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Abstract. A newly installed core charge exchange recombination spectroscopy
(CXRS) diagnostic at ASDEX Upgrade (AUG) enables the evaluation of the
core poloidal rotation (upe) through the inboard-outboard asymmetry of the
toroidal rotation with an accuracy of 0.5 to 1 km/s. Using this technique, the total
plasma flow has been measured in Ohmic L-mode plasmas across the transition
from the linear to saturated ohmic confinement (LOC-SOC) regimes. The core
poloidal rotation of the plasma around mid-radius is found to be always in the ion
diamagnetic direction, in disagreement with neoclassical (NC) predictions. The
edge rotation is found to be electron-directed and consistent with NC codes. This
measurement provides as well the missing ingredient to evaluate the core Ex B
velocity (u gz, 5) from data only, which can then be compared to measurements of
the perpendicular velocity of the turbulent fluctuations (v ) to gain information
on the turbulent phase velocity (vpn). The non neoclassical upor from CXRS
leads to good agreement between uj, 5 and u, indicating that vy, is small and
at similar values as found with gyrokinetic simulations. Moreover, the data shows
a shift of vpy in the ion-diamagnetic direction at the edge after the transition
from LOC to SOC consistent with a change in the dominant turbulence regime.
The upgrade of the core CXRS system provides as well a deeper insight into the
intrinsic rotation. This paper shows that the reversal of the core toroidal rotation
occurs clearly after the LOC-SOC transition and concomitant with the peaking

of the electron density.
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1. Introduction

It was found in the early 70’s that the global energy confinement time () scales
linearly with the electron density (ne) [1-4]. A few years later, however, a saturation
of 7 above a certain critical density was observed at the ISX-A tokamak [5]. In
subsequent years, this behavior was confirmed at various devices like Alcator-C [6],
Doublet III [7], and ASDEX [8]. Today, this result is ubiquitous to Ohmically
heated tokamak plasmas [9-15] and the critical density divides the Ohmic confinement
into two regimes: the linear Ohmic confinement (LOC) and the saturated Ohmic
confinement (SOC) regime. One example of a LOC-SOC transition is shown in figure 1
for the ASDEX Upgrade (AUG) tokamak. The energy confinement time in LOC is
compared to the neo-Alcator scaling [16] (purple squares) and in SOC to the ITER89-
P L-mode scaling [17] (blue diamonds). While the ITER89-P L-mode scaling matches
the experimentally measured values perfectly, the neo-Alcator scaling under-predicts
the experimental values; this behavior was already observed in [15] and is related to
the shape of present day tokamaks. In order to have an accurate determination of the
critical density at the LOC-SOC transition, the experimental values of 7w are fitted
with a two-line fit (red line in figure 1) meaning that the lines above and below the
critical density as well as the crossing point is determined numerically. This method
of identifying the LOC-SOC transition is used for all discharges shown in this work.
For many years, a commonly accepted theoretical explanation for the transition
from LOC to SOC was a change in the dominant transport from trapped electron
modes (TEM) in LOC to ion temperature gradient (ITG) turbulence in SOC [5,7,11,
13,18]. The increase of 7 in LOC is then attributed to the de-trapping of trapped
electrons leading to a decrease of the thermal diffusivity and an improved coupling
between electrons and ions. Due to the lower ion temperature gradient and thermal
diffusivity, the ions confine the energy better. At the LOC-SOC transition, the thermal
diffusivity of electrons and ions become independent of the electron density and the
energy transport is covered by the ions [11]. It has to be mentioned that the transition
is not a sudden phenomena occurring at all radial points in the plasma. It is rather a
gradual transition moving from the edge to the core of the plasma [19] and modeling
work from AUG [20] and Alcator-C Mod [21] even indicate that the the transition is

only occurring at the edge of the plasma and ITG is the dominant turbulent mode
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Figure 1. 7 (black circles) is calculated from the thermal energies of electrons
and ions and shown as a function of the averaged electron density measured via
laser interferometry. The neo-Alcator scaling (purple squares) [16] underpredicts
the observed confinement times in the LOC regime and the ITER89-P L-mode
scaling [17] (blue diamonds) for the SOC regime has an excellent agreement with
the measured 7 values. A two-line fit (red line) has been used in order to
determine the density at the LOC-SOC transition (dashed line).

inside ppo1 < 0.8. Gyrokinetic simulations done at AUG [20] suggest that the LOC-
SOC transition is not determined by a change from TEM to ITG. It is rather the ion
energy transport that gets stronger at higher densities due to the decreasing dilution
of the plasma with increasing density and the strongly stiff ion transport that leads
to a saturation of 7. The TEM to ITG transition is, however, necessary to explain
the observation of the electron density peaking seen in a the parameter regime of
the LOC-SOC transition [18]. In this case, we would not necessarily expect to see a
change in vy}, correlated with the LOC-SOC transition, but rather after the maximum
peaking of the electron density profile.

