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Interaction between magnetic islands and turbulence

Sao-Paulo wokshop, November 15th, 2015

O. Agullo, M. Muraglia, A. Poyé, N. Dubuit,
S. Benkadda, X. Garbet, A. Sen
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Impact of NTMs, the magnetic islands
in high β tokamak regimes

[S. Gunter et al, Phys. Rev. Lett. 87 (2001)]

Reduction in energy confinement ∆W /W
due to (3,2) NTMs on ASDEX Upgrade
(same results in JET)

Degradation of the energy confinement ∝ w and/or
∝ β = pressure

magnetic energy

Existence of unexpected high confinement regimes at high
βN ! 2.3, call FIR-NTM regimes

O. Agullo 4
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Origin of NTMs, the magnetic islands
in high β tokamak regimes

[T.C. Hender et al, Nuc. Fusion 47 (2007)] Chapter 3: MHD stability, operational limits and disruptions
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Figure 3. Sketch of the time evolution of the island growth rate
as given by equation (6) at the onset of the NTM when the
critical seed island size (Wcrit) is exceeded and an NTM forms
at βp,onset . A slow decrease in beta from βp,onset to βp,marg (when
max(dW/dt) = 0) is assumed, as in power ramp-down experiments,
such that dW/dt ≈ 0 (reproduced from [54] ‘Marginal β-limit for
neoclassical tearing modes in JET H-mode discharges’).

the seed island formation or on the NTM physics, as they are
not necessarily related. However, additional effects on NTM
onset arise from resonant error fields which can seed NTMs
and slow plasma rotation [58]. Preliminary analysis suggests
decreased plasma rotation could be reducing the small island
polarization current threshold and thus making the 2/1 NTM
unstable at lower β, but further experiments are required to
elucidate this effect.

To understand the physics mechanisms at play, it is best
to describe in some detail the modified Rutherford equation,
which can be written symbolically as follows for the island
growth rate:

τR

rs

dW

dt
= rs#

′(W) + rsβp(#
′
BS − #′

GGJ − #′
pol) + rs#

′
CD.

(6)

Here W is the width of a magnetic island occurring at a radius
rs and τR is the local resistive diffusion time; #′ is the stability
index of the equilibrium current profile, #′

BS is the bootstrap
drive term, and #′

CGJ and #′
pol are the stabilizing curvature [59]

and polarization terms [60], respectively. The effect of current
drive represented by #′

CD will be discussed in the next section.
The island width dependence is #′

BS ∝ W/(W 2 + W 2
d ) and

#′
pol ∝ W 2

pol/W 3, where Wd describes a stabilizing effect at
small island width due to perpendicular thermal conduction
[61] and Wpol is a constant related to the stabilizing polarization
effect. A fuller description of these terms, used to compare
with experimental data, can be found in [54,62] and references
therein (see also [1]). The typical evolution of the island growth
rate in a full discharge, assuming a slow ramp-down of the
power, and thus a slow decrease in the terms proportional to
βp in equation (5), is shown in figure 3. At a given time in the
discharge, an island is triggered at a beta value βp,onset, in most
cases much larger than βp,marg, and subsequently grows to a
relatively large saturated island width. When βp ! βp,marg, the
mode is stabilized and the growth rate becomes rapidly very
negative. The hysteresis, ratio βp,onset/βp,marg, is significant
in standard scenarios with modest size sawteeth, it has been
measured much above unity in ASDEX Upgrade [51], DIII-
D [52], JET [4] and JT-60U [55]. This occurs because βp,marg,

the marginal beta limit above which NTMs are metastable, is
very low but generally the sawteeth (or other seeds) do not
form a large enough island (W < Wcrit) until βp increases well
above βp,marg. Since βp,marg scales approximately linearly with
ρ∗ [54] ITER is predicted to have βp > βp,marg as soon as it
is in the H-mode. Therefore the existence of NTMs in ITER
does not depend on β as such, but rather on the triggering of a
seed island Wseed > Wcrit . Thus, the predictions of seed island
widths and of the value of Wmarg are each of great importance
for burning plasmas.

