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In a tokamak plasma, we measure nonlinear coupling between harmonics comprising a saturated edge
oscillation, as predicted by nonlinear magnetohydrodynamic simulations. The coherent structure formed by
this coupling suppresses bursty edge-localized modes that cause energy and particle loss. We also measure
nonlinear coupling of the edge harmonic oscillation to core-resonant magnetic tearing modes. When
tearing modes are present, the edge oscillation harmonics decouple, and edge-localized modes return. We
conclude that nonlinear interaction with tearing modes interrupts the formation of the edge harmonic
oscillation.
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Nonlinear three-wave coupling is central to the dynamics
of many physical systems. Neutral fluids [1] and both
laboratory [2] and astrophysical plasmas [3] are prone to
nonlinear wave interactions, affecting transfer of energy
and momentum between large and small scales. While this
commonly leads to turbulence at a continuum of scales,
nonlinear interactions also lead to coherent structures. The
formation of large-scale zonal flow, for example, has a
profound impact on transport processes, exemplified in the
atmospheres of Earth and the gaseous giant planets. Similar
structures appear in magnetically confined plasmas and
help make fusion conditions accessible [4–6]. Indeed, zonal
flow emerges from drift-wave turbulence and forms a
transport barrier in the edge region of high-performance
tokamak plasmas [7–9]. This causes a spatial steplike
increase in the thermal energy profile, which is called
the pedestal [10–12]. Strong gradients in the pedestal can
cause instability that leads to bursty partial collapses of the
transport barrier [called edge-localized modes (ELMs)],
expelling heat and particles [13,14]. In ITER and future
reactors, large ELMs could damage the nearby vessel wall,
so there is a large effort to mitigate their impacts [15].
One active approach is to apply resonant magnetic pertur-
bations that suppress ELMs by relaxing gradients in the
pedestal [16].
Spontaneous ELM-free conditions are also observed

[17,18]. One important case is QH-mode, where H-mode
refers to high confinement associated with the pedestal and
Q denotes quiescent, i.e., ELM-free [19]. A key QH-mode

dynamic is formation of a 3D coherent structure in the
pedestal region. This structure is called the edge harmonic
oscillation (EHO), because it contains multiple phase-
locked Fourier harmonics with toroidal mode numbers
n ¼ 1; 2; 3;… (or n ¼ 2; 4; 6;…), evident especially in
magnetic fluctuation measurements [20]. The harmonics
have poloidal structure as well. Nonlinear magnetohydro-
dynamic modeling of QH-mode observed in several toka-
mak plasmas provides insight on the emergence and role of
the EHO [21–27]. ELMing plasmas exhibit a limit cycle
bounded by two instabilities: ballooning, driven by plasma
pressure, and kink-peeling, driven by plasma current
[28–30]. Nonlinear modeling [23,24] inspired by DIII-D
tokamak plasmas shows that high-n ballooning modes are
linearly unstable and transfer energy nonlinearly to low-n
kink-peeling modes, which then saturate. This nonlinear
coupling was revealed explicitly in one of these studies
using bispectral analysis [23]. Other modeling [25,26]
inspired by ASDEX Upgrade tokamak plasmas shows that
the longest wavelength kink-peeling modes (n ¼ 1, 2) can
be linearly unstable and nonlinearly saturate via coupling to
higher-n kink-peeling harmonics. In either case, the mod-
eling shows several long-lived, phase-locked kink-peeling
harmonics arising that are consistent with the experimen-
tally observed EHO coherent structure. The EHO enhances
particle transport across the pedestal, thereby reducing
the density gradient, with lesser impact on energy transport
and the temperature gradient [19]. Simulations have also
been performed for ITER plasmas, suggesting a sponta-
neous ELM-free reactor plasma is possible if the nonlinear
process sustaining the EHO is robust [24]. Nonlinear
coupling of pedestal modes does not always lead to*Contact author: myersr@fusion.gat.com
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ELM suppression. Prior investigation of H-mode plasmas
exhibiting a substantial delay in ELM onset revealed that
nonlinear energy transfer can trigger an ELM [31]. In that
case, the pedestal was at the ballooning stability limit. In
QH-mode plasmas, the pedestal is sustained away from the
ballooning boundary due to the EHO’s impact on transport.
In this Letter, we report measurements of the nonlinear

