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INTRODUCTION

Fluctuation wavenumber spectra contain a variety of information about underlying linear
microinstabilities and energy transfer mechanisms. In magnetic confinement fusion research,
typically two-dimensional (2D) turbulence is observed due to the strong anisotropy in perpen-
dicular and parallel directions to the magnetic field, k, > k; [1]. Nowadays, the prevailing
diagnostic to measure local wavenumber spectra is Doppler reflectometry [2—18]. However, it
has been pointed out that the reliability of turbulence amplitude measurements could be affected
by nonlinear wave-plasma interaction processes. These processes depend the microwave polar-
ization. In particular, for a given density gradient length, theory predicts that nonlinear effects
are encountered for extraordinary mode (X-mode) polarization at lower turbulence levels than
for ordinary mode (O-mode) polarization [19, 20]. These nonlinear effects can distort mea-
surements or even render them unreliable. Although in this work only the power response is
treated, also measurements of the perpendicular velocity of density fluctuations, v, the radial
correlation length, L,, and other derived quantities can be affected [21]. Since the diagnostic
power response can be linear, nonlinear, or even saturated, it is indispensable to understand
in which of these regimes the measurement is performed. In this work, a two-dimensional
full-wave (2DFW) analysis has been applied to fluctuations obtained from nonlinear turbulence
simulations with the gyrokinetic code GenE [22]. Full-wave simulations have been used since
more than a decade to study the complex plasma-wave interactions pertaining to Doppler reflec-

tometer measurements and can be considered as “complete” in the sense that they contain all the
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physics involved in the process [23—-28]. Gyrokinetic simulations are nowadays considered to be
the most complete tool to simulate core plasma microturbulence in realistic geometries [22, 29—
34].

This work briefly summarizes and adds information to results published in Ref. [18], where
linear, nonlinear, and saturated power response regimes have been observed. First, the ex-
periment and wavenumber spectra are shown, followed by numerical simulations, which are
then interpreted in terms of the wave-plasma interaction regime estimated via a physical optics
model [35].

WAVENUMBER SPECTRA IN EXPERIMENT AND SIMULATION

Wavenumber spectra in this work have been obtained by steering the incidence angle of
the probing beam of the Doppler reflectometer [36]. In total, three reflectometer systems have
been used, two of them in X-mode polarization and one in O-mode polarization. A wire grid
polarizer serves to couple the different polarizations into the same oversized waveguide. This
setup allows for the measurement of wavenumber spectra at the same toroidal, poloidal, and
radial location in the plasma. The radial overlap of measurements is achieved by using the V-
band range of frequencies (f = 50 — 75 GHz) for O-mode [37] and W-band (f = 75 — 105 GHz)
for X-mode [5, 37].

The plasma used to study the wavenumber spectra is an L-mode plasma in upper single null
(USN) configuration. The magnetic field strength on the axis is B, = —2.5 T and the plasma
current is I, = 1.0 MA. The density and electron temperature profiles are shown in Fig. 1(a)
and (b), respectively. In Fig. 1(a), the density profile is depicted, which has been obtained with
Thomson scattering [38] and Lithium beam [39] diagnostics. A fit to the data points is shown as
a solid line. Furthermore, the radial measurement regions of the X-mode and O-mode channels
are indicated. The radial extent of the X-mode is smaller due to the magnetic field dependence
of the X-mode cutoff frequency. The electron temperature profile has been measured with
the electron cyclotron emission diagnostic (ECE) and is shown in (b). Since there is no ion
temperature measurement available for the discharge, for the gyrokinetic simulations used later
T; =T, is assumed.

Fig. 1(c) shows the k, -space of the Doppler reflectometer measurements. The radial extent
is mostly due to the different probing beam frequencies used, while the extent in k, -space is
obtained by scanning the incidence angle of the probing beam [36]. The radial region p,o =
0.80 — 0.85 shows a good overlap of measurements in k, -space, and will be used later for the
evaluation of wavenumber spectra, gyrokinetic simulation and full-wave simulation. This radial
region is also depicted in real space in Fig. 1(d), where the poloidal cross-section of ASDEX

Upgrade is shown. Solid lines are closed flux surfaces and dashed lines are open flux surfaces.
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FIG. 1. Density (a) and electron temperature (b) profiles with radial measurement regions indicated
for X- and O-mode. (c) Scanned wavenumber space with highlighted radial region used for further

evaluation. (d) Poloidal distribution of measurements (radial region highlighted as in (c)).

Also in real space, the overlap of measurements between X-mode and O-mode is given, which

makes a comparison of wavenumber spectra measured in different polarizations meaningful.

Wavenumber spectra obtained in the experiment in X- and O-mode polarization are shown in
Fig. 2(a). The spectra are vertically offset to improve readability. The X-mode spectra shown in
red and black have been obtained with independent reflectometer electronics. Their similarity
gives confidence in the reliability of the measurement. Both spectra are rather flat in the low &, -

! when a weak spectral fall-off starts with spectral indices around —3.5.

rangeup to k, ~ 9 cm™
In contrast, the O-mode spectrum (blue) decays already in the low k, -range (spectral index
a = —2.2), with a transition to stronger fall-off (¢ = —7.2) at higher k,. Since the X-mode
and O-mode spectra have been measured at the same position in the plasma, it is highly likely
that the differences in the wavenumber spectrum shapes are due to a diagnostic effect. In the
following, this difference will be reproduced by 2D full-wave simulations and an interpretation

will be given using physical optics simulations [40].