The prediction of Wmarg indicates that its size normalized
by the minor radius will be much smaller in ITER than in
present experiments. Its value depends on all the terms
in equation (6) and their dependence at small W . The
understanding and relevance of each of these terms have been
further developed since [1]:

– The first term is the classical #′ term, which has a weak
dependence on W . It has been shown that classical
tearing modes can provide the seed islands for NTMs
[63,64], and this may be one of the possible explanations
of the ‘triggerless NTMs’ observed in other machines
like ASDEX Upgrade [65], JT-60U [55], T-10 [56] and
TFTR [66]. This usually happens when the current
profile is modified [63], and could become the main seed
island trigger mechanism in hybrid scenarios, or when
β approaches the ideal limit, as #′ can become large and
positive [64] and thus could become important in advanced
scenarios. In addition, using fast power shut-off, leading
to a rapid vanishing of the terms proportional to βp in
equation (6), it was possible to show the linear #′(W) on
W in TCV [17].

– The second term is the bootstrap drive, which is reduced
at small island width due to two main effects. First,
the ratio of perpendicular to parallel heating becomes
non-negligible and the pressure profile is not flattened
completely, reducing the perturbed bootstrap current [61,
67]. Anomalous perpendicular viscosity can also affect
the bootstrap drive. Its effect is frequency dependent and
can be stabilizing or destabilizing depending on the sign
of ω/ω∗pi [68], where ω is the mode frequency in the
electron frame and ω∗pi is the ion diamagnetic frequency.
Another effect which reduces the perturbed ion bootstrap
current even more is finite ion Larmor radius effects [69].
When the island width is less than ∼5ρb (ρb = ion banana
width) ions are still affected by the pressure gradient inside
and outside the island, leading to a finite bootstrap current
within the island.

– The third term describes the stabilization due to the effect
of curvature and is usually smaller than the bootstrap term
in present tokamak scenarios and therefore has often been
neglected in the past. It has been confirmed in MAST to
be significant for tight aspect ratio scenarios [70]. On the
other hand, it has been shown to yield a finite stabilizing
term for small island width [71] and therefore can be
significant at small island widths in present tokamaks and
for ITER aspect ratio as well.

– The fourth term is due to the polarization current,
resulting from the fluctuating electric field driven by the
different electron and ion responses to the rotating island.
Therefore it involves diamagnetic effects, effective mode

S137

Sketch of the time evolution of the island size
w of an island (power-ramp down experiment).

When w > wcri, Seed islands ⇒ Radially extended islands
or NTMs
NTMs should be metastable in ITER: β ≫ βmarg
[R.J. Buttery et al, 20th IAEA Conference, (2004)]

O. Agullo 5
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Origin of seed islands (w " wcri)
[S. Fietz et al,41st EPS Conf. on Plasma Physics (2014)]

where the mode grows without any visible trigger are also common. For six NTM onsets

(1,1) activity was observed but the trigger mechanism could not be specified. In cases where
at the mode onset multiple events took place the trigger mechanism is labelled as ‘unclear’.
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Figure 1: Normalised βN at the onset of

(a) (3,2) and (b) (2,1) NTMs versus MaA at

rres. The symbols indicate the different trigger

mechanisms. In (a) the blueish grey boxes in-

dicate the experimentally possible data range,

the upper bound is indicated as machine limit.