coupling between the harmonics forming the EHO
during QH-mode in a DIII-D plasma. This provides direct
experimental evidence for the nonlinear saturation mecha-
nism that sustains the EHO, as predicted by magnetohy-
drodynamic modeling [23–26]. We also report experimental
evidence that core-resonant tearing modes can nonlinearly
interact with the kink-peeling harmonics in the edge. This
interaction halts the formation of a long-lived EHO, thereby
preventing access to spontaneous ELM-free conditions.
Tearing modes are a separate instability related to global
gradients in plasma current density or pressure [32–34]. They
can trigger major disruptions that cause a sudden, total
plasma collapse [35]. In the context of this Letter, the tearing
modes appear to interfere with the nonlinear interaction
that is key to the formation of the multiharmonic EHO. This
implies that sustained QH-mode might require avoidance of
EHO coupling to tearing modes. Suppression of tearing
modes is a general goal for other considerations like
preventing disruptions.
We use interferometry and Faraday-effect polarimetry

via the Radial Interferometer-Polarimeter (RIP) diagnostic
to measure line-integrated density and radial magnetic field
and their fluctuations [36]. RIP includes three horizontally
viewing chords at Z ¼ þ13.5; 0;−13.5 cm, where Z is the
vertical distance above or below the equatorial plane.
Faraday rotation is proportional to the product of the
density and the line-of-sight component of the magnetic
field. The line-averaged fluctuating magnetic field is
obtained by dividing the fluctuating polarimetry signal
by the line-averaged density obtained simultaneously by
interferometry. Measurements in this Letter are from the
Z ¼ 0 chord, yielding the line-averaged fluctuating radial
magnetic field δBr. Since the Z ¼ 0 chord is perpendicular
to magnetic surfaces (line-of-sight equilibrium Br ≈ 0), the
density fluctuation contribution to the polarimetry signal is
very small relative to δBr [36,37].
Magnetic fluctuations are also measured using pickup

loop sensors located on the DIII-D vessel wall [38,39].
Away from the resonant surface, tearing fluctuation ampli-
tudes have a characteristic radial decay δB ∼ r−ðmþ1Þ, where
r is the minor radius and m is the poloidal mode number
[40]. Therefore, fluctuations measured by sensing coils
may have small amplitude for modes localized in the core
region. It has been shown that RIP can detect core-resonant
tearing mode onset earlier than sensing coils [37]. Some of
the fluctuations involved in the nonlinear interaction
described in this Letter are not detected by external sensing
coils, because they are core-localized or too small in

amplitude. Spatially localized measurements of plasma
density fluctuations in the edge are performed via Beam
Emission Spectroscopy (BES) [41], which has been used
previously to measure EHO structure [42].
The analysis described here derives from an example

DIII-D discharge (184791) designed to produce QH-mode,
with plasma current Ip ¼ 1.1 MA, toroidal magnetic field
Bt ¼ 2 T, and maximum neutral beam heating of 7 MW.
Other DIII-D plasmas that enter QH-mode (at least 11 shots
in the database that have a robust EHO and the necessary
diagnostic complement for the analysis reported here) also
exhibit nonlinear coupling within the EHO. All database
shots that contained EHO exhibited some coupling between
EHO components. Spectrograms of magnetic fluctuations
measured by RIP and a low-noise outboard midplane

FIG. 1. Data from DIII-D discharge 184791: spectrograms of
(a) radial magnetic fluctuations from RIP midplane chord,
(b) poloidal magnetic fluctuations from one outboard midplane
sensing coil, and (c) density fluctuations from one midplane BES
channel near pedestal top. The data sampling rates are 2 MHz for
RIP, 0.2 MHz for the sensing coil, and 1 MHz for BES. The
geometry of the diagnostics is shown in Fig. 8 in End Matter.
Dashed lines denote robust QH-mode. The dotted line marks the
onset of ELMy H-mode. Green arrows mark the only mode
detected by the sensing coil during the ELMy phase, also detected
by RIP. The faint horizontal lines in sensing coil data at 20 and
60 kHz are artifacts. (d) Pedestal electron density ne and divertor
Dα emission.
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sensing coil are shown in Figs. 1(a) and 1(b). The
spectrogram of density fluctuations measured by BES
viewing the outboard midplane at normalized minor radial
flux coordinate, ρ ¼ ffiffiffiffiffiffiffi

