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A small non-axisymmetric (3D) magnetic field can induce non-ambipolar transport of the particle
species confined in a tokamak and thus a significant change of plasma rotation. This process can
be in a favor of instability control in the region where the tokamak plasma is sufficiently collisional
and resistive, as observed in the applications of n = 1 resonant magnetic perturbations to the
KSTAR tokamak. The plasma rotation can be globally accelerated due to radially drifting electrons
and constrained to the electron root, if the radial transport is enhanced by amplified 3D response.
This mechanism is verified by a kinetically self-consistent magnetohydrodynamic modeling for both
response and transport, which offers the quantitative explanations on the internal n=1 structure
detected by electron-cyclotron-emission imaging and the co-current plasma spinning observed in the

experiments.

PACS numbers:

A tokamak relies on the axisymmetric magnetic fields
to confine fusion plasmas. Recently a great deal of
attention has been drawn to the use of a small non-
axisymmetric (3D) magnetic perturbation 6§, due to
its significant impact on toroidal rotation and thereby
plasma confinement [1-3] and stability [4-7]. An invari-
ably caused effect by the broken symmetry is the radial
drift of particles across magnetic surfaces to conserve the
orbital action. This process, as well known by neoclassi-
cal toroidal viscousity (NTV) transport [8-13], is funda-
mentally independent of each species, i.e. non-ambipolar,
resulting in the evolution of radial electric field and ro-
tation until a new torque balance is established. Typi-
cally ions are dominant in the process as they collide less
frequently and thus drift further than electrons, slowing
rotation down against the direction of plasma current
Ip. This is the magnetic braking effect [14-16] gener-
ally unfavorable of stability, especially if the externally
driven torque is not sufficient as expected in the next
step devices such as ITER [17]. In this Letter, we report
a global and quiescent magnetic acceleration observed in
the Korean superconducting tokamak advanced research
(KSTAR) facility associated with non-ambipolar electron
transport, and the validation of its mechanism using self-
consistently regulated 3D resistive response simulations.
It is also clearly shown that the magnetic acceleration can
improve the tolerance of slowly rotating plasmas against
a disruptive 3D magnetohydrodynamic (MHD) instabil-
ity.

Magnetic acceleration by electron NTV can be induced
in various special conditions [18-20], such as higher tem-
perature of electrons than ions (T, > T;), or considerably

low or high ion collisions so that the ion orbital motions
are deflected rather by precession or even not periodi-
cally formed. Our study is revealing electron NTV in
high-collisionality conditions where the direct applicabil-
ity is limited in fusion plasmas except the ramp-up and
ramp-down phase of discharges [21]. The study nonethe-
less implies the viability of electron NTV physics that
should be applicable in wider parametric regimes includ-
ing low-collisionality as has been theoretically expected
for the next step devices. The electron-dominated kine-
matics should also be combined with strong 6B to take
its effects, as otherwise the electron NTV may be too
weak to accelerate rotation. B is established through
plasma response to external magnetic perturbations of-
ten in fast MHD time scales but can also evolve later
due to slower MHD or kinetic effects. For example, the
non-ambipolar transport generates tensor pressure and
can significantly change 6B in equilibrium, which will
then further modify the non-ambipolar transport until
the two processes become self-consistent. We find that
the magnetic acceleration observed in KSTAR is asso-
ciated with resonant 6B amplified due to resistive field
penetration but self-consistently regulated by accompa-
nying non-ambipolar electron currents, as validated by
the MARS-K code [22] and electron-cyclotron-emission
(ECEI) imaging diagnostics. The simulation also quanti-
tatively explains the measured torque and rotation evolu-
tion towards a new balance between the electron and ion
roots of ambipolar rotation level, strongly supporting the
idea of generalized offset rotation in KSTAR proposed in
[19, 20].

