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The formation of the equilibrium radial electric field (E,) has been studied experimen-
tally at ASDEX Upgrade (AUG) in L-modes of 'favourable’ (ion VB-drift towards
primary X-point) and "unfavourable’ (ion V B-drift away from primary X-point) drift
configuration, in view of its impact on H-mode access, which changes with drift con-
figuration. Edge electron and ion kinetic profiles, impurity velocity and mean-field £,
profiles across the separatrix are investigated, employing new and improved measure-
ment techniques. The experimental results are compared to local neoclassical theory
as well as to a simple 1D scrape-off layer (SOL) model. It is found that in L-modes
of matched heating power and plasma density the upstream SOL FE, and the main
ion pressure gradient in the plasma edge are the same for either drift configuration,
whereas the E, well in the confined plasma is shallower in unfavourable compared
to favourable drift configuration. The contributions of toroidal and poloidal main
ion flows to E,, which are inferred from local neoclassical theory and the experi-
ment, cannot account for these observed differences. Furthermore, it is found that
in L-mode the intrinsic toroidal edge rotation decreases with increasing collisionality
and it is co-current in the banana-plateau regime for all different drift configurations
at AUG. This gives rise to a possible interaction of parallel Pfirsch-Schliiter flows
in the SOL with the confined plasma. Thus, the different H-mode power threshold
for the two drift configurations can not be explained in the same way at AUG as
suggested by LaBombard et al. for Alcator C-Mod!. Finally, comparisons of E, pro-
files in favourable and unfavourable drift configuration at the respective confinement
transitions show that also there the E, gradients are all different, which indirectly
indicates a different type or strength of the characteristic edge turbulence in the two

drift configurations.

2)See U. Stroth et al. 2022 (https://doi.org/10.1088/1741-4326/ac207f) for the ASDEX Upgrade

Team.
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I. INTRODUCTION

The underlying mechanism for the transition from L- to H-mode confinement (L-H tran-
sition) has been of interest since the discovery of the H-mode on the ASDEX tokamak?.
The equilibrium radial electric field, F,, at the plasma edge is often considered to be re-
sponsible for the transition into H-mode, as its gradients are connected to a background
Ex B shear flow, which can stabilize the underlying edge turbulence®. The condition for the
H-mode access is then that the shearing-rate of the Ex B velocity (vgxp) is large enough to
suppress the characteristic turbulence at the plasma edge. At ASDEX Upgrade (AUG) it
has been found in experiments in standard configuration (lower single-null favourable drift
configuration) that the minimum of vgyp, which is a proxy for its shear in these conditions,
is constant at the L-H transition for a wide range of densities, magnetic field strengths and
different isotopes (D and H)4. This finding indicates not only that vgyp and its connected
shear play a crucial role for the confinement transition, but also suggests indirectly that the

underlying edge turbulence may be unchanged for this parameter range.

On a macroscopic scale the transition into H-mode occurs if sufficient auxiliary heating
power is applied. The so called H-mode power threshold (Ppy) exhibits many dependencies
that are not always consistent between the different tokamaks®. However, one robust ob-
servation that has been made on several devices is that Py changes by more than a factor
of two if either the toroidal magnetic field is reversed or if the configuration is switched
from lower single-null (LSN) to upper single-null (USN)269. A magnetic configuration in
which the V B-drift of the main ions (vyp;) points towards the primary X-point exhibits a
lower Py than one in which vyp; points away from the primary X-point. For this reason,
the first one is termed ’favourable’ drift configuration, whereas the latter is referred to as

‘unfavourable’ drift configuration.

As of yet it has not been clarified unambiguously why Ppy alters with drift configuration,
but it is considered that it is connected to changes in the local edge parameters and the
resulting edge turbulence. Previous experimental observations on several tokamaks including
DIII-D, AUG and WEST have consistently shown that F, in the confined plasma edge
region is different between the two drift configurations'®'2. The resulting differences in the
E, gradients could directly influence the criterion of turbulence suppression by Ex B mean

shear flows. Divertor profile measurements together with scrape-off layer (SOL) modelling
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results also show changes of the upstream F, in the SOL with the switch of the drift
configuration!3:14. Modifications in the SOL E, could also impact the strength of the Ex B
shear flows and, as such, lead to differences in the H-mode onset between the two drift
configurations. At Alcator C-Mod it was observed that the SOL flows change with the
drift direction and that they possibly set a boundary condition for the intrinsic toroidal
edge rotation vy, which, in turn, influences E,1. In the study of Alcator C-Mod the L-H
transition occurred in both drift configurations if v, was of the same size and co-current,
leading to a threshold behaviour in vg«p at the L-H transition, which could then be related to
the increased Ppy in unfavourable drift configuration. Another possible mechanism recently
discussed is connected to a change in the characteristic edge turbulence with reversed V B-
drift direction, which would also lead to the existence of the I-mode in unfavourable drift
configuration!®. It is conceivable that such a change in the edge turbulence leads to modified
requirements for the F'x B shear flow needed to suppress the characteristic edge turbulence,
resulting in a higher Py in unfavourable drift configuration. Other theories deal with
the differences in the parallel momentum transport due to the up-down asymmetry of the
magnetic geometry, which could impact both the edge turbulence and the mean-field F,
simultaneously, but differently for the two drift configurations'®17. Also ion orbit losses close

1

to the boundary of the confined plasmal!® or the interaction with neutrals penetrating into

the confined plasma — both mechanisms have been found to depend on the exact magnetic

19-21

configuration — have been considered as possible candidates for the observed differences

in F, and the altered H-mode power threshold in the two drift configurations since long.

In view of possible explanations for the altered H-mode access conditions between the
different drift configurations, the here presented experimental work focuses on the charac-
terization of the equilibrium edge radial electric field and related quantities, like the main
ion pressure gradient and the edge rotation, in L-mode and at the L-H transition in the two
different drift configurations. Thanks to new and improved diagnostic techniques, special
emphasis can be put on the analysis of the E, gradient across the separatrix, which con-
nects confined plasma and SOL. The measurements are compared with predictions of local
neoclassical theory in the confined plasma and with a simple 1-D model for the upstream
FE, in the SOL. Based on these results it is discussed whether the theories introduced above
could be valid candidates to explain the increased Ppy in unfavourable drift configuration.

Furthermore, the current observations are brought in context with previous experimental

4



AlIP
Publishing

£

findings in order to identify key mechanisms important for the L-H transition in general,
which then can serve for validation of theoretical models aiming to predict the L-H transition
self-consistently.

The paper is organized as follows: Section II reviews the properties of the edge and SOL
E,. Section III introduces the design of the experiments and the analysis methods. Section
IV compares the H-mode power threshold in the different drift configurations and Section
V describes the corresponding evolution of the outer E, gradient during the transition from
L- to H-mode. Section VI compares edge and outer divertor target profiles in L-modes of
different drift configurations at matched density and heating power. Section VII presents
results on the behaviour of E, in L-mode with changing density and heating power. Section
VIII compares F, profiles at the confinement transition in favourable and unfavourable drift
configuration. Section IX summarizes the results from this experimental study and discusses

the conclusions drawn from them.

II. PROPERTIES OF E, FROM THE PLASMA EDGE TO THE
SCRAPE-OFF LAYER

The radial electric field E, can be determined starting with the momentum balance

equation for a plasma species « :

du,
manad—ta:qana(E—O—uaXB)—Vpa—VHa-I-Ra. (1)

Here my, is the mass, n, the number density, u, the fluid velocity, ¢, the charge and pq
the scalar pressure of a. Il is the viscous stress tensor and R, the friction force between
species « and all other plasma species. E and B are the local electric and magnetic field,
respectively.

Under stationary conditions, i.e. mqgnqdus/dt =0, and if friction forces are neglected,

Equation 1 simplifies in the first order of the Larmor radius 71, o to?2:

Vpa = qana(E +uq x B). (2)

This equation has to be fulfilled by each single plasma species «, but in the following we
concentrate on the relation of E, with the properties of the main ion (i) and electron (e)

species.
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In the confined plasma F, is determined by the main ion quantities and Equation 2 can

be re-written as the well-known radial force balance equation:

VD Vi
- ‘X B= — ;B ;B 3
" Zien; toix Zien; V9,12 + V9,50, (3)

with V, =9/aR, Z; the charge number, vg; the poloidal and vy ; the toroidal velocity of the
main ion species i and By and By the toroidal and poloidal magnetic field components (with
their respective signs). Please note that we assume a right-handed (R,©,®) system, which
is in accordance with the coordinate system of AUG. Further details on AUG’s coordinate
system and the sign conventions can be found in Appendix A. Besides this, in the present
work vy is positive if it is in the same direction as I, (i.e. co-current), unless it is stated
differently.
In H-mode it is often observed that v; x B is small?®2* and, thus,

Vi
Er~—— . 4
" Zieni <0 ( )

In the SOL an expression for the electric field parallel to the magnetic field lines E} can
be derived from Equation 125
Ej :%—avupe—%vnﬂ- (5)
Here j| is the parallel current density and o is the parallel electrical conductivity. ne, pe
and T, are the electron density, pressure and temperature, respectively. This parallel force
balance equation is also known as Ohm’s law of the SOL since it connects the electric field
with the current-density?C.
The electric potential V], at the outer mid-plane (OMP) can be obtained by integrating
Equation 5 in the SOL from the outer divertor target plate (denoted with ’t’) upstream to
the OMP. For an analytic solution, the following assumptions are made: Jl /o” is neglected,

since it is found to be small, at least in LSN favourable drift configuration L-modes?”?8,

and pe = pe (QZ; et)a is assumed?’. This gives the following expression for V, :

2.8 0.71+
Vi = = Teat Vo + a4

(Te,omp — Teyt), (6)

where Vj is the potential of the electrically floating divertor target plates and a = W
at AUG?". E, in the SOL at the OMP is then calculated as:

E.=-V,V,. (7)

6
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In the conduction-limited regime T omp > et If also Vg is small, Equation 6 simplifies
with Equation 7 to%6:
1
E, = *gvrTe,OMP > 0. (8)

Combining Equation 8 and Equation 4 shows that E, changes sign close to or at the
separatrix (i.e. at the normalized poloidal magnetic flux p,o = 1). From this the following
structure of E, is expected in the plasma edge and SOL (see also Figure 2): In the confined
region E, exhibits a negative well, with its minimum (E; min) located near, but inside the
separatrix. In the SOL, £, has a hill structure, with E max, the maximum of the hill, and a
decay towards the far SOL. The negative F, gradient, entirely located in the confined region,
is termed the ’inner’ F, gradient in the following. In contrast, the 'outer’ E, gradient is the
positive one at the separatrix, which connects E,yin and Ej. pmax. In the paradigm of the
critical £x B shear needed to suppress the edge turbulence at the L-H transition, it has not
been identified yet, whether both F, gradients are responsible for the L-H transition or if
either the inner or the outer E, gradient is the important one. At AUG recent experimental
observations indicate that the turbulence suppression starts at the location of the inner F,

gradient?®0.

IIT. METHODOLOGY

In the following, the design of the experiments and the different analysis methods are

introduced.

