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Abstract

CrossMark

In this work we employ and extend a 2D /3D code (FWR2D/FWR3D), originally developed for
reflectrometer simulations, to study the impact of the edge density fluctuations on the electron
cyclotron (EC) wave beam propagation. 2D and 3D simulations for DIII-D-like plasma are
discussed with and without the presence of the edge density fluctuations in order to evaluate the
impact on the EC wave beam broadening at the location of the EC resonance. Moreover, a
comparison between the paraxial and the full-wave solution (which are both implemented in the
code, making it very flexible) of the EC beam with and without edge density fluctuations is
shown. The paraxial solution is numerically convenient and in very good agreement with the
full-wave solution. A scan in the amplitude of edge density fluctuations is performed together
with an average with 1000 different fluctuations realizations. For the case shown in this work, an
ensemble larger than 100 independent edge density fluctuations shows to reasonably represent
the impact of the fluctuations on the EC beam. Our simulations shown here demonstrate the

importance of the edge density fluctuations to the EC propagation in agreement with

previous work.

Keywords: EC waves, edge density fluctuations, full-wave, paraxial solution
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1. Introduction

The importance of the interaction of radio-frequency (RF)
waves with the scrape-off layer (SOL) is one of the important
research areas in these recent years. All RF actuators in dif-
ferent frequency regimes (ion cyclotron, lower hybrid, and
electron cyclotron (EC)) can be affected by the presence of
the SOL plasma in terms of propagation and coupling. Sev-
eral experimental and modeling studies were published for
ion cyclotron and lower hybrid heating and current drive
schemes ([1, 2] and reference within). As for the EC regime, a
series of modeling studies have been recently published on
the EC wave beam propagation in the presence of edge
density fluctuations [3—15]. These works show that the SOL
density fluctuations can affect the EC beam propagation and

0741-3335/19/105018-+11$33.00

causing a possible power deposition broadening. Such a
broadening, particularly, at the location of the EC resonance
in the plasma could, in principle, reduce the EC current drive
efficiency that is needed to stabilize/suppress neoclassical
tearing modes (NTMs) [8, 16-18]. A recent experimental
study shows a direct measurement of the scattering of a
millimeter-wave beam by plasma blobs in the TORPEX
device [19, 20] while on the TCV tokamak similar effects
were found [21, 22]. Brookman et al reported on an initial
experimental confirmation of broadened ECH deposition also
on DIII-D tokamak [23]. It is clear from the number of
publications in this research area, how important it is to
predict the EC propagation in particular for experiments such
as ITER. Generally, the standard EC codes used in the
community such as, for instance, GENRAY [24, 25], GRAY

© 2019 IOP Publishing Ltd  Printed in the UK
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Figure 1. (a) Magnetic flux surfaces equilibrium used in the simulations. The bold black curve represents the last closed flux surface and the
red line is the 2nd electron cyclotron harmonic. (b) The electron density as a function of the square root of the normalized poloidal flux.

[26], TORAY [27-29], TORBEAM [30, 31], and TRAVIS
[32] have been developed initially to evaluate the power
deposition and the current drive profiles in the plasma without
considering edge density fluctuations. More recently, a series
of numerical tools, have been developed WKBeam[33], IPF-
FDMC [34], EMIT-3D [35], COMSOL [22] and [7, 10] with
the ability to include a scattering model representing the effect
of edge density flunctuations. These tools have been devel-
oped with different techniques and approximation therefore
the reader is referred to the references for more details. In this
work we show here two new numerical tools, FWR2D and
FWR3D, originally developed for reflectometer simulations
[36, 37] to address the impact of the edge turbulence on the
EC propagation. These codes were commonly used for
reflectometer antenna-plasma coupling calculations that
include density fluctuations and also for interpreting the
experimental data [38—41]. These codes have a series of
useful and powerful capabilities, among them: (i) FWR2D
and FWR3D solve the Maxwell equations in both 2D and 3D
geometries, respectively, including the edge density fluctua-
tions; (ii) the numerical domain is divided in three regions: a
vacuum region, a paraxial region, and a full-wave region,
each with the appropriate wave solving strategy for high
computation efficiency. The size of these regions are set by
the user to maximize the numerical efficiency. It is quite
evident that such capabilities are ideal for studying the impact
of the edge density fluctuation on EC propagation.

