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Abstract

®

CrossMark

We present evidence of tearing mode seeding by nonlinear three-wave coupling of Alfvén
eigenmodes in a tokamak plasma. Here, a m,n = 2,1 magnetic island appears to be seeded in a
MAST-U discharge by coupling of n =2 and n = 3 Alfvén eigenmodes, which is demonstrated
by increased squared normalised bicoherence calculated from magnetic probes preceding
tearing mode onset. This observation offers a new explanation for tearing modes that would be
otherwise addressed as spontaneous, and indicates three-wave coupling can seed 2,1 magnetic
islands in plasmas without pre-existing n > 2 tearing modes. Further, this mechanism has the
potential to be more prevalent in burning plasmas expected in future fusion devices.

Keywords: tearing modes, Alfvén eigenmodes, nonlinear coupling, bicoherence

(Some figures may appear in colour only in the online journal)

1. Introduction

The neoclassical tearing mode (NTM) is a performance-
limiting magnetohydrodynamic (MHD) instability common
in high-3 tokamak fusion plasmas [1]. NTMs are observed
as chains of ‘magnetic islands’ in the plasma poloidal cross
section, with geometry characterised by poloidal (m) and
toroidal (n) mode numbers. These islands facilitate radial
transport of particles across their width, degrading confine-
ment and flattening the local radial pressure profile. This flat-
tening then perturbs the local bootstrap current, driving the

2 See author list J.R. Harrison et al 2026 (https://doi.org/10.1088/1741-4326/
ae63el) MAST-U team.
* Author to whom any correspondence should be addressed.

Original content from this work may be used under the
BY terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

1741-4326/26/126007+7$33.00  Printed in the UK

1

growth of the island until either it reaches a saturated width
or it triggers a disruption [2].

NTM growth is described by the modified Rutherford
equation (MRE) [1]. A key implication of the MRE is the
existence of a critical island width w,, above which a mag-
netic island is unstable and grows until saturation. Producing
an unstable NTM therefore requires a MHD trigger mecha-
nism (e.g. sawtooth crash) to ‘seed’ an island of width w >
we, although in some cases ‘spontaneous’ NTMs have been
observed without a clear trigger mechanism [3]. In these cases
it is postulated that a trigger mechanism does exist but is not
clearly visible [4] (e.g. seeding by turbulence [5]), or that an
initially classically unstable tearing mode grows into an NTM
[6].

Another MHD instability of concern in tokamaks is the
Alfvén eigenmode (AE). AEs are often driven unstable by
energetic particles such as fast ions generated by fusion
reactions or neutral beam injection [7], and are resonantly
excited at frequencies outside the Alfvén continuum, such as
inside ‘frequency gaps’ for toroidal AEs (TAEs) [8]. These
instabilities reduce the confinement of fast ions, degrading

© 2026 The Author(s). Published by IOP Publishing Ltd on behalf of the IAEA
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fusion performance, with the flux of lost particles potentially
also damaging the vessel wall [9]. AEs are also observed
in other non-uniform plasmas such as the Earth’s mag-
netosphere, where they contribute to thermalising the ion
distribution [10].

Previously [11-13], the seeding of m,n =2,1 NTMs by
nonlinear three-wave coupling of n > 1 tearing modes with
1,1 sawtooth precursors has been observed in DIII-D ITER
baseline scenario (IBS) plasmas [14]. Although this mecha-
nism is likely the dominant trigger for 2,1 NTMs in IBS dis-
charges, on account of at least 70% of these plasmas satisfy-
ing the necessary frequency matching condition at onset time
[15], until now there has been no experimental evidence of
this trigger mechanism in other plasmas without pre-existing
n > 1 tearing modes. Nonlinear coupling between AEs has
been observed [16], and indeed coupling of AEs to tearing
modes (post-onset) [17, 18], but such coupling involving AEs
has not been suggested as a seeding mechanism in any case.
We now present evidence of NTM seeding by three-wave cou-
pling of AEs in MAST-U H-mode plasmas, obtained through
bicoherence and mode number analysis of Mirnov coil volt-
age signals. This mechanism offers an explanation for some
apparently spontaneous NTMs observed in MAST-U and other
tokamaks, while potentially being a significant NTM trigger
in future fusion devices with burning plasmas where AEs are
expected to be ubiquitous [19]. Furthermore, this mechanism
could also affect the forecasting of space weather, where AEs
are present [20] and magnetic reconnection is considered a sig-
nificant mechanism for the transfer of kinetic energy into the
Earth’s magnetosphere [21].