A significant amount of experimental work has been done supporting the presence
of TEM in LOC and the suppression of TEM turbulence in SOC [19, 21-24, and
references therein]. Additionally, ITG turbulence was detected in other experiments

in the SOC regime at multiple devices [10,13,14,25,26, and references therein]. While
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much of the performed analysis is qualitatively consistent with a transition from TEM
to ITG across the LOC-SOC transition, a change via direct measurements was not
actually demonstrated or measurements deep in the LOC and deep in the SOC were
compared such that no statement on the point of the transition could be done.

In this paper, we extend previous investigations from [27] to gain direct
information on the dominant type of turbulence present in the LOC and the SOC
regimes. Due to the upgrade of the core charge exchange recombination spectroscopy
(CXRS) diagnostics at AUG, it is possible to determine the core poloidal rotation
(tpo1) from the inboard-outboard asymmetry of the toroidal rotation (usor) [28,29].
This enables the possibility to study the complete flow on a flux surface and a
comparison to neoclassical predictions. In addition, this measurement provides the
missing ingredient to calculate the E x B velocity (u i« ) in the plasma core from
data only and, therefore, to measure the turbulent phase velocity (vpn) via comparisons
with the perpendicular velocity (u) ) from reflectometry measurements [30, 31]:

ui (k) =ug, 5+ vpn(k). (1)
The turbulent phase velocity and perpendicular velocity depend, in general, on the
wave number k of the observed fluctuations. Detailed comparisons of reflectometry
measurements at different wave numbers reveal, however, the same w, within the
uncertainty of the measurement showing that the dependence on k in equation (1)
can be neglected [32]. The phase velocity is directed in the electron diamagnetic
direction for TEM and in the ion diamagnetic direction for ITG turbulence and vpy
is, therefore, indicative of the dominant turbulent mode and a change in the sign of
vpn would be expected assuming that there is a change from TEM to ITG.

The structure of this paper is as follows: section 2 presents detailed information
about the diagnostics used and the techniques applied to get information on upe1
and vpn. Section 3 shows the evolution of the experimental and neoclassical
(NC) upor across the LOC-SOC transition. In section 4, a detailed comparison
between reflectometry and CXRS measurements is shown and calculations of vy, from
gyrokinetic simulations are presented. Subsequently, the observed momentum changes
that accompany the LOC-SOC transition are discussed in more depth in section 5.

Section 6 is dedicated to the discussion and the summary of the observed results.
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2. Measurement technique

One way to gain additional information on the type of turbulence present in tokamak
plasmas is to measure the turbulent phase velocity. At AUG, there are various
reflectometry systems [31,32] measuring u of density fluctuations, which is connected
to vpn and ug, 5 via equation (1). The phase velocity of the turbulence is, however,
expected to be smaller than u gz, 5; such that accurate measurements of both uz, 5
and u, are necessary to gain information on vpy.

For this work, the Poloidal Correlation Reflectometry (PCR) system is of special
interest. This diagnostic measures the density fluctuations with a set of five antennas
arranged toroidally and poloidally and is sensitive to wavenumbers in the range of 0

to 3em L.

The correlation of the signals from the different antennas gives then the
magnetic pitch angle and u; [32].

In order to evaluate the uz, 5 = E:/B velocity of the plasma, the radial electric
field E, is calculated via the radial force balance equation:

Vpa
E,=—
€Ly Ny

— Upol,a Bror + Utor,a Bpol (2)
where Z, is the charge number, p, = n, 7T, is the plasma pressure, given by the
product of density n, and temperature Ty, upol,« is the poloidal rotation, and uter,q
is the toroidal rotation for the plasma species a. By and By, are the toroidal
and poloidal magnetic field components obtained from the magnetic equilibrium
reconstruction.

A common technique to measure the temperature T, density n, and sor,o of
low-Z impurities is charge exchange recombination spectroscopy [33]. This technique
can be used as well to measure upo o in the steep pedestal region, i.e. for values
of the normalized poloidal flux coordinate ppo1 > 0.95. In the core, however, direct
measurements of upol,« are challenging due to small velocities present there, a low
signal-to-noise ratio due to the attenuation of the injected beam and complicated
atomic physic’s effects [34,35]. Through the evaluation of the inboard-outboard
asymmetry of the toroidal rotation it is, however, possible to get an indirect
measurement of the core upo1 o With an accuracy better than 1km/s. Note that the
index a will not be marked explicitly in the following and all CXRS profiles shown
here correspond to profiles from the fully stripped BT population.

