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Abstract
The application of static, non-axisymmetric, nonresonant magnetic fields (NRMFs) to high beta DIII-D plasmas
has allowed sustained operation with a quiescent H-mode (QH-mode) edge and both toroidal rotation and neutral
beam injected torque near zero. Previous studies have shown that QH-mode operation can be accessed only if
sufficient radial shear in the plasma flow is produced near the plasma edge. In past experiments, this flow shear was
produced using neutral beam injection (NBI) to provide toroidal torque. In recent experiments, this torque was nearly
completely replaced by the torque from applied NRMFs. The application of the NRMFs does not degrade the global
energy confinement of the plasma. Conversely, the experiments show that the energy confinement quality increases
with lower plasma rotation. Furthermore, the NRMF torque increases plasma resilience to locked modes at low
rotation. These results open a path towards QH-mode utilization as an edge-localized mode (ELM)-stable H-mode
in the self-heated burning plasma scenario, where toroidal momentum input from NBI may be small or absent.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

One of the critical issues on the tokamak path to nuclear fusion
as a source of electricity is realizing a high confinement mode
of plasma operation (H-mode) without the large, pulsed heat
loads to the wall that usually result from instabilities driven
by the high pressure gradient of the H-mode edge pedestal.
These periodic heat and particle ejections from the plasma
core are caused by magnetohydrodynamic (MHD) instabilities
known as edge-localized modes (ELMs). While they might
provide sufficient edge particle loss to prevent helium ash
accumulation in a burning plasma core, they also severely
limit the lifetime of the divertor, a key particle and impurity
control component of a tokamak. The size of ELMs can
be reduced by increasing their frequency, which could be
accomplished by ELM triggering using pellet injection [1]
a Present affiliation: Lawrence Livermore National Laboratory, 7000 East
Avenue, Livermore, CA 94550, USA.
b Present affiliation: Association Euratom-Confederation Suisse, Centre
de Recherches en Physique des Plasmas, Ecole Polytechnique Federale de
Lausanne, Lausanne, Switzerland.

or using magnetic ‘kicks’ [2]. Alternatively, ELMs can be
completely eliminated, albeit under limited parameter ranges,
using static non-axisymmetric fields that are resonant with
the equilibrium magnetic field near the plasma edge [3].
These ELM control approaches still need to be demonstrated
under burning plasma conditions (e.g. low input torque, low
collisionality).

Another possibility would be operation in a regime that
exhibits the high confinement of H-mode without ELMs. Such
a regime, the quiescent H-mode (QH-mode), [4] is ELM-stable
as a result of increased edge particle transport due to an edge
harmonic oscillation (EHO) [5], a benign rotating edge MHD
mode. The additional particle transport driven by the EHO
allows the plasma edge to reach a transport equilibrium at edge
pressures and current densities just below the ELM stability
boundary [4, 6]. Theory indicates the EHO is a saturated kink-
peeling mode driven unstable by edge rotational shear at edge
parameters near but below the ELM stability boundary in the
absence of rotation [6]. This theory is independent of the sign
of the rotational shear, which is consistent with experimental
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Figure 1. (a) Contour plot of the Fourier poloidal harmonic amplitudes of the n = 3 radial magnetic field perturbation applied by the I-coil
(I = 6.5 kA), shown as a function of poloidal mode number m and minor radius. The loci of m = nq resonance, indicated by the black
dashed line, lie in a valley of field amplitude (i.e. the perturbation is almost purely nonresonant). (b) ITER-similar cross-section of the target
plasma for the n = 3 field application, also indicating the I-coil and C-coil locations.

results [7] that QH-mode can be produced with edge rotation
either in the direction of the plasma current or counter to
it. In past experiments, this edge flow shear was produced
using neutral beam injection (NBI) to provide toroidal torque.
However, a self-heating fusion plasma will probably have near-
zero NBI torque.

This paper reports on the first demonstration in a tokamak
of the use of non-axisymmetric fields to achieve the ELM-
stable regime of QH-mode, in the reactor-relevant regime
of low-collisionality plasmas with significant normalized
pressure and zero-net NBI torque [8]. Recent theoretical and
experimental work has brought significant advances in the
understanding of the interaction of static non-axisymmetric
fields with a rotating high beta plasma. When a non-
axisymmetric nonresonant magnetic field (NRMF) is applied
to a near-stationary plasma, the toroidal rotation is accelerated
towards a neoclassical ‘offset’ rotation rate, which is in the
direction opposite to the plasma current (counter-Ip) [9, 10].
This magnetically driven torque provides a new knob to control
the plasma rotation, and can be utilized to provide a counter-
rotation profile that is suitable for QH-mode operation with no
net NBI torque. In the experiments described in this paper,
the NBI torque was completely replaced by the torque from
applied NRMFs.

