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ABSTRACT

Experiments at ASDEX Upgrade have been conducted to study the impact of the alignment of external magnetic perturbations (MPs) with
n¼ 2 toroidal mode symmetry on the power threshold of the transition from L- to H-mode (PLH). This is interesting for ITER, since its oper-
ation will rely on an MP field configuration that securely suppresses edge localized modes (ELMs) while avoiding an increase in the L–H
power threshold. PLH can increase up to �80% when the external MP field is aligned to maximize the associated plasma response at the edge.
This alignment deviates from the equilibrium field pitch and is similar to the one that is required to suppress ELMs by MPs in H-mode. The
relative radial magnetic field perturbation dBr=BT has to exceed a critical value, roughly 1:7� 2� 10�4 (at the q¼ 5 surface), to cause an
increase in PLH. This value is above the one that is required to sustain ELM suppression at ASDEX Upgrade. Combining plasma response cal-
culations with a critical value of dBr=BT captures well the measured dependencies of PLH on the alignment of the applied MP field. The
increase in PLH is accompanied by a change in the E� B flow velocity (vE�B) profile. The application of MPs in L-mode flattens and reverses
the edge vE�B profile when at least dBr=BT � 1:9� 10�4 is applied. This is the same value above which PLH increases. More heating power is
needed to roughly achieve the same shear in the vE�B profile at the transition to H-mode as without MPs but with an vE�B profile that is
shifted into the ion diamagnetic direction.

VC 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0073841

I. INTRODUCTION

The power loss from a single edge localized mode (ELM) in high
confinement mode (H-mode) plasmas could already be devastating for
future fusion devices such as ITER.1 To reduce the power loss from
ELMs, including the first one, ITER may apply non-axisymmetric mag-
netic perturbations (MPs) in a low confinement mode (L-mode) prior
to the transition to H-mode.2 Since the auxiliary heating power of ITER
will be marginally above the power threshold needed to enable the tran-
sition from L-mode to H-mode (L–H transition), it is important to

understand the impact of externally applied non-axisymmetric MPs
and, thus, error fields on the L–H power threshold (PLH). The study of
the interaction between error fields and PLH

3 may also shed some light
on differences between various machines in multi-machine databases4

since every machine has a different intrinsic error field.
Several studies suggest that a sufficiently large shearing rate of the

E� B flow velocity (vE�B) at the edge is required to suppress turbu-
lence5,6 and, thus, establish an edge transport barrier leading to H-
mode. The required radial electric field (Er) profile is, according to
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neoclassical theory, mainly determined by the main ion pressure gra-
dient at the edge via the diamagnetic velocity. This pressure gradient is
partially set by the ion temperature (Ti) profile, which is actuated
by the auxiliary heating power.7 Recent measurements at different
toroidal magnetic fields (BTS ) further identify the role of a critical
minimum in the vE�B profile8 rather than in the Er profile.

9 The
criterion of a critical vE�B minimum is only an approximation for
the shear between the minimum of the vE�B profile and the inner
or outer part of the vE�B profile assuming those are not changing.
The criterion of a critical shear in vE�B allows one to reproduce
main dependences in PLH from a multi-machine database4 such as
BT, electron density (ne), and surface S.8,10

Previous studies at MAST11,12 and DIII-D13,14 suggest that the
application of an external MP-field induces an ergodic layer in the
L-mode, which reverses and flattens the Er profile at the edge. This ham-
pers the access to the H-mode and increases significantly PLH in MAST
[by up to 100% (Ref. 12)], DIII-D,13–15 KSTAR,16,17 and NSTX.18 It has
also been proposed that additional turbulent transport due to the exter-
nal MP-field flattens the edge pressure gradient primarily due to changes
in the density profile.14 Studies at ASDEXUpgrade (AUG)19,20 suggested
that the MP field flattens the edge pressure gradient primarily due to a
flattened temperature profile. Consequently, more heating power is nec-
essary to achieve the same gradients in edge pressure profiles and, thus,
the same shearing rate of the vE�B profile. Unlike the results from DIII-
D,13–15 MAST,11,12 and KSTAR,16,17 studies at AUG19,20 showed almost
no increase in PLH at densities around the minimum of PLH and only a
moderate increase by 20% for higher densities. Although a reversal in
the edge Er in the L-mode has been observed in AUG,21 a correlation to
the increase in PLH has not been measured.20

In this paper, we extend previous studies in AUG19,20 toward
larger relative MP field strength using a toroidal mode symmetry n of
2. This is possible by using the full set of 16 MP coils instead of the ini-
tial setup of 8 as in 2011. Additionally, we operate at BT of 1:8T
(instead of 2:5 T), which increases the relative MP field perturbation
dB=BT and allows us to raise the tolerable applied current of a single
coil from 1 to 1:3 kA. In total, the relative MP field strength increases
by a factor of up to �2:6 with respect to previous studies.19 We also
study the impact of the applied poloidal mode spectrum on the
L–H power threshold using the alignment of the MP field with
respect to the equilibrium field pitch. This is particularly important
for ITER since the phasing is essential for ELM suppression22,23

and might lead to a possibility to minimize the increase in L–H
power threshold while maximizing the probability to access ELM
suppression. Additional experiments are conducted to probe possi-
ble error field effects and toroidal asymmetries on edge kinetic
and vE�B profiles before L–H transition by varying the absolute
phase of the MP field while keeping the applied poloidal mode
spectrum constant. These experiments allow us to connect previously
observed changes in the edge Er=vE�B profile21 with the increase
in PLH.

20

This paper is arranged as follows: In Sec. II, the experimental
setup is briefly described. The impact of the applied poloidal mode
spectrum on the L–H power threshold and comparison with the
plasma response model are shown in Sec. III. Section IV shows
changes in the vE�B profiles and discusses possible toroidal asymme-
tries. In Sec. V, various models are compared to the experimental find-
ing. Summary and conclusions are given in Sec. VI.

II. EXPERIMENTAL SETUP

Before we report on experimental results, the setup of the exter-
nal MP coils, essential diagnostics, and the discharge configuration is
briefly introduced.

A. MP-coil and diagnostic setup

AUG has two rows of external MP coils with eight coils in each
row above and below the midplane. The coil setup is suitable to produce
external MP-fields using toroidal mode symmetries of n ¼ 1;
2; 3 ; and 4. In this paper, we focus on the application of an n¼ 2 MP
field, which is also used for ELM suppression. The applied poloidal
mode spectrum depends on the relative alignment between the field
lines and the MP field. Thus, it depends on the safety factor (q) profile
and the differential phase angle (DuUL) between the MP field from the
upper and lower coil set. All 16 coils are supplied by 16 independent
power supplies,24 which allows us to program different DuULS with an
arbitrary orientation of the MP field set by the absolute toroidal phase
angle (/0). This enables us to study possible toroidal asymmetries
induced by the applied three-dimensional (3D) MP-field. The MP coils
are mounted close to a passive stabilization loop (PSL), which is a cop-
per conductor. The resulting eddy currents delay and attenuate the MP
field at the plasma surface. This is taken into account by an effective coil
current based on finite elements method calculations.25