2. Method and results

2.1 Experimental setup

Our observations were conducted in MAST-U discharge
#49131, an I, = 600 kA double-null divertor plasma scenario
with the following parameters at time of NTM onset: mag-
netic axis major radius Ry = 0.98 m, minor radius a =0.5
m, toroidal magnetic field By = 0.5 T, neutral beam heating
power Pngr = 3.3 MW, and normalised plasma beta [y =
BaBr/I, = 2.3, where /3 is the ratio of plasma pressure to
magnetic pressure. The core electron number density is ne =
3 x 10" m~3 and core electron temperature is T, = 1.1 keV.

Information concerning the structure of MHD modes such
as magnetic islands is inferred using outboard Mirnov coil
voltage signals, located at either 21 cm above or below the
midplane, which detect the vertical magnetic perturbations B,
associated with mode rotation and growth. Modes detected in
these signals rotate with frequency f,,, , /n, with f;,, , visible as a
continuous trace of high power spectral density in this signal’s
spectrogram. Mode numbers, amplitudes and rotation frequen-
cies of MHD modes are obtained from Mirnov coil data. For
simplicity, the signs of toroidal mode numbers are ignored in
the text as they are all negative, which implies the modes all
rotate in the co-current direction.
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Figure 1. Low frequency Mirnov coil spectrogram showing the
onset of the 2,1 NTM at 6-8 kHz at 260-270 ms. A previous NTM
exists from 200 to 250 ms at < 5 kHz, but this is not the subject of
this study. The Mirnov coil used for this spectrogram is located

21 cm above the midplane at ¢ = 337°.

= ™~
v =3
L L

._.
o
U Jaquinu apow [epioioL

Frequency [kHz]

]

o

-2
0.3 0.4 0.5 0.6 0.7 0.8
Time [s]

Figure 2. Toroidal mode number analysis of NTM from 260 to
800 ms.

2.2. NTM onset and coinciding modes

From a spectrogram of a single low frequency Mirnov coil
signal (see figure 1), we determine onset of the NTM of interest
from the earliest visible appearance of the mode from 260—
270 ms at frequency 6 — 8 kHz. The toroidal mode number
n = lisinferred by analysing the variation of the mode’s phase
with toroidal angle (see figure 2), and the poloidal mode num-
ber m = 2 is deduced by matching the mode trace in the spec-
trogram to the charge exchange recombination spectroscopy
(CXRS) [22] rotation time trace at the g = 2 surface, where
q(r) = m/n is the safety factor.

The onset of the m,n =21 tearing mode coincides with
mode activity from 50-150 kHz, as seen in figure 3, including
n =2 and n = 3 modes at ~ 130 kHz (toroidal mode numbers
obtained in section 2.3). The possible identities of these modes
are discussed later in section 2.6

To rule out edge localised modes (ELMs) as a potential
NTM seeding mechanism we inspect the D, signal (figure 4),
in which no ELMs are observed within 29 ms of the NTM
onset time. Additionally, we may also discard sawtooth crash
seeding from the minimum safety factor guyi, ~ 1.6 at onset
time, since gmin < 1 is required for a sawtooth precursor mode
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Figure 3. High frequency Mirnov coil spectrogram showing AE
activity coinciding with NTM onset. The Mirnov coil used here is
located 21 cm above the midplane at ¢ = 355°.

to be present in the plasma. Fishbone modes are also not vis-
ible, also ruling these out as a seeding mechanism. Finally,
there is no drop in neutron rate preceding or during NTM onset
to suggest any significant fast ion transport associated with (for
example) an Alfvénic avalanche [23], hence fast ion redistri-
bution is unlikely to trigger the NTM.