ψN
p ¼ 0.92, where ψN is the nor-

malized toroidal flux, near the pedestal top is shown in
Fig. 1(c). ELM-free QH-mode begins around 1100 ms,
marked by a dashed line, when the first three harmonics,
around 17, 34, and 51 kHz, of the EHO appear. The EHO
fundamental frequency varies gradually in time between 17
and 19 kHz, with second harmonic 34–38 kHz, and third
harmonic 51–57 kHz. We henceforth identify each har-
monic by its minimum frequency. The toroidal mode
numbers of the harmonics are n ¼ 2, 4, 6, measured by
Fourier analysis of the sensing coil array data. The absence
of deuterium-alpha emission (Dα) [43] spikes in Fig. 1(d) in
this window indicates lack of ELMs.
QH-mode with a persistent EHO lasts until 1800 ms,

when a programmed shape change is imposed, marked by
another dashed line. The shape change was intended to be
compatible with QH-mode, and controls are held constant
afterward. This is followed by a quiet period during which
the pedestal density rises, shown by the Thomson scattering
[44] data in Fig. 1(d). This implies a reduction in particle
transport relative to the earlier EHO period. The density rise
is followed by a transition to ELMy H-mode around
2100 ms, marked by a dotted line. Spectrograms of
magnetic fluctuations show increased activity after this
transition. The vertical stripes are associated with ELMs,
also evident in Dα and pedestal density measurements in
Fig. 1(d). We interpret the intermittent fluctuation at
≈22 kHz as the EHO attempting to reform. The coherent
fluctuations at higher frequency are tearing modes, only
one of which (marked with green arrows) is detected by
sensing coils.
Nonlinear coupling of modes with frequencies f1, f2,

and f3 can occur when frequency matching, f1 þ f2 ¼ f3,
and wave vector matching, k1 þ k2 ¼ k3, conditions are
satisfied. Bispectral analysis is a statistical method that is
effective in identifying and quantifying such three-wave
interactions in data [2,45,46]. The bicoherence b2 is a
normalization of the bispectrum that measures the degree of
nonlinear phase correlation,

b2 ¼ jhXðf1ÞYðf2ÞZ�ðf1 þ f2Þij2
hjXðf1ÞYðf2Þj2ihjZðf1 þ f2Þj2i

: ð1Þ

Here, XðfÞ, YðfÞ, and ZðfÞ are the Fourier transforms of
time-series signals, and angle brackets hi signify an
ensemble average of many sample realizations.
Bicoherence analysis can be performed using time-series
data from a single signal source (X ¼ Y ¼ Z), then called
the autobicoherence. When two or three independent
signals are used, it is called the cross-bicoherence. If
b2 ¼ 1, then all of the fluctuation amplitude at f3 is phase
locked to fluctuations at f1 and f2. For 0 < b2 < 1, a

proportional fraction of the fluctuation at f3 is nonlinearly
coupled to f1 and f2. For an ensemble with sample size N,
the auto- or cross-bicoherence is statistically significant if it
exceeds b2 > 9.2=ð2NÞ, which is the 99% significance
level for a chi-square distribution with a true value of zero
in the limit of many degrees of freedom [47–49]. In the
previously discussed nonlinear simulations of QH-mode
plasmas, the summed bicoherence between EHO harmon-
ics increased between the linear growth and nonlinear
saturation phases, an indication that their nonlinear cou-
pling strengthened. The bicoherence spectrum peak also
moved to lower n during the nonlinear phase [23].
We measure experimentally the nonlinear coupling

between the three lowest-n harmonics of the EHO using
bicoherence analysis. In the discussion that follows, the
frequency pair (f1,f2) represents coupling f3 ¼ f1 þ f2.
Figure 2(a) shows the evolution of the bicoherence between
the EHO fundamental and the harmonics at (34,17) kHz,
calculated from successive 50 ms periods of RIP, sensing
coil, and BES data. Each 50 ms period represents an