The KSTAR experiments introduced in Fig. 1 clearly
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FIG. 1: (color) The time traces of main plasma parameters
in KSTAR discharges. (a) Amplitude of IVCC coil currents,
(b) line-averaged plasma density, (c) core electron and ion
temperature, (d) toroidal rotation frequency measured at the
core (wgo) and at the ¢ ~ 2 (we (¢ ~ 2)) location.

show the acceleration of toroidal rotation due to a 3D
magnetic field, and the saturation of the effect at a par-
ticular level of rotation. Here the top trace shows the
applied n = 1 resonant magnetic field, for which the cur-
rents in 3 rows of in-vessel control coils (IVCC) are rel-
atively shifted by 90° toroidal angle. This 3D setting is
often used to generate a resonant magnetic perturbation
(RMP) to suppress the edge-localized-mode (ELM) in
KSTAR [23, 24]. Here our target plasmas are heated by
the co-Ip-directed neutral beam injection (NBI) with the
Ip = 0.6 M A and the toroidal field By = 2T, which make
the so-called safety factor gg5 ~ 5. Another purpose of
the experiments is to study the tolerance of low-torque
plasmas against n = 1 disruptive 3D MHD instability
the so-called a locked mode (LM) [25] during a period
before the transition to a high-confinement (H) mode,
and therefore NBI power Pyp < 1MW is used and con-
trolled. With the lowest Pyp ~ 0.56 MW (# 19115),
one can see magnetic acceleration of rotation shown in
the bottom trace, up to 30% from the core to the edge
measured by charges exchange spectroscopy (CES) of the

carbon impurity [26].

This co-Ip-directed acceleration of rotation due to a
RMP up to 50krad/s in the core region has been never
reported in a tokamak. Another interesting feature is
the saturation of the rotation evolution in a particular
level despite the gradual increase of the applied RMP
strength. Although the rate change of the RMP strength
at t = 2.5s is also attributed to the slower increase of
rotation, only a few % change in the rotation from that
time while the RMP field is increased up to 30% is not
consistent with the increased torque up to 70% expected
from the standard NTV theory, i.e. o< §B2. As explained
later, this saturation is associated with the linearly de-
creased torque by electrons towards the so-called elec-
tron root of rotation [8]. It is also interesting to see a
slow but clearly decreasing rotation by the RMP as seen
in the other two discharges, where the initial rotation
was higher than the saturation level due to the slightly
higher NBI power. Note that the density and tempera-
ture of thermal species are almost stationary under the
RMP unlike earlier studies on electron NTV [18] or mag-
netic acceleration [13], until another major bifurcation
called locked mode (LM) is triggered later in time.

Fig. 1 also shows that the magnetic acceleration can
improve the tolerance of the low torque plasmas against
LMs. The vertical dash lines for each discharge are in-
dicating the onset of LMs, pulling down rotation to zero
level everywhere as nicely measured by CES. This bifur-
cation is understood as the evolution of unstable mag-
netic islands to large size at low order rational surfaces
due to the electromagnetic 3D torque against the vis-
cous torque of rotating plasmas, dissipating toroidal mo-
mentum [27] until locked to the frame of the external
3D fields. The viscous torque and rotation at the ratio-
nal surface are therefore stabilizing against the onset of
LMs, enhancing the plasma tolerance against RMP, as
has been validated in various devices [7, 28-32] as well as
KSTAR [32]. The case #19115 had the lowest NBI power
and torque injection, and therefore a much lower RMP
tolerance was expected than the other two discharges.
However, the RMP threshold became comparable at the
time of the LM onset as can be seen in Fig. 1. In fact,
the rotation at ¢ = 2 became slightly higher than the
other two and so was the RMP threshold at the onset
(i.e. we(#19115) > we(#19118) > wy(#19117)), consis-
tent with the expectation on the LMs driven across the
2/1 rational surface and stabilizing effect of ¢ = 2 rota-
tion. On the other hand, the bifurcation process observed
here does not show any precursor in rotation unlike the
prevailing supposition of the onset occurring after grad-
ual rotation reduction [25, 33]. It is also interesting to
see plasma confinement maintained over a couple of 75
without rotating at all in these NBI assisted L-mode plas-
mas. The ion temperature is seen to increase as the LMs
grow in particular for #19115, but the analysis of these
non-linear behaviors is remained as future work since it
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FIG. 2: (color) (a) Radial profiles of v, Ve, Vide for #19115
at t = 2.55 s. (b) Radial profiles of toroidal rotation frequency
for #19115 at t = 2.35 s and t = 2.55 s, with electron and
ion offset rate at t = 2.55 s.

is not necessary to understand the initial acceleration.

