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Abstract.

Perpendicular wavenumber spectra and flow profiles have been measured in two

plasma regions poloidally separated as both positive and negative probing beam angles

with respect to normal incidence can be selected using Doppler reflectometry at TJ-II.

A systematic comparison reveals differences that depend on plasma density, heating

conditions and magnetic configuration [T. Estrada et al., Nuclear Fusion 59, 076021

(2019)]. The rationale behind this study is twofold, namely, validation of the spatial

localization of instabilities predicted by gyrokinetic simulations in stellarators and

validation of the electrostatic potential variation on the flux surface as calculated by

neoclassical codes and its possible impact on the radial electric field. In this report,

the main results and the possible impact of different instrumental effects are discussed.

1. Introduction

Doppler Reflectometry makes use of a finite tilt angle between the probing beam and the

cut-off layer normal to measure the Bragg back-scattered wave that takes place at the

cut-off layer. This technique allows the measurement of the density turbulence and its

perpendicular rotation velocity, at different turbulence scales and with good spatial and

temporal resolution [1–6]. In particular, the Doppler Reflectometer (DR) in operation

at TJ-II allows measurements at two plasma regions poloidally separated [4]. Using

this capability, dedicated experiments were carried out in different plasma scenarios for

a systematic comparison of turbulence wavenumber spectra and perpendicular rotation

velocity measured at poloidally separated positions on the same flux-surface [7]. Poloidal

asymmetries in the k⊥ spectrum were found and compared with linear gyrokinetik

simulations obtained using the code EUTERPE [8]. Model and experiment agree in

showing a poloidal asymmetry that depends on the magnetic configuration. Besides,

poloidal asymmetries in the Er profile were found in low density plasmas and compared

with the contribution to the local radial electric field arising from −ϕ′1, ϕ1 being the

component of the neoclassical electrostatic potential that varies over the flux surface [9].

In this report, the main results are summarized and the possible impact of different

instrumental effects is discussed.

2. Experimental results

The TJ-II optimized DR is in operation since 2009 [4]. The reflectometer works in a

frequency hopping mode in the Q-band: 33 − 50 GHz and in X-mode polarization,
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covering typically the radial region from ρ ∼ 0.5 to 0.9, ρ being the normalized

effective radius. Its in-vessel front-end consist of a compact corrugated antenna and

an ellipsoidal mirror that focus the probing microwave beam to the cut-off layer with

a well defined optimized beam waist. The DR antenna-mirror arrangement is oriented

perpendicular to the magnetic field to minimize the parallel wave-number contribution to

the measurement. By steering the DR mirror, different perpendicular wave-numbers can

be explored at both positive and negative probing beam angles with respect to normal

incidence. A set of experiments with the goal of characterizing the turbulence under

different regimes has been carried out during the last TJ-II experimental campaigns.

In all cases scale-resolved density fluctuation spectra and perpendicular plasma flow

have been measured at different radial positions and in two poloidally separated plasma

regions. To this end, the DR mirror is tilted in a shot to shot basis to probe different

perpendicular wave-numbers of the turbulence, covering the range: k⊥ = 1 − 14

cm−1. This k⊥ − ρ parameter range can be explored in two plasma regions poloidally

separated as illustrated in figure 1.left. In the following, the region on the left of the

plasma cross section shown in the figure will be called region 1 and that on the right

region 2. The k⊥ and ρ values in each particular scenario are calculated using the

ray-tracing code TRUBA that takes into account the propagation of the microwave

beam in the three dimensional structure of the TJ-II magnetic configuration and the

corresponding density profile. An example of the k⊥ − ρ parameter range explored in

the two poloidal plasma regions is shown in figure 1.right. Note that at symmetric

probing beam angles with respect to normal incidence, the k⊥ − ρ values are slightly

different due to differences in the magnetic field in the two poloidal regions. This

effect precludes a direct comparison of the DR measurements at a given frequency for

symmetric probing beam angles, however, it is always possible the comparison with

the closest symmetric case. An example is shown in figure 2 for mirror angles α = 36

and 46◦; α is the mirror angle with respect to the equatorial plane and α0 = 41◦ is

the mirror position for perpendicular incidence at this magnetic configuration, thus

θ = 2(α − α0) is the launch angle with respect to perpendicular incidence: θ = ±10◦.

The higher values of the magnetic field in region 1 shift the cut-off positions radially

outwards and change slightly the probing wave numbers. The spectra shown in figure

3.a correspond to the points encircled in figure 2.right, both with k⊥ = 4.7 cm−1 and

ρ = 0.79, probed at frequencies 34.5 GHz in region 1 and 33.5 GHz in region 2. Slight

differences in both, the Doppler peak frequency and amplitude, are already visible in

this example, an indication of poloidal asymmetries in the turbulence intensity (lower

in region 1) and in the perpendicular plasma flow and radial electric field (higher in

region 1). This asymmetry, although small in this case, cannot be explained based

on instrumental effects. In fact, measurements performed using the same DR settings

but at different magnetic configuration show the oposite behavior as shown in figure

3.b. The differences in the Doppler peak frequency and amplitude are now more

pronounced and the asymmetry reverses with respect to the case shown in figure 3.a.

