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Introduction

The anomalous energy transport remains one of the main issues in magnetic confinement
fusion research. According to the present day understanding [1, 2] the anomalous transport is
determined by the multi-scale drift-wave turbulence and the nonlinear interaction of its
components. The gyrokinetic (GK) simulations [3, 4] provide an efficient tool for studying the
nonlinear turbulent plasma dynamics and in the recent papers [5, 6] such simulations of the
electron and ion distribution functions from the first principles were performed for the small
research limiter tokamak FT-2. The interplay of the multi-scale turbulence components was
studied and successful quantitative comparison was presented with O-mode Doppler
reflectometry (DR) and enhanced microwave scattering in the upper hybrid resonance [5, 6].

Unfortunately, the interpretation of DR data is complicated due to the contribution of the
poorly localized small-angle scattering, which can lead to the overestimation of the turbulence
radial correlation length in the linear scattering regime [7, 8], and to its underestimation in the
strongly nonlinear regime [9]. In the latter case the turbulence wavenumber spectrum
measurements are questionable, and only the plasma turbulence mean velocity could be
determined [10]. Moreover the 2D propagation effects additionally complicate the experimental
data interpretation and its comparison with the theory predictions.

To overcome these issues, synthetic diagnostic can be used both for the interpretation of the
experimental results and for the code benchmarking [11, 12]. In this paper two versions of the X-
mode DR synthetic diagnostics are compared in the framework of the ELMFIRE global GK
modeling of the FT-2 tokamak ohmic discharge [6]. The X-mode DR signal is computed both in
the linear theory approximation using the reciprocity theorem [13] and by the full-wave code
IPF-FD3D [14]. The temporal behavior of the DR signal frequency spectra and the dependence
of its amplitude, frequency shift and shape on the probing antenna position are computed and
compared to those measured in the experiment at the FT-2 tokamak. In the case of multi-
frequency probing the radial correlation (RC) DR cross-correlation function (CCF) is also
determined by both of the synthetic diagnostics and compared to that obtained in the experiment.
The experimental approach

The experiment was performed at the FT-2 tokamak (the major radius R = 0,55 m, the limiter
radius a = 0,079 m) in the hydrogen ohmic discharge (with plasma current |, =19 kA, central
density n.(0) = 4x10" m™ and electron temperature T, = 470 eV). The discharge is similar to that
utilized for successful comprehensive benchmarking of the ELMFIRE GK code in [5, 6], expect
for the toroidal magnetic field (B«(0) = 1.7 T instead of 2.1 T). The measured electron density
and temperature profiles for this discharge used in the GK modelling, as well as the ion
temperature profile are shown in Fig. 1. The vertically movable (by +2 cm) X-mode double
antenna set (shown in Fig.2) installed at high magnetic field side in the vicinity of equatorial
plane allowed plasma probing at variable incidence angle with frequencies in the range f; = (50-
75) GHz. It was used both in DR measurements utilizing the quadrature scheme and in the
RCDR technique [15], as described in [16].

In the latter case the reference channel generator was tuned to the master frequency
fo =70 GHz determining the measurement position in the vicinity of r =5 cm, whereas another
generator was used in the second, channel to determine the turbulence two-point CCF.
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FIG.1. The discharge parameter profiles. Density — solid
curve; safety factor — dashed curve. Electron
temperature — circles; ion temperature — triangles.

The GK computation approach and the synthetic diagnostics

FIG.2. The DR experiment geometry and the probing
wave poloidal electric field distribution computed at
Ya=1.5cm.

The simulations are performed with the global electrostatic particle-in-cell code ELMFIRE
[3]. The simulation geometry has a circular cross-section and covers the whole radial range. The
time step is set to ot=30ns and spatial grid to 110x8 cells in radial (r) and toroidal (@)
directions while the number of cells in poloidal () direction is set to increase with r up to 950 at
r=7 cm. The corresponding computational grid cell sizes at the minor radius r=5 cm are 0.07cm
in radial and poloidal directions. They are sufficient for an adequate description of fluctuations
contributing to the experimental DR signal, however, not for the modelling of smaller-scale
turbulence, in particular, belonging to the Electron Temperature Gradient (ETG).

The “fast” synthetic X-mode DR diagnostics developed for this code [13] is based on the
reciprocity theorem of electrodynamics [17] relating the high-frequency current in the plasma
volume and the signal radiated by it and received by the antenna. The probing and backscattering
wave propagation in the plasma not perturbed by turbulence is described in the fast synthetic
diagnostic by full-wave code WaveTOP2D [18]. It should be mentioned, however, that this
approach neglects the perturbations of the probing wave propagation which makes it equivalent
to the linear (Born) approximation in the fluctuation amplitude. The benefit of this approach is
the high speed of computations, whereas the drawback is the neglecting of the nonlinear effects.

The alternative “slow” DR synthetic diagnostic is free from this drawback. It is based on the
full-wave code IPF-FD3D describing the probing and scattered wave propagation in turbulent

plasma [14].

Comparison of DR frequency and turbulence poloidal wavenumber spectra

The DR spectra obtained in the
experiment and provided by the
synthetic diagnostics are plotted in
Fig. 3 for vertical antenna shifts of
different sign and value and a
reasonable agreement can be seen.
The meaningful difference in
spectral shift is only observed at the
largest antenna displacement
Ya=42.0cm. This difference is
probably due to a contribution of
experimental ~ spectrum  wings
opposite to the frequency shift
becoming especially heavy at high
antenna displacement. This wing is
opposite to the mean frequency shift
of the spectrum and, presumably, is
caused by small-scale drift modes,
which rotate in the direction of the
ion diamagnetic drift and are not
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FIG.3 Comparison of DR spectra for different antenna vertical
displacement. Circles —experiment; triangles — fast synthetic DR,
squares — full-wave synthetic DR.
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described well by the GK code.