FIG. 2. From data in Fig. 1: (a) evolution of bicoherence for
(black squares) RIP, (blue circles) sensing coil, and (red triangles)
BES data at the EHO fundamental and harmonic frequencies. The
gray dashed line is the 99% significance level. Labeling (f1; f2)
represents f3 ¼ f1 þ f2. Averaged from 1100–1800 ms, bico-
herence in data from (b) RIP, (c) sensing coil, and (d) BES
midplane ρ ¼ 0.92. The bispectrum is symmetric across y ¼ x
and y ¼ −x, so only the f2 < f1 region bounded by white
diagonal lines is populated. The f2 axis is truncated to focus
attention on the peak bicoherences (circled). Row f2 ¼ 0 is
suppressed to remove numerical artifacts. Full-frequency-range
plots are shown in Figs. 5–7 in End Matter.
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ensemble of 100 time segments of length 0.5 ms. The 99%
significance level for an ensemble average of 100 segments
is 0.046, indicated with a gray dashed line. The bicoherence
is significant when the EHO is present until it dissipates,
consistent with the nonlinear modeling described earlier.
The temporal variation suggests that the strength of the
nonlinear coupling is dynamic, but variable background
noise is likely important as well.
The bicoherence for each possible coupling ðf1; f2Þ

averaged over the full duration of the QH-mode period of
RIP data is shown in Fig. 2(b). The ensemble contains 1400
time segments of length 0.5 ms. Bicoherence for the
(34,17) kHz pair is 0.022 in RIP data, 0.13 in sensing coil
data, and 0.16 in BES data, each above the 99% signifi-
cance level of 0.0033. This identifies the persistent non-
linear coupling of the fundamental to its harmonics.
Analysis with varied sample size N, shown in Fig. 9 in
End Matter, demonstrates statistical convergence of the
bispectra. The EHO harmonics are coupled throughout the
QH-mode period, but the bicoherence has low magnitude
(b2 ≪ 1), suggesting the nonlinear coupling may not be
very robust.
A persistent EHO is absent when the plasma transitions

to ELMy H-mode around 2100 ms, shown with a dotted
line in Fig. 1. There is instead an intermittent mode, rising
in amplitude a consistent 5–10 ms after each ELM and
lasting about 10 ms. The intermittent mode’s frequency
≈22 kHz is near the previous EHO fundamental frequency,
suggesting this is an EHO attempting to reform. We focus
on the first instance of the intermittent mode, which appears
at 2164–2175 ms, detailed in Fig. 3. The spectrogram in
Fig. 3(a) reveals a second harmonic at 44 kHz, but a third
harmonic is not clear. The bright-band fluctuation around
28 kHz is visible in both RIP and sensing coil data. Fourier
mode analysis from the sensing coil arrays identifies this to
be an n ¼ 2 tearing mode with poloidal mode number
m ¼ 3.
Importantly, other magnetic fluctuations appear only in

RIP data. Those dynamically important in what follows are
a larger one at 48 kHz and a smaller one at 70 kHz, marked
by arrows. There are corresponding density fluctuations at
28, 48, and 70 kHz observed in CO2 interferometry data
[50] that imply the resonant surfaces corresponding to these
modes lie in the ranges ρ ¼ 0.30–0.41, ρ ¼ 0.16–0.30, and
ρ ¼ 0–0.16, respectively, consistent with all three being
core-resonant tearing modes. There are no corresponding
BES density fluctuations in the edge region associated with
these core-resonant tearing modes.
Amplitudes of the 22 (presumed EHO), 48, and 70 kHz

modes, calculated using the short-time Fourier transform
using 1 ms time windows, are shown in Fig. 3(b) along with
electron pedestal density. Growth of the 48 kHz modewhile
the 22 and 70 kHz mode amplitudes decrease suggests
energy transfer between coupled modes. Density pedestal
height remains lower when the intermittent mode is large,