All these measurements have been performed in ECH-heated low-density plasmas (with
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Figure 1. Left: schematic representation of the TJ-II vacuum vessel with the DR

antenna-mirror arrangement showing the two poloidally separated plasma regions that

can be probed by the system. Right: example of the k⊥− ρ parameter range explored

in the two plasma regions.
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Figure 2. Magnetic field (left) and k⊥ − ρ (right) probed with different frequencies

at symmetric angles with respect to normal incidence θ = ±10◦.

line-averaged density ne = 0.5 × 1019 m−3 and PECH = 500 kW), in two magnetic

configurations: in a high rotational transform configuration ( ιa = 2.24, figure 3.a) and

in the standard one ( ιa = 1.63, figure 3.b).

The poloidal asymmetries shown in figure 3 are confirmed when the whole data set

is considered and the perpendicular wavenumber spectra measured at the two poloidal

regions are compared as shown in figure 4. In the high iota configuration (figure 4.a),

the turbulence intensity detected in region 2 is higher than that measured in region 1

in the whole wavenumber range, the difference being about ∼ 1−3 dB. A reversal in the

poloidal asymmetry is found in the standard magnetic configuration (figure 4.b) with a

higher turbulence intensity detected in region 1 as compared to region 2. The difference

in this configuration is rather pronounced in the whole wavenumber range, being close to

∼ 4− 5 dB at intermediate scales. These poloidal asymmetries can hardly be explained

based on instrumental effects. It is generally assumed that DR can provide accurate

measurements of the k⊥ turbulence spectra, however, there are some instrumental effects

that should be taken into account. The transition from linear to saturated scattering
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Figure 3. Spectra measured at the same k⊥ − ρ (k⊥ = 4.7 cm−1 and ρ = 0.79), at

34.5 GHz in region 1 (in red) and 33.5 GHz in region 2 (in blue); in the magnetic

configuration with high rotational transform,  ιa = 2.24 (left) and in the standard

magnetic configuration,  ιa = 1.63 (right). The Gaussian fitting parameters and the

corresponding radial electric field and turbulence intensity values are indicated.

regimes [10–12] that would produce a saturation in the spectra at low k⊥, and the non-

linear regime that can give rise to an enhanced backscattered power at high k⊥ [13,14].

Complete saturation is not observed in the measured k⊥ spectra, although small, the

spectral index is still finite (α1 in figure 4). The low spectral indices measured at low k⊥
could be consequence of being close to the saturation regime, but if this is the case, then

one should conclude that the differences between the true wavenumber spectra at low

k⊥ should be more pronounced than that measured by the DR. Regarding the enhanced

power response in the non-linear regime, it would produce an increase in the power

response at high k⊥ more pronounced in the poloidal region with stronger turbulence,

which is not observed in the present measurements.

Poloidal asymmetries in the perpendicular rotation velocity and in the radial electric

field are also detected in these low density ECH-heated plasmas. The local Er profiles

measured at the two poloidal regions are shown in figure 5, for the high iota magnetic

configuration (figure 5.a) and for the standard configuration (figure 5.b). As for the

turbulence intensity, a poloidal asymmetry is measured in the local Er profiles that

depends on the magnetic configuration. These results motivated the numerical analysis

of Er taking into account the contribution arising from the radial dependence of the

neoclassical electrostatic potential variation on the flux surfaces: −ϕ′1 [15]. The results

showed variations in Er comparable to those found in the experiments. However, there is

a disagreement regarding the sign of the Er correction when simulations and experiments

are compared that is believed to be linked to the effect of kinetic electrons on ϕ1 [16].
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Figure 4. k⊥ spectra measured by the DR in the two plasma regions poloidally

separated (region 1 in red and region 2 in blue), (a) in a magnetic configuration with

high rotational transform ( ιa = 2.24) and (b) in the standard magnetic configuration

( ιa = 1.63).
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Figure 5. Radial electric field profiles measured by the DR in the two plasma

regions poloidally separated (region 1 in red and region 2 in blue), (a) in a magnetic

configuration with high rotational transform ( ιa = 2.24) and (b) in the standard

magnetic configuration ( ιa = 1.63).

3. Summary

A systematic comparison of turbulence wavenumber spectrum and perpendicular

rotation velocity measured using Doppler reflectometry at poloidally separated positions

in the same flux-surface, has been carried out in the stellarator TJ-II.

Poloidal asymmetries in the k⊥ spectrum are found that depend on plasma

conditions and magnetic configuration. In a magnetic configuration with high rotational

transform, the asymmetry reverses with respect to that in the standard configuration.

These poloidal asymmetries can hardly be explained based on instrumental effects.

Linear gyrokinetik simulations obtained using the code EUTERPE also show a poloidal

asymmetry that depends on the magnetic configuration. The results are consistent

in the high iota configuration, however, there is a disagreement between simulations

and experiments in the standard magnetic configuration. Future non-linear simulations
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are foreseen which will allow for a quantitative comparison of fluctuation levels. The

most pronounced poloidal asymmetries in Er are found in low density plasmas in the

neoclassical electron root confinement regime, in the standard magnetic configuration.

Similar values of Er are found in the magnetic configuration with high rotational

transform however, as for the turbulence spectrum, the asymmetry in Er reverses. This

asymmetry has been compared with the contribution to the local radial electric field

arising from −ϕ′1 as calculated with the neoclassical version of the code EUTERPE. The

results showed variations in Er comparable to those found in the experiments. However,

there is a disagreement regarding the sign of the Er correction when simulations and

experiments are compared. The reason of the disagreement is presently not known but

work is in progress to elucidate whether the effect of the kinetic electrons on ϕ1 improves

the comparison.
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