QH-mode without NBI torque could be an attractive
regime for ITER [11]. Based on pedestal stability calculations,
ITER is predicted to operate on the peeling stability boundary,
where QH-mode can exist [12]. However, ITER is expected
to operate with relatively small co-Ip NBI torque, which by
itself may not yield the edge rotation shear necessary for QH-
mode. The DIII-D NBI torque equivalent (with respect to the
driven toroidal rotation) to the NBI torque expected in ITER is
very small: about an order of magnitude smaller than the NBI
torque applied in standard DIII-D operation (see the appendix).
The experiments presented in this paper provide a potential

solution to the problem of insufficient NBI torque for QH-mode
in ITER. NRMF-assisted QH-modes were obtained in DIII-
D discharges with zero-net NBI torque, ITER-similar cross-
section shape, normalized pressure and confinement quality
values at or above the ITER baseline targets, and pedestal
collisionality at or below the ITER expected value. These
results suggest that an ITER baseline scenario with QH-mode
edge may be possible. Furthermore, comparisons of the
observed NRMF torque to neoclassical theory predictions, also
presented in this paper, show reasonable agreement, suggesting
a remarkable degree of maturity in our understanding of NRMF
torque physics. Further research, including experiments on
different devices worldwide, would allow investigations on a
wider range of plasma parameters and nonaxisymmetric field
geometries, helping to improve our understanding of QH-mode
physics and NRMF torque physics to the level required for
confident extrapolations to ITER.

The rest of the paper is organized as follows: section 2
elucidates the torque balance in the DIII-D discharges with
NRMF-assisted QH-mode, showing how the NRMF torque
can replace the NBI torque in providing the edge rotation shear
needed for QH-mode operation. Section 3 investigates the
neoclassical physics associated with the NRMF, and compares
predictions with experimental results. Sections 4 and 5
describe the effects of the NRMF respectively on confinement
and on stability. Section 6 illustrates how these experiments
have also allowed us to discriminate which type of rotation
is important for maintaining the QH-mode edge. Section 7
summarizes the results and discusses future work.

2. NRMF-assisted QH-mode

Non-axisymmetric, mostly NRMFs of toroidal mode number
n = 3 can be applied to DIII-D plasmas using the I-coil (see
figure 1), a set of 12 picture-frame coils distributed toroidally
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Figure 2. Comparison of NBI torque ramp-down discharges with constant NRMF applied (red traces, 6.3 kA of n = 3 I-coil current,
discharge 138593) and with no NRMF (blue traces, discharge 137234). (a) Time histories of Dα light, showing QH-mode regime when
bursting behaviour (from ELMs) is absent; (b) NBI torque; (c) plasma toroidal rotation at ρ ∼ 0.8; (d) energy confinement quality;
(e) discharge trajectories in the plane of NBI torque versus total toroidal angular momentum; (f ) profiles of integrated torque density versus
normalized minor radius calculated just before end of QH-mode phase (times indicated by vertical bands in (a)–(d)). Only four curves are
shown in (f ) since T (ρ)NRMF = 0 for discharge 137234.

and poloidally inside the vessel [13]. The experiments
described in this paper used the largest perturbation deliverable
by the I-coil, in which the largest single poloidal harmonic with
n = 3 has a flux surface-averaged amplitude δB ∼ 12 G at the
plasma surface (δB/B ∼ 0.6 × 10−3), ignoring any plasma
response. To maximize the perturbation effect, the toroidal
phase of the I-coil field is chosen so that the applied n = 3
field adds to a known, small n = 3 intrinsic error field (of
magnitude equivalent, in terms of its effect on rotation, to the
field from 0.7 kA of current in the I-coil configuration used).
Target discharges are QH-mode plasmas with lower single
null divertor cross-section shape, reactor-relevant pedestal
collisionality, ν∗

e ∼ 0.1, monotonic safety-factor profile with
q ∼ 1 on axis and value at the 95% flux surface (q95) of
∼5.0, and βN in the range 1.8 to 2.1 (βN = β/(Ip/aB) is the
normalized β, where β = 〈p〉/(B2/2µ0) is the dimensionless
plasma pressure, Ip the toroidal plasma current, a the plasma
minor radius, and a the magnetic field strength). The plasma
βN is kept constant via feedback control of the NBI power.
The feedback system can also control the injected NBI torque,
TNBI, by changing the mix of co- and counter-injected beams.
TNBI and plasma rotation are defined positive in the co-Ip

direction. The plasma rotation is measured by charge exchange
spectroscopy of the carbon impurity ion rotation.