At AUG the (m,n)=(3,2) and (2,1) NTMs are the

most common and hence a large data set of NTM
onset points with a wide range of plasma rotation is
available. To extend the database, especially in the

low rotation regime and with counter-rotation, dedi-
cated experiments have been carried out, with vary-

ing heating power and external torque input, using
different combinations of wave heating (ECRH and
ICRH) and neutral beam injection (NBI). In normal

operation the NBI is oriented in the co-direction
relative to the plasma current. Experiments with

counter-rotation were done by reversing the plasma
current and the magnetic field direction. With this
the NBI is oriented in the counter-direction. These

experiments were limited in NBI heating power
due to impurity influx created by first orbit losses.
As a consequence the range of achievable counter-

rotation was limited. For the following investiga-
tions all parameters are taken at the location of the

magnetic island. The detailed evaluation is mainly
based on the (3,2) NTMs due to its significantly
larger database. For the (2,1) NTM in many cases

the onset conditions are unclear and hence the ac-
curately analysable database is smaller.

3. Experiment results

In this section the influence of the toroidal ro-
tation velocity on the NTM onset threshold is in-
vestigated. Similar to studies at other devices in the

following, the rotation velocity is normalised to the
Alfvén velocity (vA = Btor/

√
µ0nimi), with Btor the

toroidal magnetic field, ni the ion density, mi the ion
mass and µ0 the magnetic vacuum permeability),
due to the only marginal dependence of the NTM

onset threshold on toroidal rotation alone. This normalised quantity is then defined as MaA

(Alfvén Mach number).
In figure 1 the global βN at the NTM onset is plotted against the normalised rotation for the (3,2)

NTMs in (a) and the (2,1) NTMs in (b). Also indicated in 1 (a) is the hypothetical achievable
parameter range in βN and MaA, which is estimated assuming a momentum confinement time

equal to the energy confinement time and an H98-factor of one. In this calculation the plasma ro-
tation was varied by including different mixtures of the heating methods (NBI max. 20 MW and
wave heating max. 10 MW) available at AUG. These calculated data points, which are shown

as grey-blue boxes, indicate the hypothetical experimentally achievable data range for the given
heating power at AUG without NTM. The upper bound is marked as machine limit.

In figure 1 (a) the βN at the NTM onset linearly increases with increasing MaA for co-
and counter-rotation. This is more distinct for the co-rotation data, but however the trend

41

st
EPS Conference on Plasma Physics P2.003

Trigger Mechanisms of (2,1) NTMs in nor-
malised (β, vtoroidal) space in ASDEX Up-
grade Tokamak

[A. Isayama et al,Plasma and Fusion Research 8 (2013)]Plasma and Fusion Research: Regular Articles Volume 8, 1402013 (2013)

Fig. 2 Normalized beta at mode onset or beta collapse. The
open circles correspond to mode onset growing from a
small amplitude, and the closed circles correspond to
mode onset triggered by a localized collapse. The cross
symbols correspond to discharges terminated by a beta
collapse, in which no NTM was observed. The time
traces of the normalized beta for typical discharges are
also shown.

onds, an m/n = 2/1 NTM appeared. Among the dis-
charges in which a 2/1 mode appeared, the onset behavior
can be classified into two groups according to the wave-
form of the magnetic perturbations and the electron tem-
perature: (a) mode onset and growth from a small mode
amplitude and (b) mode onset triggered by a localized col-
lapse. Moreover, the former constitutes about 80% of the
analyzed discharges, and the latter accounts for about 20%.
The appearance time of the former covers a wide range:
t = 5.6–6.7 s; in particular, mode onset at t ∼ 5.7 s is
most frequently observed. The latter seems to appear in
a slightly higher-beta region and at a later time.

3.2 Characteristics of mode behavior
3.2.1 Mode onset and growth from a small mode am-

plitude

The temporal evolution of magnetic perturbations that
appear without a large MHD event is shown in Fig. 3. In
this case, the mode amplitude increases from nearly the
noise level and saturates in ∼50 ms. As the mode grows,
the mode frequency decreases starting at t ≈ 5.68 s and
reaches ∼400 s−1. In Fig. 3 (a), the temporal evolution of
the Dα intensity is shown. The spikes at, for example,
t = 5.614, 5.624, and 5.641 s correspond to perturbations
by ELMs. The fact that the mode starts to grow between
ELMs suggests that the 2/1 mode was not triggered by an
ELM. The temporal evolution of the electron temperature
around the mode location measured with a heterodyne ra-
diometer is shown in Fig. 3 (c). Oscillations first appear at
channels 2–4, which correspond to ρ ≈ 0.5. An inversion
of the phase of the oscillations, which is an indication of