To determine whether the mode is classically seeded, we
calculate classical tearing stability at the g = 2 surface with
RDCON [24]. This produces a raw, unnormalised and dimen-
sionless output A [;:2 proportional to A’ in the MRE, mean-
ing a positive value indicates the mode is classically unsta-
ble. In figure 5 we see that although A ;:2 is positive from
200 to 210 ms, possibly triggering the previous NTM visible
at < 5 kHz from 200-250 ms, A (;:2 is negative immediately
preceding and during onset of the NTM at 260-270 ms. This
suggests the plasma is classically stable to tearing modes at
the ¢ = 2 surface at onset time, ruling out classical seeding
for the NTM of interest. The NTM may therefore be classi-
fied as spontaneous, meaning nonlinear three-wave coupling
remains a plausible trigger in the absence of other seeding
mechanisms.

2.3. Bicoherence analysis

The ‘squared normalised bispectrum’ b?(f;,f>), also referred
to as ‘bicoherence’, is a statistical measure useful for infer-
ring nonlinear wave interactions in a signal such as three-wave
coupling. It quantifies the fraction of wave power at frequency
(fy +/2) generated by quadratic coupling of waves at frequen-
cies fi,f> . The bicoherence takes values from 0 to 1, with
a value of 1 implying the wave power at frequency (f; +/2)
is entirely produced by nonlinear coupling of frequencies
fi,/2, and O implying the wave power at this frequency is
entirely spontaneous and/or generated by linear coupling [25].
A high bicoherence value also implies a constant phase rela-
tion between the three frequencies fi,/2, (f; = f1 +/2), i.e. the

NTM onset

-== (=2 surface appears
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i Ng—
— 500 !
< i
X |
=250 i
i
0 | . : :
0.0 0.2 0.4 0.6 0.8 1.0
Time [s]

Figure 4. N, ¢nin,qos (obtained from MSE-constrained EFIT), D,
and I, signals over the duration of shot #49131.
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Figure 5. Classical tearing stability A’ at the ¢ = 2 surface around
NTM onset. A’ reaches a minimum of —4.7 x 107 at 247 ms (this
point is cropped out of this figure to improve clarity of the trace
pre-NTM onset).

sum ¢ + ¢, — ¢3 is approximately constant across the anal-
ysed segments of the time series [26]. Bicoherence may be
calculated from Mirnov signal time slices using equation (1):

[(Fin () Fon (F2) Fi (fy +2)), 2 >
(Fin (fi) Fin () ), (IFE (A +2)12), ]
(1

bz (f] 7f2) = <
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Figure 6. Squared normalised bicoherence b® of Mirnov signal calculated with N = 100 for the analysis window 160-260 ms.

Here, (...), and (...), indicate averaging over n time seg-
ments and i Mirnov signals, and F; ,, is the Fourier transform of
segment n of Mirnov signal i, with F7, its complex conjugate.

In our analysis, we calculate bicoherence over Ar= 100
ms windows with N =100 segments, yielding a frequency
resolution of fres = N/Ar=1 kHz for our bispectra. Each
of our 100 ms analysis windows contains 62500 points,
with exactly 625 points in each segment; the high-frequency
Mirnov coils (sampling frequency f; = 10 MHz) are down-
sampled to 625 kHz as we are only interested in the frequency
range where AEs are visible (< 200 kHz). Our signals there-
fore have an effective Nyquist frequency of fy = 312.5 kHz.
Finally, we average the bicoherence over 5 high-frequency
Mirnov coils to reduce noise.

Before bicoherence is calculated for a signal, the mean is
calculated for each of the N segments and subtracted from the
corresponding segment. This ensures the signal is stationary
before analysis to reduce the presence of artefacts in the bis-
pectrum. We first calculate the bispectrum for the time window
160-260 ms (figure 6), comprising the 100 ms leading up to
NTM onset time. This means any bicoherence found in this
window should not be the result of the NTM coupling to other
modes post-seeding. Error in bicoherence is calculated as the
standard error in the mean of the bicoherences calculated over
the 5 separate Mirnov coils.