To investigate L–H transitions in the presence of an external MP
field, electron and ion temperature and density profiles are essential.
The electron temperature profiles are measured by the electron cyclo-
tron emission (ECE),26,27 the helium beam (HEB),28 and the Thomson
scattering (TS) diagnostics. To evaluate measurements from TS, the
integrated data analysis (IDA)29 is used. TS and HEB are able to deter-
mine the edge electron density profile as well. The line integrated den-
sity is measured by an interferometer using a deuterium cyanide
(DCN) laser.30 An X-mode Doppler reflectometry (DR),21 charge
exchange recombination spectroscopy (CXRS)31,32 using nitrogen
N7þ, and a new active Heþ spectroscopy (HES) measure the radial
electric field Er and, thus, vE�B ¼ Er=B before the L–H transition. The
HES33 diagnostic is based on injected thermal helium, which is ionized
and excited by electron impact. Similar to CXRS, it is based on mea-
suring all components of the local radial electric field Er profile via the
radial force balance defined for arbitrary ion species a by

Ea
r ¼

rpi
niZ

� �a

� va
polBtor þ va

torBpol: (1)

The poloidal velocity va
pol for He

1þ (and N7þ) is usually the dominant
term, whereas the toroidal velocity va

tor term is small due to the large
toroidal magnetic field Btor (�1:4 T) and the small poloidal magnetic
field Bpol (�0:3T) at the measurement position around the outer mid-
plane. The diamagnetic term for He1þ is also small, since the relevant
temperatures and densities are those of the injected helium. For back-
ground subtraction, the injected thermal helium beam is chopped (10 or
20ms on and off are used). The big advantage of the HES diagnostic is
that it is able to deliver Er profiles with high temporal resolution (3ms)
without the need of information from another diagnostics (such as ne
in DR) or a neutral beam injection (NBI) source. In comparison, for
example, the single channel DR at AUG takes 110ms (in the chosen
configuration) for one sweep (one Er profiles) to achieve a good
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coverage with excellent spatial resolution at the plasma edge. Details
about these diagnostics can be found in the corresponding references.

B. Discharge configuration

The discharge configuration has been adapted from previous
L–H transition studies,8 and typical plasma parameters do not deviate
more than 15% from the scenario used to study ELM suppression.23

Typical parameters of the deuterium plasmas are BT of 1:83T with the
grad B drift direction to the divertor (favorable direction for H-mode
access), a plasma current (Ip) of 0:8MA, and a safety factor at the edge
(q95) of 3.8. The line integrated core density ne has been feedback con-
trolled to 3:5� 1019m�2, which is close to the density, according to
Eq. (3) in Ref. 7, where the minimum of PLH is expected
(nscale;min � 3:3� 1019 m�3). This makes PLH and, therefore, our analy-
sis less sensitive to variations in the plasma density. In a few experi-
ments, we injected a small amount of nitrogen (0:5� 1� 1020 s�1) to
enhance CXRS measurements. As we will see later, this amount of
nitrogen does not influence PLH.

The experiments are designed to induce several L–H transitions
during the flat top phase of the plasma current [Fig. 1(a)]. Each L–H
transition is induced by slowly ramping up the NBI power (PNBI)
using reduced voltage beams (1:6� 2MW=source) and varying the
duty cycle. This results in a slow increase in the net heating power
(PNET) [Fig. 1(a)] given by PNET ¼ POH þ PNBI � dWMHD=dt, where
WMHD is the plasma energy and POH is the Ohmic heating power. The
very first NBI phase [Fig. 1(a)] was applied to extend the available
Ohmic heating flux, thereby sustaining the flattop phase of Ip. This
very first NBI phase is excluded from the analysis. In between the three
subsequent NBI phases, we varied the applied poloidal mode spectrum
via DuUL and/or the orientation of the absolute phase /0 of the MP
field. TheMP field strength was kept the same. In the presented example
(Fig. 1), we used DuUL � 135� and switched /0 from 135� to 225�.

During the last NBI ramp, the MP field was turned off. Because of the
delay from the aforementioned eddy currents, the MP field is not
exactly zero at the onset of the last NBI ramp.

To identify the L–H transition, we use the thermoelectric current
in the divertor and the onset of the accompanied increase in density
[Fig. 1(c) and later in Fig. 8]. If the plasma dithers between the
L-mode and H-mode, then the beginning of the dithering phase is
used as the onset of L–H transition. To determine PLH, PNET is aver-
aged within a time window of 10ms around the maximum of PNET
close to L–H transition. The radiated power is not taken into account
as was done in the power threshold scaling (PLH;08) from the multi-
machine database in Ref. 4.

C. Dataset

We collected data over three campaigns between the years 2017
and 2020. In total, we conducted 15 discharges including 34 useful
L–H transitions with and without the n¼ 2 MP-field. L–H transitions
with obvious n¼ 1 locked modes (LMs) are excluded. During the
2018/2019 campaign, one coil of the lower set (Bl5) was accidentally
incorrectly wired, which had been noticed after the campaign.
The result is an incorrectly set polarity of one coil, which unintention-
ally introduced an n¼ 1 MP field and reduces the amplitude of the
n¼ 2 MP field. An important quantity is the relative radial field per-
turbation of the resonant component (dBr;res=BT) from the external
MP field integrated along the closed magnetic lines on a rational
magnetic surface.15 Figure 2 shows dBr;res=BT from n¼ 1 and n¼ 2
at the q¼ 5 surface vs the n¼ 2 amplitude of the applied MP coil cur-
rent (In¼2). The wrongly polarized coil current reduces In¼2 by up to
20%. The additional n¼ 1 component dBn¼1

r;res=BT varies between
0� 1� 10�4. The predicted n¼ 1 component is small and has a similar
magnitude as the intrinsic n¼ 1 error field of AUG, which ranges from
0:2� 0:5�10�4 at BT of 1:5T.

34

FIG. 1. Time traces from (a) the plasma current, NBI power (PNBI), and net heating
power (PNET), (b) n¼ 2 MP field amplitude in kA (black), differential phase angle
DuUL (blue), absolute orientation /0 (green), (c) line averaged density (black) and
divertor current (red). Timing of three L–H transitions is indicated by blue vertical
dashed lines. The applied MP field clearly postpones L–H transitions with respect
to the onset of the NBI ramp.

FIG. 2. Dataset includes 34 L–H transitions with and without the dominant n¼ 2
MP field. Applied relative MPs of the resonant component (dBr;res=BT) from n¼ 1
(crosses) and n¼ 2 (circles) at the q¼ 5 surface vs the n¼ 2 amplitude (in kA) of
the MP-coil current averaged over both rows. Each point in the dataset is repre-
sented by one cross and one circle at the same abscissa value. Color scaling indi-
cates the range of densities. The shaded areas show the classification in L–H
transitions with no MPs (gray), mixed n¼ 1, 2 (green, see text), and clean n¼ 2
(blue) used in this paper.
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Since the cases from 2018/2019 may contain valuable informa-
tion and to ensure no compromise from the n¼ 1 component on our
analysis, we introduce the following classification:

(i) data points with In¼2 � 1� 1:2 kA and small n¼ 1 ampli-
tude dBn¼1

r;res=BT < 0:5� 10�4 are labeled as “clean n¼ 2”
(blue area in Fig. 2).

(ii) data points with In¼2 < 1 kA and dBn¼1
r;res=BT > 0:5� 10�4

are labeled as “mixed n¼ 1, 2” (green area in Fig. 2). To this
class, we add one data point with In¼2 > 1:2 kA due to
larger n¼ 2 amplitude although no n¼ 1 MP-field was acci-
dentally applied.

