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Abstract: The effects of synthetic turbulence on lower hybrid (LH) wave field magnitude and polarization
are studied on Alcator C-Mod. Three synthetic turbulence:models are evaluated to assess the impact of
filaments, holes, and periodic fluctuations on the LH wave electric fields. For all three cases, the synthetic
turbulence can greatly impact the LH wave magnitude and polarization. Back scattering, interference and
edge/SOL absorption of the LH wave is observed: This impactds shown to depend on the wavelength and
amplitude of the fluctuations. The strongest effect.appears for fluctuations at high amplitudes and
wavelengths comparable to the LH wavelength. This synthetic turbulence model can be used as inputs into
a synthetic diagnostic to calculate the dower._hybrid, wave field magnitude and direction measured by
dynamic Stark effect spectroscopy. It will,be shown that fluctuations at these high amplitudes and
wavelengths may explain the experimentally measured results. The effect of fluctuations on modifying LH
polarization are also shown to be anti-correlated with SOL power losses, similar to recently observed
experimental trends on Alcator C-Mod. These SOL losses may have detrimental impact on LHCD
efficiency.

1. Introduction N

To achieve steady state operation for advanced scenarios in a future fusion reactor, the tokamak reactor
concept requires actuators. to driverthe toroidal current and tailor the toroidal current profile!3. Lower
hybrid (LH) waves are one of the most promising and efficient techniques to drive non-inductive current in
tokamaks and have been successfully used on many experiments such as Tore Supra*®, FTU®7, Alcator C-
Mod??, and EAST4. One significant challenge with lower hybrid current drive (LHCD), however, is that
many of these suceessful discharges occurred at low line averaged densities’#!13, Scrape-off-layer (SOL)
absorption of /the LH wave from collisional absorption'*'%, parametric decay instabilities'®%, and/or
scattering from density fluctuations?*-% have been suggested to explain these results. Relatively efficient
LHCD operation have recently occurred at high line averaged densities, likely by mitigating these physical
mechanisms’ 23,

To understand the importance of these mechanisms and to improve LHCD efficiency, diagnostics and
modeling aré required. Recent results using a dynamic Stark Effect Lower Hybrid Field (SELHF)
diagnostic?’ has been used to measure the LH wave electric field vector in the SOL on Alcator C-mod. A
synthetic'diagnostic has been developed to interpret these measurements. In this paper?’, it was shown that
there could be agreement between the LH wave magnitude between measurement and simulation within
the experimental uncertainty; however, differences between the measurement and simulation for the LH
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wave polarization could not be resolved for typical density profiles without fluctuations. This paperfocuses
in more detail on how density fluctuations can possibly resolve the polarization discrepanciessbetween
experiment and simulation.

The paper is organized as follows. Section 2 discusses the SELHF synthetic diagnostic?’ in-more detail
and shows the sensitivity of the simulated LH electric field and polarization todensity and collision
frequency. Section 2 also discusses the three different synthetic turbulence models'(periodic fluctuations,
blobs, and holes) used in this paper. This paper then shows three key results. Firstly, the inclusion of
poloidally varying density fluctuations with the appropriate amplitude and poloidal' wavelength in the model
can greatly modify the LH wave propagation and absorption for a range of 'Synthetic'turbulence models
such as periodic, blobs, and holes. This is shown in section 3. Secondly, the inclusion of synthetic turbulence
can allow for the simulation to better match experimental measurement of the LH €lectric field polarization.
This is shown in section 4. Thirdly, the calculated SOL absorption_of the LH wave and polarization
modification are anti-correlated and may be consistent with observed. trends‘of increasing LH SOL
absorption with increasing fluctuation amplitudes?3. This is also shown in section 4. Section 5 discusses the
current limitations of the model, possible improvements to the model.and conclusions of the paper.

2. SELHF synthetic diagnostic on Alcator C-Mod

The SELHF synthetic diagnostic calculates the LH wave electric field vector viewed by the periscope
in the SELHF diagnostic on Alcator C-Mod. Section 2(is dividedrinto 4 parts. Section 2.1 discusses the 2-
D axisymmetric cold plasma full wave model that forms the 'key component of the SELHF synthetic
diagnostic. Section 2.2 discusses the actual 3-D SELHF synthetic diagnostic that is used to compare with
the SELHF experimental measurements. Section 2.3'shows a sensitivity scan of the synthetic diagnostic to
uncertainties in density and collision frequency. The.insensitivity of the simulated LH polarization to these
parameters motivates the need for density fluctuations in the model. Section 2.4 therefore discusses the
synthetic turbulence model used as a possibleliinput into the 2-D axisymmetric cold plasma full wave model.