In figure 6 we see strong bicoherence between the NTM
seeding frequency 6 kHz and the frequencies 60 kHz, 130 kHz
and 150 kHz. The 60 kHz pairing likely corresponds to the
coupling of the n = 0, 1 modes seen at 60—90 kHz in figure 8§,
but this cannot be responsible for seeding the NTM at 260—
270 ms as the n = 0 mode vanishes at 220 ms, so this coupling
is ignored. Likewise, the 150 kHz coupling is also ignored
but for a different reason, specifically that this bicoherence is

unstable in time and its growth does not correlate at all with
NTM onset. This leaves just the 130 kHz coupling for our con-
sideration. The (6 kHz, 130 kHz) coupling has a peak bicoher-
ence of b*> = (0.20£0.03), and judging from figure 8, may
correspond to the quadratic coupling n = 2,3 modes at 120—
180 kHz that are present during NTM onset. We investigate
this nonlinear coupling further to determine whether this could
be responsible for NTM onset.

In figure 7 bicoherence values calculated at (fj = 6 kHz;
Jf>» =130 kHz) are plotted against the end times of the 100 ms
analysis windows. This means that any bicoherence should be
unaffected by any events occurring after the time at which
the data is plotted. From the mean of the bicoherence val-
ues from 200 to 250 ms we can establish a bicoherence
‘noise level’ of b2 ;. ~ 0.04 (for At = 100 ms and N = 100).
We then see a significant increase above this baseline for
100 ms analysis windows that end in the time range 256—
262 ms, implying strong coupling between the frequencies
6 kHz and 130 kHz that occurs within 5 ms of the 2,1 NTM
first appearing on the spectrogram. The coincidence between
NTM onset and increase in bicoherence suggests nonlinear
three-wave coupling could indeed be responsible for NTM
seeding.

We calculate that the NTM reaches a peak nonlinear growth
rate of %% =70 s~ at 270 ms. Approximating the early
NTM growth as linear, we may perform a linear fitto the n = 1
amplitude data to estimate the time the NTM begins to grow
from zero width. This fitting is performed on the time range
270-300 ms, after the NTM amplitude signal is clear above
the noise level in figure 7. This simple modelling predicts the
NTM growth begins at ~ 256 ms, coinciding with the start
time of the spike in bicoherence. The island growing below
the noise level from zero width could therefore explain why
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Figure 7. Time traces of n = 1 mode amplitude and bicoherence
calculated at (fj = 6 kHz; f>, = 130 kHz) over 100 ms windows with
N = 100 segments. Note that for bicoherence, the plotted times
correspond to the end times of the analysis windows.
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Figure 8. Toroidal mode numbers of AEs coinciding with NTM
onset. The colour bars at the bottom of the figure indicate the
bicoherence analysis window for figure 6(magenta), and the NTM
onset time (black).

the NTM appears in the spectrogram ~ 5 ms after the bicoher-
ence reaches its peak value.

2.4. Convergence analysis

To assess whether the bicoherence observed at (f; = 6 kHz;
f> =130 kHz) is spurious or corresponds to legitimate non-
linear coupling, we perform a convergence analysis [27]. We
focus on this frequency pair as its bicoherence correlates well
with NTM onset and one frequency is close to the NTM onset
frequency. When calculating b*> a high number of segments N
is desired to improve statistical convergence, however if N is
too large fres 1s compromised, and so the poorest tolerable fres
sets the maximum AN. Still, a value of bicoherence at N = oo
can be inferred by plotting 1/N against b, calculating a linear
fit of this plot (possible if b* varies linearly with 1/N), then
extrapolating the value of b* at 1/N = 0. If b? is positive at
1/N =0, we may deduce the bicoherence to be distinct from

1.0 _
X
0.8
0.6 1 )[(
~ ¥ 6 kHz; 130 kHz

0.4 + g A Noise (20 kHz; 40 kHz)