In this work we briefly introduce FWR2D and FWR3D
code and we show some of their applications in both 2D and
3D geometries with and without edge density fluctuations. In
particular, this paper is structured as follows: in section 2, a
brief description of the code is presented together with the
density fluctuations model implemented in the code. Section 3
shows the plasma scenario (DIII-D-like plasma) adopted in
the numerical calculations. In section 4, a comparison
between the full-wave and paraxial solutions of the EC beam

with and without edge density fluctuations is shown and
discussed. Section 5 shows a scan in the amplitude of edge
density fluctuations with different fluctuations correlation
length. Moreover, a convergence test is discussed assuming
several realization of the edge density fluctuations. In
section 6, a few 3D applications are presented and a com-
parison with the 2D cases is also discussed. Finally, section 7
contains a discussion and a summary of the work pre-
sented here.

2. The FWR2D and FWR3D codes

FWR2D is a two-dimensional wave propagation code, devel-
oped specifically to simulate correlation reflectometry in large-
scale fusion plasmas [36]. In this code the computational
domain is divided into three regions: (i) a vacuum region, (ii) a
paraxial region, and (iii) a full-wave region. This code was
developed for reflectometry studies and its hybrid approach is
so able to be computational efficient and at the same time to
use the full-wave model near the reflection layer where the
paraxial approach and ray tracing break down. Moreover, the
computational domain is fully set by the user therefore one can
have a computational domain just big enough to include the EC
beam. The code allows to set also an additional collisional
damping on the boundary of the computational domain to
avoid possible reflection. An antenna is specified at a plane
outside the plasma providing the wave field pattern. In the
vacuum region the waves propagate from the antenna to the
plasma edge by making use of the free-space Greens function
to project the wave field between the antenna and plasma
boundary. Between the edge plasma and the surface close to
the refection layer FWR2D is using the paraxial technique to
solve the wave equation [36, 41-44]. At the boundary between
the paraxial and the full-wave region, the incoming paraxial
solution is used to construct the source for the full-wave
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Figure 2. (a) 2D density fluctuations used in the simulations where the red curve represents the last closed flux surface. (b) The normalized
density fluctuations as a function of the square root of the normalized poloidal flux.

solution. In the full-wave region the code solves the 2D wave
equation [36]

E
(V2 + et By + 25 EERD g
c
until a steady state solution (OFE (x, y, t) /0t = 0) is reached

(assuming a full time-space variation given as &(x, y, 1) =
E(x, y, t)e ™' [36]). In equation (1), E(x, y, 1) represents the
wave electric field as a function of space (x, y) and time t;
ko = w/c is the wave vector in free-space. The dielectric ten-
sor, €, implemented in the code is the magnetized cold plasma
X- or O-mode dielectric [45] including the relativistic correc-
tions [40, 46-48]. The model includes a realistic antenna
radiation pattern and the capability to input experimentally
inferred two-dimensional profiles of density, electron temper-
ature and magnetic field strength. FWR2D has been general-
ized to 3D geometry with a code named FWR3D [37].

In FWR2D a time-dependent random density field is
implemented in the code where each time slice represents a
two-dimensional random density distribution drawn from a
distribution with the following spectral properties [39]:

<;7i’11—§2> _ (%)2 exp[_(%)z]

2
X exp{[%] }cos(x - k), 2)

where 7i/n is the density fluctuation level, which can depend
on the radial position (as in this work), 7 is the density de-
correlation time, v is the poloidal velocity of the turbulence, k
is the mean value of the fluctuation wave number, Ak
represents its spread, and x = (x; — xp, y; — y2), wWith x;—x,
and y;—y, the radial and the poloidal displacement,
respectively.

For FWR3D, the random density distribution shown in
equation (2) is generalized to include the third dimension. The
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Figure 3. The EC divergent beam propagation with the magnetic flux
surfaces in black and the 2nd EC harmonic in red.

fluctuations are aligned to the equilibrium magnetic field in
accordance with the experimental observations. These codes
have been used extensively for reflectometry studies, to
develop synthetic diagnostics and they have been compared
to experimental data [36-39, 41, 49, 50].