A. Discharge Design

Figure 1 shows a typical L-H transition plasma discharge at AUG (the reference discharge,
#35842). It is in LSN favourable drift configuration, with a toroidal magnetic field of
By = —2.5T at the geometric axis, a plasma current of I;, = +800kA and a safety factor of
qo5 = —5 (see also Appendix A for the sign conventions of AUG). Several versions of this
reference discharge were performed and analysed, with modifications of different parameters
(plasma density, drift configuration, heating method).

For most of the L-H transition discharges electron cyclotron resonance heating (ECRH)

power ramps were applied to trigger the transition into H-mode (see Figure 1a). For this type

7
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figures/reference_35842.pdf

FIG. 1. Reference L-H transition discharge in LSN favourable drift configuration. Time traces of
(a) auxiliary heating power (green, red), the net input power (blue) and main chamber radiation
(purple). Time evolution of (b) the line-averaged electron density at the plasma core (black) and
edge (blue) and of the stored thermal energy (green). (c¢) Evolution of the minimum of E, (black)
and the signal of the outer shunt current measurement (grey), which can be used as indicators
of the L-H and H-L back transition. The L-H transitions and the H-L back transitions of this

discharge are marked by the vertical dashed and dotted lines, respectively.

of heating scheme the label "TECRH’ is used in the following. X2 mode heating at 140 GHz
was employed, which deposits the heating power near the magnetic axis. The power was
stepwise increased by 200 to 300 kW to pinpoint P . Each power step was chosen to be at
least 150 ms long to reach steady-state conditions (the confinement time 75 = 100 — 140 ms
in the investigated L-mode conditions). During each heating step, a slow strike-point sweep
(covering approx. 2cm in about 100 ms) along the outer divertor target was accommodated
for a better coverage of Langmuir probe (LP) measurements. At the end of each heating step,

a 10 ms long blip of the neutral beam injection (NBI) with a nominal power of 2.5 MW per

8



AlIP
Publishing

L

blip was applied for charge exchange recombination spectroscopy (CXRS) measurements on
fully-stripped low-Z impurities (boron and nitrogen). Each NBI blip is a small perturbation
to the plasma and increases the net input power (Ppet, see Equation 9) by about 200 kW
for approximately 50 ms. This amount of heating is within the uncertainties of the Pry
determination, but it was regularly observed that the additional power of the NBI blip
triggered the L-H transition. However, the H-mode could then only be sustained if after
the perturbation by the NBI blip sufficient additional ECRH was applied. Otherwise the
plasma transited back into L-mode after the perturbation by the NBI blip. Furthermore, if
no NBI blips were applied, then the plasma entered H-mode in the subsequent ECRH step,
which confirms the assumption that the additional power introduced by the NBI blip is of
the same size as the ECRH power steps.

In a few L-H transition experiments also dominant ion heating was applied. For these dis-
charges the NBI was modulated and the frequency of the modulation was stepwise increased,
such that effectively heating power steps of 200 to 300 kW were achieved3!. For this heating
scheme also a small amount of central ECRH (200 to 300 kW) was applied continuously. It
is referred to this heating scheme as 'NBI+-ECRH’ in the following.

Figure 1b shows the time traces of the core and edge line-averaged densities of the deu-
terium cyanide laser interferometer (7 core and ﬁc,cdgc)&7 which correspond to approximate
Ppol Positions of 0.4 and 0.95, respectively. The target density for the reference discharge

was chosen to be 7, &~ 4.5 x 10¥9m—3

, as it is the density for which the L-H transition oc-
curs at the lowest heating power in deuterium (D) plasmas in standard drift configuration
at AUG (ﬁe,min)33~ To achieve this density, a D fuelling rate of about 3 x 102! el/s from
the divertor was needed. In USN discharges, where the pumping efficiency is lower due to
the lack of a cryostatic pump in the upper divertor, substantially lower fuelling rates are
needed to get this desired density. Also, if the intrinsic B concentration was too low for
CXRS measurements, small amounts of N were injected. The low-Z impurity content was
monitored with the CXRS diagnostics®® and found to be below 1%, leading to an average
Zog of about 1.2 — 1.435,

Starting from the reference discharge several modifications were applied to it and the
impact on the L-H transition power, on the density, temperature and E, profiles at the
OMP and at the outer divertor target in the vicinity of the separatrix was studied. The

plasma density and the heating mix (ECRH and NBI) was altered for both favourable

9
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and unfavourable drift configurations. Pairs of L-H transition discharges in forward and
reversed magnetic field direction were performed in both LSN and USN configurations. In
this way also a possible impact of the different divertor geometries (closed divertor in LSN
and open divertor in USN) on Py could be addressed for either drift configuration. The
exact magnetic geometries with their respective drift directions and how they can be achieved
at AUG is described in more detail in Appendix A.

In the upcoming plots shades of the colour blue are used for plasmas in the LSN favourable
drift configuration, purple for USN favourable drift configuration, red for LSN unfavourable

drift configuration and orange for USN unfavourable drift configuration.

B. Determination of the L-H Transition Time and Power

The L-H transition time point (triy) was determined using several different diagnostic
signals. One important feature of the L-H transition is the sudden increase of the edge
density and the stored thermal plasma energy Wypp (see Figure 1b). Further measurements
employed to pinpoint ¢y are the shunt current measurements of the inner and outer target
tiles, It ; and It o, and poloidal magnetic field fluctuation (B@) measurements of two Mirnov
coils located close to the primary and secondary X-points. Also the minimum of the edge
radial electric field, here determined with HelI spectroscopy (HES)3® (see Section ITE),
shows a sudden drop at the L-H transition, and is, therefore, a useful indicator of the
L-H transition (see Figure 1c). A more detailed description on the use of these different
diagnostics to determine ¢y;; can be found in previous AUG-related publications on the L-H

431 Taking into account the information of these different signals allows for a

transition
determination of ¢y with high precision (+1ms uncertainty).

In favourable drift configuration the plasma enters a dithering phase at tpy, which is
termed I-phase at AUG?" 39 and found also at other machines**#2. It is regularly observed
that the plasma develops from the I-phase, which exhibits periodic oscillations, into a more
bursty state, which is often identified as a type-III ELMy H-mode, before the type-I ELMy
H-mode is observed. Concomitant with this development a continuous increase in plasma
confinement is observed. The I-phase oscillations have a frequency of a few kHz*3 and can

be seen as a modulation on fi; and I ., and also on By. Therefore, these signals are a

precise indicator of £y .
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The I-phase should not be confused with the I-mode. The latter is, besides L- and

H-mode, another confinement regime, which is normally observed in unfavourable drift

configuration®944. The I-mode exhibits improved energy, but L-mode-like particle confinement®9:44:45

and can be operated as a stable regime®40.

The I-mode occurs and evolves, in terms of
heating power, between L-mode and H-mode (see also Figure 5). Therefore, in unfavourable
drift configuration, the L- to H-mode transition can be separated into a transition from
L- to I-mode (L-I transition) at t1; and a transition from I- to H-mode (I-H transition)
at tyg. For the determination of ¢1; and ty the same diagnostics as described above for
the determination of ¢ty are used. Additional information is taken from edge temperature
and reflectometer (density fluctuation) measurements, as the I-mode is characterized by a
pedestal structure in 7; and 7, and the existence of a weakly-coherent mode (WCM) at
approximately 100kHz, located at the plasma edge®. In I-mode no or only a weak increase
of the edge plasma density is observed?”, while a sharp increase of the plasma density occurs
only at the H-mode onset at ty.

The definitions of ¢y, t11 and g here are consistent with the ones used in previous L-H
transition and I-mode studies at AUG**6. If not stated differently, the edge electron density
and temperature profiles (which are referred to as ’kinetic’ in the following), and the E,
profiles, which are shown in this article, are taken from stable L-mode or I-mode phases.
For this, the profiles were averaged over time windows of 50 — 150 ms duration. The time
windows in the stable phases extend until at most 15 ms before the defined L-H, L-I or I-H
transition time. The ion temperature and impurity rotation profiles are taken from the NBI
blip closest to this time window, averaged over the entire length of the NBI blip.

The H-mode power threshold Ppy in favourable drift configuration (I- and H-mode power
thresholds Py and Pry in unfavourable drift configuration) is defined as the net input power
Ppet at try (trr and ¢rp1), where

dWhinp

dWnnp
dt ’

= Pon + Paux — dt

)

Pret = B heat —

Pieat is hereby the absorbed heating power from all heating contributions, namely the Ohmic
power Pop introduced through the plasma current and all auxiliary heating contributions

314849 - p . also includes a cor-

Paux = Py + Pecra, corrected for their respective losses
rection for changes of the plasma stored energy dWymp/dt. The main chamber radiation

Pad,main, reconstructed from bolometer measurements®, is not taken into account in the
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calculation of Py, since it has been found to show little variation at the L-H transition
between the different discharges and it is also small, between 300 and 500 kW, for all in-
vestigated discharges. Time traces of Pyet, Prcru, PNBI and Pradmain are depicted for the

reference discharge in Figure la.

C. Power Balance Analysis

Power balance analysis was performed in order to deduce the surface-integrated edge ion
and electron heat fluxes (Q; cdge and Q¢ cdge) at the L-H transition. For this, the transport
code ASTRA was employed in an interpretive mode®!. To determine the exact heat depo-
sition profile of the ECRH, the microwave beam tracing code TORBEAM?®? was used and
for the NBI deposition profile, the real-time code RABBIT*? was coupled to ASTRA.

Consistent with previous L-H transition studies at AUG38 the total edge ion and
electron heat fluxes were evaluated at the radial position of p, ~ 0.98, where pq is the

normalized poloidal magnetic flux.

D. Edge Kinetic Profile Measurements and Alignment

For an exact reconstruction of the magnetic equilibrium in all investigated magnetic con-
figurations, the Grad-Shafranov equation is coupled with the current-diffusion equation®3.
Furthermore, other constraints on the equilibrium, e.g. the measurements of the thermal
pressure profile, are taken into account in the framework of Bayesian probability theory3223.
This leads to an uncertainty of about 1 cm for the separatrix position in L-mode at the outer
mid-plane, which corresponds to Appo & 0.014 for the here investigated plasma shapes®.

The T, and n, profiles presented in this work were determined using integrated data anal-
ysis (IDA) of several diagnostics®?. The T, profiles were shifted radially in such a way that
the prediction for T, sep, employing Spitzer-Hirm power balancing® 7, was fulfilled. The
radial shifts of the n, profiles were determined from the radial shifts of the Thomson scatter-
ing and the HeI beam data®®, which measure T, and n, at the same location simultancously.
The impurity temperature (Tiyp) and the toroidal and poloidal velocity (vgimp and vg jmp)
profiles, which were determined with CXRS%%60 were not shifted radially. Furthermore, in

this study it is assumed that the main ion temperature 7; equals the temperature of the
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impurity ions Tipmp, which is a valid assumption in AUG H-modes®!, but has been found to
be incorrect at other machines like DITI-D?4. For the uncertainty estimation of the main
ion pressure gradient profiles ((V,p;)/(en;)), a relative shift of the T; profiles of £5mm with

respect to the validated n profiles was applied.