0‘2_ *}f,/; +

00+ msaaa—a 4 4 4 | .
0.00 0.02 0.04 0.06 0.08 0.10

1/N

Figure 9. Convergence analysis used to assess the significance of
bicoherence measurements calculated for the AE/NTM frequency
pair (fi = 6 kHz; o = 130 kHz) and noise reference (f; = 20 kHz;
> =40 kHz) in the 160-260 ms analysis window. The coloured
lines show the linear fits used to extrapolate b*(N = c0), and the
black dotted line is a fit to the (fj = 6 kHz; f, = 130 kHz) data
forced through the origin for comparison.

background noise. As seen in figure 9, b* indeed scales lin-
early with 1/N and converges to b*(N = o0) = (0.23 +0.07)
for fi = 6 kHz; f, = 130 kHz. The noise reference on the other
hand, selected as a point on the bicoherence plots far from any
visible activity (f; = 20 kHz; f, = 40 kHz), is distinct from the
b? measurements at (6 kHz, 130 kHz) for the full range of N,
and converges to a value consistent with zero (—0.03 £ 0.02).
These results suggest the bicoherence observed at (6 kHz,
130 kHz) to be distinct from the background noise. In our
analysis we considered N =20-100 segments, corresponding
to frequency resolutions from f;.s = 200-1000 Hz.

2.5. AE mode numbers and radial location

The bicoherence considered in figures 6 and 7 implies the
coupling of modes in the frequency range 124-136 (130 & 6)
kHz, and the presence of a corresponding bicoherence peak
at (136 kHz, —6 kHz) in figure 6 confirms the two high fre-
quencies involved in the three-wave coupling to be 130 and
136 kHz. These frequencies coincide with overlapping n =
2,3 AEs. For three-wave coupling between these modes to
seed a 2,1 NTM the toroidal mode number matching condi-
tion n; + n, = n3 should be satisfied [26], and given that the
NTM has n =1 (with a much weaker n = 2 harmonic), this
could occur through the following interaction:
(Maea) = 3) — (Maew) =2) = (mym =1). 2
The frequency matching condition [25] is then satisfied
through the relation:

(fagcay = 136kHZ) — (fyzwy = 130kHz) — (fypy = 6kHz).
(3)

From figure 8 we see the n = 2,3 AEs first appear in the
spectrogram from 190 to 200 ms for the » =2 mode and ~
200 ms for n = 3. At these times, gmi, 2 2, hence both modes
must be located on a rational surface with ¢ 2 2. This radially
constrains the AE locations at NTM onset to the g = 2 surface
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or beyond i.e. ppo1 2 0.65, where ppoi = /1N pot and 1n pol 1S
the normalised poloidal flux.

Furthermore, from the minimum g =m/n we may also
deduce the minimum m for each mode; m > 4 for n = 2, and
m > 6 for n =3. Hence the AEs could satisfy the poloidal
mode number matching condition [14] most simply in the
interaction shown in equation (4a). In this case, both AEs
(i.e. 6,3 and 4,2 modes) would be located on the g =2 sur-
face, guaranteeing their eigenfunctions substantially over-
lap at ppo1 =0.65 and enabling their coupling to seed a
2,1 NTM at the same location. Alternatively, the combina-
tion in equation (40) would require the modes to be situated
on the ¢ =7/3 and 5/2 rational surfaces, located at Ppol =
0.71 and pyo1 = 0.73 respectively, which could also plausi-
bly overlap at the g = 2 surface and enable seeding by three-
wave coupling. To more conclusively identify the rational sur-
faces and poloidal mode numbers of these modes however,
we require benchmarking against continuum calculations or
validation from other diagnostics such as Doppler backscat-
tering (DBS). While DBS is available on MAST-U, it cannot
diagnose the modes on this shot due to an unsuitable density
profile.