Any plasma flow, for which the divergence free condition V(n @) = 0 holds, can
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Figure 2. Illustration of the AUG coordinate system and indication of the
electron diamagnetic direction (vgia,c) and ion diamagnetic direction (vgia,;) with
respect to the poloidal angle 6. Additionally, the toroidal angle ¢ is depicted and
correspondingly the direction of the plasma current and the toroidal magnetic
field. This figure shows as well the high-field-side (HFS) and low-field-side (LFS)
of the plasma and the location of the magnetic axis (Rmag, indicated with a +).

be expressed through a component parallel to the magnetic field and a rigid body
toroidal rotation allowing the following equation to be applied even for non neoclassical
situations [36]:

i = () B+ () Réor, (3)
where B is the magnetic field, R the major radius, and €., the unity vector in the
toroidal direction. Equation (3) implies that the two flux functions w(¢) and 4(¢) can
be reconstructed from two measurements on the same flux surface, which provides the
measurement of the full plasma flow and, therefore, also upo1. This method was first
implemented at the PDX tokamak [37] and has been established recently at TCV [38]
and DIII-D [39]. For the special case that there is no poloidal rotation, the flux

function @ would be zero and the toroidal plasma flow can be expressed with a rigid

body rotation, i.e. the inboard- and outboard-side of the plasma rotates toroidally
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Figure 3. Illustration of the indirect wup, reconstruction technique. Through
measurements of (a) the toroidal rotation frequency wior = utor/R on both, the
LFS and HFS, (b) the difference Awior can be calculated giving (c) the flux
functions @(v) and 4 (1)) of the general plasma flow - see equation (3). Multiplying
4(v) with the local poloidal magnetic field results, finally, in (d) a value for upe
at the LF'S mid-plane. Positive values correspond to downwards rotations on the
LFS mid-plane (6 > 0) and negative ones to upwards rotations (6 < 0).

with the same rotation frequency wior = Usor/R.

To guarantee a good disentanglement of the rigid body rotation from the
component parallel to the magnetic field, the radial distance between the two points
on the same flux surface should be large. Therefore, the upgrades to the core CXRS
system at AUG [28] were designed to enable measurements on the low-field side (LFS,
where R > Ryyag) and high-field side (HF'S, where R < Rpag) of the plasma such that
measurements of 7', n and g, across the full plasma width are now available. Riag
refers to the magnetic axis and is depicted in figure 2. This enables measurements of
Upol With an accuracy of 0.5 to 1.0km/s depending on parameters and the impurity
content of the plasma [29].

The standard AUG coordinate system (see figure 2) is a right-handed one with the
minor radius 7, the poloidal angle 8, and the toroidal angle ¢. From a top-down view
of the machine, ¢ is positive in the counter-clockwise direction, which corresponds to
the co-current direction for all of the experiments shown here. The toroidal magnetic

field is in the clockwise direction such that it is negative in the used coordinate system.
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Viewing the poloidal cross-section of AUG, @ is positive in the clockwise direction, i.e.
vertically downward at the LFS mid-plane. In terms of drift directions, a flow in the
46 direction corresponds to a drift in the ion diamagnetic direction and a flow in the
—0 direction to a drift in the electron diamagnetic direction for all plasma discharges
shown in this work.

Figure 3 illustrates the indirect reconstruction method of the poloidal rotation.
Panel a shows that the toroidal rotation frequencies on the LFS and the HFS do
not agree implying that there is a poloidal rotation according to equation (3). The
connected flux function 4(v) can be calculated according to [38]:

w — W
i) =, P (B ()
HFS ~ “'LFS

where s, = sign(Bior) accounts for the direction of the toroidal magnetic field with
respect to the toroidal direction and is defined such that F' = |R Bio| > 0. Panel
¢ shows the reconstructed flux functions @(¢)) and @(¢)). Compared to A wior, U(t))
is flipped horizontally since the toroidal magnetic field points in a different direction
than the toroidal direction, i.e. s, = —1. From equation (3) it can be seen that by
knowing the magnetic field structure, upo1 can be calculated via the projection of the

general plasma flow in the poloidal direction:

Upol = 8 U(t)) Bpol, (5)
where s; accounts for the direction of plasma current in terms of the poloidal angle.
The poloidal rotation profile at the LFS mid-plane (§ = 0) is shown in figure 3d as a
function of pyo for the fully stripped BT ion with its direction specified in terms of
the poloidal angle §. The normalized toroidal flux coordinate pio, at a certain position
2 in the plasma is defined via the toroidal flux ¥ at the position, at the magnetic axis,
and at the separatrix, i.e. the last closed flux surface:

\Ilaxis - \I/x

\Ijx - \Ijscparatrix

(6)

Ptor =

From figure 3a and d it can be seen that the poloidal plasma flow is in the ion/electron
diamagnetic direction when wy., is smaller/larger on the HFS compared to the LFS.

