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One of the important rotational resonances in nonaxisymmetric neoclassical transport has been

experimentally validated in the KSTAR tokamak by applying highly nonresonant n ¼ 1 magnetic

perturbations to rapidly rotating plasmas. These so-called bounce-harmonic resonances are expected to

occur in the presence of magnetic braking perturbations when the toroidal rotation is fast enough to

resonate with periodic parallel motions of trapped particles. The predicted and observed resonant peak

along with the toroidal rotation implies that the toroidal rotation in tokamaks can be controlled naturally in

favorable conditions to stability, using nonaxisymmetric magnetic perturbations.

DOI: 10.1103/PhysRevLett.111.095002 PACS numbers: 52.25.Fi, 52.55.Fa, 52.65.Vv

Control of the toroidal rotation is important in tokamak
plasmas since many plasma instabilities, from microscopic
to macroscopic scales, can be stabilized by optimizing the
toroidal rotation [1–5]. In a next-step device such as ITER
[6], the sustainable range of the toroidal rotation becomes
narrower since the momentum drives by auxiliary heating
are expected insufficient [7], and therefore even more
delicate control of the rotation profile would be required
in order to access a favorable stability domain in the
limited range. One promising tool is magnetic braking
[8–10], which is to use nonaxisymmetric magnetic pertur-
bations to induce additional friction forces and toroidal
momentum transport. This transport process is well known,
and in tokamaks is called neoclassical toroidal viscosity
(NTV) transport [8,10–14]. Depending on achievable
nonaxisymmetric magnetic configuration, magnetic brak-
ing via NTV transport can largely enhance the controll-
ability of the rotation profile.

Understanding of magnetic braking physics has been
improved by analytic theories [11,12,15–18] and compu-
tations [19–24], and recent dedicated experiments for
validation [8,9,13,25]. It is believed that there are two
key parameters in NTV transport, collision frequency �
and precession rate, or simply toroidal rotation fre-
quency, !p. The effect of the precession becomes impor-

tant when !p > �=�, where � ¼ a=R is the inverse

aspect ratio of tokamak plasmas with the minor radius
a and the major radius R, as is expected in high-
temperature collisionless plasmas. The fundamental role
of precession is the phase mixing of perturbations on the
particle trajectories and therefore the suppression of
unidirectional transport [24]. There is a mechanism,
however, to prevent the phase mixing and to increase
the NTV transport even in higher rotation, otherwise the
NTV transport will always be smaller by / 1=!p. This is

the so-called bounce-harmonic resonance and this Letter

reports its first experimental validation in the KSTAR
tokamak [26].
The bounce-harmonic resonances can occur when the

frequencies of the parallel bouncing motion of trapped
particles are synchronized with the frequencies of
the perpendicular drift motion. That is, ‘!b � n!p, where

‘ and n are digit numbers, and !b ¼ 2�=
H
dl=vk is the

bounce frequency of trapped particles along the field lines l
with the parallel velocity vk. In this condition, particle

orbit forms a nearly closed loop and the orbit will be
subjected to repetitive perturbations if magnetic perturba-
tions are nonaxisymmetric with the toroidal mode n.
In terms of magnetic braking, this implies one can

expect strong braking through the rotational resonances
when !p � ð‘=nÞ!b. The resonant peaks will be placed

more often along with the toroidal rotation with higher
toroidal nmodes, and thus will become more influential on
magnetic braking. However, in high n cases, it will be
practically difficult to observe the rotational resonances
since each resonance is not a very sharp function of rota-
tion as !b depends on energy and pitch angle, vk=v, of
particles. Obviously n ¼ 1 is the best magnetic field per-
turbation for the test, but n ¼ 1 is often strongly coupled to
plasma instabilities unless the poloidal field spectrum is
highly nonresonant.
Here, the field resonance, which should be distinguished

