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Abstract
Doppler reflectometry measurements of the propagation velocity of density fluctuations
perpendicular to the magnetic field are presented which show poloidal asymmetries. In two
of them large turbulence structures rotate slower at the mid-plane than at larger poloidal
angles, whereas in the third the asymmetry is within the error bars but reversed such that the
velocity is higher at the mid-plane. Several aspects of misalignment between the launching
position of the Doppler reflectometer beam and the probing position in the plasma which
could account for such asymmetries are quantitatively discussed in detail.

Introduction
Magnetic confinement fusion power plants will have high energy confinement times, plasma
densities and temperatures. These parameters are directly influenced by turbulence which is
the main player to cause transport of heat and particles in a tokamak. Plasma turbulence is
decorrelated and dissipated by sheared plasma flows. They are believed to play a crucial role
in the reduction of turbulence and the development of a pedestal in the transition from the low
to the high plasma confinement mode. Furthermore they are an important input parameter for
modeling turbulence or transport.
Various diagnostic techniques such as Doppler reflectometry (DR), poloidal correlation reflectometry (PCR) and charge exchange recombination spectroscopy (CXRS) determine plasma
flows in the confined region experimentally and make them accessible for comparison to simulations. The velocity perpendicular to the magnetic field v⊥ measured by Doppler reflectometers
comprises the E × B drift velocity vE×B and the phase velocity of the turbulence vph which
depends on the probed turbulence structure size. Poloidal asymmetries of the perpendicular velocity have been reported by TEXTOR [1], Tore Supra [2] and TJ-II [3]. This work focuses on
recent measurements at the ASDEX Upgrade tokamak. First the diagnostic set up is presented,
followed by velocity measurements in three different plasma discharges. Effects of diagnostic
positioning on these measurements are considered in the third section and this work is concluded
by a discussion and comparison of the observations to Refs. [1–3] and prospects of future work.
Diagnostic Details
The perpendicular velocity is measured with several Doppler reflectometer channels of which
the IPP one is described in [4] and three LPP channels are similar to those described in [5].

14th
Intl. Reflectometry Workshop - IRW14 (Lausanne) 22-24 May 2019
O.304
___________________________________________________________________________

ࣂܔܗܘ
ࣂܚܗܚܚܑܕ

Figure 1: Poloidal cross section of ASDEX Upgrade. The DR beams are launched from a mirror
steered by a piezo actuator which can inject beams probing above (red trajectory) and below
(blue trajectory) perpendicular incidence. For details refer to the text. Modified from [6].
Figure 1 shows a poloidal cross section of ASDEX Upgrade and the measurement region in
red. The Doppler reflectometer beams are launched from a steerable mirror which is located
above the mid-plane and enables a poloidal coverage of −20 ◦ < θpol < 60 ◦ . θpol is the angle
between the mid-plane and the line connecting the magnetic axis and the measurement position.
The microwaves are injected obliquely into the plasma with an angle θmirror to the horizontal
plane as defined in Fig. 1. The position r = (R, z, φ ) with R the major plasma radius, z the vertical
position and φ the toroidal angle, from which the beams are launched is fixed on the rotation
axis of the steerable mirror and thus independent of θmirror .
Poloidal Asymmetries in the Perpendicular Velocity
The experiments presented are low-confinement mode deuterium plasmas. They cover both
favourable and unfavourable (the ion grad B drift pointing towards and away from the active
X-point respectively) configurations in terms of access to the high confinement mode as well
as different mixtures of heating power using electron cyclotron resonance heating (ECRH) and
neutral beam injection (NBI).