In this work, we want to take advantages of FWR2D
and FWR3D codes to extend their applications to the study
of the EC propagation in plasma and not only for reflecto-
metry studies. Indeed all the features described above are
ideal for studying the impact of the edge density fluctuations
to the EC wave propagation. In our case, the computational
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Figure 4. Comparison between paraxial (black curve) and full-wave (red curves) methods of the beam cross-sections at three different radial
locations, i.e. R = 180 cm (figure (a)), R = 200 cm (figure (b)), and R = 220 cm (figure (c)).
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Figure 5. 2D EC beam propagation evaluated by the paraxial (figure (a)) and the full-wave (figure (b)) methods in the presence of the density

fluctuations shown in figure 2 with max(én/n) = 20%.
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Figure 6. Comparison between paraxial (black curves) and full-wave (red curves) methods of the beam cross-sections with the presence of the
density fluctuations at three different radial locations, i.e. R = 180 cm (figure (a)), R = 200 cm (figure (b)), and R = 220 cm (figure (c)).

domain will be divided into two regions: (i) a vacuum region
and (ii) a paraxial region or a full-wave region, according
with which method the user wants to solve the wave
equation. Moreover, unlike the original version of the codes
where the turbulence was uniform through the plasma, here
the turbulence is a function of the radial coordinate and
mainly localized at the plasma edge (see next section). A
few applications are discussed in the next sections for a DIII-
D-like plasma showing both the paraxial and the full-wave
solutions.

3. DIlI-D-like scenario considered

The plasma scenario used in this paper is shown in
figure 1(a). This figure shows the magnetic flux surfaces of a
DIII-D-like plasma where the bold black curve represents the
last closed flux surface and the red line indicates the second
EC resonance assuming a wave frequency f = 110 GHz. For
this specific case the EC resonance is located at the low field
side. The magnetic field at the magnetic axis is B =2 T.
Figure 1(a) shows the electron density profile as a function of



Plasma Phys. Control. Fusion 61 (2019) 105018

N Bertelli et al

E2/max(E?) no fluctuations - paraxial

0.2 1
0.9

0.15
0.8

0.1
0.7
0.05 i
0.5
-0.05 4
0.3

0.1
0.2
-0.15 -

0.2 0
1.8 1.9 2 21 2.2 23

R [m]

Z[m]
o

E2/max(E?) with 2% fluctuations - paraxial

0.2 1
0.9
0.15
0.8
0.1
0.7
0.05 -
0.5
-0.05 o3
0.3
0.1
0.2
-0.15 »
(c)
0.2 )
1.8 1.9 2 2.1 2.2 23

R [m]

Z[m]
o

E2 /max(E?) with 10% fluctuations - paraxial

0.2 1
0.9

0.15
0.8

0.1
0.7
0.05 0.6
0.5
-0.05 s
0.3

0.1
0.2
~0.15 "

0.2 )
1.8 1.9 2 21 2.2 5.3

Z [m]
o

R [m]

(e)

E2/max(E?) with 1% fluctuations - paraxial

0.2 1
0.9
0.15
0.8
0.1
0.7
0.05 0.6
0.5
-0.05 b
0.3
-0.1
0.2
-0.15 0.1
-0.2 0
1.8 1.9 2 2.1 2.2 2.3

R [m]

Z[m]
o

E2/max(E?) with 5% fluctuations - paraxial

0.2 1
.9
0.15 9
0.8
0.1
0.7
0.05 0.6
I s — "
-0.05 o
0.3
0.1
0.2
-0.15 -
@) ,, 5
1.8 1.9 2 2.1 2.2 23

R [m]

Z [m]

E2/max(E2) with 20% fluctuations - paraxial

1

0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0

1.8 1.9 2 2.1 2.2 2.3

R [m]

0.2

0.15

0.1

0.05

Z[m]
o

-0.05
-0.1
-0.15

-0.2

(f)

Figure 7. 2D EC beam propagation with no density fluctuations in figure (a) and different density fluctuations with maximum values of 1%
(figure (b)), 2% (figure (c)), 5% (figure (d)), 10% (figure (e)), and 20% (figure (f)).

the square root of the normalized poloidal flux, p,.. The
central density is 7.(0) = 5.0 x 10" m™ and the edge
density at p,,; = 1 is ne(1) = 2.0 x 10" m™>. The density
profile in the SOL is described by an exponential decay from
the LCFS as a function of p,, with an e-folding length
of 0.03 m.

