization of the density in the SOL is essential.

In the following two subsections we explore and discuss
some aspects that can contribute to generating differences in
the behavior of the RF field amplitude and the corresponding
RF power in the SOL region for the ICRF regimes commented
above.

4.1. Pitch angle of the magnetic field

A distinct element that differs between the devices analyzed
in this work is the magnetic field pitch angle. The spherical
tokamak, such as NSTX/NSTX-U, has a large pitch angle due
to a large plasma current and a low magnetic field with respect
to the ‘conventional’ tokamak. Table 1 shows the value of
the magnetic field on the magnetic axis, the plasma current,
and the flux surface averaged of the ratio of the poloidal and
toroidal magnetic field at p = 1 ((Bp/Br)(p = 1)) for NSTX,
NSTX-U, DIII-D, Alcator C-Mod, and EAST as indicated
in the equilibrium files (‘geqdsk’ file) used in the numerical
simulations. As expected, from this table it is seen that Alcator
C-Mod and EAST have a smaller magnetic field pitch angle
with respect to NSTX, NSTX-U, and a somewhat smaller
pitch angle with respect to DIII-D. It is important to note
that between NSTX and NSTX-U and between NSTX-U and
DIII-D there is a significant difference in the value of the pitch
angle as shown by (Bp/Bt)(p = 1) in table 1. More specifi-
cally, there is almost a factor 3 in the flux surface averaged of
magnetic field pitch between NSTX and DIII-D. Nonetheless,
AORSA simulations, presented in this work, show similar
results between these two cases (see sections 2 and 3.1) which
would suggest that the pitch angle does not have a signifi-
cant effect on the simulations. In order to further explain the
effect of the magnetic field pitch angle has on the behavior
of the RF electric field and the associated power lost in the
SOL, different NSTX-U magnetic equilibria have been gener-
ated by the stand-alone free-boundary equilibrium ISOLVER
code (some information on this code can be found in [35])
for Brp=1T and I, =0.5,1.0,1.6, and 2 MA. Figure 12
shows the amplitude of the RF electric field for these cases
with ny = —21 and ngy = 5.0 x 10¥m=3 a density at which
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Figure 14. Deuterium cyclotron resonances for NSTX with Br = 0.55 T and w/27 = 30 MHz (figure (a)), NSTX-U with By = 1 T and
w/2m = 30 MHz (figure (b)), and DIII-D with Br = 1.85 T and w/27 = 60 MHz (figure (c¢)). Fundamental hydrogen cyclotron resonance
for Alcator C-Mod with Bt = 5.41T and w/27m = 80 MHz (figure (d)) and EAST with By = 1.95 T and w/27 = 27 MHz (figure (e)).

the FW can propagate in the SOL region and large RF electric
fields together with high SOL power losses have been found
in the ‘standard’ NSTX-U with Brg = 1T and I, = 1MA (see
figure 5 in [24]). In figure 12 one can note that with changing
the magnetic pitch angle, the large high RF field amplitude in

the SOL region is still present but the region with the stron-
gest RF field amplitude moves down from the mid-plane as
the plasma current is increased. Finally, figure 13 shows an
additional case assuming a purely toroidal magnetic field (i.e.
B, = 0) for NSTX case with ng = —12. Even in this extreme
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case a large amplitude RF field is found in the SOL. However,
large differences occur between figure 13 and figure 2(b) in
[24] (same color scale adopted), which shows the same NSTX
case with the full magnetic field (i.e. B, = 0). For B, = 0, the
transition to a large total electric field in the entire SOL region
appears at a larger density with respect to the case with B, = 0
(see also figure 3 for DIII-D). These results seem to suggest
that the magnetic pitch angle plays a significant role in the
behavior of the RF field and the corresponding RF losses in
the SOL although it might not be a dominant effect influencing
the presence of the RF field transition in the SOL.

4.2. Hydrogen minority ICRH versus mid/high harmonic
ICRH regimes

The main difference between the hydrogen minority ICRH
and the mid/high harmonic ICRH regimes are the harmonic
numbers (i.e. n = w/w; ;, where w. ; is the ion cyclotron angular
frequency) present in the plasma and the interaction with the
minority and the majority ion species, respectively. Figure 14
shows the deuterium cyclotron resonances for NSTX (from
the 2th to the 12th harmonic for f = 30 MHz and B = 0.55 T),
NSTX-U (from the 2th to the 6th harmonic for f= 30 MHz
and B=1T), and DIII-D (from the 3th to the 6th harmonic
for f=60 MHz and B = 1.85 T) as well as the fundamental
hydrogen cyclotron resonance for Alcator C-Mod and EAST.
Although differences exist in the cyclotron resonances in the
core and edge plasma, there is not clear evidence in the full
wave simulations, presented in this work, of a specific role
of the cyclotron resonances in the SOL plasma regarding the
large RF field amplitude and the RF power lost to the SOL.

5. Conclusions

In this paper we showed 2D AORSA full wave simulations
for NSTX/NSTX-U and a sensitivity analysis on the artificial
collisional damping (which was not given in [24]) employed
as a proxy to study the behavior of the SOL power losses.
In summary the main results from the numerical simulations
are the following: (i) when evanescent waves become propa-
gating waves in the SOL, due to higher density in front of the
antenna, the power losses start to increase significantly (inde-
pendent of the value of the artificial collisional damping),
commensurate with the amplitude of the RF field found in
the SOL; (ii) the transition to higher SOL power losses fol-
lows equation (3); and (iii) independent of the v/w value the
general behavior of the SOL power losses does not change.
An extension of the 2D AORSA full wave numerical analysis
has been performed for ‘conventional’ tokamaks with higher
aspect ratios, such as the DIII-D, Alcator C-Mod, and EAST
devices, in order to estimate the behavior of the RF power
losses in ‘standard’ geometry experiments with both similar
and different heating regimes and compare them with NSTX/
NSTX-U results. DIII-D results are found to be in agreement
with the results obtained for NSTX/NSTX-U and they are also
in agreement with previous experimental observations [2].
In contrast, numerical simulations for Alcator C-Mod and

EAST, which operate with ICRH in the hydrogen minority
regime in a deuterium majority plasma, differ from the simula-
tion results for NSTX/NSTX-U and DIII-D, which operate in
the mid/high ICRH harmonic regime. However, the behavior
of the SOL power losses in the ICRH minority regime seems
more intuitive and consistent with the experiment in terms of
higher antenna-plasma coupling, i.e. lower SOL power losses,
with increasing SOL density. A sensitivity analysis on v/w has
been presented for DIII-D, Alcator C-Mod, and EAST, indi-
cating that the general behavior of the SOL power losses does
not change varying v/w, as found for NSTX. Furthermore,
a discussion of some points which might contribute to the dif-
ferent RF SOL losses behavior, such as (i) the pitch angle of
the magnetic field; and (ii) minority heating versus mid/high
harmonic regimes have been presented. The numerical simu-
lations presented in this paper for both FW heating regimes are
consistent with the corresponding experimental observations.
However, further experimental studies are needed for quanti-
tative comparison. AORSA full wave simulations will be vali-
dated with the upcoming NSTX-U campaign, with the help of
a set of new coaxial Langmuir probes and an IR camera dedi-
cated to the study of the interaction between HHFW and SOL
region. Finally, improvement of the full wave code AORSA
will be considered implementing a more realistic boundary
condition (limiter boundary) with a 2D SOL density model
(p, 0) with the aim of better understanding the behavior of the
standing wave outside of the LCFS. Its application will be part
of a future work.
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