The first evidence that static n = 3 NRMFs can maintain
QH-mode with lower NBI torque than required without
NRMFs is shown in figure 2. The QH-mode regime is ELM-
stable as a result of increased edge particle transport due to a
benign rotating edge MHD mode called the EHO [5]. Theory
and experiments indicate that large edge rotational shear is a
key requirement for existence of the EHO [6, 7]. Until recently,
tokamak experiments relied on momentum injection from
neutral beams to achieve the rotation shear required for access

to QH-mode. For both plasma discharges in this figure, TNBI is
slowly ramped towards zero from ∼−6 Nm at 2.2 s, at nearly
constant injected power. In the discharge without the n = 3
NRMF (discharge 137234), the toroidal rotation drops quickly
with the NBI torque, and reaches zero by TNBI ∼ −2.5 Nm, at
which point first QH-mode is lost, then a locked mode spoils
the confinement. The observation of zero rotation with finite
NBI torque is consistent with an effective ‘intrinsic’ (self-
generated) co-torque that balances the NBI torque at this point.
In contrast, in the similar discharge with a constant n = 3
NRMF applied throughout the time range shown (discharge
138593), a larger counter-rotation is obtained for the same
NBI torque, and the QH-mode is maintained until TNBI ∼ 0.

The magnitude of TIntr ∼ 2.5 Nm estimated in discharge
137234 is comparable to the observation in discharges where
the intrinsic torque has been inferred directly (e.g. see figure 8
in [14]), and which have similar values of stored energy and
plasma current, i.e. the plasma parameters believed important
for the intrinsic rotation (‘Rice scaling’ [15]). The larger
counter-rotation for the same NBI torque observed in the
discharge with an applied n = 3 NRMF (138593) can be
expected based on recent theoretical [9] and experimental [10]
work showing that at slow counter-rotation, static NRMFs
can accelerate a plasma. The torque driven by the NRMF
tends to drag the plasma towards a neoclassical offset rotation
velocity in the counter-Ip direction, TNRMF ∝ −(Vφ − V 0

φ ),
with V 0

φ the offset rotation. A simple comparison in figure 2(e)
of the TNBI required to obtain the same angular momentum
in similar discharges with and without NRMF reveals the
approximate magnitude of the NRMF torque, assuming the
same intrinsic torque and angular momentum confinement
time, τφ , in both discharges and neglecting dLφ/dt in the
torque balance equation (Lφ is the total toroidal angular
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Figure 3. Time traces of (a) volume integrated toroidal angular momentum and (b) experimental torques (NBI, intrinsic, and NRMF) and
theoretical NRMF torque in discharge 138593 of figure 2 during the NBI torque ramp-down. Radial profiles of (c) experimental and
theoretically predicted offset rotation; (d) |ωE |/νi/ε evaluated at representative times during the angular momentum evolution. Labels (1),
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momentum): TNBI + TNRMF + TIntr − Lφ/τφ = dLφ/dt . The
observation that the NRMF torque increases as the rotation
approaches zero is consistent with the offset linear dependence
of TNRMF on the rotation. However, a nonlinear effect may also
be playing an important role here. According to neoclassical
theory calculations and a recent experimental verification [16],
at this low rotation the NRMF torque is amplified by entering
a regime where the radial electric field vanishes, leading to
‘superbanana’ particles with enhanced radial fluxes, which in
turn exert a larger toroidal torque on the plasma. More details
on this are given in section 3.

A more accurate transport analysis of the angular
momentum balance in similar discharges with and without
NRMF shows that the NRMF torque mostly compensates for
the lower NBI torque in the discharge with the n = 3 NRMF
applied. Described in [14], this transport analysis technique
yields the profiles of the integrated NRMF and NBI torque
densities shown in figure 2(f ), confirming the simpler analysis.
The figure compares integrated torque profiles at times just
before the QH-mode phase ends in both discharges. Note that
the rotation shear at the plasma edge depends on the integral
of the torque density up to the edge (T ), not on the local
torque density distribution (η). This can be seen by writing
the momentum balance equation,

mnR
∂Vφ

∂t
= η +

∂

∂r

[
mnR

(
χφ

∂Vφ

∂r
− VφVpinch

)]
, (1)

and integrating over the plasma volume, assuming steady state
and neglecting the pinch contribution to the momentum flux
relative to the diffusive term since the rotation is small at the
edge while the gradient can be significant:

T (edge) =
∫ edge

axis
η dV ≈ −

∣∣∣∣mnR

(
χφ

∂Vφ

∂r

)
A

∣∣∣∣
edge

. (2)

Here χφ is the angular momentum diffusivity and A is the area
of the plasma cross-section.