In this paper we assume the following parameters for the
edge density fluctuations with respect equation (2): At = Os,
v=(0,0ms ', k=(0,0 cm ', and Ak = (1, 1) em™".
Figure 2(a) shows a single én realization adopted in the
simulations described below when a density fluctuations is
included. Moreover, figure 2(b) shows the density
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fluctuations, én/n, as a function of the square root of the
normalized poloidal flux, pp,. We assume an increase of the
density fluctuations from the core plasma towards the edge
plasma as generally observed in the experiments [51, 52].
However, in this specific work, we are not aiming to represent
exactly the experimental profile of the density fluctuations.
The main aim is to show the new numerical tool and its
capabilities for a given profile as shown in figure 2 and its
possible impact on the EC beam propagation.

4. Paraxial versus full-wave solutions

4.1. No density fluctuations

A comparison between the paraxial and full-wave solutions is
discussed with and without density fluctuations for the plasma
scenario described in section 3. Figure 3 shows the EC beam
propagation without any density fluctuations assuming
f=110GHz with X-mode polarization, a Gaussian beam
with 5 cm beam width, and a focal length =100 cm in order to
have a divergent beam. An equatorial launcher as described in
section 2. In figure 3 one can easily identify the numerical
domain adopted in the simulation in order to minimize the
execution time with respect to the entire plasma cross-section.
On the left-hand side, top and bottom of the numerical
domain a strong absorption is introduced to avoid any pos-
sible reflection of outgoing waves (in this specific case, only a
reflection from the left-side domain can be expected). More-
over, no EC absorption on the EC resonance is evaluated in
FWR2D. Figure 3 shows the square of the amplitude of the
electric field normalized to its maximum, E2/max(E?)
obtained with the paraxial approximation implemented in the
code. We also performed the same simulation with the full-
wave approach and a comparison is shown in figure 4. In this
figure, the beam cross-sections at three different radial loca-
tions (R = 180, 200, and 220 cm) are shown comparing the
full-wave (red curves) and the paraxial solutions (black
curves). One can note that the agreement is excellent, in fact
the curves are basically indistinguishable.

4.2. With density fluctuations

A similar comparison between paraxial and full-wave solu-
tions is also shown in figures 5 and 6 in the presence of the
density fluctuations. The maximum value of the edge density

fluctuations is here %: 20%. Figures 5(a) and (b) show

E?/max(E?) obtained by the paraxial and the full-wave
methods, respectively. One can see an excellent agreement
between the two methods even in the presence of the edge
density fluctuations. Moreover, one can clearly see that the
the edge density fluctuations can affect significantly the EC
beam propagation. In order to compare even better the two
methods, as done similarly above, the beam cross-sections at
three different radial locations (R = 180, 200, and 220 cm)
are shown in figure 6. Again, the paraxial solutions overlap
almost exactly the full-wave solutions.

R = 180 cm; no fluctuations - paraxial

equilibrium
—— 1% 4
—— 2%
—— 5%
— — —10%
20%

10 15 20

Figure 8. Beam cross-section for the cases shown in figure 7 at
R = 180 cm. The bold black curve represents the equilibrium case.
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Figure 9. Averaged EC propagation assuming 1000 different
realizations of the density fluctuations (with max(én/n) = 10%) to
be compared with the equilibrium case shown in figure 7(a).

In this section we have showed an example with rea-
sonable plasma fluctuations parameters in order to emphasize
the code capability. However, it is well-know that the paraxial
technique implemented in the code may fail in the presence of
short scale fluctuations, i.e. in this specific case, large value of
Ak, (see equation (2)).

5. Density fluctuations scan and convergence test

In the results shown in the previous section, we assume a
single value for the edge density fluctuations and also a single
realization. In this section, instead, we perform a scan of the
amplitude of the density fluctuations in order to see the
behavior of the EC beam propagation by using the paraxial
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Figure 10. (a) Comparison of the beam cross-section at R = 180 cm between the case without fluctuations (black curve) with the averaged
solution when 1000 different realization of the density fluctuations are adopted. (b) Convergence test of the average solutions with different
number of realizations of density fluctuations (20, 50, 100, 500, and 1000 realizations).

approximation. In these simulations a focusing beam is used
and and statistical ensemble of density fluctuations up to 1000
is used. A varying ensemble size is also used to study the
power deposition convergence near the EC absorption layer.