(iii) In¼2 < 0:2 kA and dBn¼2
r;res=BT < 0:5� 10�4 are no MPs

references (gray area in Fig. 2).

The presented classification is visualized by the colored shaded
areas in Fig. 2. The range of the achieved line averaged core densities is
illustrated by the color scaling of the symbols in Fig. 2. The density
varies from 3.05 to 3:74� 1019 m�3, and the mean value is
3:466 0:18� 1019 m�3. The corresponding Greenwald fraction is
ne=nG � 0:3. Since these values are around the expected minimum in
PLH (nscale;min � 3:3� 1019m�3, Ref. 7) we assume minimal impact of a
density variation on the analysis.

III. CHANGE OF L–H POWER THRESHOLD
A. Dependence on the alignment from the MP-field

To study the influence of the alignment from the MP field on
PLH, Fig. 3 shows PLH vs DuUL using all L–H transitions in the dataset.
As described previously, we distinguish between “clean n¼ 2” and
“mixed n¼ 1, 2” marked as filled and transparent symbols, respec-
tively. The range of PLH without MPs are added as a horizontal gray
bar, which is slightly below the predictions from the Martin scaling4

multiplied by the typical correction factor of 0.75 for AUG with the
tungsten wall. The correction factor for PLH at AUG is necessary since
transition from the graphite wall to the full tungsten wall20 an effect,

which has also been observed at JET.35 It is attributed to changes in
the edge density profile caused by different behaviors of wall reflection
of neutrals.36 In some discharges, we added a small amount of N2 to
enhance CXRS measurements. This did not corrupt PLH.

In our experiments, the application of MPs (considering clean
n¼ 2 only) increases PLH from PnoMPs

LH ¼ 0:836 0:09MW to
PwiMPs
LH;max ¼ 1:5460:09MW by up to roughly 80%. The strongest

increase in PLH is observed around DuUL � 135� � 180�. Figure 3
further shows that the incorrect polarity of the single MP coil can have
a significant effect, since the PLH values around DuUL � 150� from
the mixed n¼ 1, 2 dataset are clearly below the one from the neigh-
boring clean n¼ 2 data points. As we will see in Sec. IIIC, this drop is
caused by the reduced n¼ 2 amplitude.

B. Comparison to plasma response calculations

Since there are enough L–H transitions with a clean n¼ 2 spec-
trum in the dataset, we further study the DuUL dependence of PLH.
We use linear resistive single fluid magnetohydrodynamic (MHD) cal-
culations from MARS-F to predict the plasma response to the applied
MP field. Details of the implementation of AUG equilibria in MARS-F
can be found in Refs. 37 and 38. The presented MARS-F and VMEC
calculations are based on an equilibrium from discharge 35 712 at
2.65 s before the L–H transition. Figure 4(a) shows dBr;res of the
rational surfaces at the edge using the vacuum approximation (dashed)
and linear resistive MHD fromMARS-F (solid). Figure 4(b) shows the
resonant component of the dimensionless radial field perturbation38

defined as b1res ¼
q

R2
0B0

b�rW
beq�r/, where beq is the equilibrium field, b is the

FIG. 3. PLH vs applied differential phase angle DuUL using n¼ 2. Reference mea-
surements without MPs are within the horizontal gray bar. The horizontal red line is
the L–H transition power threshold from the Martin scaling with a correction factor
of 0.75 (Ref. 20). Discharges with a small amount of nitrogen for diagnostics are
indicated by cyan symbols. The power threshold of L–H transition can increase by
up to 80% with respect to no MPs references when DuUL of 90

�–180� is applied.

FIG. 4. Total (solid) and vacuum field perturbations (dashed) of n¼ 2 rational surfa-
ces vs DuUL using (a) resonant radial field components dBr;res and (b) dimension-
less radial field perturbations b1res from MARS-F as defined in the text. (c)
Comparison of radial displacements (nr ) vs DuUL between VMEC and MARS-F
based on the equilibrium from discharge 35 712 at 2.65 s.
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perturbed field, R is the major radius, / is the toroidal flux, W is the
poloidal flux, and B0 is the magnetic field at the magnetic axis. We
show dBr;res (later dBr;res=BT) and b1res, because dBr;res=BT has been
used in previous L–H transition studies,14,15 whereas b1res is used to pre-
dict best ELMmitigation and suppression.38 Similar to H-mode cases,38

there is a clear shift of around 40� in the maximum between b1res cal-
culated including the plasma response DuUL � 150� and using only
the vacuum field perturbations DuUL � 110�.

This observable shift of DuUL at the maximum PLH away from
the field alignment (maximum vacuum field perturbations) indicates
the role of stable ideal kink modes, which has been extensively verified
in H-mode experiments.22,39–41 However, in contrast to the H-mode,
the plasma response in the L-mode reduces the resonant components
by a factor of 2 due to plasma screening and missing amplification
because of the flat pressure profile before the L–H transition.

The associated radial displacements of the plasma surface from
MARS-F are illustrated in Fig. 4(c) and are compared to the results
from the ideal MHD equilibrium code VMEC (see Ref. 26 for details
of the implementation). Both codes agree well at the outer midplane
[Fig. 4(c)] and have been tested against dedicated measurements at the
outer midplane in H-mode.41 Since the minima of the radial displace-
ment at the outer midplane are close to DuUL, which maximizes PLH,
we do not expect to see large radial distortions in the profile measure-
ments in these cases. MARS-F and VMEC do not agree at the X-point.
This is attributed to different approaches, since VMEC is a non-linear
ideal MHD code with nested flux surfaces constraining the displace-
ment close to the X-point, whereas MARS-F is a linear resistive MHD
code.42 Further comparison between VMEC and MARS-F is beyond
the scope of this paper.

To compare directly the results from the MHD modeling with
the variation in the L–H power threshold, Fig. 5 shows PLH vs DuUL

together with normalized cb1res ¼ b1res=maxðb1resÞ from MARS-F (solid
lines) and from the vacuum solution (dashed). The colors indicate dif-
ferent rational surfaces from n¼ 2, and the associated poloidal mode
numbers are added. The strongest correlation is seen between PLH and

the cb1res from MARS-F at the rational surfaces of 9/2, 10/2, and 11/2.
These are three outermost n¼ 2 rational surfaces of the truncated
equilibrium. Interestingly, the data-points around the flanks (DuUL

� 225�; 45� � 90�) are below the cb1res curves (orange, red in Fig. 5)
from the outermost surfaces. The reason for this will be resolved in
Sec. III C.

C. Critical magnetic perturbation field strength

In Sec. III B, we have shown that the maximum in PLH correlates
with the maximum in radial field perturbation including the plasma
response from MARS-F (dBpl

r;res) from Fig. 4(a). Both deviate from the
equilibrium field pitch indicating that the coupling between stable
kink modes and resonant components at the edge play a role in L–H
transition. The poloidal mode numbers that are a bit higher than the
resonant components, i.e., nqþ 1 and nqþ 2, are the most important
for the excitation of external kink modes.43 To investigate their impact
on PLH, the m¼ nq, nqþ 1, and nqþ 2 poloidal mode components of
the applied relative vacuum perturbations dBr=BT (at the q¼ 5 surface)
for each L–H transition in the database are related to PLH in Fig. 6.
To calculate the poloidal mode components, an equilibrium from

FIG. 5. L–H power threshold vs DuUL using clean n¼ 2 cases from Fig. 3 com-
bined with resonant components of b1res at n¼ 2 rational surfaces from Fig. 4(b)
including plasma response (MARS-F, solid) and without it (vacuum, dashed). The
maximum power threshold correlates with maximum b1res from MARS-F at the edge
(9=2; 10=2; 11=2).