Fig. 3 Expanded view of shot E49226 near mode onset. (a) Dα
intensity, (b) magnetic perturbation amplitude, and
(c) electron temperature measured with a heterodyne ra-
diometer. RECE is the measurement point of each channel.

magnetic island formation, can also be seen across chan-
nels 1–4. The full width of the magnetic islands at mode
saturation is typically 10–15 cm. After t = 5.72 s, the oscil-
lations of the magnetic perturbation signal become unclear
because the mode frequency becomes very low. The exis-
tence of a magnetic island can be confirmed from the ECE
signals: the signal of channel 1 stays at the lower level of
the oscillations, whereas the signals of channels 5–7 stay
at the higher level. This feature indicates that the measure-
ment points of the heterodyne radiometer correspond to the
X-point of the magnetic island.

Figure 4 shows a plot of 1/∆tpeak against (dB/dt|t=tpeak )/
(1/∆tpeak). Here tpeak is the time at which dB/dt reaches
a local maximum, ∆tpeak is the time difference between
two successive peaks, and dB/dt|t=tpeak is the value of dB/dt
at the local maximum. Thus, 1/∆tpeak corresponds to the
mode frequency, and (dB/dt|t=tpeak )/(1/∆tpeak) corresponds
to the time derivative of the mode amplitude normalized
to the mode frequency, or equivalently, the mode ampli-
tude. The mode frequency decreases from 1300 Hz with
increasing mode amplitude and reaches ∼700 Hz; then, it
decreases rapidly to 400 Hz with increasing mode ampli-
tude. This behavior is similar to that in previous observa-
tions, where the mode frequency suddenly decreased from

1402013-3

Onset of (2,1) NTMs in high βp discharges
in JT60U Tokamak.

In about 80% of the discharges, (2,1) NTM
appear from a small amplitude without any
noticeable triggering event

O. Agullo 6
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A multi-scale problem
•TEM, ETG and ITG turbulences can give rise to a significant
turbulent transport in the core of tokamaks. They are in essence
interchange modes with an instability threshold, including drift
waves. [X. Garbet et al,PPCF 46 (2004)]

0.1cm� 10cm�

ETG�

Ion,Temp.,
Gradient�

Magnetic,
Island�1,kHz�

100,kHz�

1,MhZ�

Temporal)scale�

Spatial)scale�

10,kHz�

1cm�

Interchange) The interaction of magnetic is-
lands with interchange turbu-
lence is a multi-scale problem

A numerical investigation using a minimal fluid model:
Generation of seed islands by interchange turbulence ?

O. Agullo 9
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Numerical set-up:
a bath of interchange modes at small scales

Reduced MHD equations for electrostatic potential φ, pressure
p and magnetic flux ψ
Model includes both resistive Interchange and Tearing Mode in
2D slab geometry
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m is the poloidal mode number
γ is the growth rate of the instability

Linear spectra are stable with respect with tearing instability
(No current driven instability can generate an island: ∆′ < 0)
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Numerical set-up:
a bath of interchange modes at small scales

Reduced MHD equations for electrostatic potential φ, pressure
p and magnetic flux ψ
Model includes both resistive Interchange and Tearing Mode in
2D slab geometry
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Nature of the instabilities and parity of the modes
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Origine of the seed TDMI

•
•

• Quadrupole flow structure at large scales

[M. Muraglia et al, Phys. Rev. Lett. 107 (2011)]
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Energy transferts in the QL phase: Beating of modes