(4a)
(4D)

(Mpeca) = 6) — (Mppw) =4) = (Mym =2).
(Mpgcay =7) — (Mpy =5) = (mym = 2);

2.6. Identities of AEs

From the radial range of these AEs, we may infer their rotation
frequencies to be in the range fos < 10 kHz from the CXRS
rotation profile. If these modes are TAESs, then their Alfvén gap
frequencies are expected to be fsap = fobs — Mfror, Where fops 18
the observed mode frequency in the spectrogram after Doppler
shift. This yields a maximum gap frequency of 100-110 kHz
for n = 2,3, which is large compared to MAST-U Alfvén gaps
(~ 40-70 kHz) previously described in the literature [28, 29].
Thus these are unlikely to be TAEs. Additionally, these modes
cannot be reversed shear AEs (RSAEs) as the safety factor
profile is monotonic at NTM onset [7]. We therefore suggest
these modes to be other species of AE such as elliptical AEs
(EAEs) or global AE (GAEs). Again, for a more conclusive
identification, benchmarking against continuum calculations
is required.

3. Summary and discussion

We report evidence that NTM seeding by nonlinear three-
wave interaction does not necessarily require pre-existing tear-
ing modes or sawteeth within the plasma, as seen for DIII-D,
but can occur also from the coupling of AEs. Such evidence
is obtained from the Mirnov coil voltage signals of a high-
performance MAST-U discharge, for which significant values
of bicoherence are calculated immediately preceding NTM
onset in a plasma which otherwise lacks an obvious tearing
mode trigger. Nonlinear coupling could occur between m,n =
6,3 and 4,2 modes around 130 kHz, which would satisfy the
necessary mode number and frequency matching conditions

for three-wave coupling. We note however that there is uncer-
tainty over the exact values of m for these modes, and the pos-
sibility of three-wave coupling seeding the NTM is contingent
on the condition Am = 2 being satisfied between them.

Nonlinear AE coupling could seed a m,n =2,1 NTM by
similar means to the three-wave coupling of n > 1 tearing
modes. Specifically, in a plasma where the MRE for the
2,1 NTM initially has form:

dw
d?‘ =T (w21) <0, (5)

i.e. the plasma is classically stable to 2,1 NTMs, the cou-
pling of AEs introduces a perturbation I'coup. This perturba-
tion is a function of the amplitudes, radial locations and mode
numbers of the coupling modes, and is maximised at high
mode amplitudes. If this perturbation is sufficiently large such
that Fgol) (wa,1) + Icoupt > 0, the plasma is then unstable and a
2,1 tearing mode grows from zero width [11]. Upon exceeding
a critical width, the seed island remains unstable and continues
to grow even once the transient perturbation from three-wave
coupling vanishes.

This mechanism is significant as AEs are expected to be
more prevalent in future burning plasmas, where a large popu-
lation of energetic a-particles generated by deuterium—tritium
fusion will more frequently drive AEs unstable [19]. As a
result, AE coupling has the potential to be a more significant
trigger mechanism in next generation fusion devices such as
ITER, in addition to previously known trigger mechanisms
such as ELMs or sawtooth crashes. The onset rate of tearing
modes in these future devices could therefore be greater than
previously expected, thus requiring a greater fraction of gener-
ated power to be recirculated into tearing mode control meth-
ods such as electron cyclotron current drive. The existence of
this mechanism also further highlights the need for effective
AE control in future tokamak designs. Moreover, this mech-
anism also offers a new explanation for spontaneous tearing
modes in plasmas where onset coincides with AEs of simi-
lar frequencies and differing toroidal mode numbers. The dis-
charge we have studied has behaviour consistent with many
others of the same scenario, so we expect this mechanism to
also occur in other plasmas of the same or similar scenarios. To
obtain an accurate estimate of the proportion of NTMs seeded
by AE coupling in MAST-U or other tokamaks, our analysis
should be repeated over a representative sample of shots, how-
ever such an analysis is beyond the scope of this work.

Magnetic island seeding by AE coupling also has impli-
cations for the forecasting of space weather. Magnetic recon-
nection facilitates the transfer of energy from the solar-wind
into the Earth’s magnetosphere [21], and this energy trans-
fer is the root cause of space weather [30]. Understanding
magnetic reconnection is therefore vital for enabling accurate
space weather prediction. Magnetic islands generated by the
coupling of AEs in space could therefore plausibly affect space
weather models by modulating the transfer of energy into the
magnetosphere.
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