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Edge Localized Modes remain one risk for the success of ITER

An explosive release of energy from magnetically confined plasmas produces dramatic
events called - Edge Localized Modes (ELMs).

I On ITER, these “Type I ELMs” would cause
excessive erosion
I We must learn how to minimize their impact
on plasma-facing materials
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Peeling ballooning picture
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Can nonlinear (NL) phenomena complete the PB picture?

Can nonlinear (NL) mechanisms:
1 modify the stability boundary ?
2 modify the current in the narrow pedestal region?
3 Could NL events unrelated to the PB model trigger an ELM?
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Plan
Experiment: A Network of Nonlinear Interactions between quasi-coherent pedestal
fluctuations has been observed during ELMs below the PB limit [Dominski PPCF’20].
I Focus on the identification of the Network of Nonlinear Interaction excited during
the ELM onset.
I Skip the role of the pedestal perturbation, induced by the NBI beams modulation,
in the triggering of this network. (backup slide)
Modeling: The excitation of the Network of Nonlinear Interactions has been studied
with a network of simple triads [Dominski POP’21].
I Present a very simple modeling of a network of triads and its transition into a
regime of strong nonlinear fluctuations - reminiscent of the ELM onset.
[Dominski PPCF’20] J Dominski and A Diallo 2020 Plasma Phys. Control. Fusion 62 095011
[Dominski POP’21] J Dominski and A Diallo 2021 Physics of Plasmas 28 (9), 092306
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Quasi-coherent magnetic fluctuations during inter-ELM cycles
We will analyze the nonlinear interactions measured on the magnetic signal.

I Quasi-coherent fluctuations are visible on
the magnetic spectra.
I Inter-ELM cycle can be short or long.
I ELMshort occur below the PB limit, when
the pedestal is recovering from a previous
ELM crash.
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Quasi-coherent magnetic fluctuations during inter-ELM cycles
We will analyze the nonlinear interactions measured on the magnetic signal.
I Quasi-coherent fluctuations are visible on
the magnetic spectra.
I Inter-ELM cycle can be short or long.
I ELMshort occur below the PB limit, when
the pedestal is recovering from a previous
ELM crash.
I Sometimes the ELM does not fully
develop and we observe a mini-ELM.
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Mini-ELM appears as an aborted ELM

I Track frequencies and amplitudes of
dominant magnetic fluctuations.
I Select four typical inter-ELM cycles.
I Quiet, Mini-ELM, Blip, ELM

I For each, I analyze the nonlinear interactions
occuring during a small time window around
the typical time of the ELMshort .
I see the grey areas in subplot (b)
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Bi-coherence analysis during these four selected time windows.

b 2 (f1 , f2 )
|hSf1 Sf2 Sf∗1 +f2 i|2
=
h|Sf1 Sf2 |2 ih|Sf∗1 +f2 |2 i

I The nonlinear activity is only significant during mini-ELM and ELM events.
I The Hanning window is shifted for the ELM analysis - it saturates when centered.
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Bi-coherence analysis during these four selected time windows.

b 2 (f1 , f2 )
=

|hSf1 Sf2 Sf∗1 +f2 i|2
h|Sf1 Sf2 |2 ih|Sf∗1 +f2 |2 i

I Moving the Hanning window to the “left” gives more weight to the early ELM
event.
I Low frequency modes have strong activity. Need to compare to the mini-ELM
analysis.
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Mini-ELM and ELM have similar nonlinear signatures

I Further shift the ELM’s Hanning
window. It gives more weight to
early nonlinear activity.
I Similar frequencies are involved
in the nonlinear interactions.
I The mini-ELM appears as an
aborted ELM.
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Bi-coherence analysis during mini-ELM.
I The two dominant modes (blue and
red) have a nonlinear activity at play.
I High (magenta) and low (black)
frequencies, which are suddenly
excited during the mini-ELM, are also
identified by the bi-coherence analysis.
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Bi-coherence analysis during mini-ELM: energy transfer.
I Triads involve a third player.
I Dominant blue (60kHz) and red (90-100
kHz) fluctuations may feed the green or
magenta fluctuation.
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A network of nonlinear interactions

I The network of nonlinear interactions is
systematically excited during ELMs and
mini-ELMs.
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Could an ELM be caused by a network of nonlinear interactions?
Could an ELM be caused by a network of nonlinear interactions that
”explosively” transfer energy? second part of this talk.
I Model this network of interactions to study the stability of the system, and its
potentially explosive behaviour. Next part of the talk.
I Need to better understand the interaction and coupling between the main
pedestal modes (ongoing work).
I Coupling between MTM (magnetic fluctuations) and GAM (low frequency mode).
I Self-interaction or coupling with ZF.

I Need to better identify the nature of these modes: improve the local analysis
(ongoing work).
I Simple models (dispersion relation).
I Use gyrokinetic simulation.
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Modeling the destabilization of a Network of Nonlinear Interactions...
...as observed during the triggering of an ELM onset.
Modeling: The excitation of the Network of Nonlinear Interactions has been studied
with a network of N simple triads [Dominski POP’21].
P osc  pi2 ωi2 qi2 
P
H= N
+ 2 ijk Vijk qi qj qk
i=1
2 + 2
Simulated with a symplectic algorithm (SIAM4 see paper).