Since a large edge rotation shear is a key condition for QH-
mode, this analysis suggests that the n = 3 NRMF maintains
QH-mode at lower NBI torque mostly by helping provide a
sufficient total counter-torque on the plasma. However, the
NRMF torque does not completely compensate for the lower
NBI torque, therefore other effects must be at play. One such
effect may be the density reduction observed when the n = 3
field is applied (discussed in section 3). Indeed, it is found
that the NRMF torque normalized to the edge density almost
exactly compensates for the lower (normalized) NBI torque.
Using equation (2), this is sufficient to explain how the edge
rotation shear is the same at the QH-mode threshold with or
without NRMF. Edge rotation profiles for these two cases are
presented in section 6, where the issue of understanding which
species rotation is relevant for the QH-mode threshold will also
be discussed.

3. NRMF torque physics

Results of theoretical modelling of the NRMF torque physics
in discharge 138593 of figure 2 are shown in figure 3, in
comparison with experimental data. Figure 3(a) shows the
time evolution of the total toroidal angular momentum during
the ramp-down of the NBI torque. The time trace of the volume
integrated NBI plus intrinsic torque is shown in figure 3(b),
together with a comparison of the volume integrated NRMF
torque determined from transport analysis and the neoclassical
theory prediction. The predicted and experimental NRMF
torques are remarkably close, although some significant
deviations exist. The theoretical prediction is obtained using,
first, the IPEC code [17] to calculate the total magnetic
perturbation, including the ideal MHD plasma response to
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the external non-axisymmetric NRMF. Then, a generalized
neoclassical model [18] is used to evaluate the resulting torque
on the plasma, including the effects of precession rates and
resonance with bouncing motion of trapped particles, and
combining different collisionality regimes. Inputs to the
code are the measured profiles of density, ion and electron
temperature, carbon impurity ion toroidal rotation, and radial
electric field measured at various times during the NBI torque
ramp-down. Note that the code calculations have no free
parameters, and that several approximations are made: one
MHD equilibrium reconstruction, calculated for t = 2.5s
(i.e. near the middle of the time range of interest), is used
for all times. The measured carbon rotation is taken as the
fluid rotation, ignoring any possible difference between the
rotation speed of the various ions. In order to compare with the
experiment, the predicted NRMF torque is scaled up by 23%
to account for the (empirically determined) contribution of the
intrinsic n = 3 error field (additive to the applied NRMF).

The resulting prediction of the NRMF torque evolution as
the toroidal rotation is slowed down is in very good qualitative
agreement with the experimental analysis. Quantitatively, the
two results are close, with both significant deviations and
points of excellent matching. In particular, a key feature such
as the time at which the torque changes sign is in very good
agreement between theory and experiment.

Figure 3(c) compares an experimental estimate of the
offset rotation profile, which is obtained from the carbon
rotation profile measured at the time when the experimental
NRMF torque changes sign, with the theoretical offset rotation
profile calculated at the time the predicted NRMF torque
crosses zero. The profiles are fairly close throughout the
minor radius, up to the last few per cent of the normalized
flux. Quantitative neoclassical predictions may not be accurate
near the H-mode pedestal, where the Ti gradient scale length
becomes comparable to the banana width, thus standard
neoclassical expressions may not be valid. Also, the rotation
profile for which the total torque is zero may not necessarily
match the true offset rotation profile, for which the torque
density at all radii is expected to be zero.

The change in NRMF torque with changing angular
momentum is probably not just due to the dependenceTNRMF ∝
−(Vφ − V 0

φ ). The proportionality in this equation and
the offset rotation itself depend strongly on the neoclassical
viscosity regime. Since a dominant NRMF effect believed
responsible for the increased toroidal viscosity is the trapped-
particle radial banana-drift, the boundaries between relevant
neoclassical regimes depend on the value of the effective ion
collisionality relative to the toroidal drift rate of the banana
orbits (approximately equal to the toroidal component of the
E × B drift, ωE = Er/RBθ). As the total angular momentum
decreases towards zero, ωE also decreases, and the plasma
moves from the ν − √

ν regime [19, 20] (where νeff = νi/ε <

|ωE|, with νeff = νi/ε the trapped–untrapped ion collision rate,
and ε the plasma inverse aspect ratio) to the 1/ν regime [19]
(where νeff = νi/ε > |ωE|). The plots in figure 3(d) of
|ωE|/νi/ε evaluated at various times during the NBI torque
ramp-down indicate that the peak at t = 3.14 s in the predicted
NRMF torque corresponds to approaching a plasma transition
from the ν − √