2.1 2-D cold plasma full wave model

SELHF? is a passive polarized optical emission spectroscopy technique to measure the LH electric
field magnitude and direction at multiple locations near the 4 rows of the LH launcher? on Alcator C-Mod.
The LH launcher on Alcator C<Mod isa phased waveguide grill with 4 rows and 16 columns. It can operate
with up to 2.5 MW of source rf power at 4.6 GHz. The LH power was approximately 300 kW for the
experimental discharges used in:this paper. SELHF measures the deuterium Balmer line profile and uses a
time-periodic Schrodinger.equation'with the inclusion of a sinusoidal electric field vector to fit the three
components of the LH.electricfield vector. To compare to the measurement, a simulated LH electric field
is required. Full wave methads are used here to solve for the LH electric field vector with a plasma dielectric
tensor suitable fordeH waves. This has previously been done in 2-D%:27:30-32 and 3-D*334, The vector wave
equation, showndnrequation(1), is solved in 2-D axisymmetric geometry for the LH electric field vector,

E,

S w? S
V X[V X Ep (1, 2)] — C—z[? En(r,z)] =0 (D)

where w is the'LH wave angular frequency, m is the toroidal mode number, €is the cold plasma dielectric
tensor®, c is the speed of light, r is the radial coordinate, and z is the vertical coordinate. Measured magnetic
field profiles from the magnetic equilibrium reconstruction code, EFIT®¢, and measured density profiles
from a reflectometer®’ adjacent to the LH launcher are used as inputs into the cold plasma dielectric tensor®’.
Collisioens are included using a collision frequency term, v, in the cold plasma dielectric tensor as the only
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absorption mechanism?®. In this paper, v/w is assumed to be 0.01 for all species and spatially constant for
simplicity. It should be noted that this collision frequency is much higher than expected for'electron=ion
collisions, but it is necessary for two reasons. If the collision frequency is too low, numerical noise prevents
the simulation from obtaining meaningful results. Collisions in this model are also used as a proxy for
possible deleterious physical mechanisms for LH SOL absorption that could be due to parametric‘decay,
Landau damping of high n;; modes, or electron-neutral collisions®. Given that it is.unclear how large an
effect these physical mechanisms have on the LH SOL losses, a collisional proxy damping meghanism?3°4
can be used to provide insight into the effect of turbulence on the LH wave propagation. This model
certainty has limitations and cannot quantitatively predict SOL losses or the LH electric field magnitude. A
sensitivity scan is shown later in this section to estimate the LH electric field uncertainty with respect to the

collision frequency.
~

The toroidal mode number is largely determined by the parallel wavenumber, n;;, which can be varied
by the LH launcher on Alcator C-Mod. n); is the component of the index of refraction of the launched wave
parallel to the magnetic field, and it is an important parameter for LtH wave coupling, absorption and current
drive*. For all the 2-D axisymmetric simulations in this paper, ny;,. = 1.9, which is the peak n; used for the
relevant experiments discussed in this paper. An example 2-D simulation at nj; = 1.9 is shown in figure 1.
Figure 1a) is the input density, which is measured at the outer midplane and assumed to be constant on the
magnetic flux surface. Figure 1b) is the output |§| and the electric.field pattern launched from each of the

4 rows of the LH launcher can be observed. Figure 1¢) is the outpﬁt electric field polarization, 6, that is
shown in equation (2). 8 is measured in degrees.and can be observed to vary as the wave propagates from

the SOL to the core of the plasma. There is a high pass |§| filter for 6 in (2) for two reasons: the SELHF
diagnostic has an electric field uncertainty of appreximately 5x10* VV/m and the polarization measured by
the diagnostic is strongly biased by the large |E|. This| E| filter also minimizes the noise in the figure where
|E| ~ 0 and the term inside the arctangentiis.ill défined. The values in deep blue where 6 = 0 in all the
polarization plots should therefore be ignored,as they are negligible contributions to the measured
polarization and are the result of thethigh pass | E| filter.

0 = tan™! <|ET|> * QE| > 5x10* V/m) 2

|E|
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Figure 1. a) Density profile (10'° m=) without fluctuations is shown for an example input into the full wave
model. b) Output |F?| (VIm) is shown. ¢) Output 8 (degrees) is shown. The dashed black lines‘in‘a),b) and

dashed white line in c) is the last closed flux surface (LCFS). The solid black lines in a), b), and solid white
line in c) is the vacuum vessel geometry.

2.2 3-D SELHF synthetic diagnostic

The SELHF diagnostic has a 3-D viewing geometry so a 3-D model of the LH electric fields is
necessary as a synthetic diagnostic. A 3-D model of the LH electric field is achieved by a summation of
many 2-D axisymmetric simulations in equation (1) over many toroidal. mode numbers or parallel
wavenumbers. This is shown in equation (3) where ¢ is toroidal coordinate; and Ay, is the amplitude of the
vacuum toroidal mode spectrum of the launched LH waves. 4,, is Calculated by taking the Fourier
transform of the 16 columns of the LH launcher by assuming the electric field at each column of the mouth
of the waveguide is a rectangular function with relative waveguide phasingef 90° Details of this calculation
are shown in reference 42 and a figure of the parallel wavenumber spectrumien Alcator C-Mod is shown
in reference 43.