The error bars on the profiles are calculated with a Monte-Carlo approach. The
individual measurements (red and blue crosses in figure 3a) are varied with a 2-D
Gaussian distribution according to the radial error (z-axis) resulting from the finite

resolution of CXRS system and the measurement uncertainty (y-axis) resulting from
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the fitting of the CXRS spectra. The known errors are used as the standard deviation
o of a Gauss distribution and there are typically 1000 variations used to generate
a set of artificial data that are within the uncertainty of the measurement. Each
of these variations (see light blue and red crosses in figure 3a) gives a new toroidal
rotation frequency and a new upo profile. The final upo profile is calculated as the
mean from all of these variations and the error is given by the standard deviation of
the individual variations from the mean value. A more detailed description of this
technique can be found in the appendix of [38]. Here it has to be noted that in
order to compare the LFS and HFS wy,, values on the same flux surface, a magnetic
equilibrium is needed to map the real space coordinates of the measurements to the
normalized toroidal flux coordinate pi,,. Inevitably, the magnetic equilibrium used
has some uncertainties, which are larger for higher pressure discharges with high fast
ion fractions (not the case in Ohmic L-mode plasmas) and for low gg5 discharges. The
equilibria used for these discharges are based on the measurements of magnetic pick-up
coils and the estimation of the ¢ = 1 surface from sawtooth crashes. If asymmetries
in the LFS-HF'S ion temperature profile are observed, i.e. the measurements do not
overlay as a function of pior, the HFS T} and wy,, profiles are shifted accordingly in
order to avoid equilibrium effects on the reconstruction of upe. This method has
been introduced in [40] and the applied shifts are within the uncertainty of the pickup
coil measurements [28]. Additionally, possible atomic physics effects are carefully
treated for the reconstruction of the core poloidal rotation. The charge exchange
cross section effect resulting from angles between the lines-of-sight (LOSs) geometry
of the CXRS system and the injection trajectory of the NBI source in combination
with the energy dependence of the charge exchange cross section is corrected using an
approach similar to Hellermann et al. [41] presented in [28]. A set of lookup tables
using a range of ion temperatures and toroidal rotations has been created such that
the measured temperatures and rotations can be corrected routinely. For Ohmic L-
mode discharges, these corrections are typically on the order of 1 km/s [28]. Gyro-orbit
effects [34] leading to an apparent poloidal rotation are neglected since all of the LOSs
are almost parallel to the magnetic field lines [28].

In order to obtain CXRS measurements in Ohmically heated L-mode plasmas,
a combination of fast CXRS measurement (4ms) and short neutral beam injection

(NBI) blips (12-16 ms) is used [42]. Typically, there are 3-4 measured spectra during
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Figure 4. From top to bottom: time evolution of (a) the electron density for
one core (blue, H-1) and edge (magenta, H-5) channel of the laser interferometry
diagnostic as well as Tc/T; in the plasma core at pior = 0.1 (dashed red line),
(b) the plasma stored energy (Wyup) in black and the NBI blips in red, (c)
a contour plot of the ion temperature and (d) the toroidal rotation for a low
density L-mode plasma with a density ramp. Note, that CXRS diagnostic is only
capable of measuring during the injection of NBI blips. The values for 7; and
Utor in between are, therefore, interpolated in the contour plot. The point of the
LOC-SOC transition is marked with a dashed black line.

one beam blip such that the evolution in the profile can be taken into account. To
do this, each of these four measurements is fitted with a spline function and the
profile before the beam blip is determined by using a linear backward extrapolation.
With this method, an impact of the neutral beam blip on the plasma, if any, can be
approximately removed. As seen from figure 4b, the beam blip leads to an increase
in the plasma stored energy Wyp and, therefore, the beam blips are only injected
every 240 ms so that Wygp can decay back to its original values before the next beam

blip comes. This can be seen very well between the second and fourth beam blip in
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figure 4b, in a phase of constant density. Later in the discharge, the density of the
plasma is increase from beam blip to beam blip and, therefore, the stored energy of
the plasma is increased as well. The timing between the blips is chosen such that it
is 1.5 to 2 times the energy confinement implying that the impact of the NBI source
should be removed by the next blip since the momentum confinement time is similar
to the energy confinement time [43-45].

The impurity density profile is also required for the evaluation of the radial electric
field. It is calculated via the measured CXRS intensities and knowledge of the number
of neutral particles injected during the beam blip. Unfortunately, as the geometry of
the injected neutral beam is not well known during such short blips, it is not possible to
use standard neutral attenuation codes to determine the number of neutral particles.
Instead, measurements of the populations of the atomic state n = 3 of the different
beam energy components are made via beam emission spectroscopy [46] along parallel
lines of sight and with identical time resolution. These populations are then converted
to the ground and first excited state (n = 1 and n = 2) populations using a collisional
radiative model and used to calculate the neutral particle distribution of the heating
beam which is necessary to evaluate the impurity density profiles from the intensity

of the measured active CXRS line.