5.1. Density fluctuations scan

A density fluctuation scan is shown in figure 7 for five dif-
ferent maximum values of amplitude of the edge density
fluctuations (1%, 2%, 5%, 10%, and 20%). Unlike in the
previous section, a focusing beam is assumed in these simu-
lations to be more consistent with real experiments. Beam
parameters are the same as used above except for the focal
length, which is —100 cm in this case. All these simulations
are performed with the parameters described in section 3 and
with the paraxial approximation only because the full-wave
approach provides exactly the same results (section 4). From
figure 7 one can see that the EC beam propagation is affected
by the edge density fluctuations and their effects are stronger
for larger density fluctuations as expected. Moreover, due to
the edge density fluctuations the EC beam broadens as pro-
pagates and more dramatically it can split into different
beams. Figure 8 shows, the beam cross-section at
R = 180cm where one can clearly see the impact of the
fluctuations on the EC beam footprint. In the figure the black
curve represents the case without edge density fluctuations
whereas the color dashed-curves indicate the E2/ max(E?) for
the five different amplitude of the edge density fluctuations
(1%, 2%, 5%, 10%, and 20%). In this specific scan, one single
realization for the density fluctuations was used. In order to
make meaningful conclusions on the impact of the density
fluctuations on the EC beam propagation an statistical
ensemble of realizations of the edge density fluctuations is
needed. This is shown in the next subsection.

Z [cm]

E%/max(E?)

Figure 11. 3D EC beam propagation evaluated by the FWR3D with
the paraxial approximation without edge density fluctuations. Same
beam parameter used in the 2D calculation.

5.2. Convergence test

Figure 9 shows E2/ max(E?) averaged over 1000 realizations
of the edge density fluctuations using a value of the density
fluctuations 10% . Compared to figure 7(a) the EC beam is
broadened in the plasma although the individual realization
scatters significantly the average deposition profile (see
figure 7(e)) In order to better visualize the broadening with
respect to the equilibrium case, figure 10(a) shows
E?/max(E?) at R = 180 cm with (red curve) and without
(black curve) fluctuations. Furthermore, a convergence test
based on different numbers of realizations is shown in
figure 10(b). This figure shows that an statistical ensemble
larger than 100 realizations one can get a reasonable repre-
sentation of the impact of the edge density fluctuations on the
EC beam propagation. In figure 10(b) it is shown the
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equilibrium case (black curve) and four cases: 20, 50, 100,
500, and 1000 realizations.

6. Extension to the 3D geometry with the
FWR3D code

A 3D version (named FWR3D) of the well established 2D
hybrid simulation code, FWR2D, was developed [37], as
described in section 2. In this section we apply the FWR3D
code for the case shown in the previous section. Figure 11
shows the focusing EC beam in 3D geometry using the same
parameters employed in the previous section without edge
density fluctuations. In particular, figure 12 shows the
corresponding poloidal cross-section of the EC beam propa-
gation together with three different beam cross-sections at
three different locations along the beam propagation
(R = 180, 200, and 230 cm). From these figures we can note
the circular cross-section represented by an initial Gaussian

20 -
R [cm] 30 5 Y [cm]
0 0.2 0.4 0.6 0.8 1

E2/max(E?)

Figure 13. 3D EC beam propagation evaluated by the FWR3D
with the paraxial approximation with edge density fluctuations
(max(én/n) = 20%). Same beam parameter used in the 2D
calculation.
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Figure 14. (a) Poloidal section of the 3D EC beam shown in figure 13; cross-sections of the EC beam at three different locations: R = 180 cm

(b), R = 200 cm (c), R = 230 cm (d).

beam (figure 12(d)) with the focusing at lower R
(figures 12(b) and (c)). Moreover, it is important to compare
figures 12(a) with the figure 7(a) that was obtained with the
2D code. These two figures show very similar results. In other
words, the 3D results are consistent with the 2D results. A
more quantitative comparison is shown in figure 15(a) where
the beam cross-section at R = 180 cm evaluated by both
FWR2D (dashed-balck curve) and FWR3D (red curve) is
plotted. A very good agreement is evident for this case.