ν regime to the 1/ν regime where the torque
is reduced. However, as the NBI torque is further reduced and

ωE approaches zero, a singularity can occur as the precession
frequency vanishes. Here, the step size of the banana orbits
tends to become unbounded, and only collisions can limit
the deviation from the flux surface, leading to plateau-like
transport. This is a new regime, called the superbanana
plateau regime [21]. The plots in figures 3(a)–(d) suggest
that the predicted torque peak at angular momentum near zero
at t = 3.65 s probably correspond to the plasma moving into
the superbanana plateau regime. The experimental torque trace
shows much smaller amplitude modulation, suggesting that the
combination of different collisionality regimes in the model
may not be fully realistic.

4. Effects on confinement

Application of the NRMF does not cause adverse impact on the
global energy confinement. The global confinement quality,
as measured by the confinement enhancement factor with
respect to the ITER-89P L-mode confinement scaling [22],
is unchanged during the QH-mode phase with or without
the NRMF, as shown in figure 2(d). Figure 4 shows
a comparison of the profiles of electron density and ion
temperature before and during the NRMF application. After
the NRMF turn-on, the density is reduced everywhere and the
core ion temperature is increased. The electron temperature
everywhere (not shown) and the pedestal ion temperature are
nearly unchanged. Evidently, the reduction in the pedestal
pressure is compensated by the improved core confinement.
The density pump-out is an effect of non-axisymmetric field
application observed also in other tokamaks [23], and whose
physics explanation is under active investigation. Again,
the confinement quality is unchanged during the QH-mode
phase with or without the NRMF, other than a small dip
immediately following the NRMF onset. This dip corresponds
to a temporary return to ELMing behaviour, in some cases
limited to the occurrence of one ELM.

It is consistently observed that the application of the n = 3
NRMF changes the character of the EHO. This is shown by the
spectrum of measured magnetic fluctuations shown in figure 4.
Before the NRMF application, the discharge is in QH-mode
with an EHO having a typical spectrum with dominant toroidal
mode number n = 1 and several harmonics. During the NRMF
application, once the discharge goes back into QH-mode after
a brief ELMing phase, the magnetic spectrum of the EHO has
changed to one with dominantn = 3 and harmonics. The cause
of this behaviour is under investigation. The EHO structure
change may not be directly related to the mode number of
the applied NRMF, since there are cases when the n = 3
NRMF changes the magnetic spectrum of the EHO to one
with dominant n = 2 and harmonics. Furthermore, there are
cases of QH-mode discharges where the EHO spectrum has
dominant toroidal mode number n = 3 and harmonics even
without NRMF applied. The EHO structure change following
the n = 3 NRMF application may result from the effect of
the NRMF on the equilibrium profiles and hence on the MHD
stability of the edge modes.

The global energy confinement time of these NRMF-
assisted QH-mode discharges is found to increase at lower
net NBI torque magnitude. One example of this consistently
observed behaviour is documented in figure 5. Here, a
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discharge with |TNBI| ramped down from 2 to 1 Nm shows
that higher energy confinement time is achieved at lower
|TNBI|. The improved confinement cannot be easily explained
by a variation in MHD mode activity, which in fact is
limited to the presence of an EHO with very low and
constant amplitude (integrated over all frequencies) throughout
the torque ramp-down. The improved confinement does
correlate with reduced density fluctuation levels measured
by the beam emission spectroscopy (BES) [24] and Doppler
backscattering (DBS) [25] diagnostics, suggesting reduced
turbulence. BES measurements (figure 5(d)) show the time
evolution at several minor radii of electron density fluctuations
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with poloidal wavenumber kθ ∼ 1.5 cm−1. In the plasma
core, this wavenumber range is most often associated with
ion temperature gradient modes, but may also correspond
to trapped electron modes near the plasma edge. DBS
measurements show fluctuations with poloidal wavenumber
kθ ∼ 3.9 cm−1 in the electron density inboard of the H-mode
pedestal (kθρs ∼ 1 with ρs = csmi/eBT, cs = (kTe/mi)

1/2).
This wavenumber is usually associated with trapped electron
mode instabilities. DBS density fluctuations before and after
|TNBI| ramp-down are compared in figures 5(f ). Both BES
and DBS measurements show that density fluctuation levels
decrease substantially at lower |TNBI|. The counter-rotation
also decreases substantially at lower |TNBI|, and across the
entire minor radius, as shown in figure 5(e).