FIG. 6. L-H power threshold PLH vs applied relative vacuum perturbations dBr=BT
of (a) resonant component m¼ nq, (b) m ¼ nqþ 1, and (c) m ¼ nqþ 2 poloidal
components. Dashed lines are simple linear least squares fits to guide the eye. The
gray text indicates values from previous AUG studies19 and values to sustain ELM
suppression for several seconds (discharge 37 065). The m ¼ nqþ 1 component
correlates best with PLH, and a critical value of dBr=BT � 1:7� 2� 10�4 is
needed to increase PLH.
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the CLISTE code44 has been used for each datapoint. The best corre-
lation is seen between the nqþ 1 component and PLH, which further
supports the idea that the excitation of kink modes is essential.
Moreover, a clear threshold effect is observed. A critical value
(dBnqþ1

r =BT � 1:7� 2� 10�4) is needed to cause a rise in PLH.
Above this critical value, PLH increases linearly with the perturbation
magnitude, whereas below this value, no effect is seen. This behavior is
also observed in resonant m¼ nq and nqþ 2 components, but much
less pronounced. Analyzing dBm

r =BT at a neighboring rational surface
like q¼ 9/2 or 11/2 leads to the same conclusion. A critical MP field
strength needed to increase PLH has also been observed in DIII-D,14,15

KSTAR,16,17 and MAST.12 The vertical gray text “ELM suppr. Min” in
Fig. 6 shows the minimum dBr=BT values to sustain ELM suppression
at AUG for several seconds (discharge 37065), which is below the criti-
cal value to increase PLH. This indicates the possibility to sustain ELM
suppression without increasing PLH. Figure 6(b) also exemplifies why
the reduction in the n¼ 2 amplitude rather than the additional n¼ 1
component in the mixed n¼ 1, 2 dataset is important. A reduction by
�20% in the n¼ 2 amplitude already lowers the PLH by 0:3MW,
which halves the maximum increase due to the MPs.

The existence of a critical value of dBnqþ1
r =BT for PLH also

explains why the DuUL dependence of PLH does not exactly follow the
trend from Bpl

r;res. To describe the behavior of PLH correctly, we define

an empirical critical function f critLH using the normalized radial field per-

turbation
d
Bpl
r;res ¼ dBpl

r;res=maxðdBpl
r;resÞ,

f critLH ð
d
Bpl
r;resÞ ¼ PnoMPs

LH

þ
0;

d
Bpl
r;res < 2=3

PwiMPs
LH;max � PnoMPs

LH

� �
3
d
Bpl
r;res � 2

� �
;
d
Bpl
r;res � 2=3:

8>><
>>:

(2)

Below the critical value, f critLH is equal to the mean value of the no
MPs cases. Above the critical value, a linear function is used such that

f critLH is PwiMPs
LH;max, when

d
Bpl
r;res reaches 1. We use 2/3 as a critical value

of the maximum perturbation, because this is roughly observed in
Fig. 6(b). The significant improvement by considering a critical value
is demonstrated in Fig. 7. f critLH captures very well the DuUL behavior of
the PLH measurements, whereas the linear plasma response from
(MARS-F) (Bpl

r;res) by itself does not. The same procedure has been

applied using cb1res as parameter for f critLH , which yields even better agree-
ment with experiments.

The observation of a critical value is well in line with the results
from other machines.14,15,45 Moreover, it explains the absence of a
strong increase in PLH due to MPs in previous AUG studies. At that
time and the chosen configuration, the MP field was simply not strong
enough to significantly increase PLH (variations in other parameters
like density might also play a role).

IV. E 3 B VELOCITY PROFILES

To further investigate the underlying mechanism behind the
changes in PLH, good knowledge of the kinetic and flow profiles, espe-
cially of the vE�B profiles8 at the edge, is essential. An additional diffi-
culty is that the applied MP field breaks the axisymmetry, and the
edge profiles are not necessarily toroidally symmetric.

To study the changes in the flow and kinetic edge profiles due to
MPs and possible 3D effects, we conducted dedicated experiments in
which we only changed the orientation of the MP field while maintain-
ing the same applied poloidal mode spectrum (DuUL � 135�) and
the MP-field strength to its maximum dBnqþ1

r =BT � 3� 10�4.
Figure 8 shows time traces relative to the NBI onset from 6L–H transi-
tions, including four different orientations and two reference cases

FIG. 7. L–H transition power threshold vs DuUL. PLH values from clean n¼ 2
(blue circles) are compared to b1res (orange solid) and B

pl
r;res (orange dashed) from

MARS-F at the 10/2 surface and both combined with a critical function f critLH

(magenta). Good agreement with measurements is found if a critical value for b1res
to increase PLH is considered.

FIG. 8. Time traces relative to the NBI onset from several L–H transitions using
DuUL ¼ 135� but different absolute toroidal orientations /0 (colored) to probe pos-
sible 3D effects and no MPs references (black, gray). Panels show (a) NBI power
(PNBI), (b) net heating power (PNET), (c) divertor current, and (d) line averaged den-
sity using an edge chord. Vertical lines indicate the timing of the L–H transitions.
L–H transitions with MPs are significantly delayed and do not depend on /0.
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without MPs. MPs postpone the L–H transition by more than 400ms.
All L–H transitions with MPs appear almost at the same time in the
NBI ramp indicating a good reproducibility of these experiments.
This is further underlined by the fact that the time-traces of PNET in
Fig. 8(b) and density in Fig. 8(d) from different orientations overlap.

A small caveat of these experiments is that the position control
system of AUG41 moves to the outer position of the entire plasma fur-
ther out by up to 1:5 cm depending on the orientation. This effect is
due to pick up from stray fields from the MP coils on magnetic probes,
which depends on the current of nearby coils. In one case /0 ¼ þ135�
(red in Fig. 8), Raxi

sep is around 2:16m instead of 2:145� 2:15m, which
slightly increases the perturbation amplitude due to the smaller dis-
tance between the MP coils and the plasma surface. An impact from an
n¼ 2 intrinsic error field on these experiments is not observed, which
is in line with measurements from earlier intrinsic error field studies.34

A. 3D electron density and temperature profiles

First, we analyze changes in the edge electron density and tem-
perature profiles from the orientation scan. Figure 9 shows edge pro-
files before the L–H transition with varying MP field orientations
using DuUL ¼ þ135� (colored) and no MPs references (black and
gray). The electron temperature (Te) profiles with MPs are clearly ele-
vated from 150 to 200 eV in comparison to the no MPs references,
whereas within the measurement uncertainties, no change is seen in
the ne profiles. Moreover, there is no significant variation between
different orientations. Only /0 ¼ þ135� shows a slightly lower Te,
which is attributed to the larger Raxi

sep (R
axi
sep � 2:16m) and, thus, larger

MP-field strength. Our measurements suggests that 3D variations in
the electron kinetic profiles are not significant, which is expected from
VMEC and MARS-F calculations. Both predict a small corrugation at
the outer midplane when DuUL ¼ þ135� is applied [see Fig. 4(c)].