The perpendicular velocity is first discussed for a discharge in unfavourable configuration
with an on-axis magnetic field strength of −2.5 T, 0.8 MA plasma current, a core line averaged density of 3.9 · 1019 m−3 and 2.2 MW total heating power (0.8 MW NBI, 1.0 MW ECRH,
0.4 MW Ohmic). The velocity profiles are shown in Fig. 2(a) for various poloidal angles as function of ρpol , the normalized poloidal magnetic flux coordinate. The crosses refer to data from a
W-band in X-mode and the circles to data measured by two V-bands in O-mode. The poloidal
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Figure 2: Profile of the perpendicular velocity for a plasma discharge in unfavourable configuration measured with DR (colorbar), PCR (green) and CXRS (line). Both O-mode (circles) and
X-mode (crosses) DR data show a dependence on the poloidal angle in (a) whereas PCR and
CXRS data agree. The same velocity profile colorcoded with k⊥ in (b) reveals that the asymmetry
is largest for small k⊥ . For enhanced visibility the error bars are only included in (b).
angles of the measurement positions are indicated in colors, ranging from −20 ◦ to 60 ◦ . The
green diamonds are measured with a PCR [7] in O-mode close to θpol = 0 ◦ . CXRS [8] measured the toroidal velocity vtor slightly above θpol = 0 ◦ from which the perpendicular velocity is
calculated as: v⊥ = vEr ×B . In this analysis the poloidal velocity contribution to the radial electric field as defined in [9] is assumed to be small compared to the toroidal velocity contribution,
cf. [10], and thus neglected. The pressure contribution is taken into account. All velocities are
mapped to the mid-plane (θpol = 0 ◦ ) by taking into account the flux surface compression and the
poloidal anisotropy of the magnetic field considering vE×B = (E × B)/B2 . For the raytracing of
the probing beam the Torbeam code [11] has been used. From the plasma edge towards the core
v⊥ becomes strongly dependent on the poloidal angle. Approaching mid-radius, the velocity at
different poloidal positions deviates by a factor of two. Whereas v⊥ (−10 ◦ < θpol < 40 ◦ ) shows
large asymmetries, v⊥ (θpol < −10 ◦ , 40 ◦ < θpol ) is consistent within the error bars which are
only shown in (b) for the same velocity data as in (a).
Previous experiments performed at ASDEX Upgrade mostly found vph  vE×B and thus
v⊥ = vE×B + vph ≈ vE×B , although this is not true for all cases [12, 13]. To not a priori neglect
possible effects coming from vph , the k⊥ dependence of the measured velocity is shown in
Fig. 2(b). k⊥ is proportional to the inverse turbulent structure size under investigation. Figure
2(b) reveals a strong asymmetry for low k⊥ and less asymmetry for high k⊥ . However, PCR
data from structures with k⊥ < 2 cm−1 reproduce better the radial profile of the DR data at high
k⊥ . The observation of two different velocity values at different poloidal angles but the same k⊥
points towards a poloidal dependence of the turbulence phase velocity vph .
In the following the same analysis is shown for a second plasma discharge in L-mode and
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Figure 3: Profile of the perpendicular velocity for an L-mode plasma in favourable configuration, for DR in X-mode (crosses) and O-mode (circles) colorcoded with the poloidal angle (a)
and the structure size (b). Large scale turbulence (small k⊥ ) measured by DR propagates faster
than small scales (large k⊥ ) measured by DR and very large scales measured by PCR (green).
favourable configuration, a magnetic field of −2.5 T on axis, 0.8 MA plasma current, a line
averaged density of 4.0 · 1019 m−3 and a total heating power of 1.1 MW (0.6 MW NBI, 0.5 MW
Ohmic). Figure 3 shows the corresponding velocity profile measurements mapped to the midplane for several poloidal angles (a) and structure sizes (b). The DR data have been measured
with a W-Band in X-mode, PCR (green) measured in O-mode at θpol ≈ 0 ◦ and k⊥ < 2 cm−1 .
Like in Fig. 2 v⊥ of small k⊥ disagrees with v⊥ of higher k⊥ . Whereas PCR shows a decreasing
trend of v⊥ towards the edge, the radial variation of the DR is not as pronounced.