The above observations may seem to suggest that the
improved confinement with lower counter-rotation is not
related to sheared flow stabilization of turbulence [26, 27].
However, further analysis indicates that the opposite is
more likely true. The general criterion for flow shear
suppression of fluctuations is that turbulence is affected when
the shearing rate,

ωE×B = (RBθ)
2

B

∂ωE

∂ψ
,

6
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becomes comparable to the linear growth rate of the turbulence
[28]. As shown in figure 6, although ωE decreases in
magnitude after the |TNBI| ramp-down (later analysis time,
red curves), the magnitude of the shearing rate increases at
surfaces with ρ > 0.7, i.e. where the BES measurements show
strongest reduction in fluctuation levels. At these same radial
locations, linear stability calculations with the TGLF code [29]
show that the maximum growth rate for turbulence modes
in the BES wavelength range is comparable to the shearing
rate, possibly lower than the shearing rate calculated at lower
counter-rotation. Therefore, the improved confinement is
consistent with the paradigm of E ×B flow shear suppression
of turbulence. More cases are being analysed to see if a
causal relationship can be established. More analysis is also
needed to understand whether the n = 3 NRMF is playing a
direct role in shearing rate modification or whether it simply
facilitates access to low counter-rotation by its effects on
stability, discussed in the next section of this paper. One
hypothesis under consideration is that lower rotation may have
higher E × B shear because of how the V × B and ∇P

components of the radial electric field contribute to the shear
when the rotation is in the counter-direction [30].

5. NRMF effects on stability

The DIII-D discharge shown in figure 7 demonstrates that QH-
mode can be maintained down to zero-net NBI counter-torque
when the n = 3 NRMF torque from the I-coil is augmented
with an n = 3 field applied by the C-coil. The C-coil, a
non-axisymmetric coil set external to the vessel and mainly
utilized for n = 1 error field correction in these experiments,
was used to increase the vacuum n = 3 field by ∼50% at the
plasma boundary in this discharge. However, the application
of n = 3 NRMFs does more than just expand the QH-mode
operating space to a zero-net NBI torque regime. The discharge
of figure 7 shows high beta and high confinement operation
of a plasma with very low density (line averaged density
<2.5 × 1019 m−3), and very low rotation (∼0 at the q = 2
surface), i.e. conditions that typically lead to catastrophic
locked modes.

0.0

2.2 ββN

2.01.0 3.0 5.04.0
Time (s)

–4
–2

0
0

2

0.0

2.2

0

7
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H89P

n=3 I-coil (kA)

Dα (1014 ph/cm2/sr/s)

n=3 C-coil (kA)
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0.0 0.2 0.4 0.6 0.8 1.0

0
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t=2.0 s

Toroidal Rotation (krad/s)
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(a)

(b)

(c)

(d)

(e)

ρ

Figure 7. Demonstration of sustained QH-mode with zero-net NBI torque. Time histories of (a) βN, I-coil and C-coil currents; (b) Dα light;
(c) NBI torque; (d) confinement quality. Shaded vertical bands indicate time ranges for toroidal rotation profiles shown in (e), before (blue,
t = 2.0 s) and after (red, t = 4.0 s) the net NBI torque is removed.

The improvement of stability against locked modes in
plasmas with zero-net or small counter-rotation is due to two
separate NRMF physics mechanisms. Generally, a locked
mode occurs when plasma rotation at a rational surface is
no longer sufficient to shield a resonant error field. Without
rotational shielding, the error field can easily open a magnetic
island and, at finite beta, destabilize a metastable neoclassical
tearing mode (NTM). Figure 2 showed that, by driving a
counter-torque, the application of NRMFs maintains counter-
rotation and avoids ELMs and locked modes as the NBI
torque is reduced. A second mechanism is at work in the
case shown in figure 8. Here, two similar discharges are
compared, both with applied n = 3 NRMF from the I-coil
and ramp-down of the NBI torque magnitude. Removing
the n = 3 field at low torque in one discharge (138608)
leads promptly to an n = 1 locked mode instability, while
in the discharge with continued NRMF application (138611),
stability is maintained even with lower NBI torque. One
possible explanation is that a small magnetic island is already
formed when the rotation comes down near zero while the
n = 3 field is applied, and that the island may not grow as
long as the n = 3 field is applied because of a mechanism that
was originally proposed in [31]. In this hypothesis, the locally
nonresonant n = 3 helical field enhances the perpendicular
transport across the island, therefore weakening the helically
perturbed bootstrap destabilization of the NTM. When the
helical field is removed, the NTM suppression mechanism is
removed as well, and the island starts to grow. This hypothesis
is supported by the clear observation of locked rotation without
mode growth in the stable discharge (138611). The rotation
near the q = 2 surface in this discharge can be seen to lock
to zero at t = 3.6 s, and remains firmly locked implying
the presence of a small, stationary magnetic island. The
island must be small since there is no sign of confinement
degradation and a perturbation in the magnetic sensors is only
barely observable. With the large n = 3 NRMF applied,
the m/n = 2/1 island remains stable for several energy
confinement times, and is destabilized only when the n = 1
error field correction is ramped down near the end of the
discharge.
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Figure 8. Comparison of discharges with and without removal of
the n = 3 NRMF during phase of low NBI torque. Time histories of
(a) βN and I-coil current; (b) n = 1 locked mode detector signal;
(c) NBI torque; and (d) toroidal plasma rotation at the approximate
location of the q = 2 surface.