B. 3D E 3 B velocity profiles at L–H transition

Particularly important for the physics of the L–H transition is the
dynamics and structure of the vE�B profiles at the edge. Previous stud-
ies at AUG suggested that the Er profile and, thus, vE�B in low-density
L-modes (ne � 2:0� 1019 m�3) vary toroidally in the presence of
external MPs.21 In our experiments, measurements from HES indicate
that this is not the case for the presented conditions with densities
around �3:3� 1019m�3 (Fig. 10). All cases with MPs show a very
similarly elevated vE�B profile with respect to the no MPs case and to
the critical vE�B minimum from Ref. 8 (gray vertical bar in Fig. 10).
Here, positive values are in the ion diamagnetic direction (IDD),
whereas negative values are in the electron diamagnetic direction
(EDD). Although there are small differences in the vE�B minimum
between the different orientations, we attribute those with slightly dif-
ferent MP-field strengths due to the aforementioned changes in the
plasma position. For example, /0 ¼ þ135� (red Fig. 10) has the vE�B
profile with the largest shift into the IDD but has also the largest Raxi

sep
and, hence, MP field strength.

To unravel the changes in vE�B and its different contribution, we
analyze the radial force balance using the CXRS measurements from
N7þ . To allow a comparison to DR (one sweep takes 110ms) in the
case with MPs, we adjusted the NBI power and skipped the second
step of the NBI ramp (see Fig. 8) to achieve a roughly 100ms long
phase with constant heating power before a sawtooth crash induces
the L–H transition. The no MPs reference from CXRS is particularly
challenging to measure. Already the first or second short blip induces
the L–H transition due to the low PLH at low BT. The duration of these
first blips is not sufficient to acquire reasonable CXRS data. To this end,

FIG. 9. Edge electron temperature (Te) and electron density (ne) profiles vs major
radius (R) relative to Raxi

sep within a 40 ms window before the L–H transition (Fig. 8).
(a) Te profiles from ECE (circles) and IDA based on TS (solid line). (b) ne profiles
from HEB and IDA combining TS and line integrated interferometry measurements
DCN. No changes in ne are seen, whereas the Te profiles at the L–H transition are
clearly elevated with MPs because of more heating power.

FIG. 10. vE�B profiles vs R relative to Raxi
sep before the L–H transition measured by

HES. Datapoints from different MP field orientations are colored, and no MPs are
black. No significant 3D structure of the vE�B profile is seen, and the vE�B profiles
with MPs are lifted compared to the no MPs case and to the critical vE�B minimum
from Ref. 8 (gray bar).
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we executed a dedicated discharge (37 400) in which we injected a 24ms
long blip to obtain acceptable CXRS data. For the no MPs reference
measured by DR, we use the 100ms long Ohmic L-mode phase before
the first blip.

The results of these experiments are illustrated in Fig. 11. Panel
(a) shows vE�B measurements from CXRS compared to DR with MPs
(black and blue) and without MPs (red and orange). Both diagnostics
measure the same trend as reported previously: Without MPs, the min-
imum of vE�B profiles is close to the �6:76 1 km=s from8 and with
MPs, it is lifted toward the co-current direction and is close to zero.

The contribution from the toroidal velocity and the diamagnetic
term to Er from N7þ are illustrated in Fig. 11(b). The contribution
from the toroidal rotation at the L–H transition is with MPs slightly
larger than the presented noMPs reference, and the associated toroidal
rotation amounts roughly to 10 km=s. However, both contributions
are small and we do not see such a tremendous toroidal spin-up like in
DIII-D where the toroidal rotation reaches almost 25 km=s.14

A comparison between the contributions from the poloidal veloc-
ity from N7þ and from the main ion diamagnetic term is shown in
Fig. 11(c). Since the diamagnetic term of the measured impurity is
small, its poloidal velocity has to be sufficiently large to fulfill the radial
force balance and is, therefore, the dominant term.32 In axisymmetric
plasmas, Er is primarily driven by the diamagnetic term from the main
ions and the other terms in the radial force balance from the main
ions are small. Thus, the main ion diamagnetic term is often a good

proxy for the measured Er profile and, therefore, the measured N7þ

poloidal velocity components [see black dashed line and black points
in Fig. 11(c)]. However, this is not the case with MPs. The measured
Er and, thus, the measured N7þ poloidal velocity are positive, whereas
the diamagnetic term of the main ions is clearly negative [see red
dashed line and red points in Fig. 11(c)].

C. Radial force balance of the main ions

To investigate the difference between the measured Er profile
and the main ion diamagnetic term in the presence of MPs, we analyze
the radial force balance from the main ions in more detail. Figure 12
shows Er from N7þ in comparison to the main ion diamagnetic term
(assuming equal ion temperatures TD � TN7þ and a main ion density
equal to the electron density nD � ne). The addition of the toroidal
contribution using the toroidal velocity from N7þ to the main ion dia-
magnetic term cannot account for the difference to the measured Er
profile. This implies that either (i) the toroidal rotation of the main
ions is significantly larger than the one from N7þ and/or (ii) the poloi-
dal rotation of the main ions is considerably positive (ion diamagnetic
direction) to fulfill the radial force balance for the main ions.
Additional contributions from the Reynold stress are not considered,
because those should be reduced by MPs.46 Figure 12(a) shows the
extent of a possible main ion toroidal contribution assuming very

FIG. 11. (a) vE�B profile vs qpol before L–H transition with MPs using DuUL
� 135� (red circles, CXRS from N7þ ; orange, DR) and without MPs (black, CXRS;
blue, DR) before L–H transition; (b) diamagnetic term from N7þ (dashed), the toroi-
dal contribution (points), and the corresponding fit (solid); and (c) the poloidal veloc-
ity components from N7þ (points) in comparison to the main ion diamagnetic term
(dashed). The critical vE�B minimum from Ref. 8 is added as gray bar in (a).

FIG. 12. Analysis of the main ion radial force balance with MPs but without main
ion flow measurements. (a) Radial electric field profile from N7þ (EN7þ

r , red solid)
differs substantial from the main ion diamagnetic term (red dashed) even if the term
from the toroidal rotation from N7þ is included (red dotted and red dashed–dotted
for both terms). To fulfill the radial force balance of the main ions, the vDþtor Bpol
(blue) and/or vDþpol Btor (green) terms must be considerably positive. (b) The
observed positive Er profile is not governed by 3D neoclassical theory calculated
by NEO-2 (black solid), and additional 8 kV=m are needed (black dashed).
Calculated vDþ;NEO2pol Btor (magenta) is very small.
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small main ion poloidal velocity vDþpol � 0m=s (blue line) and a possi-
ble main ion poloidal contribution from the main ions assuming iden-
tical toroidal velocities of D and N7þ; vDtor � vN

7þ

tor (green). At the
moment, flow measurements of main ions at AUG are not available to
resolve whether the positive Er is due to a positive poloidal and/or
toroidal main ion flow.