3. Measurement of the poloidal rotation across the LOC-SOC transition

Figure 4 shows the time evolution of a plasma discharge performed for this work.
Since the LOC-SOC transition is defined by a critical density, the density in each
discharge was intentionally increased with a feedback gas puff algorithm (see figure 4a)
to transition the plasmas from the LOC into the SOC regime. Thereby, the coupling
between electrons and ions increased and T,/T; decreased at higher n, values. The
LOC-SOC transition for the discharges shown in figures 1 and 4 (600kA, —2.4T)
occurs at a density of 1.6-10 m™2 at 2.5s as marked with a vertical dashed black
line in figure 4. Figure 4c and d show the measured 7; and u,, values on the LFS as
contour plots where the z-axis corresponds to time, the y-axis to the radial position
in the normalized toroidal flux coordinate, and the color coding to the measured
temperatures and rotations. It can be seen that while the ion temperature profile

stays unchanged throughout the plasma discharge, there is an interesting phenomenon
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Figure 5. (a) Measured LFS (filled circles) and HFS (open diamonds) wior
profiles and (b) comparison of the measured upo1 profile (solid lines) with the
neoclassical predictions (dashed lines) from NEOART for a time point in the
LOC (black) and the SOC (red). The dashed blue lines indicate two out of 10
radial intervals used for the poloidal rotation database shown in figure 6.

observed with the toroidal rotation: The plasma starts off with a counter-current
toroidal rotation (i.e. negative), switches then to a co-current phase at roughly 2s, and
goes back counter-current at 3.5s. These changes of uso, will be the topic of section 5.
In total, four discharges of this kind were performed for this work with plasma currents
of 0.6 MA (#32841), 0.8 MA (# 32842, # 32843), and 1.0 MA (# 32844).

Figure ba and 5b show, respectively, the measured wi,, profile and the
reconstructed poloidal rotation during the LOC (black) and SOC (red) phases of
discharge # 32841. In addition, the neoclassical predictions of upe from NEOART [47]
are shown in figure 5b with dashed lines and the same color coding. It has to
be mentioned here that the experimentally measured poloidal rotation and the
neoclassical predictions correspond to the fully stripped boron impurity, and not
the main ion species. It can be seen that both the experimental (solid lines) and
neoclassical (dashed lines) poloidal rotations are unchanged across the transition from
LOC to SOC. Especially for the experimental values it is impressive since the toroidal
rotation changes quite significantly, which shows the sensitivity of this technique. The
neoclassical prediction is always in the electron diamagnetic direction and ranges from
—1km/s at the plasma edge to —0.5km/s in the plasma core. Note that ‘edge’ here
refers to the outermost measurement positions of the core CXRS system, but does not
include the edge pedestal region. The experimental poloidal rotation, on the other
hand, is in the electron diamagnetic direction only for pio; > 0.7 and pyo; < 0.3.

In these regions, the NC predictions and experimentally measured values for wupel
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agree within their uncertainties. In between, however, u,, is directed in the ion
diamagnetic direction and, therefore, non neoclassical. This observation is similar
to measurements of the core poloidal rotation in low torque NBI heated plasmas at
DIII-D [48] and goes in the direction of previous observations at AUG where non
neoclassical poloidal rotations were necessary to explain differences between CXRS
and reflectometry measurements [27]. Additionally, non neoclassical poloidal rotations
have been found at DIII-D [49] and in internal transport barriers in JET [50, 51].
While the results from JET show poloidal rotations in the same direction as from
NC theory, those from AUG and DIII-D show different drift directions compared to
theory. The results from AUG differ from previous direct measurements at TEXT [52],
MAST [53], and NSTX [54] and previous indirect measurements at TCV [38] that show
neoclassical poloidal rotations from the plasma core to the plasma edge. The measured
non neoclassical poloidal rotation implies that there is some other mechanism at work
in these low density Ohmic L-mode plasmas to explain the difference between the NC
prediction and experimentally measured poloidal rotation. The poloidal rotation of
the impurities is caused by friction with the main ions. A non neoclassical upor of
the impurity ions would, therefore, also imply a non neoclassical poloidal rotation of
the main ions. CXRS measurements of the main ion rotation were unfortunately not
available in these discharges.

In order to study the general behavior of the experimentally measured poloidal
rotations and the NC predictions relative to the LOC-SOC transition, a database
approach was chosen and the relevant quantities (upol,exp, Upol,Nc, and the time
of the LOC-SOC transition t1g) were determined for the four discharges used in
this work. Figure 6 shows the neoclassical up, versus the experimental values
for four different time intervals with respect to the LOC-SOC transition: ¢ —
trs € [-1s,—-0.55], [-0.55,0s8], [0s,0.55] and [0.5s,1s]. The times of the LOC-
SOC transition were determined as discussed in section 1. This figure includes data
from four discharges, comprising a scan of the plasma current from 0.6 to 1.0 MA. A
positive sign corresponds to a flow in the ion diamagnetic direction and a negative one
to a flow in the electron diamagnetic direction (consistent with the sign convention in
figure 5).