The hypothesis of NTM inhibition by an externally applied
helical field had been tested successfully in previous DIII-D
experiments [32]. However, in those experiments the initial
plasma rotation was large and co-directed. The application of
an n = 3 field in that case led to rotation slowing down towards
zero and reduction in confinement. In the new experiments
reported here, the negative effects of the applied helical field are
eliminated or reversed. In the counter-rotating plasma regime
the application of an n = 3 field tends to maintain a large
rotation (close to the neoclassical offset). When the rotation
is forcibly reduced by changing the neutral beam torque, the
confinement increases.

6. Test of QH-mode requirements

Because the theory of the EHO is based on single fluid MHD,
it makes no distinction between the fluid toroidal rotation and
ωE , the species independent toroidal rotation driven by the
radial electric field. These recent DIII-D experiments show
that the shear in ωE is the important rotational shear for QH-
mode operation, rather than the shear in the measured rotation
of the carbon impurity ions (commonly assumed as a proxy
for the fluid rotation). The rotation profiles measured at low
NBI torque show that a large shear in the edge velocity of
carbon impurity ions is not required to sustain QH-mode with
NRMFs. An example is shown in figure 9, which compares the
rotation profiles measured at the QH-mode threshold observed
in discharges with and without NRMF. These discharges have
been discussed earlier, in relation to figure 2. Note that in this
figure the linear velocity, not the angular velocity, is plotted.
For both discharges, the edge shear is quite low in the profiles
of the toroidal velocity of the carbon impurity ions, Vφ (e.g.
compare with figure 4 in [7]). On the other hand, the edge
shear is high and nearly equal in the profiles of the toroidal
E ×B velocity, VE , particularly when evaluated over the outer

0

-50

-100

0

-50

-100

137234 at t=2.875 s

138593 at t=3.2 s

0.90.8

Norm

1.00.70.6

km/s

km/s

Ψ

V

Vφ

Vφ

VE

VE

θ

Vθ

Ped. width

Ped. 
sym.

Without NRMF

With n=3 NRMF

(a)

(b)

Figure 9. Comparison of the edge radial profiles of the toroidal
rotation (Vφ), poloidal rotation (Vθ ), and toroidal E × B rotation
(VE) measured at the QH-mode threshold observed in the discharges
of figure 2. (a) Discharge 137234 without NRMF and (b) discharge
138593 with n = 3 NRMF applied. Vφ and Vθ are measured directly
from the carbon impurity rotation, while VE is determined from Vφ ,
Vθ , and the measured pressure profile.

half of the pedestal width. This narrow localization of the
important part of the VE profile is consistent with previous
observations that the EHO is localized about 2 cm inside the
separatrix near the top of the H-mode pedestal (see figure 6
in [33]) and that a large VE shear is conserved at the very edge
of the plasma in QH-modes observed under various conditions
(see figures 10 and 14 in [33]). Figure 9 also shows the profiles
of the measured poloidal velocity, Vθ , which is used in the
derivation of VE :

VE = RωE = R
∂PC/∂ψ

6nCe
+ Vφ − BφVθ

Bθ

. (3)

The correlation between QH-mode edge and large shear in
the edge ωE rotation holds well in the cases analysed so far,
when the shear is evaluated across the outer half of the H-mode
pedestal (last 2% to 3% of the poloidal flux). Figure 10 shows a
plot of the shear (��/�r) in carbon ion angular rotation speed
� = Vφ/R versus the shear in the ωE rotation (�ωE/�r), for
a database of 15 discharges with different edge characteristics.
Each data point is a different discharge, except for the points
connected by a line, which describe the time evolution of
a single discharge. The database includes discharges with
single null divertor and double null divertor cross-section
shape; co- and counter-rotation; βN in the range 1.4–3.3; and
electron density in the range (2.3–9.0)×1019 m−3 for ELMing
discharges, and in the range (2.3–3.5)×1019 m−3 for QH-mode
discharges. The rotation shear is evaluated as a two point