Main ion flow measurements at DIII-D,47 however, suggest that
the main ion toroidal rotation can be clearly larger than the one from
the impurity (carbon in this case). Although no MPs have been applied
in the DIII-D experiments, these results might still be relevant for our
studies since DIII-D has a considerable intrinsic n¼ 1 error field.14

The measured Er profile is further compared to 3D neoclassical
predictions from NEO-2,48 which are based on the 3D VMEC equilib-
rium introduced in Sec. IVB and on kinetic profiles from 2:660�
2:690 s from 25 712. The positive Er profile at the edge is not captured
by 3D neoclassical theory although one should note that these calcula-
tions assume VD

tor � VN7þ

tor . NEO-2 predicts a small contribution from

the main ion poloidal velocity (vDþ;NEO2pol Btor), and additional

�8 kV=m in the co-current direction are needed to match the mea-
sured one. Interestingly, similar discrepancies between measured Er
profiles at the edge and predictions from 3D neoclassical theory have
also been observed in stellarators.49,50

D. Evolution of the E 3 B velocity profile

To understand the reason for the change in the vE�B profile at
L–H transition due to MPs, we study the preceding evolution of the
vE�B profile. In principle, two major steps in the development have
been identified: (1) the reversal of the vE�B profile due to the applica-
tion of MPs during the Ohmic phase and (2) the evolution of the
already reversed vE�B profile throughout the NBI ramp. Both are
clearly measured by DR and HES as shown in Fig. 13. Each evolution
step is further analyzed in Subsections IVD1 and IVD2.

1. Reversal of the E 3 B velocity profiles due to MPs

To examine the reversal of the vE�B profile, we conducted dedi-
cated experiments in which we slowly ramped the n¼ 2 amplitude of
the MP field with DuUL � 135� during an Ohmic L-mode [see
Fig. 14(a)]. The density is feedback-controlled on the same density
value (ne � 3:5� 1019 m�3) as in the PLH studies. Because of the
enhancing particle exhaust during the ramp up, the amount of injected
gas increases continuously [see Fig. 14(b)]. Te at the edge measured by
ECE and HEB almost remains constant throughout the current ramp
as seen in Fig. 14(a) and later in Fig. 15(c). Particularly interesting is
the dynamics of the vE�B profile shown in Fig. 14(c). Throughout the
MP-field ramp, the vE�B profile slowly evolve until 2:72 s (t0), then
suddenly the profiles reverse. This is accompanied by a small drop in

FIG. 13. vE�B profile vs R using (a) HES and (b) DR during Ohmic L-mode phases
without MPs (black), with MPs (red), and in the NBI heated L-mode with MPs
before L–H transition (red). The gray bar shows the critical vE�B minimum from
Ref. 8. Both diagnostics show two important evolution steps of the vE�B profile
marked in the figure: (1) reversal of the vE�B profile due to MPs in the Ohmic L-
mode and (2) the development of the reversed Er profile during the heating ramp.
DR measurements show that the additional NBI re-establishes a shear of 3:6 km=s
within 1:5 cm in the vE�B profile.

FIG. 14. Time traces from (a) slow ramp up of the n¼ 2 current amplitude applying
DuUL � 135� (orange) and Trad from ECE at the edge (green), (b) and line aver-
aged density (blue) and injected gas rate (red), contour-plot of (c) vE�B profiles
from HES with the black line showing vE�B � 0 and (d) n¼ 1 locked mode detec-
tor with north–south (SAT ns, blue) and east–west (SAT ew, orange) orientation
showing no n¼ 1 locked mode, (e) spectrogram from a pickup probe measuring
the radial field perturbation at the outer midplane. The reversal takes place at
t0 � 2:72 s, when dBnqþ1r =BT reaches �1:9� 10�4 at the q¼ 5 surface.
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the line averaged edge density from 2.7 to 2:6� 1019 m�3. After the
vE�B profile is fully reversed, a mode with a frequency f ¼ 18 kHz
develops as seen by the magnetic measurements. Such a mode in the
presence of MPs has also been reported in Refs. 14 and 21, and DR
measurements suggests that this mode is a geodesic acoustic mode
(GAM).

Figure 15 shows further details of the dynamics of the vE�B rever-
sal. In the presented case, the reversal takes 50� 70ms, while slowly
ramping the MP field. Furthermore, vE�B at the channels further
inside reverses first and then further outward showing that the vE�B
profile reverses inside-out [Fig. 15(b)]. Te profiles inside the plasma
boundary are only slightly affected and do not change by more than
15 eV [Fig. 15(c)]. The implication of these observations will be dis-
cussed in more detail in Sec. V. More aspects about the reversal of the
Er profile due to MPs at AUG are reported in Ref. 21.

Notably, the vE�B profile reverses suddenly when the relative per-
turbation of the nqþ 1 component at the edge dBnqþ1

r =BT exceeds
1:92� 10�4, which is in very good agreement with the critical value
needed to increase PLH. This is a strong indication that the reversal of
the vE�B profile, and the increase in PLH are connected.

2. Evolution of reversed E 3 B velocity profiles during
heating ramp

To study the evolution of the already reversed vE�B profile
throughout the NBI ramp, Fig. 16 shows velocity and temperature
profiles from N7þ. The ion temperature in the core and in the edge
increases, while the plasma density remains approximately the same

indicating a rise in the ion diamagnetic term of N7þ and of the main
ions as well assuming TN7þ ¼ TD. Because of the co-current NBI, the
toroidal velocity in the core spins up, but notably this is not the case at
the edge. The edge toroidal velocity of N7þ even reduces and, more-
over, its shear develops from a positive one to a negative one around
qpol � 0:97� 0:99. Consequently, the reversed vE�B profile at the
edge cannot be attributed to the increased torque from the NBI. In
contrast, the edge poloidal velocity profile of N7þ remains the
same within the measurement uncertainties. The evolution of the tem-
perature gradient and the toroidal velocity at the edge suggest a modi-
fication of the edge vE�B profile throughout the NBI ramp. This is
supported by vE�B profiles measured by DR (Fig. 17). Before the
NBI ramp, the vE�B profile is flat and reversed due to MPs. The
addition of NBI leads to a formation of a well in the vE�B profile
and afterward in a development of a sheared profile. The evolution
to a sheared vE�B profile with a pronounced well is stepwise rather
than gradual.

E. Alignment of MP field and E 3 B velocity profiles
at L–H transition

So far, we have been analyzed the alignment of the MP field
(DuUL � 135� � 180�), which has the strongest effect on the vE�B
profile and PLH. Figure 18 shows a comparison of vE�B profiles from
HES for different DuUL (and PLH) before the L–H transition. One
example has been added with an obvious 2/1 locked mode using
DuUL � þ95�, which results in an increased PLH and even a stronger
shift of the vE�B profile into the IDD. This comparison shows that the

FIG. 15. Details of the vE�B reversal
showing the contour-plot of (a) vE�B pro-
files from HES [zoom from Fig. 14(c)], (b)
vE�B profiles at certain time windows
marked by colored bars in (a). (c) The cor-
responding Te profiles from HEB. The
vE�B profile reverses inside-out (gray
arrows), and Te inside the last closed flux
surface (LCFS) is dropping by �15 eV.
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better the alignment of the MP field in terms of the amplitude from
relevant poloidal mode components, e.g., dBnqþ1

r ðDuUL ¼ 180�Þ
> dBnqþ1

r ðDuUL ¼ 229�Þ, the stronger the torque from the MPs (see
Sec. V). More heating is then required to overcome the flattening in
the vE�B profile from the torque and to access H-mode. This results in
a stronger shift of the vE�B profile into the IDD, which, therefore, cor-
relates with PLH [Fig. 18(b)].