E. FE, Profile Measurements and Alignment

The edge E, profiles at the OMP were determined using Doppler V- and W-band re-
flectometry in X-mode (DR)$283 and HelT spectroscopy (HES)®. The latter relies on the
Doppler spectroscopy of singly ionized helium®. Thermal He is periodically injected by a
piezoelectric gas valve with on-off times of about 50 ms. The neutral He particles get ionized
and excited by plasma interactions (mainly electron impact ionization and excitation) and
the emitted light is detected by a spectroscopic system. From the width of the characteristic
spectral line the local Hel*t temperature, from its Doppler shift the He't flow speed and from
its intensity the local Hel* density can be determined®®. In this way this technique allows
for a local measurement of E, employing the radial force balance equation (see Equation 3)
for the singly ionized He particles instead of for the main ions36. It turns out that this F,
measurement technique is restricted to a region of ppo 0.98 to approximately 1.02, i.e. the
region of the outer £, gradient, whereas the inner E, gradient can not be resolved by HES.
Furthermore, the spectroscopic system has an acquisition time of Atacquisition = 2-45ms,
which makes this F, measurement technique not suitable to detect transient phenomena
or events which are faster than this time scale, e.g. a resolved measurement of the I-phase
oscillations.

For the localisation of the DR-E, data, the validated n, profiles (see Section III D) were
used. A detailed comparison between the DR and HES diagnostics and a forward model
developed for the HES method showed excellent agreement between the two E, measure-
ments in all four investigated drift configurations®®. The determined E,. profiles across the
separatrix agree in both size and shape of the outer E, gradient and its radial position. From
these comparisons it was also concluded that the turbulence phase velocity, which would be
detected by DR, but not by HES, must be small (no larger than a few hundreds of m/s) in
the plasma edge in L-mode.

An example measurement of the three different edge E, diagnostics is shown for the ref-
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figures/comp_HES_DRVW.pdf

FIG. 2. Comparison of measured edge E, profiles. E, profiles detected with V- and W-band Doppler
reflectometry (DR, stars and squares) and He Il spectroscopy (HES, circles) in a stable L-mode
phase of the reference discharge (see Figure 1). The profiles are plotted against the normalized
poloidal flux coordinate ppo1, Where ppol =1 denotes the separatrix. The negative E, gradient
located entirely in the confined plasma is termed ’inner’ E, gradient, whereas the positive E,

gradient connecting E, min and Ey nax is termed ’outer’ E, gradient.

erence discharge # 35842 in Figure 2. Here and in the following radial profiles are plotted
against ppor. Since the agreement between the different E, diagnostics is excellent (be-
low 1kV/m deviation), normally only one E, profile is shown in the course of this article.
However, a comparison between the different diagnostics has always been performed, if mea-
surements from them were available. In the following these symbols are used (see also Figure
2): stars denote E, measurements from the V-band DR, squares from the W-band DR and

circles from HES.

The E; iy and Eppmax values were determined as the minimal and maximal measured

values of I in the radial region ppo1 =~ 0.98 — 1 and pp,01 = 0.995 — 1.02, respectively.
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F. Neoclassical Calculations

For the deduction of the poloidal and toroidal main ion flows, and with equation 3 also
of the edge radial electric field, local neoclassical (NC) theory was employed. The NC
calculations were performed with the code NEOART® | which was bench-marked against
the NEO codef® for a subset of discharges in the different drift configurations. For a given
impurity, NEOART solves the set of linear coupled equations of the parallel velocity in all
collision regimes for each charge state®”. NEOART includes the collisions of the considered
impurity ion with the main plasma ions ¢ and all other impurities. The experimentally
determined radial profiles of the electron density and temperature (n, and T¢), the main ion
temperature (7;) and the density and toroidal rotation of the impurity (nimp and vy jmp) are
given as input to the code, which calculates the NC poloidal main ion and impurity velocity

profiles (vg; and v imp) and the differential of the toroidal main ion rotation (vg ;) to a given

Ug,imp-

In all the NEOART calculations it was assumed that besides the main ion species (D)
only one impurity species is present in the plasma edge (B or N). If possible, the correspond-
ing impurity density nimp, was deduced from the radiance of the CXRS measurements3*. To
calculate the main ion density, n;, the charge state distribution of the investigated impu-
rity has to be known. This was determined assuming the coronal ionisation equilibrium.
Since the actual impurity density at the plasma edge could not always be determined ex-
perimentally, two different assumptions were made and the resulting n; profiles compared.
For the first one it was assumed that the impurity density is the one of the fully ionized
impurity, e.g. nnx = ny7+. For the second approach a constant impurity concentration of
1% was assumed over the investigated radial range, i.e. nimp = 0.01n,. It was found that
the resulting n; profile does not differ strongly, using the two different assumptions on njyp.
Therefore, if no nim, measurements were available, a constant impurity concentration of 1%
was assumed, which is in good agreement with the experimentally determined Z.g values

from Bremsstrahlung measurements3?.
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figures/PLIH_ne_diagram.pdf

FIG. 3. Density dependence of the H-mode power threshold in favourable and unfavourable drift
configuration. Net input power at the L-H transition (Ppp, blue and purple) and I-H transition
(P, red and orange) versus line-averaged core electron density, fi.. Circles denote dominant ECRH
heating, whereas squares denote a mixture of NBI and ECRH heating. The arrow at the data point
in unfavourable drift configuration at low density indicates that this is a lower boundary for Pjy.
Also, for the favourable drift configuration plasmas, the region of the density minimum and the

low and high density branches of Py are denoted.

IV. H-MODE POWER THRESHOLD IN DIFFERENT DRIFT
CONFIGURATIONS

Figure 3 shows the net input power Ppet at the L-H transition (Ppy, blue and purple)
in favourable drift configuration (LSN and USN) and at the I-H transition (P, red and
orange) in unfavourable drift configuration (LSN and USN), plotted against the line-averaged
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electron density fe = fiecore- In all plotted discharges |By| = 2.5T at the geometric axis,
whereas || = 0.8 MA for the LSN and |I,| = 1MA for the USN discharges. The values of
the power threshold agree within one drift configuration, regardless whether LSN or USN
plasmas are investigated, which indicates that the exact divertor configuration (open vs.
closed divertor, see also Appendix A for the divertor geometry) has minor impact on the
power threshold in these discharges. Furthermore, there is no difference seen in the H-mode
power threshold between the 0.8 MA and the 1 MA data-sets, which is in agreement with
previous observations at AUG of favourable drift configuration plasmas, where for plasmas

located in the high-density branch no dependence of P g on I, is found®8.

As observed at several tokamaks, Pryg in unfavourable drift configuration is 2 — 3 times
higher than P;p in favourable drift configuration®%%70 For Ppy the typical parabolic de-
pendency on 7, is found, with ne iy ~ 4.0 X 101 m=3, the commonly observed value of the

48,68 However, Py does not

density minimum at AUG in favourable drift configuration
show such a parabolic dependence on n., instead it exhibits a large scatter for a fixed 7.
This behaviour of Py has already been mentioned in previous work from AUGY | where
it was pointed out that it might be connected to the exact development of the preceding
I-mode. Another reason for the larger scatter in Py could be connected to the fact that the
unfavourable drift configuration data are from pure ECRH and mixed NBI+-ECRH heated
plasmas. From L-H transition studies in favourable drift configuration it is known that Py
depends on the employed heating method in the low-density branch. This observation is
connected to a critical (; cqge needed to enter H-mode and the different efficiency of ECRH
and NBI to heat the ions®!#® as well as the impact of external torque input on Ppy*®7!,
which occurs with NBI, but not with ECRH.

Since power balance calculations could not be performed for all of the discharges under
study, mostly, due to a lack of full-radius T; profiles, it cannot be confirmed whether @Q; eqge
is the same at the I-H confinement transition for discharges with either heating mix. It
appears, however, that the discharges with NBI have a lower Py than their counterparts
with ECRH only, which indicates that Q;eqge could also be an important quantity at the
I-H confinement transition. Furthermore, there is one data point at low density in Figure 3,
marked with an upwards facing arrow, which would confirm the critical role of Q; eqge for the

H-mode transition physics also in unfavourable drift configuration. The given value of Py

for this discharge (AUG # 37375) is only a lower boundary, since the plasma neither transited
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into I- nor H-mode. Power balance calculations for this data point give Q;edge ~ 0.59 MW,
which is below the critical Q; cdge 0of about 0.71 MW needed to transit from L- into I-mode
in these plasma conditions at AUG.

Another interesting observation is that some of the discharges in unfavourable drift con-
figuration did not enter I-mode before transiting into H-mode, but a direct transition from
L- into H-mode occurred, with the typical signatures of an I-phase during the transition.
As stated in Section III B, the I-phase is always observed in favourable drift configuration
at the L- to H-mode transition. In Figure 3, the unfavourable drift configuration cases with
a direct L-H transition are highlighted in grey. As of yet it is not clear which conditions
or parameters determine whether an I-mode or an I-phase occurs in the transition from L-
to H-mode in unfavourable drift configuration, however, the two regimes have not yet been
observed to appear simultaneously. Figure 3 suggests that I-phases in unfavourable drift

configuration plasmas tend to appear at higher densities.

V. EVOLUTION OF E, IN THE TRANSITION FROM L- TO H-MODE
A. Favourable Drift Configuration

Figure 4 shows the time evolution of global and edge plasma quantities in a LSN discharge
in favourable drift configuration (AUG # 36983), transiting from L-mode (light blue) to
H-mode (dark blue) via I-phase (blue). The presented discharge was density feed-back
controlled to 71, = 3 x 10 m~2. Except for this lower density, the design of the discharge
was as for the reference discharge # 35842, introduced in Section III. For such discharges,
namely ECRH discharges located on the low-density branch of Py (see Figure 3), it is
regularly observed that the confinement improvement at or directly after the L-H transition
is not as pronounced as for the same type of L-H discharges at higher density, at least for
the same plasma current (compare also Figures 4b and 1b). For example, in this low density
discharge no pure type-I ELMy H-mode was observed, although the auxiliary heating power
was increased to 3.5 MW. However, the development of (V,p;)/(en;) and E, during the L-H
transition, as shown in Figure 4d, are found to be the same for all investigated discharges in
favourable drift configuration (in both LSN and USN plasmas), independent of the plasma
density and type of applied auxiliary heating.
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figures/36983_tt.pdf

FIG. 4. Evolution of the L-H transition in favourable drift configuration. Time traces of (a) NBI
and ECRH power (red, green), net input power (blue) and main chamber radiation (purple) during
an L-H transition. Corresponding evolution of (b) line-averaged electron density in the plasma core
and edge (dark blue, blue), stored plasma energy (green), edge electron and ion temperature (cyan
and orange) and (c) magnetic field fluctuations (black), inner and outer shunt current signals (silver
and grey) and the minimum of the edge radial electric field (blue). (d) Evolution of the outer E,

gradient and (V,p;)/(en;) at the plasma edge during the L-H transition.
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The E, profiles across the separatrix (Figure 4d) as well as the time evolution of the
E, minimum (Figure 4c) were measured with the HES diagnostic (see Section IIIE). Each
LI, profile is averaged over the acquisition time of 2.45ms, thus, these are measurements of
the mean-field E, structure. It should be noted that the HES measurements are such that
during each He gas puff of about 50ms length several profiles are acquired (see also the
time trace of Ej min in Figure 4c). Therefore, the development of the FE, profile during the
L-H transition does not look continuous in Figure 4d, which can, however, be attributed to
the timing of the He gas modulation with respect to the L-H transition. The analysis of
several L-H transitions has shown that the development of E,, i.e. the steepening of the E,
gradients, is rather continuous during the L-H transition. Figure 4d also depicts (V,p;)/(en;)
at the plasma edge for the different confinement regimes, which was reconstructed from the
experimental edge T; and n. profiles, assuming n; = n.