8
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Figure 10. Edge shear in C VI impurity ion rotation versus edge
shear in ωE rotation for discharges with different H-mode edge
characteristics. Shear is evaluated across the outer half of the
H-mode pedestal width, and is normalized to the local Alfvén
frequency. The grey line connects data for a single discharge
(137234 of figure 2), evolving during the NBI torque ramp-down
from a QH-mode phase to ELMing H-mode.

difference between the pedestal midpoint and the boundary.
In order to compare discharges under different conditions, the
rotation is normalized to the local Alfvén frequency, which is
the relevant MHD frequency. A boundary near

�ωE/�r

ωA

∣∣∣∣
edge

∼ 0.25 m−1

emerges between discharges that exhibit a QH-mode edge and
discharges that are ELMing or standard ELM-free H-modes.
These results suggest that the ωE rotation is a better proxy for
the fluid rotation near the plasma edge than the impurity ion
rotation, and a more relevant rotation parameter for QH-mode
access is the ωE rotation shear at the very edge of the plasma,
rather than the impurity ion edge rotation shear. However,
these experiments do not discriminate against the rotation shear
of the main ions, which was not measured.

7. Summary

In summary, recent DIII-D experiments have demonstrated
new ways in which static non-axisymmetric magnetic fields
can improve the tokamak configuration. The counter-Ip

torque driven by n = 3 NRMFs can be used to replace the
torque driven by NBI to maintain the edge rotation shear
required for ELM-stable operation in QH-mode even with
zero-net NBI torque. Furthermore, the application of the
n = 3 NRMFs increases plasma resilience to locked modes
and allows access to a region of parameter space that, with
significant beta and zero-net NBI torque and near-zero core
plasma rotation, is otherwise forbidden. Surprisingly, in this
regime the energy confinement quality increases with lower
counter-rotation.

The physics basis of this regime is strongly connected
to theory. Comparisons of the observed NRMF torque
to neoclassical theory predictions show good agreement.
Observations of a threshold edge rotation shear for QH-mode

operation, postulated by theory, persist even at very low plasma
rotation, and indicate that the important shear is in the ωE

rotation. The surprising improvement in energy confinement
observed at low rotation is consistent with the paradigm of
E × B flow shear suppression of turbulence. The improved
MHD stability in the presence of the NRMF supports the
theory of NTM inhibition by an externally applied helical
field.

By overcoming the long standing limitation of relying
on strong NBI torque for QH-mode access, these research
results have opened a path towards QH-mode utilization as
an ELM-stable high confinement regime for the self-heated
burning plasma scenario where the torque from neutral beam
injection is expected to be small or absent. The strong
theory-experiment coupling provides the necessary basis from
which extrapolations to ITER and the reactor regime can
be launched. In the near future, further theoretical work
should try to improve the connection formulae between various
collisionality regimes, and further experiments will be aimed
at reproducing the results described in this paper in different
tokamak devices, as well as at more ITER-relevant values of
the edge safety factor (q95 ∼ 3), and extending the zero NBI
torque constraint to the entire plasma evolution.
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Appendix. The ITER equivalent NBI torque in
DIII-D

In this appendix we show the result of one possible criterion of
equivalence between the NBI torque in ITER and DIII-D. In
this criterion, the NBI torque in DIII-D, TNB,1, is equivalent to
the NBI torque in ITER, TNB,2, when the NBI-driven rotations
in the two tokamaks are the same:

ωNB,1 = ωNB,2. (A1)

Using a 0D model of torque balance:

TNB = LNB

τL

, (A2)

the NBI-driven rotation is

ωNB = LNB

I
= TNBτL

I
, (A3)

where L is the total toroidal NBI-driven angular momentum,
I is the toroidal moment of inertia and τL is the angular
momentum confinement time. Therefore, according to
the equivalence definition in (A1), the DIII-D NBI torque
equivalent to the ITER NBI torque is

T e
NB,1 = TNB,2

I1

I2

τL,2

τL,1
. (A4)
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Assuming that the angular momentum confinement times scale
like the energy confinement times, and using for DIII-D the
parameter values of discharge 141439, and for ITER the values
for the baseline scenario (Scenario 2) [34], the DIII-D NBI
torque equivalent to the expected ITER NBI torque is obtained:

I1

I2
= 3.59 × 10−6

1.07 × 10−2
= 3.36 × 10−4, (A5)

τE,2

τE,1
= 3.7

0.15
= 25, (A6)

TNB,2 ≈ 35 Nm, (A7)

T e
NB,1 ≈ 0.01TNB,2 → 0.35 Nm. (A8)
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