Magnetic acceleration can occur when the applied 3D
field can generate the outward transport of electrons
more strongly than ions, since then the radial electric
field E, can be shifted towards positive values and the
radial force balance with E x B will demand higher rota-
tion to the co-Ip direction [18]. This is indeed a plausi-
ble mechanism for our observations, as will be explained
here and quantitatively later. FE, is already positive as
the plasmas are rotating in the co-Ip direction except
for the narrow region in the edge, and thus tends to
attract drifting electrons through the broken symmetry.
A balance occurs at the electron root for the ambipo-
lar E,., which is also often called the electron NTV off-
set rotation [19]. The offset varies depending on the
collisionality of each species. The collisional rate nor-
malized to the bouncing frequency of trapped particles,
Vis = € 3?0, Jwys [8] is shown in Figure 2(a) for each ion
(s=i) and electron (s=e), indicating that the ions are too
collisional to complete the bounce motions. Electrons
are much less collisional and in fact are mostly in the
so-called 1/v collisionless regime. They are in the 1/v
regime since Vige = Ve /2ewp > 1 which means that pre-
cessional effect can be ignored overall, and can be treated
as collisionless particles since v,.(4T.) < 1 except for
the far edge and near the magnetic axis. The collision-
less criterion v..(47.) < 1 can be justified by the fact
that non-ambipolar transport flux in the 1/v regime is
e oc B*P/To [10] and thus dominated by more ener-
getic particles with E = 4T than mean thermal ones.

The electron NTV offset rotation is then given by
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FIG. 3: (color). Comparison of the computed normal

plasma displacement (mm) of #19118 in KSTAR (a), (c)
without 3D resistive plasma response and (b), (d) with
3D resistive plasma response using MARS-K, and (e) es-
timated 2D displacement (mm) by &, = —dT./|VTe| [35]
using ECE and electron cyclotron emission imaging data
(0Te = 6Te 2 — 6Te,1) in #19118.

Qe = (w@ + Wde — Wd,i — ct,ecﬁl—%) [34], where wq s is the
diamagnetic rotation for each species and ¢, = 2.4. As
shown in Fig. 2(b), the offset rotation profile is greater
than the rotation in #19115 indicating the feasibility of
this mechanism for the magnetic acceleration. Note that
the final balance of rotation in our experiments would be
made not exactly in the electron root, since the contribu-
tion from non-ambipolar ion transport is not completely
ignorable. In fact, the saturation of rotation due to a 3D
field can be anywhere between ion and electron root de-
pending on the temperature of the two thermal species,
especially when the initial balance of rotation without
the 3D field was between the two roots.

Considering the non-ambipolar electron transport as
the key mechanism, we performed two kinetic MHD sim-
ulations, using GPEC [36]and MARS-K codes [22, 37]
which are both linear but uniquely self-consistent across
3D equilibrium and neoclassical transport. The codes
solved the lineag)ly perturbed radial force balance based
on Vép + V - oIl = 67 x B+ j x 6B but by calculating
the displacement & only ideally in GPEC and byHOhm’s
law in MARS-K. The non-ideal tensor pressure 011 must
be calculated kinetically in the collisionless regirge and
gives the torque by non-ambipolar transport. oIl con-
tributions to the force balance are generally small and
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FIG. 4: (color) Comparison of measured (black, square) and
calculated NTV torque with (black, solid) and without (blue,
dashed) resistive response in MARS-K simulations.

ignorable in the L-mode plasmas, but becomes essential
near the resonant layer to regulate { that otherwise be-
comes unrealistically large. It turns out in addition that
the resistive effect is critical to amplify 5 strong enough
to generate the torque measured in the experiments.