Plan:
I A single triad, basics
I Weak and strong nonlinear fluctuations
I Coupling of two triads
I Transition in the regime of NL fluctuation of a network of 5 triads (9 oscillators)
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A single triad, basics

Hamiltonian
H=

3  2
X
p

ω2q2
+ i i
2
2
i

i=1


+ 2V123 q1 q2 q3

and q̇ = p leads to
q̈i = −qi ωi2 − 2Vqj qk .

The Ansatz qi = ai (t)e −ıωi t /2 + c.c., the
matching condition ω1 + ω2 = ω3 , and the
time-scale separation lead to
 da
∗
1

ıω1 dt = Va2 a3
∗
2
ıω2 da
dt = Va1 a3

 da3
ıω3 dt = Va1 a2 ,
which illustrates the NL transfer of energy.
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Weak and strong nonlinear fluctuations: definitions (1/3)
Equation of motion: q̈i = −qi ωi2 − 2Vqj qk
Ansatz: qi = 21 |ai (t)|e −ıΘi (t) + c.c.
r
Amplitude: |ai | =

√1
2

qi2
cos2 Θi

+

pi2 /ωi2
sin2 Θi

Phase: Θi = arctan (pi /ωi qi ) = ωi t + φi (t)
Energy: Ēi = ωi2 |ai |2
Wave number: Ni = ωi |ai |2
Energy is conserved: d(E1 + E2 + E3 )/dt = 0
Wave quanta are conserved: Ṅ1 = Ṅ2 = −Ṅ3 .
ω1 = 75 krad/s, ω2 = 85 krad/s, and ω3 = 160 krad/s.
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Weak and strong nonlinear fluctuations: observations (2/3)

I In the regime of weak nonlinear fluctuations,
left column, oscillator |2i is barely affected by
the NL interaction (adiabatic regime).
I In the regime of strong nonlinear fluctuations,
right column, there are periodic blast of energy
transfer, where all the energy goes rapidly into
one oscillator.
I Energy and wave quanta are conserved (I use a
symplectic algorithm).
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Weak and strong nonlinear fluctuations: configuration (3/3)
The NL configuration of the triad is defined by orbits in amplitude space
(|a1 |, |a2 |, |a3 |).
I Ellipsoid of constant energy
ω1 |a1 |2 + ω2 |a2 |2 + ω3 |a3 |2 = cst.
I Orbits conserve wave quanta
black O-point, weakest NL fluctuations
→ weak NL fluctuations: N1  N2 or N1  N2
blue “X-point”, strongest NL fluctuations, N1 = N2 .
→ strong NL fluctuations: N1 ∼ N2
Orbits computed from long simulations
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Coupling of two triads: theory (1/2)
The orbits in (|a1 |, |a2 |, |a3 |) space evolve when given energy from the second triad.
I Blue has minimum energy, and dark purple has
maximum energy.
I These orbits lie on a pipe because N1 + N3 is
kept constant. Only N2 and E2 are increasing.

Orbits computed analytically, including
section with |ai | < 0 for illustration purpose.

I Oscillator |2i goes from one O-point to the other,
while crossing the “separatrix with an X-point”
(magenta).
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Coupling of two triads: numerical experiment (2/2)
Orbits of two triads coupled (blue and red) or uncoupled (black).
I Ellipsoids of constant energy are in grey.
I Black orbits are triads simulated separately.
Blue and red are triads coupled together.
I When coupled, the energy of each triad goes
away from the ellipsoid. Both triads can have
respectively larger energy than when uncoupled
(even if the total energy is conserved). This is
due to a redistribution of the energy between the
oscillators.
Orbits computed from simulations.
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A Network of Nonlinear Triads (1/4)

I 4 triads are coupled together through the
oscillators.
I Frequencies are taken from [Dominski PPCF’21]
I The triad |1i ⊕ |9i → |8i is only activated at the
time t = 40ms
I The blue triads are near O-point and fluctuate
quietly before being coupled to the red triad.
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A Network of Nonlinear Triads (2/4)

I The system transits in a more disordered state, as
soon as the triad |1i ⊕ |9i → |8i is activated, at
t = 40ms.
I The disorder (an entropy like quantity) is defined
by
Nosc
1 X
log Ni .
d=
Nosc
i=1
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A Network of Nonlinear Triads (3/4)

I The system transits faster when the nonlinear
coupling is stronger. See the time traces in (a).
I The largest value of V is the one for which the
time scale of the nonlinear event is comparable to
the one of the wave oscillations. See the spectra
in (b).
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A Network of Nonlinear Triads (4/4)

I The transition duration is found to be inversely
proportional to the nonlinear coupling coefficient
∆t = 0.6

Vref
.
V

I With the maximum nonlinear coefficient V = 175
we have ∆t ' 0.5ms - similar to experimental
time-scale of ELM onset.
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Conclusion
I A network of quiet triads (near O-points) transits in a regime of strong nonlinear
fluctuations when coupled to another triad (near an X-point).
I Energy is suddenly re-shuffled between many modes.
I The duration of the transition is inversely proportional to the nonlinear coupling
coefficient: ∆t ∝ 1/V .
I When nonlinear time scale becomes close to the oscillation time-scale, we observe
transition time time similar to the ELM onset time-scale.
I Next steps:
I Identify the nature of the modes involved in the network (GAM [Dominski PPCF’20]
and MTM?). Currently working on disp. rel. and GK simulations.
I Need to work on a more complete model that includes the ELM event.

Thanks!
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