suggesting a transient EHO impact on particle transport.
The intermittent mode’s 44 kHz harmonic and the 48 and
70 kHz tearing modes are not visible on the sensing coils,
emphasizing the importance of RIP data in revealing these
dynamics.
While the tearing modes do not appear in density

fluctuations in the edge, the intermittent mode at 22 kHz
does appear. Figure 3(c) shows normalized density fluc-
tuation amplitudes from power spectra of BES data at
22 kHz, using the short-time Fourier transform with 1 ms
time windows as in Fig. 3(b), for three radial locations,
ρ ¼ 0.92 (near the pedestal top), ρ ¼ 0.98, and ρ ¼ 1.02
(just past the last closed flux surface). Figure 3(c) also
shows in overlay the radial profile of the 22 kHz density
fluctuation amplitude from all BES midplane channels
averaged from 2164 to 2175 ms. The fluctuation amplitude
peaks just inside the pedestal top and decays toward the last
closed flux surface. This structure is characteristic of the
edge density when an EHO is present [42]. Correlation of
internal magnetic fluctuations, measured with RIP, and
pedestal density fluctuations, measured with BES, at
22 kHz is shown in Fig. 3(d) to confirm that the same

FIG. 3. From the discharge in Fig. 1: (a) spectrogram of RIP
Z ¼ 0 polarimetry when the EHO reemerges. The blue arrow
marks EHO fundamental, the red arrow marks 48 kHz mode, and
the yellow arrow marks 70 kHz mode. (b) EHO fundamental
(blue), 48 kHz (red), and 70 kHz (yellow) mode amplitudes and
electron density pedestal height (black, dashed line). (c) Radial
profile of density fluctuation amplitudes at 22 kHz from BES
averaged from 2164 to 2175 ms (black circles with dashed
connectors) overlaid on the time evolution for the channels at
ρ ¼ 0.92, 0.98, and 1.02 (blue lines, darkest to lightest). Pedestal
top at ρ ¼ 0.94, last closed flux surface at ρ ¼ 1. (d) Cross-phase
(blue) and coherence (black circles) between magnetic fluctua-
tions (RIP) and density fluctuations (BES, ρ ¼ 0.92) at 22 kHz.
The cross-phase and coherence markings are desaturated where
the EHO amplitude is small.
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mode appears on both diagnostics. The well-resolved and
stationary cross-phase when the mode amplitude and
coherence are large indicates density and magnetic field
fluctuations are phase locked, as expected for the EHO.
Nonlinear coupling between the intermittent mode

(argued to be a transient EHO) and the tearing modes is
revealed by bispectral analysis. The cross-bicoherence
spectrum shown in Fig. 4(a) is for an ensemble of BES
and RIP data between 2164 and 2175 ms divided into 22
segments of length 0.5 ms. The magnitude of the cross-
bicoherence at (48,22) kHz is 0.67, well above the 99%
significance level of 0.21. An important difference in the
nonlinear dynamics is that there is no significant bicoher-
ence at (44,22) kHz, the frequencies of the transient EHO
fundamental and second harmonic. Rather, the fundamental
has stronger interaction with the tearing modes. In a
torus, wave number matching for nonlinear coupling is
ðm1; n1Þ þ ðm2; n2Þ ¼ ðm3; n3Þ. Given that the EHO fun-
damental during the 1100–1800 ms period has n ¼ 2, the
most likely three-wave interaction with the tearing modes is
ðn1; n2; n3Þ ¼ ð2; 3; 5Þ or (2, 4, 6), considering the ratio of
the mode frequencies (that result from plasma rotation) and
the safety factor profile (that determines possible resonant
surfaces).
The cross-bicoherence spectrum shown in Fig. 4(b) is for

an analogous ensemble of BES and sensing coil data
between 2164 and 2175 ms. No significant bicoherence
is observed, because the core-resonant tearing modes are
not detected in these signals. The RIP diagnostic is vital to
reveal nonlinear coupling between the transient EHO and
tearing modes, because it is simultaneously sensitive to
fluctuations in the edge and core.
In summary, we have detected nonlinear coupling