from the rotational resonance, means that the field spec-
trum of a perturbation is aligned with the helical field lines
of the magnetic equilibrium. That is, m� nq, where m is
the poloidal mode number of perturbations and q repre-
sents the twist ratio of the field lines in the toroidal direc-
tion to the poloidal direction. On the other hand, the highly
nonresonant field means the field spectrum is almost
orthogonal to the helical field lines, with minimized
contents for m� nq. Such required flexibility for the field
spectrum can be almost uniquely found in KSTAR, with
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three rows of in-vessel control coils (IVCC) [27] that
covers most of the plasma in the outboard section. This
means that a perturbation can be applied in a way of
following or crossing the field lines everywhere at the
outboard side, and so can be made highly resonant or
nonresonant, respectively, by changing the toroidal phase
of coil currents between rows. Figure 1 shows the spectrum
of the highly nonresonant field used in experiments, as a
function of poloidal modes. One can see the spectral peak
is located in m< 0, while the locus of the resonant spec-
trum m� nq is located on the other side of m ¼ 0. The
spectrum with the mirror image in m> 0 would be highly
resonant, as has been actively used for stabilizing edge-
localized modes in KSTAR [28]. Note that Fig. 1 includes
the field by ideally perturbed plasma currents responding
to the applied field, but even the field spectrum merely
superposed by the applied field (called vacuum superposi-
tion) remains almost the same due to the weak plasma
response in this highly nonresonant case.

In the experiments, the highly nonresonant field induced
rotational damping without any disturbance to the plasma
stability or parameters. Figure 2 shows the time evolutions
of important parameters in these discharges. With plasma
current IP ¼ 600 kA, the density and temperature were
maintained in similar levels, but different levels of rotation
were produced by changing input torques and magnetic
braking torques. The variation of input torques was to
establish different starting points of the rotation before
magnetic braking. The neutral beam injection (NBI) was
up to �3 MW but in some cases power was adjusted by
modulations at fixed voltage to decrease the rotation. Note
in any discharge, NBI blips were required to measure the
rotation by charge exchange spectroscopy. The electron
cyclotron heating (ECH) in the KSTAR is empirically
known to give a countertorque and so was used when the
additional rotational reduction was desired. The ECH

effects on plasma parameters such as temperature were
found but not significant (as shown in green in Fig. 2).
Then the magnetic braking was applied in two steps, in
order to produce two different levels of rotational steady
state and to measure braking torques in the different levels.
The results in Fig. 2(d), especially during the upper

waveforms at t ¼ 4:2–5:0 s, illustrate that the rotational
damping increases when the rotation decreases (from
black, red, to blue traces), but becomes very small when
the rotation is below VT � 200 km=s in the core (green and
yellow traces). This implies that the rotational damping
and torque may have a resonant peak at the particular level
of rotation above VT � 200 km=s. In fact, without such a
rotational resonant peak, NTV theories predict that the
rotational damping would keep increasing when the rota-
tion decreases; i.e., T / 1=!p, which means a rotational

equilibrium will be always unstable unless the rotation
decreases further and becomes subjected to another
regime, where another mechanism begins to dominate the
transport process, e.g., superbanana-plateau regime [13].
As noted earlier in this Letter, the possibility of such a

rotational resonance has been predicted by theory before
and after experiments, as the toroidal rotation in KSTAR is
high enough to pass through the well-separated bounce-
harmonic resonances when the n ¼ 1 magnetic braking is
applied. In order to calculate the theoretical torques, the
ideal perturbed equilibrium code (IPEC) [29] was used to
obtain the nonaxisymmetric variation in the field strength,
�B, as shown in Fig. 3. One can see three rows of coils
produce the nonresonant field penetrating to the core with-
out significant plasma responses, even if the target plasmas
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FIG. 1 (color). The spectrum contour of the applied field as a
function of poloidal modes m and plasma radius. The white dot
line is the locus of the resonant modem� nq, and its location on
the other side of the spectral peak indicates highly nonresonant
characteristics of the applied field.
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FIG. 2 (color). The time traces of important conditions and
parameters in discharges. (a) Plasma currents and two-step
pulses of IVCC coil currents, (b) modulated NBI and ECH
(green) powers, (c) plasma density and electron temperatures,
(d) toroidal rotation measured at the core, where one can see
strong rotation braking in a particular level of rotation (blue).
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were in high confinement mode (H mode) with �N ¼ 1:9,
where �N is the plasma pressure divided by the energy
density of the toroidal magnetic field, normalized by
IP=aBT0. The resulting nonaxisymmetric field strength is
�B=B� 10�3 per 1 kA in IVCC coils in the axisymmetric
toroidal field BT0 ¼ 2:0T as shown. Then a combined NTV
formulation [16] was used to calculate the flux-averaged
toroidal torque profiles. Note that the combined NTV cal-
culation uniquely includes bounce-harmonic resonances,
although it uses a simple effective collisional operator.