The normal displacements &, calculated ideally in (a)
and resistively in (b) are shown in Fig. 3, clearly illus-
trating the difference. Note here that the results in (a)
and (c) are also based on MARS-K to be consistent but
without resistivity, after the verification with GPEC cal-
culations. The strongly amplified plasma displacements
particularly around the ¢ = 2 rational surface shown in
(b) and (d) are due to the linear resistive field penetra-
tion but limited by non-ambipolar electron currents. Its
important evidence has been obtained, by electron cy-
clotron emission imaging (ECEI) measurements around
the ¢ = 2 surface by subtracting the signal before and af-
ter n = 1 field application in #19118. Based on this 2D
0T, structure, &, structure can be estimated by the rela-
tion &, = =T,/ |VTe|, which is applicable for B-VT, =0
[35] based on the ECEI as well as separate ECE radiome-
ters. The estimated 2D displacement structure shown in
Fig. 3 (e) is indeed agreed with the simulation by re-
sistive and kinetic 3D response (Fig. 3 (d)). Note that
a magnetic surface overlap may not occur in this case,
even with the peaked displacement of 20 mm, as inferred
from the |d¢,/dr| < 1, thus the linear calculation could
be valid.

The torque by non-ambipolar transport is then calcu-
- = —
lated by <é¢ -V > based on £ obtained by resistive 3D

response and 6, B = V X (f x By)+€&- VB, [38]. In prin-
ciple, I should be H + Hl including the contributions
from the collisionless electrons and collisional ions, but
the collisional ﬁz is not included in the MARS-K model
and thus done based on a simplified formula used in [14].
The calculated NTV without the resistive effect is only

about 1073Nm for #19115, whereas the experimental
torque measured from the time evolution of the angu-
lar momentum density, dL/0t is in an order of 10~ Nm.
This level of torque is consistent with the modified ro-
tation against the NBI torque estimated by NUBEAM
[39], which is as large as 0.55 Nm. It is the NTV sim-
ulation including the resistive field penetration that ex-
plains the empirical torque, as presented in Fig. 4. Here
the simulation curve is obtained by gradually changing
T;/T. rather than wy. This is because theoretically T,
can better simulate the possible torque variations deter-
mined by the competition between the collisionless elec-
trons and collisonal ions. The agreement on the leftmost
experimental point demonstrates that the magnetic ac-
celeration can be indeed explained by the self-consistent
NTYV with drifting electrons when the RMP is amplified
by resistive field penetration. The simulation also ex-
plains the sign flip when T3(0)/7.(0) = 0.37, at which
the two species are expected to have ambipolar trans-
port even in the presence of non-axisymmetry. Magnetic
braking in the other two experiments is also well repro-
duced in higher T;(0)/T:(0) > 0.37, although there is an
indication of overestimated counter-Ip torques when the
ion NTV becomes larger. This might be due to the col-
lisional ion effects are calculated in a non-self-consistent
fashion, and also are not including the precessional effects
in the transport model.

In summary, the physics mechanism behind the mag-
netic acceleration and saturation observed in KSTAR
RMP experiments is shown to be the non-ambipolar
transport of collisionless drifting electrons towards the
ambipolar level of the radial electric field, on the top
of resistive field penetration and amplified 3D response.
The empirically measured response by ECEI and torque
during the magnetic acceleration and braking are all suc-
cessfully explained by the self-consistent MARS-K simu-
lation, indicating its predictive capability of multi-species
non-ambipolar transport driven by a 3D field. The ben-
efit of this phenomenon is also manifested during the ex-
periments by the improved tolerance of slowly rotating
plasma against LMs. An important implication is that
the magnetic acceleration and its benefit on plasma sta-
bility can be predictably acquired in low torque plasmas
when it becomes possible to enhance non-ambipolar elec-
tron transport, especially in high ion collisional regime as
directly validated in our study or potentially in low col-
lisionality as predicted [18].
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