The L-H transition is triggered by the NBI blip, at 2.78s, at a power of about PLy =
1.1MW. As can be seen in Figure 4b in the time traces of plasma density and stored energy
(blue and green) the confinement improvement at the L-H transition is weak. Although
Te edge, measured at ppo = 0.98, exhibits some variation, the overall trend is that T¢ eqge
(cyan) and Tj ¢qee (orange) increase from L- to I-phase to H-mode, which is also confirmed
by the steepening of (V,p;)/(en;) (see Figure 4d). The analysis of several L-H transition dis-
charges has shown that (V,p;)/(en;) steepens mainly due to a steepening of the 7; gradient,
whereas the logarithmic edge density gradient is rather constant in the different confinement
regimes%’n.

The evolution of the edge F, from L- to H-mode follows to first order the evolution of
(Vypi)/(eni). However, in L-mode systematic deviations between (V,p;)/(en;) and E, are
observed, which indicates that the contribution from the plasma flows (v; X B) to E, is
non-negligible in L-mode. This is discussed in more detail in Section VI. Furthermore, the
measurements show that during the entire L-mode phase the outer E, gradient exhibits
only little variation. During the I-phase the outer F, gradient steepens gradually and
E, min reaches values of approximately —15kV/m. These E; min values have been observed
previously at the H-mode onset at AUG™ 7. In H-mode Ey min values of —20 to —28kV/m

are reached, which are typical values for AUG H-modes®!.

At the same time as Epmin
deepens, E; max in the SOL increases slightly from L-mode to H-mode, where the radial

positions of the two extremes are relatively constant.
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B. Unfavourable Drift Configuration

Figure 5 shows a typical L-I-H transition in a LSN unfavourable drift configuration
discharge (AUG #37298). This discharge is the equivalent to the previously presented
favourable drift L-H transition discharge shown in Figure 4. In # 37298 the I-mode (red in
Figure 5) starts at around 2.68s and is soon after followed by the H-mode (dark red) at
around 2.77s. At both confinement transitions (L-I and I-H) Ppet & 3MW, which is more
than a factor of 2 higher than the corresponding Pry in favourable drift configuration (see
Figure 3). Please note, Py at the I-H transition often tends to be lower compared to Pyet at
the L-I transition, which was already reported in earlier I-mode studies at AUG%. This can
be attributed to a lower Ohmic power in the I-mode, due to a higher plasma temperature,
and to a stronger change of Wygp at the L-I transition. Both terms contribute to Pye via

Equation 9.

In the following we report on general features of the development of the edge profiles
during the L-I-H transition, which have been observed to be the same regardless of the
exact plasma configuration (LSN or USN unfavourable drift), the plasma density and the
type of applied heating power. As can be seen in Figure 5b T, cqge; Tjedge and Wymp
(cyan, orange and green) start to increase at the L-1 transition, whereas the plasma density
(blue) stays rather constant and only starts to rise at the I-H transition. Correspondingly,
(V,pi)/(en;) steepens gradually from L- to I- to H-mode. Also E, follows this trend, but in
L-mode (light red) discrepancies between (V,p;)/(en;) and E, are observed, as has been also
found in favourable drift configuration. The measurements show that the edge E, profiles
can be entirely positive in unfavourable drift L-modes and, thus, vpxp points then in the
ion diamagnetic drift direction. This observation will be discussed in more detail in Section
VIA. In I-mode Ej in deepens gradually and at values of approximately —15kV/m the
transition into H-mode occurs, consistent with previous I-mode studies”™. Interestingly, this
E) min value is about the same as the Ej. i, values reached during I-phase at the transition
into H-mode in favourable drift configuration plasmas®. However, this very similar Er min
value does not imply that the same outer F, gradients are reached at the H-mode onset,
since the F, values in the SOL and their radial position can also be different. This is at
least the case for the here presented discharge pair in favourable and unfavourable drift

configuration (compare Figures 5 and 4).
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figures/37298_tt.pdf

FIG. 5. Ewvolution of the L-I-H transition in unfavourable drift configuration. Time traces of (a) NBI
and ECRH power (red, green), net input power (blue) and main chamber radiation (purple) during
an L-I-H transition. Corresponding evolution of (b) line-averaged electron density in the plasma
core and edge (dark blue, blue), stored plasma energy (green), edge electron and ion temperature
(cyan and orange) and (c) magnetic field fluctuations (black), inner and outer shunt current signals
(silver and grey) and the minimum of the edge radial electric field (red). (d) Evolution of the outer

E, gradient and (V,p;)/(en;) at the plasma edge during the L-I-H transition.
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VI. COMPARISON OF L-MODES IN DIFFERENT DRIFT
CONFIGURATIONS AT SAME HEATING POWER AND SAME PLASMA
DENSITY

In order to understand the differences and similarities of edge kinetic and E, profiles
as well as the SOL conditions of L-mode plasmas in the two different drift configurations
and to study their impact on the transition into an improved confinement regime, pairs of
fav. /unfav. L-modes with matched parameters, i.e. same heating power and same plasma
density, are compared in this section. First we investigate LSN plasmas at low density and
then USN plasmas at medium density. Based on the observed differences, conclusions are

drawn on which mechanisms could be possible candidates to influence E, in L-mode.

A. Lower Single-Null and Low Density

In the two investigated L-mode phases a gas puff rate I'p ~ 0.7 x 102! el/s was used,

which results in a plasma density of about 2.8 x 109 m=3.

However, as can be seen in
Figure 6b, the edge density is slightly lower in the unfavourable drift case (# 37375, light
red) compared to the favourable drift case (# 36983, blue). Furthermore, in both L-mode
phases Prcru = 600kW, which is for the favourable drift configuration directly before the

L-H transition.

1. Edge Kinetic and E, Profiles

Figure 6 shows the measured edge electron and ion kinetic profiles and the toroidal ro-
tation and FE, profiles for the two L-mode phases. The edge T, profiles are the same in
favourable and unfavourable drift configuration, whereas n. is slightly lower in unfavourable
drift configuration between ppo = 0.95 and 0.98. The logarithmic edge density gradient,
1/Ly, = —(Vyne)/ne, is found to be the same within the measurement uncertainties in
the confined plasma region. Also the T; profiles agree within the measurement uncertain-
ties, which leads to very similar (V,p;)/(en;) profiles in favourable and unfavourable drift
configuration (see Fig. 6f).

In both drift configurations the edge T; profiles are flatter than the edge T, profiles, which

is regularly observed. The ratio of Tj sep/Te sep i the same for either drift configuration and
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figures/36983_37375_edgeprof . pdf

FIG. 6. FEdge kinetic profiles of L-modes in favourable and unfavourable drift configuration at
matched parameters. Radial profiles of measured (a) electron temperature T¢, (b) electron density
ne, (¢) logarithmic electron density gradient 1/L,,, (d) ion temperature Tj, (e) intrinsic toroidal
rotation of impurities vy imp and (f) radial electric field E, as well as main ion pressure gradient
(Vrpi)/(en;) (assuming n; = n.) for favourable (blue) and unfavourable (light red) drift configura-

tion.

T sep = 1006V = 1.3T¢ sep in both cases. According to Manz et al.1% a transition from ITG-

dominated to Drift-Alfvén turbulence can take place if a sufficiently high Tj sep/Te sep OF
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a rather low V7T; is reached at the separatrix, which then would lead to the existence of
the I-mode. The observation here that Tj sep/Tesep and VT are very similar in both drift
configurations, whereas the I-mode is absent in favourable drift configuration, is in variance
to the theory proposed by Manz et al.'.

The impurity intrinsic toroidal rotation vg imp, which is the toroidal rotation without
external torque input, is found to be almost the same and co-current in both drift configu-
rations. This observation is in contrast to intrinsic edge rotation measurements in L-modes
of favourable and unfavourable drift configuration in Alcator C-Mod!, which is observed to
change with drift configuration. A more detailed discussion on this can be found in Sec.
VIIC. Qualitative differences in the profiles shown in Fig. 6e might originate from the fact
that the impurity rotation was measured on different impurities (B and N, respectively).
Furthermore, although the external torque input by NBI is minimized by the short duration
of the NBI blip, a small effect on vy cannot be excluded, even more since in LSN favourable
drift configuration the NBI injection is co-current at AUG, whereas it is counter-current in
LSN unfavourable drift configuration (see Figure 24).

The biggest difference between the two drift configurations is found in the measured edge
E, profiles. Although the slopes of the inner and outer F, gradients can vary somewhat
e.g. due to heating method, a robust observation is that the E, well in the confined region
is shallower in unfavourable compared to favourable drift configuration. Thus, these new
measurements confirm earlier studies at AUG and DIII-D!%70 and recent results from the
WEST tokamak'2. As shown in Fig. 6f the E, min value for the unfavourable drift configu-
ration case is less negative than the one in favourable drift configuration, leading to a weaker
inner E, gradient in unfavourable drift configuration. The E max values are generally not
very different between the two drift configurations, however, it is regularly observed that
E) max is located just inside the separatrix for the unfavourable drift configuration, whereas
it is located outside the separatrix for the favourable drift configuration. This causes that

the outer FE, gradients are of similar strength between the two drift configurations.

2. Scrape-off Layer Profiles

Figures 7a,b show electron temperature and density profiles of the outer divertor target

(T target and ne garget) in favourable (blue) and unfavourable (light red) drift configuration.
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figures/36983_37375_targetprofiles.pdf

FIG. 7. SOL profiles in favourable and unfavourable drift configuration L-modes at matched param-
eters. Radial profiles of measured (a) electron temperature T, (b) electron density n. at the outer
target (circles) and at the outer mid-plane (OMP, lines) for favourable (blue) and unfavourable
(light red) drift configuration. (c) Plasma potential V;,; at the OMP (circles), reconstructed from

LP measurements at the outer target, and spline fit to the experimental data (dashed line).

Also shown in the plots are T, onmp and n. omp, which were already presented in Figure 6.
The strong reduction of T, along the field lines with a concomitant increase of n. towards
the divertor target (pe,oMP & 2Pe target Within the measurement uncertainties) indicates that
the SOL plasma is in the conduction-limited regime. This, in turn, implies that the Spitzer-
Harm power balance can be applied for the determination of the separatrix temperature at

the OMP, as was done for all discharges in this work (see Section III).

As expected from a reversal of the drift directions in the SOL, the particle transport
towards the outer divertor is increased in unfavourable drift configuration compared to

favourable drift configuration, leading to a lower Tt target and a higher negarget in un-
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1377772778 In favourable drift

favourable compared to favourable drift configuration
configuration, T, omp ~ 3T¢ target, Whereas in unfavourable drift configuration T omp >
3T, target- In unfavourable drift configuration, where the target profiles are fully resolved,
Te target Peaks at the separatrix, while the maximum value of ng¢ target is reached a bit fur-
ther outside in the SOL, at ppo =~ 1.001. This is observed regularly and also theoretically
predicted due to diffusive processes in the private flux region26:7.