ﬁ(r, zZ,p) = ZAmEm(r, z)eim‘/’ 3)
m

&

KN1D neutral modeling* and realistic sightline geometry 'is used to post-process the 3-D result for
direct comparison to SELHF diagnostic. KN1D. calculates the neutral atomic and molecular deuterium
profiles in slab-like geometry with input plasma profiles, radial location of limiters, and the molecular
neutral pressure at the wall. The neutral pressure ismeasured by an ionization gauge and was approximately
0.06 Pa at the main chamber for this experiment. The radial location of the limiter of Alcator C-Mod and
the measured density and estimated temperature profile are used as inputs. While this 1-D geometry may
not be suitable for 2-D problems such as divertors, it may be sufficient to simulate plasma-neutral
interactions in the main chamber ofa tokamak, suchias the case of LH current drive in this paper. The major
advantage of using KN1D is that it only.takes a few seconds of computational time, which is useful when
running many cases.

The comparison to the SELHF measurement is calculated in (4) where the integrals are evaluated over
the sightline volume (dV), |E,|, JE.,lsand |E | are the amplitudes of the toroidal, radial, and vertical
components of the LH electric fields calculated by the 3-D finite element model, and Esg;prgp, Esprmrir
Espiuriz and |Esgour|s are the calculated LH electric fields to be compared to the measurements. 6z, yr
is the angle between thesperpendicular components of the LH electric field. Dy is the deuterium Balmer

line emission at wavelengths approximately equal to 486 nm with transitions from the principal quantum
number of 4 to 2.

J |Ey|DgdV
E = — 4
SELHF @ f Dg dv (4a)
J1ELr|Dgav
Esgrnrir = —F 75— (4b)
" [ Dgav
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[ |Es;|Dgav
Espiuriz = —F 0 55— (40)
? [ Dgav
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|ESELHF| = \/EngLHF(p + ESZELHFJJ + ES?ELHF_LZ (4d)

ESELHFJ.T)

(4e)

11 HSELHF = tan_l (
ESELHFJ.Z

15 An example 3-D simulation is shown in figure 2. There is substantial/toroidaland poloidal variation of
16 the LH electric field. Because of the cosine dependence of the TE1o mode'of.the LH waveguides, the electric
17 field peaks at the center of each row of the waveguide and goes to“zero at the‘top and bottom of each

18 waveguide. There are therefore 4 distinct rows of |1§ | observed poloidally in figure 2a), consistent with the
19 4 rows of the LH launcher. As the LH electric field propagates radially inwards and toroidally away from

the LH launcher, it gets absorbed and consequently |§| decreases. It.can be observed that the |§| is sharply
peaked near the LH launcher and localized to a narrow region Spatially. The synthetic diagnostic can capture
23 these toroidal and poloidal variations accurately within the sightline geometry; this is shown in the |E| over
24 one of the SELHF views near the LH launcher in figure2b). An.image of the LH launcher and some of the
25 possible the SELHF views are also shown. For this paper, all the'measurement and simulation focuses on
26 a view a few cm toroidally outwards of the LH dimiter and at the top-middle row of the LH launcher.
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Figure 2. a) A 3-D image of JE|. b) 3-D'image of |E| over a viewing geometry of the SELHF diagnostic.
The LH launcher is viewed from the back in this figure. The plasma current and magnetic field are
counterclockwise when viewed from the top of the tokamak.

2.3 Sensitivity scan for the.SELHF synthetic diagnostic

The most sensitive inputs to the SELHF synthetic diagnostic are the collision frequency and density.
Figure 3 showsthe simulated results for |§SELHF| and s, yr at different fixed values of v/w. The simulated
|ESELHF| is shown'in figure 3a). The simulated 85z, IS Shown in figure 3b). By varying the collision
frequencyby morethan a factor of 5, the simulated |F?SELHF| can vary by approximately 30% at all location.
|ESELHF| is therefore somewhat sensitive to the collision frequency. For the scanned range of collision
frequeney, Bsz; y# Varies by approximately 3° and is relatively insensitive to the collision frequency. At the

lower range of scanned v/w, there appears to be numerical noise that prevents even lower values of v/w
from being computed here.
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26 Figure 3. a) The simulated |ESELHF| is shown for a range.ofcollision frequencies. b) The simulated
Osg.yr 1S shown for a range,of collision frequencies.