V. COMPARISON OF MODELS

In this section, we discuss possible models to explain the
observed changes in the vE�B profiles due to MPs with focus on the
cause of the initial reversal. The following characteristics of this

reversal could be observed: (i) vE�B shifts poloidally into the ion-
diamagnetic direction and toroidally into the co-current direction,
(ii) the reversal of the profile at the onset of the MPs propagates
radially from inside the gradient region to the plasma surface, and
(iii) it happens suddenly within 50ms although the MP field is
slowly increased indicating that non-linear physics causes the
reversal. As discussed in Sec. IV C, the observed shift in the vE�B
profiles is mainly due to changes in the poloidal and/or toroidal
velocity. Thus, we compare qualitatively the observed characteris-
tics with changes in the torque due to Neoclassical Toroidal plasma
Viscosity (NTV)51 from ergodization and from resonant electro-
magnetic (EM) torque.

FIG. 16. Evolution of N7þ profiles from CXRS throughout the NBI ramp in (a). Panels show (b) core temperature, (c) core toroidal velocity, (d) edge temperature, (e) edge toroi-
dal velocity, and (f) edge poloidal velocity. Colors in (b)–(f) indicates timing during the NBI ramp shown at the top of (a). Ion temperature and core toroidal velocity are increas-
ing while the edge toroidal velocity even reduces indicated by black arrows. The poloidal velocity remains constant during the NBI ramp.
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A. Neoclassical toroidal plasma viscosity

NTV torque acts on the plasma flow due to the non-ambipolar
radial flow of trapped particles induced by non-axisymmetric geome-
try.51 NTV drags the plasma rotation toward the neoclassical offset fre-
quency XNC. Depending on the initial plasma rotation relative to XNC,
NTV torque can spin up/brake the plasma into the co-current17 and
countercurrent direction, which, in turn, can act into the IDD and
EDD, respectively. To test, if the observed spin-up of the vE�B into the
co-current/IDD direction can be explained by NTV, we employed
NEO-2 calculations using profile measurements as in Sec. IVC and 3D
VMEC equilibrium introduced in Sec. III B before the L–H transition.

Figure 19 shows the resulting NTV torque density profile from
NEO-2. According to these calculations, the NTV torque at the edge

acts into the countercurrent direction and cannot explain the observed
spin-up of vE�B into the co-current direction.

B. Torque due to edge ergodisaton

Stochastization at the edge often serves as an explanation for the
reversal of the vE�B and Er profiles in the L-mode.10,14,52–55 In the fol-
lowing, we will show that plasma screening calculated by linear MHD
significantly reduces the torque from stochastization inside of
qpol < 0:98 and cannot explain the reversal of the vE�B profile in this
region. The principle is based on electron losses in the stochastic field
causing a parallel current along the field lines. The radial component
of this current is compensated by radial ion current satisfying the
ambipolarity condition hjeri ¼ �hjiri. This radial ion current together
with the equilibrium field exert a torque on the plasma via j� B tor-
que forces. To calculate hjri, we use the same recipe as described in
Refs. 14 and 56, which is based on stochastic magnetic field line diffu-
sion from the Rechester–Rosenbluth model,57

jer ¼ rST Er þ
Te

e n
@n
@r
þ a

1
e
@Te

@r

� �
: (3)

rST is the stochastic conductivity for electrons and is defined as
rST ¼ k1 rIIDST=Lk with the parallel conductivity rII, the Kolmogorov
length Lk,

58 the stochastic diffusion coefficient DST, and a numerical
factor k1, which is the field-line loss fraction.14 a is 1.71, which corre-
sponds to the collisional regime. In contrast to Refs. 10 and 14 DST and
Lk are derived from field line tracing and the entire profile information
is used [see Figs. 20(a)–20(c)]. The perturbed equilibrium for field-line
tracing is generated according to Ref. 59 using the resonant radial field
perturbations from MARS-F as input. Non-resonant components
from the kink response are neglected, since they do not contribute to
island generation and/or stochastization.60 The following analysis is
strongly influenced by the magnitude of radial field perturbations at
rational surfaces, which also depends on parameters such as resistivity
(g, Spitzer resistivity is used) and the fluid velocity of the electrons.

FIG. 17. Evolution of the vE�B profiles from DR throughout the NBI ramp from
Fig. 16. Gray arrows indicate the development of the vE�B profiles. The well in
vE�B profile develops first and then the shear between qpol ¼ 0:97 and 0.99.

FIG. 18. (a) vE�B profiles from HES before L–H transition for different DuUL, “no
MPs” and in the presence of a clear 2/1 locked mode (LM). The legend indicates
DuUL and the associated PLH in MW. (b) shows minimum in the vE�B profiles vs
associated PLH. Correlation between minimum in vE�B profiles and PLH is seen
depending on the applied poloidal mode spectrum.

FIG. 19. Torque density profile from NEO-2 for electron and deuterium NTV based
on 3D VMEC equilibrium from discharge 35 712 at 2.65 s. In this case, the inte-
grated total torque amounts to �0:036 Nm. NTV is in the countercurrent direction
and is in the opposite direction than the experimental observations. The inset mag-
nifies the edge region.
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Since MARS-F is a single fluid MHD code, the latter one is not
included. To mimic a two-fluid MHD plasma response in MARS-F,
we also performed MARS-F calculations using the electron perpendic-
ular fluid frequency (xe;? ¼ xE�B þ x?

e ), instead of the toroidal rota-
tion. xe;? are taken from the pre-MP phase with xE�B ¼ Er=jRBpj23
and the electron diamagnetic drift rotation defined as x?

e ¼ p0=en
using p0 ¼ dp=dw with w in Vs rad�1 (see Fig. 21).

To calculate the Er profile modified by ergodisation, the radial
current due to electron loss [Eq. (3)] is set equal to the radial ion cur-
rent, which is given by hjiri ¼ �hjeri ¼ rNEOðEr � ENEO

r Þ with the neo-
classical conductivity rNEO ¼ ð3=2Þli?=R

2B2 using the viscosity
coefficient li? ¼ 0:96nTi=�ii. For the ENEO

r profile, edge Er measure-
ments from DR during a phase without MPs is used. This is justified
since the Er profile without non-axisymmetric MPs are similar to the
neoclassical Er profile.

8,61 Using Eq. (3), one can determine the modi-
fied Er and vE�B profiles.

Figure 20(e) shows the modeled vE�B profile in comparison to
measurements from DR. Ergodisation, as it is expected for the vacuum

perturbation shown in the green curve (i.e., neglecting the plasma
response) results in a positive Er, in agreement with the experiment
(red dots). Nevertheless, plasma screening decreases drastically the
degree of ergodisation at the edge and the resulting changes in the Er
profile cannot explain the full reversal. Since field-line stochastization
inside of qpol < 0:98 is diminished, no change in Er is seen in this
region. This is mainly due to rST, which is at least two orders of mag-
nitude lower in this region compared to the vacuum field calculations.
The toroidal torque density T/ ¼ RhjiriBH is in the co-current direc-
tion and is situated at the very edge qpol ¼ 0:98� 1:0 [Fig. 20(d)].
This is in contrast to previous studies14 in which the entire reversal
could be explained using the quasi-linear approximation for DST

� jdBr=Bj2 and plasma screening calculated by M3D� C1.
The presented analysis suggests that ergodisation can spin-up

the vE�B profile into the IDD/co-current direction and partly
explain the experimental observations. However, modeling indi-
cates that plasma screening vastly reduces this effect such that it
cannot explain the full reversal of the vE�B profile, especially in the
region qpol < 0:98. This raises doubts whether ergodisation can
explain the inside-out reversal of the vE�B described in Sec. IVD 1.
Moreover, according to total-f gyrokinetic calculations,62

Rechester–Rosenbluth is over-predicting the electron flux in the
ergodic region, which implies that the changes here in Er might
also be over-predicted. Thus, another effect may also contribute to
explain the full reversal.