The wavenumber spectra shown in Fig. 2(b) have been obtained by applying 2D full-wave
simulations in X- and O-mode with the code IPF-FD3D [26] to turbulence fields generated by

the gyrokinetic code GeNE [22]. The nonlinear gyrokinetic simulations are flux-matched and
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FIG. 2. Wavenumber spectra in experiment (a) and 2DFW simulation (b). The spectra are vertically offset
to improve readability. X-mode (red, black) and O-mode (blue) spectra show pronounced differences,

which are reproduced by 2D full-wave simulation.

the full-wave simulations have been applied to the relevant poloidal position where the Doppler
reflectometry measurements have been performed [18]. As in the experimental spectra, the X-
mode spectrum (red) is comparably flat at low k, and shows a weak spectral fall-off at high
k.. Furthermore the O-mode spectrum differs substantially from the X-mode spectrum, with a
weak spectral decay at low k_, followed by a strong spectral fall-off at high k, . There are small
differences between the spectral indices between experimental and 2DFW simulation spectra.
In this context it should be noted that the 2DFW simulations require highly accurate density
fluctuation levels from the gyrokinetic code while the latter is strongly sensitive to the physics
inputs, i.e. requires high-accuracy profile information. Furthermore, validation of gyrokinetic
codes is still an ongoing effort [41]. Considering these ongoing efforts and uncertainties in

profiles, the agreement between the spectra in Fig. 2(a) and (b) is considerable.

The wavenumber spectra in Fig. 2 confirm a strong diagnostic effect when the power re-



Proc. 13™ Intl. Reflectometry Workshop - IRW13 (Daejeon) 10 - 12 May 2017

sponse of the Doppler reflectometer is analyzed. For the same position (x,y,z) and the same
turbulent background, there are differences in both the experimental spectra and the simulated
spectra. This effect is due to enhanced power response and saturation, as will be shown in the

next section.

ESTIMATION OF POWER RESPONSE REGIME

In order to estimate the power response regime (linear, nonlinear or saturated), the wavenum-
ber spectrum from gyrokinetic simulation is used to generate corrugations to be analyzed with
the physical optics model [20, 35]. The physical optics model is a simple and efficient model to
calculate the scattering of waves off rough surfaces. For the application to the case of (Doppler)
reflectometry, the rough surface corresponds to the cutoff layer which includes the turbulent
fluctuations. In order to obtain the rough surface where the waves are scattered, the wavenum-
ber spectrum from the gyrokinetic simulation is Fourier transformed with random phases to
obtain a synthetic “turbulence field”. This turbulence field is then translated into corrugations
to be used as input for the physical optics model. For details, see Ref. [20]. In the physical
optics simulations, parameter scans are done in turbulence level dn and incidence angle of the
probing beam, which results in a k, -scan. The scan in én is represented here as a scan in the

nonlinearity parameter [19]

0 2G2 2 clcx ¢
y = (&) il 5 "
c? Ly

n
Measurements are taken in the linear regime for y < 1 or in the nonlinear regime for y > 1.
Here, on/n is the relative turbulence level, w = 2xf is the probing wave frequency, x. is the
distance from plasma periphery to the cutoff layer, /., is the radial correlation length, and c is
the speed of light in vacuum. The quantity G is the polarization-dependent enhancement factor
and can be found in Ref. [42]. Values used for the evaluation of (1) are én/n = 0.9 % and
[y = 0.031 m (both from gyrokinetic simulation), x. = 0.25 m, fo = 64.4 GHz (O-mode),
Jfx = 97.4 GHz (X-mode), Go = 1 and Gx = 3.9. Evaluation of (1) with the above parameters
yields values of yo = 2.4 (O-mode) and yx = 81.6 (X-mode), which shows that the O-mode
measurements have been performed close to the linear regime, while the X-mode measurements
might have been affected by nonlinear effects.

To investigate this further, figure 3(a) shows the physical optics power response against non-
linearity parameter vy for different probing beam incidence angles, hence different k, . The power
response in the linear regime is shown as dashed lines. For k; = 0 (perpendicular incidence),
a linear regime is observed up to y = 2, when the maximum in the power response is reached

(saturation regime). Note that although the power response starts to saturate somewhat earlier
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FIG. 3. (a) Physical optics power response versus nonlinearity factor y. Both saturation and enhanced
scattering regimes are found (indicated by vertical lines). (b) Saturation and enhanced power response

regimes in y-k, -space. For details refer to the text.