©
O nr (degrees)

30 Figure 4 shows the simulated results for |E5ELHF| and O, yF as a function of density. This is done by
31 multiplying the density profile in figure 1 by,a constant multiplicative factor, C. C ranges from .2 to 2 in
32 figure 4. This variation is somewhat outside the error bars of the density profile measurement and is used
33 to illustrate how |Eg, x| depends strengly on density but g, ,;» depends weakly on density. As can be

observed, a factor of 10 change in the density profile results in close to a factor of 10 change in |ESELHF|.
On the other hand, a factor of 10 change in the density profile only results in 6sg;yr changing by
37 approximately 3° out of a measurement,of 70°.
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Figure 4: a) The simulated |§SELHF| is shown for possible errors in the reflectometry density profile as a
function of C, which is a multiplicative factor in‘the density profile. b) The simulated 85 4 is also shown.

This result shows that agreement between measurement and simulation for |§SELHF| can be obtained
within the associated uncertainties. On the other hand, the measured and simulated 6, do not agree

within the associated uncertainties. This paper:therefore focuses on understanding if and how synthetic
turbulence can obtain better agreement for 65, ;= Detween measurement and modeling.
2.4 Synthetic turbulence

The three synthetic turbulence medels.chosen for this paper are shown here in equation (5) where

y @-po)?, Os<n(z—zc>>
n 2 ~ 2
n= ny X |(1+ —X'e pw fluct ) x F(z) ] where (5a)
nf
( 1 (5b)
Afluct] [ Afluct ]
H\z—z + XH|z. + -z 5c
Afluct Afluct
—H|z—z + > X H |z, + > 2 (5d)

\

H|[x] is the Heaviside function. The case with no synthetic turbulence occurs when F(z) = 0. The
synthetie, turbulence in (5b) is representative of a periodic fluctuation, synthetic turbulence in (5c) is
representative of a blob, and the synthetic turbulence in (5d) is representative of a hole® in the literature. A
blob is:an increase of density in a narrow region while a hole is a decrease in density in a narrow region.
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For the rest of this paper, these turbulence models in equations (5b), (5¢), and (5d) are referred. to as
periodic, blob, and hole, respectively. The density profile does not depend on time because the fluctuation
frequency is much smaller than the LH frequency, so that the turbulence is effectively “frozen™ in the
timescale of the LH wave. This density profile is approximately based on experimental“observations*4’
and simulation results*® on Alcator C-Mod. It assumes a relatively large poloidal mode number with‘cosine
periodicity poloidally that is controlled by the fluctuation wavelength, As;,,c;. p isthe'square root of the
normalized toroidal flux. 7i/n controls the amplitude of the density fluctuations. There are alsoyparameters
(z¢, pes pw) that control the poloidal location, radial location, and radial width of the turbulence. This simple
synthetic turbulence equation is not intended to accurately simulate SOL turbulence, but to provide a simple
parametrization of whether turbulent-driven poloidally asymmetric density \profiles can modify the LH
electric fields in a different manner compared to the cases without fluctuations.
~

This 2-D assumption for the synthetic turbulence does not contain.any toroidal variation in the density.
This may be a good physics approximation given that the toroidal variation.of thefluctuations and LH wave
may be much smaller than the radial and poloidal variations. LH-driven density.striations are observed 180°
away toroidally on magnetic field lines connected to the LH launcher®, The parallel fluctuation wavelength
for ballooning modes is estimated to be 2mgR*, which is gréaterthan 40 m on Alcator C-Mod. This is
much larger than radial and poloidal wavelengths, which on the orderof a few centimeters®. The lower
hybrid toroidal wavelength is also usually much larger than'the poloidal and radial wavelength*®. The
assumption that the density and magnetic field profile are axisymmetric may therefore be justified with
respect to turbulence length scales. y

3. Effect of synthetic turbulence on LH wave propagation

This section is intended to illustrate the LH wave scattering and interference that can occur because of
turbulence on LH waves. Examples using the:2-D_axisymmetric model are presented for the case without
fluctuations, blob-like fluctuations, hole-like fluctuations, and periodic fluctuations in sections 3.1, 3.2, 3.3,
and 3.4, respectively to highlight the effect to turbulence. 7i/n and Ay, will be modified in this section.

The other parameters are chosento be eonstant for this paper, mostly for simplicity. The radial location
of the fluctuations is chosen just outside the last closed flux surface. The radial width of the fluctuations is

approximately 1 cm. The poloidal loeation/is near a high |§ | region. Variations in these parameters can
quantitatively affect these resultsi However, if the fluctuations are near a high |E| regions, similar
qualitative results occur. While/the simulation is carried out with the full vacuum vessel geometry, the
figures are zoomed into @ smallregion in the SOL where the pertinent dynamics of the interactions of

turbulence and LH waves are located. This region is also the region where the SEHLF diagnostic measures
due to the high Dg emissionin the near and far SOL as compared to the core plasma.