The plasma potential at the OMP, reconstructed from the LP data at the outer divertor
target, is shown in Figure 7c. The dashed lines are cubic spline fits to the experimental data.
Although the absolute values are similar in both drift configurations, with V}, between 0
and 60 eV, the profile shapes differ. In unfavourable drift configuration, the peak of V}, is
narrow and occurs close to the separatrix, at around p,o = 1.002, whereas in favourable
drift configuration the peak is broader and exhibits its maximum at ppo ~ 1.007. This
qualitatively different behaviour of V} for the different drift configurations has been observed
also in other plasma discharges of similar plasma parameters, in which fully radially resolved
target profiles were available also for the favourable drift configuration. The analysis of
those data showed consistently that the maximum in 7T target does not exceed 30eV and
that the maximum value of V], is indeed reached at around ppe = 1.007 in the favourable
drift configuration.

The upstream E, profiles reconstructed from the target profiles using Equation 6 are
depicted as dashed lines in Figure 8 for the two drift configurations. For comparison also
the respective E, measurements and —V, T, omp/e profiles (see Equation 8) are plotted.
The measured SOL E, profiles agree well with the —V, T, onmp/e profiles around Er max,
but the decay of the measured E, profiles in the SOL is faster than that of —V, T, omp/e.
The full reconstruction of . from —V. V], agrees less with the experimental £, profiles, in
particular for unfavourable drift configuration. This discrepancy suggests that the simple
SOL model lacks important effects, e.g. from cross-field transport, in order to reproduce
the upstream SOL E, profile from the divertor profiles correctly. It could also be that the
assumptions on the shape of p. along the field lines has to be adapted or that Jl / o) is in
fact not negligible. This will be further investigated in the future. However, considering
the large radial uncertainties around the separatrix, which are critical when aligning the
target and upstream profiles for the SOL FE, reconstruction, the deduced E, profiles from

the target measurements are in reasonable qualitative and quantitative agreement with the
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measured E, profiles at the OMP, at least in favourable configuration. A more systematic
experimental study at AUG in favourable drift configuration L-modes confirms this?7.
Despite different outer divertor target profiles, the measured upstream SOL E, profiles
are very similar between the two drift configurations. This makes an explanation of the
increased H-mode power threshold in unfavourable drift configuration due to a weaker SOL
E, hill and, thus, due to a significantly weaker outer E, gradient implausible, as it was

suggested previously based on SOL modelling results!3:14,

3. Neoclassical Calculations

In this section the experimental E, profiles shown in Figure 6f are compared to NEOART
calculations (see Section IIIF). This comparison helps to clarify whether the observed dif-
ferences in E, between the two drift configurations are due to NC effects. As input for
the NC predictions of vg;, vgimp and vs; the experimental n, T, T; and vgimp profiles
presented in Figure 6a-e were used. The resulting velocity profiles are shown in Figure 9.
For completeness, also the measured vg jmp and vy imp data from CXRS as well as the fits to
the vy imp profiles are shown.

In both drift configurations the measured intrinsic v jmp and the predicted vy ; are co-
current and the predicted NC poloidal impurity and main ion velocities are in the electron
diamagnetic drift direction close to the separatrix. The experimental data of vy, and
the NC predictions are in reasonable agreement, which indicates that also the main ion
predictions are reliable.

Inserting the toroidal and poloidal main ion velocity and the (V,p;)/(en;) profiles from
NEOART into the radial force balance equation (Equation 3) gives an estimate for the size
and shape of the edge E, based on local NC theory. Since it was found that the resulting
predicted E, profiles depend sensitively on the input 7; data, a discussion on this dependence
can be found in Appendix B. The conclusions from this sensitivity study is that the shape
of the predicted E, profile depends strongly on the input 7T; profile, however, the differences
found in F, between favourable and unfavourable drift configuration is independent of the
choice of the T; profile fit. Therefore, in Figure 10 a comparison of the predicted E, profile
(solid line), of (V,p;)/(en;) only (dashed line) and of the experimental E, profile (stars) for

favourable (blue) and unfavourable (light red) drift configuration is shown for the 'flat 7T;
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figures/36983_37375_SOLEr.pdf

FIG. 8. SOL E, profiles in favourable and unfavourable drift configuration L-modes at matched
parameters. Measured E, profiles at the OMP (stars) in comparison with the reconstructions of E,
from target profiles, using E, = —V,V} (dashed line), and the approximation for the conduction-
limited regime E, ~ —V, T, omp (solid line) for favourable (a) and unfavourable (b) drift configu-

ration.

fit’ (see also Appendix B).
In both drift configurations the experimental E, profiles agree better with the predicted
E, profiles including the main ion velocities, than with solely the (V,p;)/(en;) profile. This
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figures/36983_37375_neoclassics_v.pdf

FIG. 9. Neoclassical and experimental edge velocities in L-mode plasmas of matched parameters
in favourable and unfavourable drift configuration. (a) Measured intrinsic toroidal impurity ro-
tation (triangles) and fit to the experimental data (dashed line), (b) predicted intrinsic toroidal
main ion rotation, (c¢) measured (triangles) and predicted (solid line) poloidal impurity velocity
and (d) poloidal main ion velocity profiles of favourable (blue) and unfavourable (light red) drift

configuration.

gives evidence that the v; X B contribution to E, is not negligible in L-mode, as has already

been shown at DITI-D?48081 At AUG in the here investigated L-modes it is actually found
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that the contributions of (V,p;)/(en;), vy ;B and vg; By are of comparable size, but they
can have different signs and, therefore, they can cancel each other out and counteract each

other.

figures/36983_37375_neoclassics_Er.pdf

FIG. 10. Comparison of exp. E, profiles with neoclassical predictions in favourable and un-
favourable drift configuration L-modes of matched parameters. Predicted E, profiles from NEOART
including main ion velocities (solid lines) and main ion pressure gradient profiles only (dashed lines)
and experimental edge E, profiles (stars, squares) for favourable (blue) and unfavourable (light red)
drift configuration. Figure adapted from U. Plank et al. Plasma Phys. Control. Fusion 65, 014001

(2023); licensed under a Creative Commons Attribution (CC BY) license.

As can be seen in Figure 10, for favourable drift configuration the predicted E, profile
agrees with the experimental data quantitatively in the region around E; nin, whereas for
the unfavourable drift configuration larger differences between the predicted E, profiles and
the experimental profiles are found. Qualitative agreement of the profile shape between
predicted and experimental E, is only found for the favourable drift configuration using the
‘steep T; fit’ (see Appendix B), for which a minimum in the predicted E, profile can be
produced. However, it is not a general result that NC predictions of E, agree better with
experimental data in favourable compared to unfavourable drift configuration. As shown in

the next section, counter examples exist.
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B. Upper Single-Null and Medium Density

Several pairs of L-H (L-I-H) transition discharges with identical ECRH power ramps
and a plasma density of 7, = 4.5 x 10 m™3 were performed also in USN favourable and
unfavourable drift configuration. These discharges were density feedback-controlled and
operated with [By| =2.5T at the geometric axis, I, = 1.0MA and |gg5| = 3.8. Two example
L-mode phases are presented in the following which were both heated with Prcry = 200kW.
This phase is, for the favourable drift configuration discharge # 37985, right before the L-H
transition, but still long before the L-I transition for the unfavourable drift configuration
discharge # 37983 (Pgcru = 1.4MW at L-I). Due to the lower coverage of the upper divertor

with LP measurements at AUG, no divertor target profiles are available for these discharges.

1. FEdge E, Profiles

In Figure 11 the measured L-mode E, profiles for favourable (purple) and unfavourable
(orange) drift configuration are plotted together with the experimental (V,p;)/(en;) profiles,
assuming n; = n. for the latter. Due to the higher density of these discharges the FE,
measurements by DR are restricted to the confined region. Therefore, HES measurements
of the outer E, gradient are also shown in the figure. As can be seen, the E, profiles from
both diagnostics are in good agreement, although for the unfavourable drift configuration
deviations of up to 2kV/m are observed between the two diagnostics.

The edge electron and ion kinetic profiles are very similar in both drift configurations,
leading to almost identical (V,p;)/(en;) profiles. In contrast to (V,p;)/(en;), the E, profiles
are different between the two drift configurations, where the E, well in the confined region is
again shallower in unfavourable drift configuration, which also causes the inner E,. gradient to
be significantly weaker in unfavourable compared to favourable drift configuration, whereas
the outer one is of comparable strength.

In summary, these observations are the same as for the pair of low density L-modes in
LSN favourable and unfavourable drift configuration described in Section VI A. A difference
to the LSN L-modes at low density is that in the L-modes presented here the intrinsic v¢ jmp
(measured on B) is slightly higher in favourable compared to unfavourable drift configuration

(see Figure 12a), but it is again co-current for both drift configurations.
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figures/37983_5_Er.pdf

FIG. 11. Comparison of L-modes in favourable and unfavourable drift configuration at matched
parameters. Edge radial electric field profiles from DR (squares) and HES (circles) and main ion
pressure gradient profile (solid lines) for USN favourable (purple) and unfavourable (orange) drift

configuration.

2. Neoclassical Calculations

In Figure 12 the impurity and main ion velocities are shown for the two drift configurations
as predicted by NEOART. The intrinsic toroidal main ion rotation (b) is co-current for
both drift configurations, but, as the measured vy imp (a), vg; is larger in favourable drift
configuration. The predicted NC impurity (c) and main ion (d) poloidal velocities are of
comparable size between the two drift configurations, and point for either configuration into
the electron diamagnetic drift direction. The experimental vg i, data exhibit a large scatter,
but they rather agree with the NC predictions for the unfavourable drift configuration. In
favourable drift configuration the experimental vg j;mp data point into the ion diamagnetic
drift direction. Accordingly, see Figure 13, the predicted E, profile employing NC main ion
velocities (solid line) agrees better with the experimental E, profile for the unfavourable
(orange) than for the favourable drift configuration (purple). For the latter the predicted E;
profile is much less negative than the experimental data and also the steep inner FE, gradient

cannot be resolved. A comparable flat inner E,. gradient, as the predicted E, profiles exhibit,
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figures/37983_37985_neoclassics_v.pdf

FIG. 12. Neoclassical velocity profiles in favourable and unfavourable drift configuration L-modes of
matched parameters. (a) Toroidal intrinsic impurity rotation profile (triangles) and fit of the data
(dashed lines), (b) predicted toroidal intrinsic main ion rotation, (c) predicted neoclassical poloidal
impurity velocity (solid lines) and experimental data (triangles) and (d) predicted neoclassical

poloidal main ion velocity for favourable (purple) and unfavourable (orange) drift configuration.

is only found for the experimental E, profile in unfavourable drift configuration.
The main reason for the less negative E, profile prediction by NC theory in favourable

compared to unfavourable drift configuration, which is opposite to the experimental obser-
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vation, is mainly due to the differences in the measured vy imp. The latter has consistently
been found to be larger in favourable than in unfavourable drift configuration in several USN
discharges. As stated before, this difference in the £, predictions can also not be resolved

by steeper T; gradient fits to the experimental data (see also Appendix B).

figures/37983_37985_neoclassics_Er.pdf

FIG. 13. Comparison of E, profiles with neoclassical predictions in favourable and unfavourable drift
configuration L-modes of matched parameters. Measured E, profiles (squares) and NC predictions

(solid lines) in favourable (purple) and unfavourable (orange) drift configuration.