A third L-mode discharge in unfavourable configuration is shown which was performed in the
campaign previous to the already presented discharges. The on-axis magnetic field is −2.5 T,
the plasma current 0.9 MA, the line averaged density 5.5 · 1019 m−3 and the total heating power
1.2 MW (0.6 MW ECRH, 0.6 MW Ohmic). The perpendicular velocity mapped to the mid-plane
is shown in Fig. 4(a) for various poloidal angles and in (b) for different probing wavevectors.
The plasma rotates slightly faster at the mid-plane than further up, revealing an asymmetry
which is opposite to the asymmetry observed in Figs. 2 and 3. Figure 4(b) depicts the same
data color coded with the inverse structure size k⊥ . For better visibility only two error bars
are shown in (b) which represent the uncertainties of their radial region and indicate that the
observed asymmetry is within the error bars.
The reason for observing two types of asymmetries is subject of future investigations. Dedicated experiments are foreseen for the upcoming ASDEX Upgrade campaign. The experiments
will be compared to non-linear gyrokinetic simulations to relate poloidal velocity asymmetries
to turbulence properties like the fastest growing mode.

14th
Intl. Reflectometry Workshop - IRW14 (Lausanne) 22-24 May 2019
O.304
___________________________________________________________________________

Figure 4: Profile of the perpendicular velocity for an L-mode plasma in unfavourable configuration measured with DR in X-mode (crosses) and O-mode (circles). The colour-code corresponds
to various poloidal angles in (a) and to structure sizes in (b). The plasma rotation is faster at
the mid-plane which opposes the observation in the previous discharges.
Impact of the Diagnostic Position on Asymmetries
This section presents possible contributions to the observed asymmetry that could come from
measurement artifacts. First, uncertainties in the beam launching position r shall be considered.
As this analysis assumes toroidal symmetry of the experiment, only shifts in R and z are of
interest. A shift in R changes the distance to the cut-off layer and thus increases or decreases all
wavevectors k⊥ at the cut-off. v⊥ scales with the measured Doppler shift and depends inversely
on k⊥ . Thus an offset ∆R in the major radius leads to a global reduction or increment of v⊥ .
Figure 5(a,b) depicts the change in wavevector normalised to the original wavevector ∆k⊥ /k⊥
for ∆R = 1 cm in green and ∆R = 2cm in brown. The raytracing analysis is done for O-mode
in Fig. 5(a,c,e) and for X-mode in Fig. 5(b,d,f) at ρpol = 0.75. The impact of a radial offset is
different for positive and negative probing beam angles with respect to normal incidence. For
the ASDEX Upgrade beam launching mirror (located above the mid-plane) the region above
perpendicular incidence (θpol > 20◦ ) is affected less from a shift in R than the region below perpendicular incidence (θpol < 20◦ ). This trend is visible in Fig. 5(a,b) where for each polarisation
there are two pairs of data points which show a larger ∆k⊥ /k⊥ and three pairs of data points
which show a smaller ∆k⊥ /k⊥ . The first ones correspond to θpol < 20◦ , the latter three are from
θpol > 20◦ . Small k⊥ and thus small angles of beam incidence are affected more strongly, as an
absolute angle change affects smaller angles stronger.
A shift in z introduces a change in k⊥ which is positive or negative depending on whether
the beam is injected below or above the direction of perpendicular incidence. An upwards shift
∆z > 0 decreases k⊥ when probed below perpendicular incidence and increases k⊥ when probed
above that. Figure 5(c,d) depicts the change in k⊥ for an offset ∆z = 1cm in green and ∆z = 2 cm
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Figure 5: Relative change in k⊥ at ρpol = 0.75 caused by horizontal offsets ∆R (a,b), vertical
offsets ∆z (c,d) and a systematic overestimations of the launching angle θmirror (e,f). (a,c,e)
depict ray tracing in O-mode whereas X-mode is shown in (b,d,f).
in brown. |∆k⊥ /k⊥ | is largest for small k⊥ based on the same argument as for ∆R, that small
angles of incidence experience a larger relative change than large angles of incidence.