3.1 Effect of density profile without fluctuations on LH wave propagation

For comparison purposes to the cases with fluctuations, the case without fluctuations is shown. Figure
5 a) to c) shows the density profile, |E| and 6 in a zoomed-in region near the outer midplane of the SOL
on Alcator C-Mod for the same simulation case in figure 1. The density profile is radially monotonic and
constant on.the flux surface and the LH |E | propagates in a typical resonance cone with no scattering or
interference patterns. The |E| propagates smoothly into the core plasma. 6 is relatively uniform during the
high)|E| regions at approximately 70°.
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Figure 5. a) Density profile without fluctuations (m™) is shown for an‘example input into the full wave
model. b) Output |E“| (V/m) is shown. ¢) Output 6 (degrees) is shown. " The dashed black lines in a), b) and
dashed white line in c) is the last closed flux surface (LCFS). The solid blackilines in a), b), and solid white
line in ¢) is the vacuum vessel geometry.

3.2 Effect of blobs on LH wave propagation

When fluctuations are added, the results can differ substantially from figure 5. Figure 6 a) to ) details
the density profiles, |E| and 6 with the addition of a singlée blaob for four different Afiuce 0F0.25,0.5, 3,
and 25 cm. 7i/n = 0.8 for all these cases. Eachsrow of figure 6/corresponds to a different A¢;,, ., with the
first row at the smallest A¢;,,. and the last row at the.largest Aspy, ... The density blob at different Az, just
outside the LCFS is clearly observed in the density profile,in figure 6 a), d), g), and j). Depending on Az,

there could be backscattering of the wavesidue to the blob. This is observed in the |§| profile in figure 6 b)
or e) or side scattering of the LH waves observed infigure 6) h) and k). Significant fractions of the desired
incident LH wave does not propagate into the, core, particularly for the cases with shorter poloidal
wavelengths. Differences in the LH'E.occur particularly for Aftuce = 0.25 or 0.5 cm while Agy,ce = 25 cm

seems to have the least impact on the'LHiresonance of the 4 cases. Wave interference and strong SOL|E|
occur near the blob, likely due to the interaction between the incident and scattered LH wave. This
interference seems to have a strong dependence on As,... For the regions with strong interference and/or
scattering, the polarization of the KH wave can also be modified significantly, as observed in figure 6 c),
f), 1), and I). 6 of the backscattered LH wave appears to be 40-50°, which is about 20-30° lower than the
incident LH wave shownin figure:5:

The amplitude of the fluctuations is also important. Figure 7 a) to I) details the density profiles, |§|
and 6 with the addition of a single blob for four different 7i/n of 0.2, 0.4, 0.6, and 0.8. A¢},¢. = 0.5 cm for
all these cases. Eachrow.of figure 5 corresponds to a different 72 with the first row at the smallest fluctuation
amplitude and the last row at the largest amplitude. The amplitude of the density fluctuation can also be
observed in the density profileiin figure 7 a), d), g) and j). For #i = 0.2, the impact of the turbulence on the
LH wave is'barely:noticeable in figure 7b) and is very similar to the no fluctuation case in figure 5b). As
fi/n increases, interference and backscattering gradually becomes more noticeable on the wave |E| as
observed'in.figure 7 b), e), h), and k). Similarly, the polarization modifications at these regions become
more noticeablein figure 7 ¢), f), i), and I). Increasing 7#i/n clearly makes the effects of the blob on the LH
electric field more noticeable and decreases the coupling of the LH wave to the core plasma as more of the
LH wave becomes backscattered.
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5o Figure 6. a)-¢) Blob-like turbulent density profile (m), |§| (V/m) is shown. ¢) Output 8 (degrees) is shown
53 for Agpce =0.25 cm. d)-f). Same as a)-c) except for A, = 0.5 cm. g)-i). Same as a)-c) except for Agj,¢
54 =3 cm. J)-1). Same as a)-c) except for Ay, =25 cm. 7i/n = 0.8 for all these cases.
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Figure 7. a)-¢) Blob-like turbulent density profile (m3), |E| (V/m) is shown. ¢) Output 8 (degrees) is shown
for n/m=:0.2. d)-f). Same as a)-c) except for 7i/n = 0.4. g)-i). Same as a)-c) except for i/n = 0.6. j)-I).