In the presence of the edge density fluctuations the EC
beam splits into several beamlets as shown in figure 13 with
max(én/n) = 20%. For this specific case, the edge density
fluctuations were taken in the toroidal direction instead of
field- aligned in order to be able to compare our 3D results
with the 2D results. In reality, the code generally takes the
density perturbation along the direction of the equilibrium
magnetic field (see section 2). Figure 13 shows that the initial
EC Gaussian beam is split into two sub-beams due to the edge
fluctuations and this splitting occurs vertically along the
z-axis. A tilt angle would have been occurred if the density
fluctuations were taken to be along the equilibriuml magnetic
field line and not purely in the toroidal direction [41]. A more

clear visualization is given in the figure 14 as analogously
done for the case without edge fluctuations. Figures 14(d)
shows the initial Gaussian EC beam whereas figures 14(b)
and (c) show the splitting beam due to the fluctuations. It is
important to note that the beam is split along the vertical
z-axis because the edge density fluctuations are taken in the
toroidal direction (y-axis). Figures 7(f) and 14(a) show a
qualitative good agreement. In figure 15, one can see clearly
the difference of the beam cross-sections evaluated by the 2D
(dashed black curve) and the 3D (red curve) codes. The shape
of the profiles is quite similar but differences in the field
amplitude clearly appear.

7. Discussion and conclusions

In this work we have showed a new numerical tool together
with its capabilities to study the impact of the edge density
fluctuations to the EC wave propagation. Such effect has been
shown to be important from both previous modeling and
observations. This code has been originally developed for
reflectometry studies and it is a ‘hybrid code’ because the
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Figure 15. (a) Comparison between the beam cross-section evaluated by the 2D (dashed black curve) and the 3D (red curve) codes at
R =180 cm and Y = 0 cm for the case without fluctuations (20%); (b) comparison between the beam cross-section evaluated by the 2D
(dashed black curve) and the 3D (red curve) codes at R = 180 cm for the case with fluctuations (20%).

numerical domain can be divided into three regions: (i) a
vacuum region; (ii) a paraxial region; and (iii) a full-wave
region. It incorporates an edge density fluctuation model and
it solves the Maxwell equations in 2D and 3D. All of these
features are ideal for studying the standard EC propagation in
the presence of the edge density fluctuations. In this paper we
have adopted a DIII-D-like plasma scenarios using an EC
beam. We found an excellent agreement between the paraxial
and the full-wave methods with and without the presence of
the edge density fluctuations. A scan of the amplitude of the
edge density fluctuations has been discussed showing a clear
impact of the edge density fluctuations on the EC beam
propagation. Moreover, a large ensemble of independent edge
density fluctuations (1000) has been generated and used to
evaluate the impact of the edge density fluctuations on the
broadening of the EC beam. A clear broadening is found with
a 10% relative amplitude of the density fluctuations. A sta-
tistical ensemble larger than 100 edge density fluctuations has
been shown to reasonably represent the impact of the edge
density fluctuations on the EC beam. However, this number is
based on the specific applications shown in this work. Finally,
the 3D capability of FWR3D has been shown. In particular,
the 3D extension of the 2D results has been discussed
showing that the 3D geometry can be important for studying
the effect of the fluctuations. In general, our work agrees with
previous works showing that indeed the edge fluctuations can
affect the EC beam propagation and this can have a con-
sequence mainly for the NTM suppression [4, 8, 13—-15, 17].
FWR2D and FWR3D could be used for extensive compar-
isons with experiments and other independent codes. Cur-
rently FWR2D and FWR3D assume only the propagation
near and parallel to the midplane (useful for reflectomery) and
no anti-hermitian part of the dielectric tensor is implemented
in the code, therefore no information about the power
absorption and current drive can be calculated. These exten-
sion/generalization will be implemented in the future.
Nevertheless, we believe that such a tool and its versatility
together with the results presented here can be useful for a
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comparison with experimental data with the possibility to
incorporate realistic edge density fluctuations measured from
the experiment and analytical model [9] when possible.
Moreover, a possibility of using this code with the edge
density fluctuations obtained by transport codes is also
planned and it will be part of a future work.
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