Bispectra analysis Γ(m1,m2) for the pressure, vorticity
ω = ∆φ and magnetic flux equations allows to characterize
the multi-scale interaction dynamics:
dEp

dt
(m) = linear +

X

m=m1+m2
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In the quasi-linear phase, NL
energy transfert occurs from
interchange scales to MHD
scales
(m1,m2) = (m⇤ ± 1,m⇤)
1 = |m1 +m2|

O. Agullo 13
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Energy transferts in TCABR: Electrostatic turbulence with
high MHD activity

[Z. O. Guimaraer-Filho et al, Journal of Physics: Conf. Series 246 (2010)]

O. Agullo 14
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Energy transferts in the Non Linear regime:
- Pile up of energy at MHD scale through bracket [φ, p]
- Intermittent release of MHD energy through spectral
cascade m → m + 1 (like in TCABR tokamak [Z. O. Guimaraer-Filho et

al, Journal of Physics: Conf. Series 246 (2010)])

O. Agullo 15



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

A signature of TDMI:
Pressure profile exhibits a partial flattening

Pressure profiles at different times: [O. Agullo et al, Phys. Plasma 21 (2014)]

TDMI Tearing driven island

Partial flattening of both density and Te , in conditions where
it should not be partial (Fitzpatrick criterium), have been
already observed [P.C. De Vries et al, Nuc. Fusion 37 (1997)]

Only a source localized inside the island can induce it:
Ohmic? Turbulence?. . .

O. Agullo 16
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2D slab reduced MHD: a too simple model?

Recent results on electromagnetic gyrokinetic turbulence and island: W A Hornsby et al

6

coupling with the electromagnetic turbulence. Without turbu-
lence the island grows exponentially (see inlay of figure  3) 
with a growth rate of γ = 0.024 vthi/R.

The non-linear growth of the MT mode produces A∣∣ struc-
tures approximately ρi in size, larger than the singular layer 
width of linear tearing mode theory theory. Therefore, in the 
presence of turbulence linear tearing mode stability is irrel-
evant since the turbulence, even at an electron beta βe ∼ 0.1%, 
produces an island size for which linear theory is no longer, in 
principle, applicable. This is further discussed in the following 
section. The seed island structure generated by these interac-
tions can be seen in the bottom right panel of figure 6, which 
shows a coherent island structure at the rational surfaces even 
without the presence of tearing mode drive, however, in this 
case the island saturates and remains small in size.

4. Magnetic island evolution

In this section  we will concentrate on the evolution of the 
island after t = 90 R/vthi. Once the seed island is established 
the mode amplitude continues to grow, corresponding to a 
growing magnetic island. At this point in the simulation it can 
be seen from the main panel in figure  3, while the electro-
static potential mode amplitude reaches a saturated state, the 
parallel vector potential, A∣, continues to grow in amplitude, 
representing a growing magnetic island.

Comparing the traces with (solid curve) and without 
(dashed curve) the tearing mode drive due to the radial gra-
dient of the background current, one observes that in the 

latter case the parallel vector potential (A∣∣) mode amplitude 
saturates after the initial phase, while in the former case it 
grows in amplitude throughout the simulation, developing 
increasing tearing parity and generating a growing magnetic 
island. The island width is calculated from A∣∣ using the 
expression,

= ˆw qA B s4 / .t (8)

From figure 1 which is taken from a simulation when the drive 
is present, we see the distinctive [39] radial eigenfunction of 
a m = 2, n = 1 tearing mode. Therefore, even though electro-
magnetic turbulence is present the magnetic island continues 
to grow and maintain a coherent structure. Turbulence does not 
disrupt the growth of the tearing mode, even for island sizes of 
the order of the ion Larmor radius, where the island width is 
comparable to the length scales of the turbulent eddies.