Each data point in figure 6 corresponds to a single beam blip in a discharge

and an average over a fixed radial interval. For this, the normalized toroidal flux
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Figure 6. Comparison of the experimentally measured poloidal rotation to the
neoclassical prediction from NEOART for different time intervals relative to the
LOC-SOC transition. The solid line corresponds to the 1-1 line, i.e. a perfect
agreement between measurement and theory. Additionally, a +£1km/s deviation
from theory is shown with a dashed line.

coordinate pgo, is used and the data is binned into intervals with a width Apgo, = 0.1
(see blue dashed vertical lines in figure 5b). In these intervals, the measured profiles
are averaged and the error bars presented in figure 6 correspond to a combination
of the statistical error from the averaging, errors in the magnetic equilibrium and
the calculated measurement errors. With this approach, the measured data can be
clustered and compared for multiple shots. The radial region for the points in figure 6 is
constrained to 0.3 < pior < 0.7. Note that this is the region that shows the discrepancy
between the measurement and the neoclassical theory. The lower boundary is due
to the error bars on the plasma current distribution and, therefore, on the poloidal
magnetic field, which become quite large for positions closer to the magnetic axis. The
outer boundary is set by the availability of CXRS measurements on both the LFS and
HF'S of the plasma, see figure 3.

It can be seen that the neoclassical up, profiles are in a range from —1 to
—0.5km/s. They are always directed in the electron diamagnetic direction and the
profiles shown in figure 5b are a good representation of the general behavior of the

NC predictions. The reconstructed values from NEOART have been compared as
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well to reconstructions from NCLASS [55] and NEO [56] which give the same profiles
for the NC poloidal rotation. It is not surprising that there is only a small change
in the theoretical predictions since the neoclassical u,, depends on the gradients
in the plasma profiles and the LOC-SOC transition is occurring in a small window
such that there is as well only a moderate change in the plasma profiles. For the
experimental reconstructions, the range is a bit broader (from slightly negative values
up to +1.5km/s). For the plasma discharges at 0.8 MA and 1.0 MA, there seems
to be a small spin-up of the poloidal rotation when going from LOC to SOC. This
increase is, however, not outside of the error bars of the measurement such that no
clear statement can be made. For all discharges and all time points a clear shift
of the experimentally measured poloidal rotation in the ion diamagnetic direction is
observed, i.e. the data points are shifted to the right from the 1-1 line (solid black line),
which would correspond to a perfect agreement of measurement and NC prediction.
The dashed black line corresponds to a deviation between experiment and theory of
+ 1km/s. The increasing uncertainties in the experimental values with time relative to
the LOC-SOC transition results from increasing error bars of the HFS CXRS profiles
at higher collisionalities.

From the experimentally observed dependencies it may be possible to infer
some information on the mechanisms at work driving this non neoclassical poloidal
rotation. The parameter range explored in these Ohmic L-mode plasmas is relatively
narrow and, moreover, the plasma parameters are highly correlated making correlation
analysis of the measurements impractical. Within this dataset a weak dependency was
found on the collisionality meaning that the differences between experiment and theory
are larger for smaller collisionalities. This dataset is, however, insufficient to draw
firm conclusions. The scaling of the experimental poloidal rotation with theoretically

relevant parameters will be the topic of future publications.

4. Measurement of the phase velocity across the LOC-SOC transition

The knowledge of the impurity poloidal rotation enables the experimental
measurement of the radial electric field in the plasma core according to equation (2)
and, therefore, the evaluation of u 5. The solid lines in figure 7 correspond to the

calculated u g, 5 from CXRS for one time point in the LOC (black) and one time
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Figure 7. Comparison of the ugyp measurement from CXRS (solid line) to
poloidal correlation reflectometry data of u; (dots) for both confinement regimes,
the LOC (black) and the SOC (red).

point in the SOC (red) for the plasma discharge # 32842. This figure does not show
a comparison to NC theory since the measured temperature, density, and toroidal
rotation profiles are taken to evaluate the NC u g, 5 such that the only difference
in ugz, 5 between theory and measurement is upo. It was shown in the previous
section that the measured poloidal rotation is more in the ion diamagnetic direction
than the NC values and, therefore, one would see the same behavior in figure 7, i.e.
the neoclassical prediction would lie below the experimental u g, 5. Instead, figure 7
shows a comparison with the perpendicular propagation velocity of the turbulence as
measured by the PCR diagnostic (filled circles). The difference between the two data
sets gives the turbulent phase velocity according to equation (1). If w, is larger than
UExB, Uph is in the ion diamagnetic direction and if v, is smaller than ugxp then vy,
is in the electron diamagnetic direction. The comparison shows that the measured
values of ug, 5 from CXRS and u; from PCR is close in both the LOC and in the

SOC regime. Thus, vpy is small and the observed changes in the phase velocity are



Measurement of the core plasma flow across the LOC-SOC transition at AUG

17

Experiment GKW Simulation
MLoc #earysoc ¢ Soc LOC SOC
. z=1. 0| O | __
1 Tion diamagnefic n ] =2 4 | ¢
%) %)
S S
N N E ol d
= = ¢ ¢
< <
[oN [oN
> 4L | > 4L 1
1 election diamagnetic direction
0.6 0.7 0.8 0.6 0.7 0.8
Ppol Ppol
Figure 8. Comparison of (a) the experimentally measured turbulent phase

velocities obtained by the subtraction of the perpendicular velocities and the ExB
velocities in LOC (black) and SOC (red) to (b) gyrokinetic simulations of vy, for
two different impurity content levels.

smaller than 1km/s in both the LOC and the SOC, which is close to the resolution
boundary of the combined analysis of both diagnostics.