Same as a)-c) except for 7i/n = 0.8. Az, = 0.5 cm for all these cases.
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Figure 8. a)-c) Hole-like turbulent density profile (m-3), |E| (V/m) is shown. ¢) Output 8 (degrees) is shown
51 for Aprycc =0:25/em. d)-f). Same as a)-c) except for A, = 0.5 cm. g)-i). Same as a)-c) except for Agjy,c¢
52 =3 cm. j)-1). Same as a)-c) except for Agy,, . =25 cm. 7i/n = 0.8 for all these cases.
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Figure 9.a)-c) Hole-like turbulent density profile (m3), |§| (V/m) is shown. ¢) Output 8 (degrees) is shown
for i/m="0.2,.d)-f). Same as a)-c) except for 7i/n = 0.4. g)-i). Same as a)-c) except for 7i/n = 0.6. j)-1).
Same as a)-¢) except for 7i/n = 0.8. Az, = 0.5 cm for all these cases.
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3.3 Effect of holes on LH wave propagation

Similar results are observed with a hole-like fluctuation. Figure 8 a) to I) and figure 9 @) to I) detail a
fluctuation poloidal wavelength and amplitude scan similar to the blob-like fluctuation case infigures6 and
7. The density profile due to the hole is shown in figure 8 a), d), g) and j) and 9 a), d), g), and j). The'results
are similar to the blob-like fluctuation case as wave backscattering, side scattering, and interference.accur
and has a strong dependence on Ay, particularly for the smaller A¢;,, . Increasing #i increases the effects

of scattering and interference in both |E| and 6. Increasing 7i/n clearly makes the effects of the hole more
noticeable and decreases the coupling of the LHCD to the core plasma as mare of the LHwave becomes
backscattered. 8 of the backscattered LH wave appears to be between 40-50°, which is about 20-30° lower
than the incident LH wave. One difference between the effects of blobs versus hole\s on‘the LH wave is that
the incident LH wave fields seem to diverge and go around the hole-like fluctdation while the wave fields
appear to converge for the blob-like fluctuation. Otherwise, the resulting LH wave backscattered, and side
scattered fields are remarkably similar for a hole versus a blob for each fluctuation poloidal wavelength and
amplitude.

3.4 Effect of periodic fluctuations on LH wave propagation

The periodic fluctuations are shown in figures 10 and.11 for a fluctuation poloidal wavelength and
amplitude scan similar to the blob-like and hole-like fluctuations. Tpe qualitative pattern appears different
at small wavelengths compared to the blob-like and hole-like fluctuations; the effects of interference and
possibly diffraction are much more noticeable, especially at small wavelengths for figures 10 e) and h). The
LH wave does not couple to the core plasma and is mostly contained in the SOL where regions of low and
high |E‘| can occur due to diffraction. The polarization'medifications at the interference patterns in figures
10 f) and i) are also prominent. In the periodic fluctuations, however, the polarization modification is mainly
prominent at the location of the fluctuation-and notat locations far away from the fluctuation, as observed
in a backscattered wave. The scattering of the LH wave still exists but may be partially masked by the large
effects of the LH wave interference.,and diffractions At large wavelengths, there is some interference and
scattering, similar to the previous results.for blob-like and hole-like fluctuations. For the amplitude scan at
small wavelengths, there are clear/signs that for increasing #i/n, wave interference and diffraction at the

fluctuation becomes more noticeable.and modifies | E| decreases @ significantly at the interference patterns.
|§ | increases and decrease dependirb'on the phase of the interference pattern.

It is therefore clear, for each of the three different synthetic turbulence profiles, the fluctuations can
modify the LH wave, particularly when the amplitude of the fluctuations is large, and the poloidal
fluctuation wavelengthris.small. Itvis interesting that for all three synthetic turbulence profile, the largest
response of the LH wave appears at the same poloidal fluctuation wavelength of approximately 0.5 cm. The
LH wavelength is@pproximately 0.5 cm in this discharge at this location and this may indicate that strong
scattering and interference.occurs when the LH wavelength is close to the fluctuation wavelength. The
propagation of the l<H wave therefore appears sensitive to the poloidal fluctuation wavelength but not very
sensitive to the poloidal fluctuation profile. However, at larger poloidal fluctuation wavelengths and smaller
fluctuationamplitudes; the effect of turbulence on LH waves is minimal. To understand if fluctuations can
be a realistic effectin the Alcator C-Mod experiment, it is necessary to compare the simulated 6 with those
measured by SELHF.
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0.85 0.9 0.85 0.9 0.85 0.9
R(m) R(m) R(m)
Figure:10. a)-c) Periodic-like turbulent density profile (m=3), |§| (V/m) is shown. c) Output 6 (degrees) is
shown for Ag,, . = 0.25 cm. d)-f). Same as a)-c) except for Az, = 0.5 cm. g)-i). Same as a)-c) except for
Afwce =3 cm. j)-1). Same as a)-c) except for Agyy, . = 25 cm. 7i/n = 0.8 for all these cases.
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oNOYTULT D WN =

0.85 0.9 i 085 09

52 R(m) R(m) R(m)

53 Figure:11. a)-c) Periodic-like turbulent density profile (m=), |§| (V/m) is shown. c) Output 6 (degrees) is
>4 shown for 7i/n = 0.2. d)-f). Same as a)-c) except for 7i/n = 0.4. g)-i). Same as a)-c) except for 7i/n = 0.6.
35 1)-1):Same as a)-c) except for 7i/n = 0.8. A¢y,, = 0.5 cm for all these cases.
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4. Impact of fluctuations on LH polarization and LH SOL fractional power losses

This section will evaluate the impact of density fluctuations on LH polarization and SOL power losses.
This is shown in sections 4.1 and 4.2, respectively.