Figure 4 shows the calculated NTV torque as a function
of the toroidal rotation in the core, when the highly non-
resonant n ¼ 1 field is applied with 4 kA IVCC currents.
The torque is the volumetric integration of the theoretical
NTV torque density in [16] for 0:1< c N < 0:99, where
c N is the normalized plasma radius in terms of poloidal
flux. One can see that each ‘ bounce-harmonic resonance
dominates the transport and creates a magnetic braking
peak at different levels of the rotation. The higher ‘ has a
peak at higher rotation, but their effects become broader
and ‘ > 2 may be difficult to observe. One can see Fig. 4
shows ‘ ¼ 3 does not exhibit a clear peak in total. Note in
this analysis that poloidal rotation was ignored as the
toroidal rotation was strong, but its measurement will be
important to study the ‘ ¼ 0 superbanana-plateau regime
in lower rotation for the future.

The theoretical calculations based on the IPEC field and
a combined NTV formulation predict the ‘ ¼ 1 bounce-
harmonic resonances slightly above VT � 200 km=s, as
seen in experiments. Actual comparison shows indeed

that the peak positions and values agree between theory
and experiment quite well, as shown in Fig. 5. Here the
experimental torque is measured by averaging rotational
damping rates when the magnetic braking torque is
exerted. One assumption that should be noted is the qua-
dratic proportionality of the torque on the variation in the
field strength. For instance, the top pulses in Fig. 2 are
increased to IIVCC ¼ 4 kA from 3 kA, and thus should
be scaled by 42 � 32 ¼ 7 compared with the case
IIVCC ¼ 1 kA from 0 kA. The quadratic dependency on
�B is fundamental in NTV theory, and has been found
robust in numerical simulations [21,23].
The validation of the bounce-harmonic resonances

shown in this study has various implications for NTV
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FIG. 3 (color). The contour of the nonaxisymmetric field
variation in the field strength when the n ¼ 1 1 kA in-vessel
control coil (IVCC, shown on the right) currents are applied to
the KSTAR plasma.
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FIG. 5 (color). The comparison between theory and experiment
for the NTV braking torque as a function of the toroidal rotation.
Both agree on the resonant rotation and the torque peak values.
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FIG. 4 (color). The calculated NTV torque as a function of the
toroidal rotation in the KSTAR targets when n ¼ 1 4 kA IVCC
currents were applied. One can see each bounce-harmonic
resonance subsequently dominates the NTV transport.
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transport and magnetic braking in tokamaks. First, NTV
transport is enhanced by bounce-harmonic resonances over
a wide range of the rotation, especially for higher n appli-
cations, as more resonant peaks will exist even in low
rotation. It is therefore possible that the high n magnetic
braking may induce rotational damping all the way down
to the superbanana-plateau regime since NTV transport
can become larger and larger through subsequent ‘ reso-
nant peaks when the rotation starts to decrease. The details
will depend on the profile variation of the braking torque,
and the balance with the injected torque profile, but in
general a rotational equilibrium in high rotation can be
unstable when a high n perturbation is applied. A lower n,
especially n ¼ 1, is likely to have a stable point of rota-
tional balance around a well-separated ‘ bounce-harmonic
resonance. Once the rotation profile is established nearby
such a peak, which is a strong braking point, the equilib-
rium state can also be kinetically very stable for corre-
sponding n ¼ 1 plasma instabilities such as the resistive
wall modes [5], as the kinetic energy dissipation is the
NTV transport in essence [30]. This implies that nonreso-
nant magnetic braking can be used to automatically find a
local stability maxima through the rotational resonances
nearby the externally or spontaneously driven rotation, and
thus may provide a convenient pathway to optimize the
rotation and improve macroscopic stability in ITER and a
reactor-scale tokamak.

In summary, magnetic braking experiments in KSTAR
have successfully validated the bounce-harmonic reso-
nances in NTV transport, by utilizing the IVCC capability
of producing a highly nonresonant n ¼ 1 field. The
bounce-harmonic resonant peaks were successfully
observed, as predicted by theory for the well-separated ‘
peaks and for actual braking torques. This experimental
validation implies that the bounce-harmonic resonances
are essential to explain NTV torque, especially at high
rotation, and can be used to produce a stable rotational
balance that will also be kinetically stable.
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