between EHO harmonics in QH-mode, as predicted by
nonlinear magnetohydrodynamic modeling [23,24]. To our

knowledge, this is the first direct experimental confirmation
of the nonlinear coupling process that sustains the EHO,
consistent with the assertion from modeling that the EHO
saturates through nonlinear phase locking between har-
monics. We have also detected nonlinear coupling between
core-resonant tearing modes and an intermittent mode that
appears to be a transient EHO with characteristics con-
sistent with the persistent EHO seen during QH-mode. One
possible physical mechanism for the transient behavior of
the EHO in this case could be nonlinear core-edge
momentum transport that disrupts the phase locking of
EHO harmonics, preventing the formation of a coherent
structure and its control of the pedestal density. This would
allow ELMs to persist. An implication is that suppression
of tearing modes or their coupling might be necessary to
attain robust QH-mode with a persistent EHO. This
motivates future extensions of magnetohydrodynamic
modeling that include QH-mode equilibria, tearing insta-
bility, and energy transfer. The RIP diagnostic has been
essential to revealing these dynamics, and its further
development will help improve understanding of nonlinear
coupling in the core and edge. Imposed differential
rotation, electron cyclotron current drive, and other control
techniques could decouple the core and edge to help make
QH-mode viable in future devices like ITER or a fusion
pilot plant [51–53].
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End Matter

Symmetries in the bispectrum related to interchanging
the order of indices and Fð−fÞ ¼ F�ðfÞ imply
equivalent bicoherence should (and does) appear at
ð51;−17Þ and ð51;−34Þ kHz. We therefore include the

negative frequency space to highlight symmetry in the
bicoherence. Figure 5 shows the bicoherence, calculated
from RIP data and including negative frequency space,
for each frequency pair ðf1; f2Þ with f3 ¼ f1 þ f2. As
in Fig. 2(b), the ensemble contains 1400 time segments
of length 0.5 ms. Figures 6 and 7 provide the same data
for an outboard midplane sensing coil and BES channel
viewing the outboard midplane at ρ ¼ 0.92, respectively,
also including negative frequency space. As in the RIP
data, both demonstrate bicoherence at (34,17) kHz above
the 99% significance level.
Figure 8 shows a cross-sectional diagram of DIII-D, with

the locations of the three diagnostics employed in this
Letter marked. BES views the area shown.
Figure 9 shows the results of convergence tests for the

bicoherence at (34,17) kHz (the frequencies of the
EHO harmonics) for RIP data, sensing coil data, and
BES data. The ensemble sample size N is varied by
segmenting the full data records from 1100 to 1800 ms.
The frequency resolution is, therefore, the least at the
largest N. The bicoherence for RIP data decreases some-
what at large N for two reasons: (i) The coherent mode
energy is distributed across multiple frequency bins, and

(ii) uncorrelated noise spreads into the bins associated
with the mode. The sensing coil and BES have smaller
noise, evident in Fig. 1.

FIG. 5. From data in Fig. 1(a), bicoherence in RIP data
averaged from 1100 to 1800 ms.

FIG. 6. From data in Fig. 1(b), bicoherence in sensing coil data
averaged from 1100 to 1800 ms.

FIG. 7. From data in Fig. 1(c), bicoherence in BES midplane
ρ ¼ 0.92 data averaged from 1100 to 1800 ms.
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FIG. 9. (a) Bicoherence values for RIP (black squares), sensing
coil (blue circles), and BES (red triangles) data at (34,17) kHz
as the ensemble sample size is increased from N ¼ 175 to
N ¼ 1400. The green curve is the 99% significance level
9.2=ð2NÞ. (b) The same quantities on a logarithmic scale
in b2.

FIG. 8. A diagram of the locations of RIP (red), the relevant
sensing coil (orange), and the viewing area of BES (cyan) on
DIII-D in shot 184791. RIP Z ¼ 0 chord marked with a thicker
line. Flux surfaces are marked in blue. BES is located at a toroidal
azimuth of 150°, RIP at 285°, and the low-noise sensing coil at
322° in machine coordinates.
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