FIG. 20. Radial profiles of (a) stochastic diffusion coefficient DST, (b) the
Kolmogorov length Lk, (c) stochastic conductivity rST, (d) toroidal torque density
TST

/ , and (e) E� B flow velocity vE�B using the vacuum field approximation
(green), MARS-F with X ¼ Xtor (blue) and with X ¼ xe;? (orange). Ergodisation
shifts the vE�B profile toward more positive values. When the linear plasma
response is included, this effect is small compared to DR measurements (circles).

FIG. 21. (a) Radial profiles xE�B (solid) and xe;? (dashed) based on DR and
kinetic profile measurements at the MP onset (black) and in a later phase with MPs
(red). The purple line shows xE�B � �x?

e for dBr=B!1. (b) Corresponding
resonant EM torque. The plasma momentum reduces the EM torque significantly.

Physics of Plasmas ARTICLE scitation.org/journal/php

Phys. Plasmas 29, 032506 (2022); doi: 10.1063/5.0073841 29, 032506-13

VC Author(s) 2022

 22 M
arch 2024 16:16:03

https://scitation.org/journal/php


C. Resonant electro-magnetic torque

The applications of MPs can lead to small tearing modes which
are phase-locked to the external MP field.63 The associated parallel
current perturbation and the magnetic perturbations of the radial field
exert a resonant EM torque on the plasma perpendicular to the mag-
netic field. According to two-fluid MHD, the plasma is then dragged
toward zero xe;? (in the presence of static MPs). Depending on the
sign and the initial xe;? profile, the plasma rotation can either brake
or even spin-up. Figure 21(a) shows the measured E� B angular fre-
quency (xE�B) and electron perpendicular fluid frequency before
applying MPs (black) and in a later phase with MPs (red) in the L-
mode. As shown in previous sections, the xE�B profile reverses and
the associated xe;? profile approaches zero during the applications of
MPs. The application of MPs minimizes (xe;?) as expected from two-
fluid MHD.

To calculate the poloidal electro-magnetic torque density at the
rational surfaces (rs), we adapted the expression from63

THðrsÞ ¼ �xe;?sr;sjdBr;resj2=ðl0mÞ;

where m is the poloidal mode number and sr;s ¼ r2s l0=g the resistive
time scale using local plasma resistivity g, the small radius at the reso-
nant surfaces rs and the magnetic constant l0. As in Sec. VB, jdBr;resj
is deduced from MARS-F calculations using xe;? as the rotation
input. The toroidal component of the torque density ðT/ðrsÞ
¼ n=mTHðrsÞÞ at rational surfaces is shown in Fig. 21(b). The tor-
que is calculated using xe;? before the MP application [black in
Fig. 21(b)] and in a later phase with MPs (red) when the momentum
is equilibrated. Figure 21 shows that the plasma reduces the EM
torque to almost zero indicating that the plasma momentum equili-
brates with the EM torque. Although the EM torque density at the
edge is in magnitude smaller than the one from ergodisation, there
is a significant EM torque density in the region qpol < 0:98, which
may explain the reversal of xE�B in this region.

Our analysis suggests that the resonant EM torque may also con-
tribute to the reversal of the vE�B profile, especially, in the region
qpol < 0:98. However, one should keep in mind that only the linear
response is taken into account. Non-linear plasma response might be
important as well, which would change the contribution from
jdBr;resj2. Furthermore, we would like to emphasis that fluid modeling
at the edge might be limited and collisional as well as turbulent trans-
port might influence the resulting Er,

62 i.e., via changes in the turbu-
lent Reynolds stress.64

VI. SUMMARY AND CONCLUSION

The impact of the MP field alignment on the L–H power
threshold has been investigated. In contrast to previous studies at
AUG, a significant increase in PLH has been observed when the MP
field is aligned to maximize the plasma response to the MP field.
This alignment slightly differs from the equilibrium field pitch,
and is the same needed to suppress ELMs. On the one hand, the
alignment of the MP field, therefore, cannot be used to optimize
suppression of ELMs while avoiding the increase in PLH. On the
other hand, it is observed that PLH increases only when the applied
relative field perturbation dBr=BT of the poloidal component
m ¼ nqþ 1 exceeds 1:7� 2� 10�4. This value is above one, which
is required to sustain ELM suppression at AUG. This opens a
window for the MP field strength in which ELM suppression is

possible without any increase in PLH. Previous studies at AUG
19,20

used an MP field strength below this critical value, which explains
the absence of an increase in PLH due to external MPs (other
parameters such as ne may also contribute). The observations at
AUG are now in line with the results from other machines such as
KSTAR16,17 (n¼ 1) and DIII-D14,15 (n¼ 3) although different
toroidal mode numbers have been applied. We observe (i) a similar
critical value dBr=BT � 2� 10�4 and that (ii) PLH can increase by
50%� 100%.

The increase in PLH is mainly attributed to changes in the vE�B
profile at the edge. Dedicated experiments have shown that the vE�B
profile flattens and reverses from the electron diamagnetic direction/
countercurrent to the ion diamagnetic direction/co-current direction.
The described plasma conditions (see Sec. II) require a relative field
perturbation of �1:9� 10�4 to observe a reversal of vE�B at the edge.
This is the same critical value that is needed to increase PLH, which
suggests that two phenomena are connected. The reversal of the vE�B
profile shows an inside-out evolution, i.e., vE�B around qpol � 0:97
reverses first. It occurs suddenly (within 50� 70ms) although the MP
field has been ramped slowly, which indicates that non-linear physics
is involved.

Our measurements suggest that additional heating power is
needed to roughly form the same well in the vE�B profile without
MPs [see Fig. 13(b)]. The resulting vE�B profile is shifted into the
ion diamagnetic direction/co-current direction. In this case, mini-
mum vE�B is not a good approximation for the shear in the pres-
ence of MPs.8 One should note that our results are in agreement
with previous studies at ASDEX Upgrade,7 because two statements
are still valid: (i) The Ti profile is the main actuator to drive the ion
diamagnetic term of the main ions and, thus, the shear in the vE�B
profile. (ii) The shear in the vE�B profile plays a key role in the
physics of the L–H transition. The difference in the experiments in
Ref. 7 is that the torque from the MPs flattens the initial vE�B pro-
file in the L-mode and more heating power is necessary to get a
similar shear without MPs.

Several models to explain the additional torque and, thus, the
reversal of the vE�B profile into the IDD/co-current direction of
the vE�B profile because of MPs are reviewed. NTV cannot explain the
reversal since, according to NEO-2, it acts into the countercurrent
direction. Ergodisation may partly explain the reversal but diminishes
inside of qpol < 0:98 due to plasma screening. Resonant EM torque in
the two-fluid MHD may also explain the reversal, since the plasma
minimizes the electron fluid velocity and, thus, minimizes the resonant
EM torque. For the latter two scenarios, the linear plasma response
from MARS-F has been used. This is likely not sufficient to model the
reversal of the vE�B profile and its dynamics. More quantitative model-
ing requires non-linear two-fluid MHD calculations with realistic
resistivity and divertor geometry.
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