As a comparison, the inlay in right panel of figure  3 
shows the island when the turbulence is unresolved, this is 
achieved by running a nonlinear simulation using the same 
parameters but with only the n = 1 and n = 0 toroidal modes 
kept. In this case there is no small scale turbulence and ini-
tially, the mode grows exponentially in a linear phase until 
the island size reaches the plotted singular layer width (The 
singular layer width is plotted in the inlay as well as in the 
main figure 3 as the black dash–dotted line). The island then 
enters the Rutherford non-linear phase at approximately 270 
R/vthi before approaching saturation. At this island size the 
mode enters the expected Rutherford [42] non-linear regime 
and grows algebraically (w ∝ t) until it finally saturates. The 
saturated island half width is w = 5.7ρi at βe = 0.1%, which is 
also indicated by the dashed horizontal lines in both the inlay 
and the main figure.

Figure 4. Time traces of the squared electrostatic potential  
(∣ ϕ ∣ 2) (green lines) and electromagnetic potential (A∣∣) (black 
lines) for a simulation with an imposed ∆′ unstable current profile 
(solid lines) and without (dashed lines). ϕ is largely unaffected, 
maintaining a statistical steady-state. A∣∣, however, continues to 
grow once a seed island structure is established at approximately 
t = 90 R/vthi. The (red) curve is the electrostatic potential time trace 
of the n = 9 toroidal mode. The linear scalings for the microtearing 
(grey dot–dashes) and linear tearing mode (orange dashed) are 
also plotted. In the inlay the time averaged electrostatic fluctuation 
spectrum of the case without current drive is shown.
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Figure 5. (top) The radial profile of the electrostatic potential for 
a tearing mode (solid) micro-tearing mode (dashed) in the n = 1 
toroidal mode, while (middle) shows the parallel vector potential 
profile and (bottom) the corresponding safety factor profile. Inlaid 
in the top is the Poincaré plot showing the magnetic island produced 
by a micro-tearing mode at the q = 2 rational surface.
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Plasma Phys. Control. Fusion 57 (2015) 054018

[W. A. Hornsby et al, Plasma Phys. Control. Fusion 57 (2015)]

Presence of a QL phase with
mode beating
Generation of Turbulence
Driven Magnetic islands
Parity/Mode structure
breaking still at play

O. Agullo 17
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Non linear amplification of TDMI by the bootstrap current
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! Self-consistent generation of NTM from TDMI 
1. TDMI formation => Seeding regime 

2.  NL growth of NTM => Amplification (by bootstrap current) regime 
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Non linear amplification of TDMI by the bootstrap current
[M. Muraglia et al, to be submitted]

Cb ̸= 0 means bootstrap current is included in the dynamics
TDMI are amplified by the bootstrap current
Turbulence impacts on the NTM’s size induced by the seed TDMI:
- The wide belief w # wcri =⇒ Large NTM is not always true.
- When wTDMI, no bootstrap < wcri, this is false.
(to be clarified, including in 3D context)

O. Agullo 19
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Oversimplified picture in a multi-helicity context

Magnetic island area do not cover the whole area where
turbulence is present. What is the nature of the interaction?

1 Remote influence of the turbulence on magnetic islands ?
2 Can edge turbulence affects the growth of magnetic island in

weak or weakly reverse shear scenarii such as projected in
ITER ?

3 To which extent the size of TDMIs is large enough to generate
NTMs : wTDMI # wcri?

O. Agullo 20
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Model: Interchange turbulence and coupling with MHD
fluctuations

Reduce MHD, 3D, cylindrical geometry and curvature:

∂t ψ̃ = ∇∥φ̃−∇∥ (Peq + p̃) + ηj̃

∂t ω̃ +
{
φ̃, ω̃

}
= ∇∥

(
Jeq + j̃

)
− κ1

r
∂θp̃ + ν△⊥ω̃

∂t p̃ =
{
Peq + p̃, φ̃

}
+ ρ∗2

{
Ψeq + ψ̃, Jeq + j̃

}
+ χ⊥△⊥p̃

A simple model including interchange and Tearing instabilities.

∇∥A =
{
Ψeq + ψ̃,Aeq + ã

}
− ∂z ã

{a, b} =
1
r
(∂ra∂θb − ∂rb∂θa)

We restrict the study to cases where lowest order rational surfaces
are tearing stable. Only resistive instabilities are allowed.