The impact of a systematic over- or underestimation of the mirror angles θmirror on k⊥ is
comparable to the effect of a vertical offset. The sign of ∆k⊥ depends on the sign of the angle of
incidence with respect to perpendicular incidence. Figure 5(e,f) refers to offsets in the incidence
angles for ∆θmirror = 0.5◦ in green and ∆θmirror = 1◦ in brown for both beam polarisations. As
for the vertical offset small k⊥ react stronger on an uncertainty in θmirror .
Discussion
The asymmetries shown in Figs. 2 and 3 are significantly larger for small k⊥ which in theory
could be caused by a misalignment between the diagnostic launching mirror and the plasma.
Raytracing done with ∆θmirror = 2◦ gives cut-off wavevectors k⊥ which let the observed poloidal
asymmetries in v⊥ vanish for the discharges #36075 and #36189/90. The same can be obtained
with ∆z = 4 cm for the mentioned discharges. Therefore, position measurements of the steerable
mirror were carried out, as well as the mirror calibration recalculated to conclude that there is
no offset in θmirror or r which is comparable to ∆θmirror = 2◦ or ∆z = 4 cm.
The raytracing for the above considerations is based on a magnetic equilibrium calculated
with the code CLISTE [14]. As broadly discussed in this section the relative position between
the plasma equilibrium and the beam launching position plays an important role for raytracing.
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Thus asymmetries cannot only come from incorrectly positioned diagnostic components but
also from uncertainties in the magnetic equilibrium. Other than for the beam launching position
not only an offset of the equilibrium in r can cause asymmetries but so can changes in the shape
of the flux surfaces which are expected to have an even bigger impact. Therefore a pressure
constrained equilibrium shall be calculated and the analysis repeated.
To assess whether the asymmetries could be a turbulence effect, global non-linear gyrokinetic
simulations shall be analysed. Using a synthetic Doppler reflectometer diagnostic the poloidal
dependence of the simulated perpendicular velocity can be investigated.
The slight asymmetry observed in one of the discharges (Fig. 4) agrees with the asymmetries
reported on TEXTOR [1] and Tore Supra [2] where the plasma rotation at the mid-plane is
larger than above it. Both this type of asymmetry (Fig. 4) and the reversed situation (Figs. 2 and
3) are observed at TJ-II depending on its magnetic configuration [3]. Most ASDEX Upgrade
plasmas analysed show asymmetries where v⊥ has a minimum at the mid-plane which has only
been reported from TJ-II [3].
Summary
Three low confinement plasma discharges performed at the ASDEX Upgrade tokamak are
presented in which the perpendicular flow velocity is probed with Doppler reflectometery,
poloidal correlation reflectometry and charge exchange recombination spectroscopy. The Doppler
reflectometry measurements cover a poloidally extended region and reveal a significant dependence of the perpendicular velocity on the poloidal angle. An ECRH and NBI heated plasma
in unfavourable configuration shows a perpendicular velocity up to a factor of two smaller at
the mid-plane than at the region above it. A similar asymmetry, with a perpendicular velocity
smaller at the mid-plane than on large poloidal angles is reported for an NBI heated plasma in
favourable configuration. These observations oppose the perpendicular velocity measurements
in an ECRH plasma in unfavourable configuration which shows no asymmetry within the error
bars. A misalignment of the Doppler reflectometer mirror by 2◦ or 4 cm could make the velocity
measurements from the previous campaign symmetric but was not confirmed in recent in vessel
measurements. The analyses will be repeated using a pressure constrained magnetic equilibrium. Gyrokinetic simulations are foreseen to shed light on whether poloidal asymmetries are
predicted by turbulence modeling.
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