For the described dataset of LOC-SOC discharges, there were four time points
where the reflectometry and the CXRS had data of sufficient quality for the
comparison. Figure 8a shows the turbulent phase velocity evaluation for the four
time points resulting from two different LOC-SOC transitions, discharges # 32841 and
#32842. From discharge # 32841, the profiles at 2.65s and 5.0s were used for the
comparison. The first time point corresponds to 150 ms after the LOC-SOC transition
(which will be called early SOC in the following), while the second point is deep in the
SOC regime. From discharge # 32842, the profiles at 2.16 s and 3.20s were taken (see
as well figure 7), where the first corresponds to a measurement in the LOC and the
second to a measurement deep in the SOC. From the experimental data it can be seen
that there is no change of the turbulent phase velocity across the LOC-SOC transition
for density fluctuations with a perpendicular wave number k; = 0-3cm ™! measured
with the PCR diagnostic, i.e. the measured phase velocity in LOC and in early SOC
are very similar with small values below 1km/s in the electron diamagnetic direction.
The observed size scale corresponds to typical TEM/ITG size scales. Later on, deep
in the SOC regime, a systematic increase of vpy is observed between 0.7 < ppo1 < 0.9
in the ion diamagnetic direction. The observations are consistent with the idea that

the saturation of the energy confinement time is not directly connected to a change
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in the dominant turbulence regime. Instead, there is a change of the turbulent phase
velocity from electron to ion directed at the edge of the plasma indicating a change of
the dominant turbulent mode from TEM to ITG in this region at some point in the
SOC regime. While it is possible to track the full evolution of uer, uper and u gz, 5
from the CXRS measurements across the LOC-SOC transitions, it is not possible to
follow the full evolution of vpn from this dataset and the exact point of the change
from electron diamagnetic direction to ion diamagnetic direction cannot be determined
although it is clear that this change happens in the SOC regime. The change of vpy
is, therefore, not correlated with the LOC-SOC transition itself. Additionally, no
information on the evolution at smaller radii is available from this data due to a lack
of reflectometry measurements at these locations.

Figure 8b shows, additionally, gyrokinetic predictions of vy, from the nonlinear
gyro-kinetic flux tube code GKW [57]. These phase velocities are calculated for the
most unstable mode for the same wavelength number at which the PCR diagnostic
is measuring. In order to test the stability of the turbulent modes, the GKW
simulations have been performed for different Zog = > n; Z2/ne values. Zeg = 1
corresponds to a pure deuterium plasma and Z.g = 2 to a boron concentration of 5 %.
Due to the increasing density when going from LOC to SOC, the impurity content
decreases such that the Z.g is higher in LOC than in SOC. Z.g can be measured
from the bremsstrahlung background, active CXRS measurements, or estimations of
the loop voltage since the plasma conductivity depends on the effective charge. These
estimations show a decrease of Zg from approximately 2 in the LOC to 1.2 in the SOC.
Therefore, the GKW predictions for Z.g = 2 should be used when comparing with
the measured data in the LOC (black diamonds) and Zeg = 1 (open red circles) in the
SOC. The results from the GKW code show a similar behavior as the measurements
of the phase velocity. The absolute change in vy, is roughly a factor of 2 higher in the
experiment compared to the simulations. However, they agree within the uncertainties
of the experimental data. From figure 8b it can be seen that the direction of the phase
velocity (that is the dominant mode) is sensitive to the impurity content of the plasma.
The main effect of an increased impurity content is the dilution of the main ions leading
to a reduction of the ITG growth rate and a broadening of the domain of dominant

TEM instabilities.
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5. Reversal of the core toroidal rotation

Ohmic L-mode discharges feature another interesting phenomenon: the intrinsic core
toroidal is observed to spontaneously reverse from the co- to the counter-current
direction when the electron density is increased. In this paper, intrinsic rotation
refers to the toroidal rotation of the plasma established in the absence of externally
applied torque. The rotation reversal was observed first at TCV [58] and since then
also at Alcator C-Mod [59], AUG [27,60], KSTAR [61], and MAST [62] and is in-line
with AUG Doppler reflectometry measurements across the LOC-SOC transition [63].

In [27,60] the behavior of the intrinsic rotation was observed in AUG for a large
number of Ohmic L-mode plasmas. The rotation measurements in this database,
however, were made with CXRS diagnostics with lower light throughput and lower
radial resolution than the diagnostics presented in section 2. As a result, the
uncertainties on the measured profiles were often several km/s, which is 2 to 3 times
larger than what is achievable with the newly installed CXRS diagnostics. Moreover,
the previous analysis relied heavily on the electron density profiles measurements,
which have been significantly improved since the time these measurements were made.
These facts motivated a revisit of the intrinsic rotation in Ohmic L-mode discharges
and a comparison to the previous analysis and results.