Please note, the strong deviations between the predicted and the experimental E,. profiles,
which are present in the region of the outer E; gradient between ppo = 0.98 and 1.0 are
likely due to other contributions to FE,, which have been assumed to be negligible, or they
are not captured by local NC theory. These can be friction forces or non-isotropic pressure
contributions (see Equations 1 and 2) as well as ion orbit losses and global NC effects,
which are not captured by NEOART. As shown in the Section VII, in the region around the

separatrix also a strong interaction between confined plasma and SOL seems to be present.

C. Discussion of Possible Mechanisms Influencing F,

Comparison of L-mode phases with same heating power and same plasma density, but

different drift configuration have shown that, although (V,p;)/(en;) is very similar between
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the two drift configurations, the F, well in the confined region is shallower in unfavourable
compared to favourable drift configuration. This leads to less steep E, gradients in the
unfavourable drift configuration, as has been observed previously'® 2. This is found consis-
tently regardless whether pairs of LSN or USN discharges are investigated, which implies that
this effect is independent of the exact divertor geometry (closed or open divertor). In both
drift configurations it is found that E, in L-mode deviates from (V,p;)/(en;), showing that
v; X B is a non-negligible contribution to E,, as also observed previously at DITI-D2480:81
Comparisons with local NC theory give better agreement in magnetic configurations in which
By is negative, i.e. clockwise seen from above (standard By direction at AUG). This agree-
ment is, in the discharges presented here, connected to favourable drift configuration in LSN
and to unfavourable drift configuration in USN plasmas (see also Appendix A). However,
in detail deviations of the measured E, profiles from NC theory are found in either drift
configuration, which is consistent with results from DIII-D in favourable drift configuration
plasmas??. In particular the NC predictions can not reproduce the differences observed in

E, between the two drift configurations.

Various mechanisms are discussed in the community that can lead to differences in the
edge E,, depending on the magnetic configuration. Possible candidates, which would be
consistent with the experimental data, are a contribution of the magnetic-shear-induced
Reynolds stress on the parallel momentum and, thus, E,1%8283 or other turbulent stresses
which modify the mean-field parallel and toroidal momentum transport'”%*. In either case
the observed differences in E, would originate from differences in the momentum stresses due
to the up-down asymmetry and/or the different helicity of the magnetic flux surfaces. Fur-
ther possible effects on the intrinsic edge rotation and E, in the confined plasma edge could
originate from ion orbit losses or from interactions with neutrals®37. Their impact on the
intrinsic edge vy and on the edge E, also depend on the exact magnetic configuration!9-20-86
First comparisons show that such effects are at least in qualitative agreement with exper-
imental observations from AUG®89 but further analysis and detailed comparisons are re-
quired to draw definitive conclusions. Moreover, it should be noted that the NC calculations
in this work were purely local. However, close to the separatrix, in the region where the
kinetic profile gradients are steep, also global effects, which are not treated in local calcula-
tions, could play an important role, as could be the case for some of the plasmas presented

in this study. From theory mainly a change of the poloidal main ion velocity at the plasma
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edge is expected, which is confirmed by comparisons of global to local NC simulations™.

Such effects can as well influence the E, predictions from NC theory. Comparisons of these
different effects to the experimental data are currently undertaken or foreseen in the near
future and are not object of this present work. It is important to note that for either of
these effects it has to be investigated carefully on how it impacts the edge velocities and edge
E, profiles and whether it changes with the magnetic configuration, i.e. with the B-field
direction and/or its helicity.

In conclusion it can be stated that if the paradigm of the suppression of edge turbulence
by a large enough vpxp shear holds (see Section IT), the observed differences in the E,. profiles
in the confined plasma between the two drift configurations could explain the different H-
mode power thresholds for the two drift configurations. In this framework more heating
power would be needed in unfavourable drift configuration in order to reach a steep enough
E, gradient, via V,T;, to suppress the edge turbulence, assuming the latter is unchanged.
However, as shown in the following sections, in unfavourable drift configuration it is not
always found that the edge F, gradients steepen as soon as the input power is increased, e.g.
for low-density ECRH L-modes (see Section VII A). Furthermore, it is also not observed that
similarly steep edge E, gradients (neither the inner nor the outer E, gradient) are reached
at the respective H-mode transition for plasma pairs in favourable and unfavourable drift

configuration. This is discussed in more detail in Section VIII.

VII. HEATING POWER AND PLASMA DENSITY SCANS IN
UNFAVOURABLE DRIFT CONFIGURATION L-MODES

In this section constant phases of L-modes in LSN unfavourable drift configuration are
compared, to study the evolution of the target profiles, the edge intrinsic toroidal rotation
and F, profiles in L-mode, up to the confinement transition. The unfavourable drift config-
uration was chosen since, due to the larger L-mode window, also larger variations in heating
power and plasma density can be investigated. The dependencies of E,. on plasma density
and heating power described in the following are, however, also found in favourable drift
configuration L-modes. The investigated L-mode phases of the AUG discharges # 37375,
37298, 35753 and 35758 either had same plasma density of 7, ~ 2.7 x 1019m~3 and were
heated with Pgory = 0.60, 2.9 and 4.0 MW (see Section VIIA) or constant ECRH power
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was applied (Pgoryg = 2.9MW), but the density was increased from 7, = 2.5 to 4.0 and
6.0 x 101 m™3 (see Section VIIB).

A. Different Heating Power at Constant Plasma Density

1. Edge Profiles

figures/37375_37298_edge_kinetic_profs.pdf

FIG. 14. Edge kinetic profiles of L-modes with same plasma density and different ECRH power in
unfavourable drift configuration. Experimental radial profiles of the edge (a) electron temperature,

(b) ion temperature, (c) electron density and (d) logarithmic electron density gradient.

Figure 14 shows the edge electron and ion kinetic profiles for the L-modes phases heated
with different amounts of ECRH power. As expected, T, increases with increasing Prcry
and for the highest heating power of 4.0 MW T¢ g, = 130eV, according to Spitzer-Harm
power balancing (see Section IIID). Such a high T¢ s is, in favourable drift configuration

plasmas, observed in H-modes only. Also T; increases with increasing ECRH power, whereas
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ne and 1/Ly,, vary only slightly. The edge (V,p;)/(en;) profiles, shown in Figure 15b, are
the same, within the uncertainties, for all three different L-mode phases. Power balance
calculations for these L-modes have shown that @; eqge saturates at a value of about 0.6 MW
and does not increase further with increasing Prcrp. The reason for this saturation is that

in pure electron heated plasmas energy to the ions is only transferred via equipartition.
Te—
T2
low plasma density and, for high enough T¢, pe; decreases with increasing T,. Thus, the

However, the equipartition power density pe; o< nz 7; is low in these L-modes due to the
critical @ edge Needed to enter I-mode in these plasma conditions at AUG is, according to
Ryter et al.%, not reached.

The measured impurity’s intrinsic toroidal edge rotation (here N) is shown in Figure
15a. For all three L-mode phases it is co-current and it increases in size with increasing
Prcorp. Accordingly the edge E, becomes less negative (even becomes positive) with in-
creasing Prorp (see Figure 15b) in the confined plasma, but also shifts upwards by about
the same amount in the SOL, leaving the outer E, gradient almost unchanged. For the
two higher heating power phases vgxp points into the ion diamagnetic drift direction, since
E, > 0. Again, the experimental E, profiles deviate strongly from (V,p;)/(en;) in the con-
fined plasma, which exhibits a minimum value of about —15kV/m. This indicates that the
flow velocity terms are significant and responsible for the shift to positive E, as shown in

the subsequent section.

2. Neoclassical Calculations

A comparison of the experimental F, profiles with the NEOART predictions is shown in
Figure 16. The predicted E, profiles are more negative than the measured ones, particularly
for the lowest heating case (light red), but the relative changes of E, with increasing heating
power are reproduced. They also show that the edge E, profile becomes positive with higher
Pgcru- In conclusion the comparison between experiment and NC predictions confirms that
the NC contribution of v; x B to E, is not negligible and (V,p;)/(en;) cannot be used as
a proxy for F, in L-mode. The FE, measurements also reveal that the F, gradients do
not steepen with increasing heating power in these plasma conditions, which could explain
the high Py in such types of plasmas (low density plasmas heated with ECRH)48’73 and

the observation that the here presented discharges did not enter an improved confinement
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figures/37375_37298.pdf

FIG. 15. Edge rotation and E, profiles of L-modes with same plasma density and different heating
power in unfavourable drift configuration. Profiles of the measured (a) intrinsic impurity edge
rotation and (b) edge radial electric field (stars and squares), together with the approximation

(n; = n,) of the main ion pressure gradient (solid lines).

regime. As stated before, the deviations between the predictions of local NC theory and
experimental data, which is an approximately constant offset of 2 — 4kV/m in the ion
diamagnetic drift direction, indicates that other effects also contribute to E,, which are

not included in the NEOART calculations. However, it is not clear as of yet which are
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figures/37375_37298_Erneo.pdf

FIG. 16. Comparison of E, profiles with neoclassical predictions in unfavourable drift configuration
L-modes of same plasma density at different ECRH powers. Measured E, profiles (squares and

stars) and NC predictions (solid lines).

the (additional) mechanisms influencing the poloidal and/or toroidal velocity and, thus, E;.
This will be addressed in future work. Several candidates can be considered which were

already presented in Section VIC.

3. SOL E, Profiles

Figure 17 shows again the measured upstream F, profiles, now in comparison with the two
different SOL models. As stated before, E; max increases with increasing ECRH power and
the same trend is found for the two estimates of the upstream E,., —V, T, omp/e and —V,.V;
(see Egs. 8 and 7). As has been mentioned before (see Section VIA 2), the experimental
data agree quantitatively better with —V, T, onmp/e, whereas —V, V], overestimates £, in

the SOL.
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figures/37375_SOL-Er.pdf

FIG. 17. SOL E, profiles in unfavourable drift configuration L-modes of same plasma density at
different ECRH powers. (a-c) Measured E, profiles in the SOL (DR, stars) and different estimates
of the upstream FE, in the SOL deduced from target profiles (—V,V;, dashed lines) and from the

outer mid-plane profiles (—V, T omp/e, solid lines).
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figures/35753_8_edge_kinetic_profs.pdf

FIG. 18. Edge kinetic profiles in unfavourable drift configuration L-modes of different plasma
densities at same heating power. Experimental radial profiles of the edge (a) electron temperature,

(b) ion temperature, (c) electron density and (d) logarithmic electron density gradient.

B. Same Heating Power and Different Plasma Density
1. Edge Profiles

Figure 18 shows the edge electron and ion kinetic profiles of the L-mode density scan
at constant ECRH power. According to Spitzer-Harm power balancing T sep is constant,
independent of the edge density, which is consistent with a conduction-limited SOL26:56.
Also T; stays rather constant and shows only a very weak decrease with increasing ne,
as well as 1/Ly,, which does not change with increasing ne. Bigger changes with varying
L-mode density are found for the experimental intrinsic toroidal edge rotation profiles of

nitrogen (see Figure 19a). With increasing plasma density vy jmp, decreases and even becomes

counter-current. This behaviour is also consistently reflected in the edge F, profiles (Figure
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figures/35753_8_vtor_Er.pdf

FIG. 19. Edge rotation and radial electric field profiles in unfavourable drift configuration L-modes
of different plasma densities at same heating power. Profiles of the measured (a) intrinsic impurity
edge rotation and (b) edge radial electric field (stars and squares), together with the approximation

(n; = n) of the main ion pressure gradient (solid lines).