4.1 Effect of fluctuations on LH polarization

Figure 12 shows an example comparison between the measured LH polarization (black shaded region)
and the simulated LH polarization (red circle) for different periodic fluctuationamplitudesat Az, = 1 cm.
7i/n was not measured and there was only one 8¢z, measurement for this set of conditions so the black
shaded error bars represent the SELHF measurement and measurement uncertainty in sz, yr and i/n.
OseLyr Can be modified by about 20° or so depending on the amplitude of thefluctuations. For Aftuce =1
cm, the inclusion of synthetic turbulence at large amplitudes (7i/n.>0.8) agree reasonably well with
experimental results. The hole-like and blob-like fluctuations also generally see‘decreases in Oz, yr With
increasing 7i/n and smaller wavelengths, but not to as large of an.extent as the periodic fluctuations. The
periodic fluctuations are also chosen for simplicity because they are not as sensitive to the radial and
poloidal location of the blob-like and hole-like fluctuations and therefore require less parameters to scan.

This differs significantly from the results without synthetic turbulence in figures 3 and 4 where Oz
remains essentially unchanged within approximately 3¢degrees for.a wide range of density profiles and
collision frequencies. With 7i/n < 0.5 or small levels of turbulence, the discrepancy between the measured
and simulated Ogg; 4 could not be resolved. This is true for cases where the density profile is assumed
constant on the flux surface shown in this paper or for cases not shown here where the density profile may
be poloidally asymmetric due to LH driven ExB drifts®:

E— 2-D simulations
® 3-D simulations

40 1 1 1 1 J
0 0.2 0.4 0.6 0.8 1
i/n
Figure 12. 2-D (blue line) at.a dominant toroidal mode number and 3-D (red circle) simulation results
averaging.over many toroidal mode numbers are shown as a function of fluctuation amplitude. The
measurement is'shown by the black diamond. The blue shaded error bars is the estimated +/- 1.5°
uncertainty based on the results of the sensitivity scan for collisions and density in figures 3 and 4. There
is only one.fsz - Mmeasurement for this set of conditions and the black shaded error bars represent the
measurement uncertainty in sz 5 and i/n.

Figure«12 also shows a comparison between 2-D axisymmetric simulations (blue line) versus a 3-D
simulation (red circle). For simplicity, averaging over a 4 cm long square box centered radially at the
fluctuations and poloidally at the center of the LH resonance cone is assumed to estimate 85,y in the 2-
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D simulations. The 3-D simulations accurately calculate 65z, based on the realistic sightline geometry.
The difference between the 2-D and 3-D simulations is surprisingly small. Using 2-D simulations therefore
appears to be a reasonable assumption to understand the trends of Ogg.yr With various fluctuation
parameters. This is done for the rest of the paper because the computational resources for.the full 3-D
synthetic diagnostic is substantial and prevent large parametric studies.

0.1 80
0.08
0.06 =
E y
£ 004
0.02 l
0 40
0 05 -

n/n

I FeN

Figure 13. O, F for a parametric:secan of 7i/n and gy,

One of these parametric scans is shown‘imFigure 13 where 8¢z, is calculated for a range of i /n and
Afwce- There are strong dependencies on @gg,pr as @ function of 7i/n and Agy,.. On average, Osgipr
decreases for increasing 7i/n and decreasing Agpe, similar to the results of section 3. The polarization
ranges from around 45° to 70° over this wide range of i/n and Az, Given that the measurement is
between 40° and 55°, high 7i/n > 0.5 and low Az, ~ 0.1 to 1 cm appear necessary for the simulation to
match experiment.

N
4.2 Effect of fluctuations on LLH SOL absorption

Figure 14 shows the/SOL power absorption fraction (fso;) that is absorbed outside the LCFS for a
parametric scan of 1/n"and Az, using the periodic fluctuation case with a single toroidal mode number

of 170. fs0, is calculated using equation (6) where J is the current and p is the normalized magnetic flux.