Good agreement is confirmed by Fig. 4 and Fig. 5, where the mean frequency shift and the
mean frequency width of the experimental and synthetic spectra obtained as the first and the
second moment of the spectrum, respectively, are plotted as functions of the antenna vertical
displacement and the turbulence poloidal wavenumber. Fig. 4 allows us to obtain estimations for
the fluctuation poloidal velocity. The estimation of the mean fluctuation poloidal velocity in
experiment is given by v, =7z f,/k, ~2.1£0.2 km/s, whereas the synthetic DR results in

V,~2.0£0.1 km/s for the fast diagnostics and v, ~2.4+0.1 km/s for the full-wave one.

Fig. 5 shows the mean width of synthetic spectra to be systematically smaller than in experiment
which can be attributed to the contribution of the spectral wings, which are higher in the
experiment. The large backscattering spectrum width observed in Fig.5 is partly associated with
strong plasma potential oscillations caused by geodesic acoustic mode (GAM) excited in the FT-
2 plasma [5, 6, 19]. These oscillations could be extracted from the temporal behavior of the DR
spectrum frequency shift [20].

Utilizing experimental and synthetic DR signals oscillations of the plasma poloidal velocity
Vo(t) caused by the GAM are obtained (Fig. 6). The velocity oscillation amplitudes provided by
the experimental measurement, fast and full-wave synthetic diagnostics, direct GK code results
are close (1.7+£0.3 km/s; 1.6+0.3 km/s, 1.4+0.2 km/s and 1.3+0.5 km/s respectively). The
standard deviations of the velocity fluctuations determined using DR data are also similar: the
values 1.1 km/s; 0.9 km/s, 1.0 km/s and 0.8 km/s were obtained in experiment, given by the two
synthetic diagnostics and directly provided by the GK code. Finally GAM frequencies provided
by the experimental measurement, fast and full-wave synthetic diagnostics, direct GK code
results are close too (40 kHz, 45 kHz, 36 kHz and 40 kHz respectively).
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FIG. 4 Dependence of the DR FIG. 5 Dependence of the DR FIG. 6 Poloidal velocity temporal
signal frequency shift on the antenna  signal frequency width (rms) on the behavior. Thick line —computed
vertical displacement y, and antenna vertical displacement y, directly by GK code, circles —
fluctuation wavenumber. Circles — Circles —experiment; triangles — fast measured; triangles —fast synthetic
experiment; triangles — fast synthetic synthetic DR; squares full-wave diagnostics; squares —full-wave
DR; squares full-wave synthetic DR. synthetic DR. synthetic diagnostics

Another comparison made was the DR signal power dependence on the antenna vertical
displacement (Fig. 7). As it is seen in Fig.7, the decrease of the DR signal power with growing
fluctuation poloidal wavenumber is substantially faster than in experiment for both synthetic
diagnostics. The difference could be attributed to at least three possible reasons. The first one is
related to incorrect modeling of ETG mode-scale fluctuations nonlinearly leading to an
underestimation of the turbulence poloidal wavenumber spectrum in the intermediate-scale

domain x, =10cm . The second reason is a possible underestimation by the GK code of the total

density fluctuation level. The final reason is neglecting multiple wave reflections between the
cutoff and the antenna taking place at the equatorial probing in synthetic diagnostics.
RCDR CCF comparison

Inspired by a reasonable agreement of the experimental and synthetic DR spectral data we
have performed the comparison of the computed and measured RCDR CCFs for antenna
displacement of +2.0 cm. The corresponding CCFs as well as density fluctuations two-point CCF
for frequency fi-fi= 300 kHz from GK data are plotted at Fig.8. The slow decay of the CCF
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provided by fast synthetic diagnostics is most likely due to the small-angle-scattering effects [7]
and neglecting strong probing wave phase modulation [9, 10, 21] coming into play with growing
turbulence level. Both synthetic CCFs might also be wider due to the GK code spatial grid
limitations leading to an underestimation of the turbulence radial wavenumber spectrum width,
and thus — to the overestimation of the RCDR CCF width. The CCF provided by the full-wave
synthetic diagnostics is much closer to the experimental one, which shows that the second reason
mentioned above probably plays a minor role.
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FIG. 7. Dependence of the FIG. 8a The RCDR CCF againstthe  FIG. 8b The RCDR CCF against the
backscattering power on the channel frequency separation. turning point radial separation.
fluctuation poloidal wavenumber. Triangles — fast synthetic DR; Triangles — fast synthetic DR; circles
Circles —experiment; triangles — squares — full-wave synthetic DR; — experiment; double crosses —
fast synthetic DR; squares — full- circles — experiment. turbulence CCF by GK code.
wave synthetic DR.
Conclusions

ELMFIRE code benchmarking against the FT-2 X-mode Doppler reflectometry experimental
data utilising the fast linear and full-wave DR synthetic diagnostics has demonstrated a good
agreement between the measured and computed DR frequency spectra. However, the variation of
the DR signal power with growing incidence angles in experiment is slower than that predicted
by both of the synthetic diagnostics. Possible explanations were suggested. The difference was
also found in the decay of the DR signal CCFs with growing frequency separation. The quick
decrease of the RCDR coherence observed in the experiment and full-wave synthetic diagnostic
compared to the fast synthetic RCDR is attributed to nonlinear effects.
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