(y = 0.5), for the sake of simplicity the response is considered linear up to the saturation value.
For higher values of vy, the response to increasing vy is inverse. For higher k,, both the linear
and saturation regimes are also observed at low y (< 1) and higher vy, respectively. However,
there is a region at intermediate y which shows an enhanced power response. This is visualized
by the pattern-filled region between the expectation from a linear response (dashed line) with
the simulated power response (solid line). In Fig. 3(a), the start of the saturation regime is indi-
cated at the maximum of each curve (vertical red line) and corresponds to a respective critical
value of y. The enhanced power response regime is indicated by yellow vertical lines for an
overprediction by a factor of two and orange for an overprediction by a factor of ten. Note that
the y value for the existence of both saturation and enhanced power response regimes depends
on k_, which is due to the wavenumber spectrum. An analytical extension to (1) to include the
wavenumber spectrum dependence in the estimation of the enhanced power response regime

has been suggested [20].

Figure 3(b) plots the critical nonlinearity factor y of the different regimes against k, . Above
the red points, which mark the saturation detected in Fig. 3(a), the “saturation region” starts.
Any measurements taken in this region will underestimate the turbulence level in the plasma.
In contrast, measurements taken in the “linear region” at low y will yield trustworthy results.
The enhanced power response regime only occurs for Doppler reflectometry and not conven-
tional reflectometry, and it will yield a measurement that overpredicts the turbulence level in the

plasma.

The definitions of boundaries from Fig. 3 are applied to results from fine physical optics
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FIG. 4. Power response diagram for Doppler reflectometer measurements. Different power response

regimes are identified: linear (green), enhanced (2x: yellow, 10x: orange) and saturation (red).

scans in k, and 7y for the plasma under investigation (cf Figs. 1 and 2). The resulting existence
diagram is shown in Fig. 4. Four different regions are depicted. In the linear region (green),
turbulence level measurements from Doppler reflectometry are reliable and can be used to re-
construct realistic wavenumber spectra. In contrast, in the saturation region (red), turbulence
measurements from Doppler reflectometry cannot be used for wavenumber studies or even for
qualitative comparisons, since the power response can even be inverse (cf Fig. 3(a) at high y
values). Therefore, the calculation and interpretation of wavenumber spectra in this region is
not recommended. In the enhanced power response regime (yellow and orange), a diagnostic-
related flattening of wavenmber spectra at high k, will be observed, which hampers quantitative
comparisons, e.g. with gyrokinetic codes. However, in the enhanced power response regime,
qualitative statements, such as a reduction of turbulence level to changing plasma parameters,
are possible.

Moreover, the parameter regimes in which the measurements in this work have been per-
formed are indicated for both O- and X-mode in Fig. 4. Exact values are yo = 2.4 (O-mode)
and yx = 81.6 (X-mode). Note that for the estimation of y, the turbulence level and radial
wavenumber spectrum width of the gyrokinetic simulation is used. The width in vy is deter-
mined by the turbulence level resulting from simulations with increased and decreased R/Ly;.
While the O-mode measurements have been taken mostly in the linear regime with possibly

some enhanced power response at k;, > 7 cm™!, the X-mode measurements are located in the



Proc. 13™ Intl. Reflectometry Workshop - IRW13 (Daejeon) 10 - 12 May 2017

saturation regime at low k, and in the enhanced power response for k, > 12 cm™!. This effect
can be seen in both the experimental and 2DFW wavenumber spectra. For X-mode, the low k;
range is flat because the wave-plasma interaction is in the saturation regime. At high k,, the
spectral index is small, because the power response overpredicts the turbulence level (enhanced
power response, cf pattern regions in Fig. 3(a)). In contrast to the X-mode, the O-mode mea-
surements show a spectral decay in the whole range of perpendicular wavenumbers, which is
consistent with yo = 2.4 in Fig. 4, which is located exclusively in the linear power response
regime.

In summary, density wavenumber spectra have been measured with Doppler reflectometry
in O- and X-mode at the same radial, poloidal and toroidal position in the ASDEX Upgrade
tokamak. Not only do the measurement positions overlap in real space, there is also significant
overlap in perpendicular wavenumbers. A pronounced difference is observed in spectral indices
if measurements are acquired in X-mode or O-mode. Accompanying gyrokinetic simulations
have been used as input to two-dimensional full-wave simulations including ASDEX Upgrade
flux surface geometry. The resulting wavenumber spectra are strikingly similar to the experi-
mental ones, which indicates that it is indeed the probing wave polarization which is respon-
sible for the differences. Furthermore, physical optics simulations adapted to the experimental
situation have been used to estimate enhanced scattering and saturation regimes. For the ex-
perimental conditions, physical optics predicts that while the O-mode measurements have been
obtained in the linear regime, the X-mode measurements have been affected by both saturation
and enhanced scattering regimes, depending on the probed perpendicular wavenumber. These
results are consistent with the effects observed in the experimental and simulated wavenumber
spectra.

The results of this paper show through experiment, simulation and comparison with theory,
that wavenumber spectrum measurements via Doppler reflectometry have to be regarded with
care if the nonlinearity parameter v > 1. This criterion is reached for X-mode at lower tur-
bulence levels than for O-mode. For quantitative analyses and comparison with gyrokinetic
simulation, measurements in the linear regime are crucial. These can be more easily accessed
if O-mode wave polarization is used.
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