O. Agullo 21
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Numerical set-up : two simple situations

1 Edge turbulence level is controlled through pressure
equilibrium gradient and dissipative parameters.

2 Inner zone is stable with respect to both interchange and
tearing instabilities.

Case A : without q = 2. Case B : with q = 2.

1.8

2

2.2

2.4

2.6

2.8

3

0..5 0.7 0.9 1.1 1.3 1.5

x 10↵3

0.5 0.7 0.9 1.1 1.3 1.5

1

2

3

4

Is the stable zone impacted by edge turbulence whether it
includes low order rationnal surface (here q = 2) or not? How?
Do we have have spreading of turbulence and generation of
magnetic islands in stable inner area ?

O. Agullo 22



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

Numerical set-up : Linear stage

Instability growth rates:

0 10 20 30 40-20
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x10

The most unstable mode is in
the edge area with m ≫ 1.
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x10

Nature of the instability and parity of the eigen function are linked:
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6

Which instabilities are growing and where ?
O. Agullo 23
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Numerical set-up: Linear stage

We identify the instabilities and their radial locations:
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8
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Non linear evolution: Case A without q = 2

10
-14

10
-6

0 1 2
x10

4

-1 0 1

-1

0

1

We recover the 2D result: the turbulence generates a magnetic
island.

The dominant mode, in non-linear phase, belongs to the
lowest available rational surface available in the turbulent area:
q = 2.5. Energy transfer analysis show that the generated
(5, 2) island is mainly produced and maintained by linearly
unstable interchange modes, through nonlinear coupling.
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Non linear evolution: Case B with q = 2
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Generation of a zonal flow localized in turbulent zone and
important unlocalized pressure profile modifications
After a transcient NL phase, (2,1) magnetic fluctuations
dominate the spectrum
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Non linear evolution: Case B with q = 2

0 1 2 3 4 5 6x10
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The dominant mode, in non-linear phase, is located at the
lowest rational surface aviable in the whole box : q = 2. It is
in the quiet/stable zone and produces a magnetic island (2, 1).
No more (5,2) island in the edge turbulence region

How this (2, 1) island can be generated in the quiet zone ?

O. Agullo 27
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Island generation: Possible mechanisms ?

separatricemovie.mpg

The magnetic island has different shapes during the time evolution.

O. Agullo 28
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Island generation: Possible mechanisms ?

Propagation

Island
generation
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Does profile modifications destabilise the system ?

The profile evolutions are slow compared with the characteristic
time γ∗−1 of interchange instability. The non-linear profiles can be
seen as successive new equilibria in that context.

x 10⌅3

0.5 0.7 0.9 1.1 1.3 1.5

1
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-1

0

1

0.5 0.7 0.9 1.1 1.3 1.5

The pressure profile is modified at q = 2.
The current is weakly modifed only in turbulence area.

Stability of such profiles with respect to interchange and tearing
instabilities ?
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Does profile modifications destabilize the system ?

Growth rates are computed by means of linear simulations using the
modified asymptotic equilibrium profile:

2 2.2 2.4 2.6 2.8

0

2

4

6

x 10 3

8

The profile modifications do not generate instabilities at q = 2,
neither tearing, nor interchange.
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Non linear evolution: Possibles mechanisms ?

Propagation

Island
generation
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Non linear evolution : Beating of dominant unstable modes

1 The modes beat if they overlap.
2 The beating is efficient if the

resulting mode is resonant at its
birth location.
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8

(23, 10) + (16, 7) = (7, 3). Rules are
satisfied, the (7, 3) is generated.
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4
x 10�7
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(25, 11) + (23, 10) = (2, 1). Rules
are not satified, the (2, 1) is not
generated at its resonance.
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Then, how to explain the growth of the mode (2, 1) ?
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Non linear evolution : coherent and delocalised beating

The beating mecanisms produces modes with large radial
structure (5, 2), (7, 3) and (9, 4) in the QL phase and remains
efficient in the whole NL phase.
The beating of such modes generates (2, 1) but only at the tail
of the eigen function, at q = 2.