JJ-E)«(p>1)av
JJ-E) av

(6)

fsoL =

On average, fsor Increases for increasing 7i/n and decreasing As,c;. Moreover, fso, has similar
structure and appears to be anti-correlated to O, r as a function of 7i/n and Agy,,c¢. This is particularly
evidentforlarge#i/n and small A, It should be noted that the quantitative value of £, here is strongly
dependent onithe collision frequency and density profile. However, the trends of fso,, with 7i/n and A¢pyc¢

are independent of the collision frequency and density profile, so this anti-correlation should be robust to a
wide range of relevant SOL density and temperature profiles.
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Figure 14. fso, for a parametric scan of #i/n and Agyy,c;
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Figure 15. fgo; Versus Osg; i for three.different Afiuce- The individual values for each Ay, represent

the different 7i/n values|thatAvere 'scanned. There is only one 8¢,y Mmeasurement for this set of
conditions and the black-shaded error bars represent the measurement uncertainty in 6sg; y and 7i/n.

Figure 15 shows this,anti-correlation between fs,,, and g, yr more clearly for three different A,
over a wide range of 7i/n. Theindividual values for each A, represent the different i /n values that were
scanned. For all three 4y, .., it appears that there is an inverse relationship between fs,, and 6z, yr. When
the LH polarization is modified, more power is absorbed in the SOL. The exact details for this structure
and anti-correlation is not clear, but it has also been recently observed experimentally on Alcator C-Mod
that the amplitude of SOL turbulence appear anti-correlated with LHCD efficiency?. These simulations are
therefore‘consistent with the experimental observations for LH polarization modifications and reduced
LHCD efficiency at large SOL fluctuation amplitudes.

5. (Discussion and conclusion
A coldplasma full wave model has been developed as a synthetic diagnostic for a LH electric field

magnitude and polarization measurement. The synthetic diagnostic can match experimental measurements
for the'leH electric field magnitude but cannot match measurement for the LH electric field polarization?.
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The first key result of this paper is that the inclusion of poloidally varying density fluctuations,with the
appropriate amplitude and poloidal wavelength in the model can greatly modify the LH wave propagation
and absorption for a range of synthetic turbulence models such as periodic, blobs, and holes. While'there
are some differences depending on the synthetic turbulence model, a poloidal fluctuation wavelength of ~
0.1to 1 cm and a fluctuation amplitude (7i/n > 0.5) results in strong LH polarization modifications for all
the synthetic turbulence models. The LH wavelength is approximately 0.5 cm and this appears consistent
with previous known results®°2 where there may be strong scattering when the LH wavelength is close to
the fluctuation wavelength.

The second key result is that the inclusion of synthetic turbulence can allow for better agreement
between experimental measurement and simulation of the LH polarization. The“physical mechanism for
LH polarization modifications appear to be due to some combination of backseattering, interference, and/or
diffraction effects. These effects are discussed in detail in simpler models using cylindrical density
filaments®*4, Because of the backward nature of the LH slow wave, there can.be significant backscattering
as well as forward and side scattering. This is evident particularly forthe hole and blob case where the wave
clearly backscatters with a significant polarization modification: Interferenee and diffraction effects are also
important, particularly given the large changes of the LH polarization in.periodic lobes in the periodic case.
Many previous efforts?>°>-8 on LH polarization modifications uses the ray tracing technique, which cannot
capture interference and diffraction effects. Full wave effects.therefore are important to understanding LH
polarization. v

The third key result is that the calculated SOL absorption efthe LH wave and polarization modification
are anti-correlated. These results support previous arguments that SOL density fluctuations are important
in understanding LH propagation and absorption®-2°and anti-correlated with LHCD efficiency with
increased fluctuation levels? at increasing=Greenwald density fraction®®. Fluctuations may therefore be
important in understanding the observed SOL. absorption of LH waves, particularly at high line averaged
densities. Launching at a region with significantly lower density fluctuation amplitudes such as the high
field side of a tokamak® may therefore be beneficial for increased LHCD efficiency at high densities.

One important factor to better understand the influence of SOL density fluctuations on LHCD
efficiency is that these full wave madels use a cold plasma approximation. A kinetic tensor along with
appropriate models such as CQLSD61 toscapture current drive and non-thermal behavior are necessary
improvements for a full wave maodel.{Improvements on existing hot-plasma ray-tracing code could be
considered. While ray, tracing cannot capture diffraction or interference effects, assumptions may be
possible to mimic these effects. Fourier transform of the cold-plasma full wave model in the SOL could
provide appropriate perpendicularswavenumbers as initial conditions into ray-tracing codes. Prior work
largely focused on @ “tail model” that introduces spectral broadening in ny, largely to understand the
“spectral gap” problem. More recent work has investigated the use of spectral broadening in the
perpendicular wavenumber®

Other important features to'better understand density fluctuations on LH polarization, propagation, and
absorptionsare a better‘turbulence model and high time resolution density profile and density fluctuation
measurement willde important. The results of sections 3 and 4 clearly indicate that the LH polarization and
absorption,profile’is sensitive to the fluctuation amplitude and wavelength. While previous work*"® has
suggested thatithe synthetic turbulence model may be somewhat reasonable, a predictive physics model
will better constrain the inputs to the 3-D full wave model.
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