19b). E; min decreases with increasing n. and vgxp changes from the ion into the electron
diamagnetic drift direction, in accordance to observations at DIII-D investigating the impact
of edge rotation on the edge E, and Py in L-mode™81.

It is interesting to observe that the radial electric field decreases both in the confined

44



AlIP
Publishing

£

region and in the SOL, keeping the outer FE, gradient nearly constant. Also the inner E,
gradient does not steepen coherently with decreasing Ly in. This observation implies that
E, min is not always a good proxy for its edge gradients in L-mode conditions, as often
assumed. (V,p;)/(en;), which is always negative, is the same for all three different L-mode
phases and its minimum is about —12kV/m. For the highest density L-mode a quantitative
agreement between E, and (V,p;)/(en;) is found, indicating that for this case v; X B &~ 0,
which is confirmed by NC calculations (see Section VIIB3). Furthermore for this case the
E, hill in the SOL disappears and E, remains negative or close to 0 in the SOL. As can be
seen in Figure 20, in such conditions the SOL E;. can not be approximated by —V, T, onmp/e,

since the latter is always positive (see Section VIIB 2).

2. SOL E, Profiles

LP measurements at the outer divertor indicate that the target 7, decreases, whereas the
target n. increases with increasing plasma density. This trend is in line with the observation
that the SOL E, decreases at the OMP, however, the divertor measurements are not good
enough in order to quantitatively reconstruct E, in these three L-mode phases from target
profiles. Recent studies at AUG in favourable drift configuration L-modes show that a
reconstruction of E, = —V,V} from outer target measurements can reproduce the negative
upstream E,. profiles, as they are observed for the highest density L-mode here?”. In Figure
20 a comparison of the measured upstream SOL E, profiles with —V, T, omp/e is shown.
While for the lowest density, the two profiles are in good agreement, —V, T, omp/e fails to
reproduce the decrease of the SOL hill with increasing plasmas density. These deviations
suggest that in unfavourable drift configuration plasmas the simple SOL model introduced
in Section II to deduce the upstream E, in the SOL from outer mid-plane measurements
is not sufficient and it neglects important mechanisms which could lead to a qualitative
and quantitative agreement. Possible modifications could come from parallel currents in
the SOL, which are assumed to be small in our analytical model, but could become more

6. Also, cross-field transport is not included in the simple

important at higher densities?
SOL model. To capture these effects correctly, more sophisticated SOL modelling would be

required as it is included in the SOLPS code package?!.
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figures/35753_8_SOL-Er.pdf

FIG. 20. SOL E, profiles in unfavourable drift configuration L-modes of different plasma densi-
ties at same heating power. (a-c) Measured E, profiles in the SOL (DR, stars) and an estimate
of the upstream F, in the SOL based on electron temperature profiles at the outer mid-plane

(—=V,T,,omp/e, solid lines).

3. Neoclassical Calculations

Figure 21 shows the F, profiles which were calculated with the main ion velocities as

predicted by NEOART (solid lines) and the experimental E, profiles (squares and stars) for
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figures/35753_8_neocl_Er.pdf

FIG. 21. Comparison of E, profiles with neoclassical predictions in unfavourable drift configuration
L-modes of different plasma densities at same heating power. Measured E, profiles (squares and

stars) and NC predictions (solid lines).

the three different phases. The predicted E, profiles reproduce qualitatively the changes in
the experimental data with increasing plasma density, but a decent quantitative agreement
between the experimental and the predicted E, profile is only found for the L-mode phase

with highest density, for which v; xgo x B = 0.

C. Collisionality-Dependence of Intrinsic Toroidal Edge Rotation and E, and
Connection to SOL Flows

Taking together the results from Section VII A and Section VIIB, the intrinsic toroidal
edge rotation and E, increase with increasing Pgcrp and decrease with increasing ne in AUG
L-modes. This suggests a correlation between the intrinsic edge v4 and the edge E. with the
electron or ion edge collisionality, v} or v}, since the latter two quantities are proportional to
ne/T2 and n;/T?, respectively. Indeed it has been already found at TCV that the intrinsic
toroidal edge rotation changes with density and temperature in L-modes, particularly in
unfavourable drift configuration®?. The correlations between ion collisionality, the intrinsic

toroidal edge rotation (multiplied by the local poloidal magnetic field, which is constant
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figures/coll_v_Er.pdf

FIG. 22. (a) Measured intrinsic toroidal edge rotation of impurities (triangles) and predicted
values for the main ions (stars) multiplied with the local poloidal magnetic field strength and
plotted against the main ion collisionality. (b) Ej max (squares) and Ej min (circles), determined
by DR and HES plotted against the main ion collisionality. The different collisionality regimes are
indicated in the data (banana, plateau, Pfirsch-Schliiter). (c) Eymax (squares) and Er i, (circles)
plotted against the toroidal main ion rotation, which was predicted using NEOART. The dotted
lines are linear fits to the experimental data, their respective slopes and offsets are written in the

plots.

at |Bg| = 0.33T for this data set) and the E, profile across the separatrix are summarized
in Figure 22. Please note, these data originate from LSN unfavourable drift configuration
plasmas only, but the same trends have been found in the other magnetic configurations as
well.

For this figure the collisionality of deuterium (main ion species) was calculated at ppol =
0.98. The different collisional regimes (banana, plateau, Pfirsch-Schliiter (PS)) are indicated
at the top of the figure. The impurity intrinsic toroidal edge rotation vy jmp, evaluated at
Ppol = 0.98, was experimentally determined via CXRS and the main ion rotation was inferred
with NEOART. The minimum value of E, in the confined plasma region (Ey min) and the
maximum value of £, in the SOL (E max) were taken from measurements (HES and DR).

As can be seen in Figure 22a the intrinsic edge vy decreases linearly with increasing
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vF

+, where it is co-current in the banana-plateau regime, but starts to become counter-

current in the PS-regime. This dependency of the intrinsic edge vg on n. and T, (T;) is
also found in favourable drift configuration L-modes, although, due to the smaller L-mode
window, the variations in the edge parameters is much more limited in this configuration.
Therefore, the AUG results would also be consistent with DIII-D intrinsic edge rotation
measurements in favourable drift configuration L-modes, for which only a weak dependence
on ne is observed?3.

The dependence of vy on v is interesting, because the currently most well-established
theories on the generation of intrinsic edge rotation rather predict a dependence on T; or
VT; only? 96 and also measurements of intrinsic edge Vg and vg jmp in DII-D show a similar
dependence on the local T; (or its gradient), for constant I, at least in H-mode®”. There it
is also found that the intrinsic toroidal edge rotation is mostly co-current, which is in line
with the present observations from AUG, because DIII-D usually operates at lower edge
collisionalities than AUG. In the L-mode data-set presented here (with [Ip| = 0.8 MA) a
pure dependence of vy on T; (or its gradient) is not found, whereas the observed density
dependence could be attributed to damping mechanisms of the parallel momentum due to
atomic processes (charge exchange or ionization) with neutrals penetrating into the confined
plasma. The importance of neutrals on the formation of the intrinsic edge rotation has been
investigated experimentally together with simulations before, where in JET H-modes? and
in AUG L-modes® they have been found to play an important role, whereas at DIII-D
their impact on the intrinsic edge rotation was insignificant in H-mode pedestals®®. The
data set presented here, which concentrates on L-mode plasmas, could serve as a good basis
for further investigations on the importance of the various mechanisms which can influence
)85

the parallel momentum (residual stress, ion orbit losses, neutrals, SOL currents)® and,

ultimately, F, at the plasma edge.

Due to the linear dependence of E,. on vy (see also Equation 3), a correlation between
Ey min and the edge vg is observed (see Figure 22c). This causes that E, in the confined
region (represented by E, min) decreases with increasing v}, as is shown in Figure 22b.
However, also E. max, the maximum of the SOL hill, decreases by about the same amount as
Ey min. Although the positions of E; min and Ey max can vary, which implies that the outer
E, gradient does not have to be constant over the entire observed collisionality range, the

coherent change of edge and SOL FE, suggests a certain level of interaction between these
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two plasma regions. Recently a similar behaviour of the edge E, with plasma density, as it
is found at AUG, has been observed at JET in ion wave heated L-modes in favourable drift

configuration®.

Also at Alcator C-Mod a correlation between the intrinsic edge vg and parallel SOL flows
was observed! and it was suggested that the parallel SOL flows set the boundary condition
for the intrinsic toroidal edge rotation. There it was also found that the intrinsic edge vy
at the OMP follows the direction of transport-driven SOL flows of the HFS. This leads to
a co-current intrinsic edge vy in favourable and to a counter-current intrinsic edge vy in
unfavourable drift configuration, which was confirmed experimentally. Thus, vy ;Bg could,
dependent on the exact vy profile, potentially decrease I min and lead to stronger edge E.
gradients in favourable and to an increase of E; min and weaker E,. gradients in unfavourable
drift configuration, although no direct E, measurements were available for these plasmas.
It was concluded, that this different behaviour of the intrinsic toroidal edge rotation could

explain the increased Py in unfavourable compared to favourable drift configuration!.

At AUG the behaviour of the intrinsic toroidal edge rotation is different and vy is found
to be co-current in all observed drift configurations for a wide range of v} (banana-plateau
regime), in agreement with observations at DIII-D, although there differences in the intrinsic
|vg| are found between favourable and unfavourable drift configuration'%. A co-current Vg
adds always positively to E, in either drift configuration and, therefore, at AUG it cannot

explain the altered Ppy in the same way as suggested for Alcator C-Mod.

The intrinsic edge v4 measurements at AUG show that the direction of v, changes with
the sign and helicity of the magnetic field. This indicates that the corresponding parallel
SOL flows are dominated by Pfirsch-Schliiter (PS) flows. This indirect assessment of the
nature of the parallel SOL flows is in line with direct measurements of parallel SOL flows
at TCV, JET and DIII-D, where it was found that the field-dependent PS flows are the

main component to the parallel SOL flows!01:102

, at least close to the separatrix!%?. Direct
measurements of the parallel SOL flows in the different drift configurations in L-mode and
the investigation of their impact on quantities in the confined plasma are foreseen in the

near future at AUG.
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figures/EratLH.pdf

FIG. 23. Equilibrium E, profiles at the confinement transition in favourable and unfavourable
drift configuration plasmas of same density. Experimental edge E, profiles acquired with DR
(squares) and HES (circles) in favourable drift configuration at the L-H transition (violet) and in
unfavourable drift configuration at the L-I transition (orange) and at the I-H transition (dark red).
Figure adapted from U. Plank et al. Plasma Phys. Control. Fusion 65, 014001 (2023); licensed

under a Creative Commons Attribution (CC BY) license.