Figure 9a shows the evolution of the rotation gradient u = —(R? Jvgnii) dw/dr
at a radial position of pior = 0.65. Here, vin;; is the main ion thermal velocity
Vthi,i = m Additionally, the Mach number M and the normalized logarithmic
electron density gradient length R/L,. = R(V,n¢)/ne are shown in panels b and
c. All quantities are shown as a function of the effective collisionality veg which is

evaluated according to:

Vet = 0.00279 - (15.94 — 0.5 log ?) - % R/ma Zes, (7)

where the electron density is given in 10" m™3, T, in keV, R in m, and the mass
of the main ion species ma in amu, i.e. ma = 2. The beginning of the discharges
which feature counter-current directed toroidal rotation are intentionally omitted in
this figure. This phase is transient and cannot be maintained by holding all controlled
plasma variables constant. However, it is worth noting that these data points also
show the same dominant parameter trends as observed in the plasma flat top under

steady conditions, namely R/L,, and veg. The dependency on R/Ly, and R/Ly, is
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Figure 9. Evolution of the rotation gradient (a), Mach number (b), and
normalized gradient length of the electron density (c) as a function of effective
collisionality for four different plasma discharges at different plasma currents
(0.6 MA: 32841 with black squares; 0.8 MA: 32842 with green diamonds, 32843
with red stars; and 1.0 MA: 32844 with blue triangles) at the radial position
ptor = 0.65. The LOC-SOC transitions for the different discharges are marked
with a gray area. The vertical dashed lines correspond to the collisionalities at
which phase velocities in the ion diamagnetic direction were measured.

observed to be weaker than previously observed [64].

Similar to previous work, the effective collisionality is a good variable to describe
the data. In this parametrization, the different densities of the LOC-SOC transition
and the rotation reversal collapse to one. In contrast to the previous work, however,

there is a clear time delay between the reversal of the core toroidal rotation and the
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LOC-SOC transition (see figure 9b). The electron density peaking in figure 9c is
as well less pronounced compared to previous work. However, a strong correlation
between these parameters is still observed consistent with previous results.

To illustrate the sequence of events observed in these plasmas the collisionalities at
which phase velocities in the ion diamagnetic direction are measured are additionally
shown in figure 9 with vertically dashed lines. Here one can see that as the collisionality
is increased first a LOC-SOC transition is observed, which is a global phenomenon
in the energy confinement time. Subsequently, the core toroidal rotation reverses
from the co- to the counter-current direction concomitant with an increase in R/L,,,.
Finally, phase velocities in the ion diamagnetic direction are measured in the edge
region of the plasma. The peaking of the electron density profile at mid-radius
is expected to happen while the dominant turbulence mode at this location is still
TEM, but near the TEM-ITG transition [65]. The edge measurements at this time
point indicate that there is already an ion-directed turbulence propagation, which
supports previous indications that the transition occurs first at the plasma edge and

then propagates inwards [19].

6. Summary

Due to an upgrade of the core CXRS systems, an accurate measurement of the
core impurity poloidal rotation at ASDEX Upgrade is possible. Measurements in
Ohmic L-mode discharges show that it is directed in the ion diamagnetic direction at
mid-radius, which is in the opposite direction as predicted from neoclassical theory.
These non neoclassical rotations help to explain previous comparisons of CXRS and
Doppler reflectometry data at AUG [27]. The poloidal rotation switches sign outside
of pior > 0.7 and reaches similar values as predicted from NC theory.

The indirect measurement of the impurity poloidal rotation in the plasma
core is, furthermore, the missing ingredient to evaluate the core E x B velocity.
The comparison of this quantity with turbulence propagation measurements of the
perpendicular velocity enables an evaluation of the turbulent phase velocity at different
points in the LOC-SOC evolution. An increase in the ion diamagnetic direction is
observed at the plasma edge (ppoi > 0.8) consistent with a change in the plasma

turbulence towards a more ITG dominated regime in this region. The gathered data
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suggests that the change in vy is not connected to the LOC-SOC transition, but
occurs at some point in the SOC regime.

The upgrade of the core CXRS systems provided, additionally, a significant
reduction of the error bars for the intrinsic rotation measurement and lead to new
insights compared to previous observations. Compared to previous work, similar
dominant parameters for the rotation reversal were found, ie. R/L, and veg.
With the availability of vp, measurements in theses discharge it was possible to
experimentally measure the sequence of events in these Ohmic L-mode discharges.
The gathered data suggests that there first the LOC-SOC transition, which is followed
by a change in the direction of the core intrinsic toroidal rotation from co- to counter-
current direction. The core rotation change is accompanied by a peaking of the core

electron density and lastly the edge phase velocity changes sign.
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