VIII. E, AT THE CONFINEMENT TRANSITION

Three equilibrium E, profiles, acquired in stable L-mode and I-mode phases 15 ms before
the respective confinement transition (into I- or into H-mode), are shown in Figure 23. The
L-H transition in favourable drift configuration (violet) occurred with Py, = 1.0MW. In
unfavourable drift configuration the L-I transition (orange) was triggered with Pyt = 1.8 MW
and the I-H transition (dark red) with Pyet = 3.3MW. In order to have comparable plasma
conditions, the presented E, profiles are from three consecutive USN discharges (# 37980,
37983 and 37985) in which the density was feedback-controlled to 4.5 x 10" m™3 and only

the drift configuration as well as the amount of ECRH power was changed.

For each of the three E, profiles (i.e. within one drift configuration) it is found that their
inner and outer E, gradients are, within the uncertainties, of comparable strength. This is

connected to the fact that ECRH is used as heating system in these plasmas, for which it is
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regularly observed that the outer £, gradient is at least as steep as the inner E, gradient. In

NBI plasmas the inner E, gradient can be significantly stronger than the outer E, gradient.

A comparison of the E, profiles amongst each other, i.e. between the different drift con-
figurations, shows that they are all different. In favourable drift configuration E, ynin is at
about —8kV/m at the L-H transition, which is a relatively high value of E min compared
to usually observed E min values in favourable drift configuration at the L-H transition at
AUGY7, This E; min value of —8kV/m is in between the Ej mi, values of —3kV/m found
at the L-I transition and —12kV/m at the I-H transition. The latter two are typical Epmin
values observed in unfavourable drift configuration at AUG at the confinement transitions
into I- and H-mode, respectively™. In the SOL the lowest E; max is found for the favourable
drift configuration, which is about 5kV/m. The E; max values in unfavourable drift config-
uration are at about 10kV/m for both the L-mode and the I-mode phase. Compared to
favourable drift configuration the E;. ax values are again located closer to the separatrix in
unfavourable drift configuration. Consequently, the weakest E, gradients (inner and outer)
are found at the L-H transition in favourable drift configuration and the steepest gradients
at the I-H transition in unfavourable drift configuration. For these specific discharges the
E, gradients at the L-I transition are comparable or slightly steeper than the E, gradients
at the L-H transition, but this is not a general feature. Plasmas of different parameters, e.g.
at lower density, can also exhibit F, gradients which are weaker at the L-I transition than

at the L-H transition.

These different E, gradients observed at the respective confinement transitions show that
there is not one a single critical F), gradient at the confinement transition, which has to be
reached in order to trigger the transition into H-mode (or I-mode), independent of the drift
configuration. If it is the case that the mean vy p shear is responsible for the edge turbulence
suppression, then the different F, gradients may indicate that the strength or type of the
characteristic turbulence is different in the different drift configurations. Indeed turbulence
in I-mode, preceding an I-H transition, has different spectral features than typical L-mode
plasma turbulence and it also gives lower thermal transport”™193-196  For this reason it is
foreseen to simulate these plasmas, employing experimental profiles and power fluxes, with

gyro-kinetic models in order to address the impact of the drift configuration on the edge

turbulence and related quantities.
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IX. SUMMARY AND CONCLUSIONS

In this experimental study at AUG, edge and SOL electron and ion kinetic profiles,
rotation and E, profiles were compared in L-modes of favourable and unfavourable drift
configuration (in both LSN and USN plasmas with normal and reversed By), using new
and improved diagnostic capabilities. The improvement of these measurements and the
systematic study of the behaviour of these different quantities in L-mode helps to elucidate
the mechanisms leading to the increased H-mode power threshold in unfavourable drift
configuration. Special focus was put on the investigation of the equilibrium FE, across the

separatrix and its characterisation in L-mode, right before the L-H transition.

It is found that the evolution of the equilibrium £, during the L-H confinement tran-
sition is very similar between the two drift configurations. The F, gradients steepen only
significantly once an improved confinement regime has been entered, in agreement with
observations at COMPASS-D and JET'07? . It is found that in the transition from L- to
H-mode the E, profile follows the evolution of (V,p;)/(en;), but in L-mode strong deviations
of E, from (V,p;)/(en;) are found in both drift configurations, where (V,p;)/(en;), vgsiBs

and vg ;B4 are similar in magnitude.

Comparisons of L-modes in different drift configurations with matched parameters
(ECRH power and plasma density) show that the edge ion and electron profiles, including
(Vypi)/(en;), are the same, but the E, well in the confined region is shallower in un-
favourable compared to favourable drift configuration. The maximum of E, in the SOL is
of comparable size in both drift configurations, which shows that the measured upstream
SOL FE, is little influenced by the changed divertor conditions. However, the maximum
of the SOL E, is consistently found to be located closer to the separatrix in unfavourable
compared to favourable drift configuration. Comparisons of the measured upstream F,
profiles to a simple 1D SOL model give good agreement in favourable drift configuration,
but in unfavourable drift configuration the FE, profiles are overestimated.

The experimental edge E, profiles in the confined plasma are only in reasonable agreement
with local NC theory. For the investigated L-mode plasmas the strength of the measured in-
ner F, gradient is regularly underestimated by the NC predictions, particularly in favourable
drift configuration. Also the differences found in the experimental E, profiles between the

two drift configurations cannot be reproduced by the local NC predictions. This indicates
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that other, non-neoclassical, effects are important to set E, in L-mode, which could produce

a different edge FE, for the two drift configurations.

Comparisons of FE, profiles in favourable and unfavourable drift configuration and
matched plasma density show that at the respective confinement transition (L-H, L-T and
I-H) the E, gradients have a different strength. In the framework of a critical mean E'x B
shear needed to suppress turbulence, this could imply that the type or strength of the
underlying edge turbulence is different for the different drift configurations. These differ-
ences will be assessed in the near future with the help of edge turbulence measurements
and gyro-kinetic simulations®”. With the latter also the role of additional fluctuating shear
flows, like zonal flows!9®, which are also often considered to be the responsible trigger for

the L-H transition, but have not been scope of this work, can be addressed.

ECRH power and plasma density scans in L-mode have shown that the intrinsic toroidal
edge rotation and, with this, F min in the confined plasma, order with edge collisionality,
whereas the outer F, gradient remains roughly constant in L-mode, independent of the edge
collisionality. Furthermore, the intrinsic toroidal edge rotation is found to be co-current in
the banana-plateau regime and it becomes counter-current when the PS-regime is reached. It
is observed that in all investigated drift configurations, for a given collisionality, the intrinsic
edge rotation is in the same direction (either co- or counter-current), thus following the PS
flows in the SOL. For this reason, the hypothesis of the increase of Py in unfavourable drift
configuration due to counter-current edge rotation impeding the L-H transition, as suggested

by LaBombard et al. based on Alcator C-mod datal, can not be confirmed in AUG.

In summary, it is found that the edge E, is composed by a complex interaction between
the main ion pressure gradient and the main ion flows, where the latter are found to be non-
neoclassical. In specific circumstances, e.g. in low-density ECRH L-modes in unfavourable
drift configuration, (V,p;)/(en;) and v; x B even have competing roles and, therefore, in
these conditions an increase of the heating power does not necessarily lead to a steepening
of the F, gradients, but just to an upward shift of the entire edge FE, profile. The lack of
dependence of the E, gradients on heating power could also explain the increased H-mode
threshold in such plasma conditions. Furthermore, these observations show that at least in

L-mode it is not always valid to use the minimum of the edge E, as a proxy for its gradients.
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Appendix A: Coordinate System and Magnetic Configurations of AUG

Figure 24 shows a bird’s-eye view image and Figure 25 the poloidal cross-sections of
the different magnetic configurations (drift configurations) of AUG employed in this exper-
imental study. AUG uses a right-handed, orthogonal (R, 0, ®) coordinate system (COCOS
17199) | with ® being counter-clockwise if viewed from above and © pointing downwards at
the outer mid-plane (OMP). In the standard magnetic configuration, the lower-single null
(LSN) favourable drift configuration (blue), By is negative and directed clockwise if seen
from above. In this configuration I, is counter-clockwise and positive, which leads to a
left-handed helicity of the magnetic field lines. The NBI injection is co-current.

Due to technical constraints, the helicity of the B-field has to be preserved in the lower
divertor at AUG. Thus, the unfavourable drift configuration in LSN (red) can only be
obtained if both By and I}, are reversed, which leads to a counter-current NBI injection.

In the upper single-null (USN) unfavourable drift configuration (orange) the drift directions
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figures/configs_drifts_birdsview.pdf

FIG. 24. Sign convention of AUG and the corresponding drift directions in the four investigated

magnetic configurations at AUG.

are the same as in the LSN favourable drift configuration, except that in this case vyp;
points away from the primary X-point. The USN favourable drift configuration can then
simply be achieved by reversing By only, which, at the same time, changes the helicity of
the B-field to right-handed. The NBI injection is co-current in this case.

In Figure 25, besides the directions of the ion VB-drift (blue), also the directions of the
electron and ion diamagnetic drifts are indicated (black) at the high field side (HFS) and

56



AlIP
Publishing

£

figures/configs_drifts_poloidal.pdf

FIG. 25. Poloidal cross sections of the four investigated magnetic configurations at AUG. The

directions of the different drifts are also indicated in the plots.

low field side (LFS). For the directions of the poloidal component of the Ex B drift (shown
in magenta) the following assumptions on E, at the OMP were made: In the core plasma
E, is dominated by the toroidal rotation and, thus, by the injection direction of the NBI
and it is dominated by (V,p;)/(en;) at the plasma edge. In the SOL it was assumed to be

positive.
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figures/Ticomp.pdf

FIG. 26. T; fits of different stiffness to the experimental edge T; data of the L-mode phases presented

in Section VIA. (a) Favourable and (b) unfavourable drift configuration.

Appendix B: Sensitivity Study of the NC Prediction of E, on the Choice of the
T; Profile

A sensitivity study has shown that the NC calculations of the main ion velocities and the
resulting E, profiles are most sensitive to the 7T; input profiles. Therefore, in Figure 26 a

comparison of cubic-spline fits of different stiffness is shown, which were used to fit the edge
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T; data in favourable (a, blue) and unfavourable (b, light red) drift configuration L-modes.
These L-mode phases are also presented in Section VI A. The solid lines result from stiffer
and the dashed lines from less stiff fits to the experimental T; data. These different T; fits
were given as input to NEOART and the resulting E, profiles are shown, together with the
experimental data, in Figure 27.

For producing the E, profiles of both drift configurations, shown in Figure 27a, the stiffer
fits were used (flat 7; gradient). For Figure 27b less stiff fits were used, which allow for
steeper gradients in the edge T; profiles, but are at the same time more sensitive to outliers
in the experimental T; data. The figure shows that for the less stiff T; fits the predicted
E, profiles agree qualitatively better with the measured F, profiles in the region around
Ey min for favourable drift configuration, whereas for the unfavourable drift configuration
larger differences are found. Also the minimum in the E, profile can only be produced
using the less stiff T; fit, however, also with these fits the slope of the inner E, gradient
can not be fully reproduced. Furthermore, the differences observed in the experimental F,
between favourable and unfavourable drift configuration are not captured by the predicted
E, profiles, neither with the stiff nor the less stiff T; profiles.

From this it can be seen that conclusions on the different drift configurations can be
drawn when comparing the experimental data with the NC predictions, independently of
the exact shape of the input profiles, as long as fits of the same stiffness are used for the NC

calculations.
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