(9, 4) + (7, 3) = (2, 1)

(7, 3) + (5, 2) = (2, 1)

-10
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Turbulence driven island width evolution

[A. Poyé et al, Phys. of Plasma 22 (2015]]

0 0.5 1 1.5 2
x 104

0

0.1

0.2

Slow and linear growth of the mode (2, 1) during the Non Linear
phase. ẇ2,1 = constant (but not Rutherford !)
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TDMI island widths

10
-9

10
⌦7

2 2.2 2.4 2.6 2.8 ⌃40

0.1

0.2

0 1 2 3 x 10

(2, 1) magnetic energy saturation levels ≈ energy fluctuations
of turbulent modes
w̄ weakly depend on the anomalous transport coefficient

D(ρ̂,χ⊥ , η, . . . ) =
γm,n>0∑
m,n

γm,n

k2
m

Extrapolation to realistic values (D ≪ 10−4) gives
w̄TDMI/a # 1.5%, (remote turbulence contribution)

≈ of the order of magnitude of the expected ITER critical size wcri

[A. Poyé et al, Phys. of Plasma 22 (2015]]
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An improved fluid model

−1 0 1

−1

0

1
Large turbulence ?

Can we have magnetic islands of width much larger
than turbulent eddies?
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Model with Zonal Flow (ZF)

Gyrokinetic simulations have shown that turbulence can generate
strong zonal flow and no inverse cascade/coalescence of turbulent
eddies1.
We inject those mechanisms in MHD equations by introducing an
anomalous viscosity ν00, much smaller than ν, at the largest scale.
The goal is to inhibit the generation of large scale turbulent eddies
by amplifying the zonal flow.

∂t ψ̃ = ∇∥φ̃−∇∥ (Peq + p̃) + ηj̃

∂t ω̃ +
{
φ̃, ω̃

}
= ∇∥

(
Jeq + j̃

)
− κ1

r
∂θp̃ + ν△⊥ω̃ + (ν00 − ν)△⊥ω̃00

∂t p̃ =
{
Peq + p̃, φ̃

}
+ ρ∗2

{
Ψeq + ψ̃, Jeq + j̃

}
+ χ⊥△⊥p̃

Tearing Mode, interchange, zonal flows.
1Z. Lin et al, Science, 281 1835 (1998)
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Impact of ν00 on the ZF

0.5 1 1.5

−0.02

0

0.02
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Strong shear flow for case ν00/ν = 3.3 · 10−3.

Weak shear flows for case ν00/ν = 1.
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Effect of the ZF on the turbulence

psi_ZF_movie.mpg

The zonal flow break the large structure of turbulence.
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Effect of the ZF on the turbulence
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Zonal flow reduces turbulent eddy sizes

Island is still generated.
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Effect of the ZF on the magnetic island

ν00/ν = 1. ν00/ν = 3.3 · 10−3.
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The ZF calms the island short-term fluctuations.

0 2 4 6
x10

4

0

0.5

1

0 2 4 6
x10

4

0

0.5

1

1.5

2

The ZF can destabilize but the maximal island size is the same.
Intermittent predator-prey behavior?

Behavior similar to FIR-NTM regimes . . .
O. Agullo 42



.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

.
.
.

.

Conclusions 1

Interchange can drive seed TDMIs and NTMs.
Mechanisms and limitations have been discussed.
TDMI island sizes are possibly compatible with
the required size to seed NTMs, including in
ITER
The ZF kills island width fluctuations on turb.
time scales but can irregularly stabilize islands. A
link with FIR-NTM? A predator-prey mechanism?

With ZF, TDMI are noticeably larger than
turbulent eddies
The role of the toroidal geometry, the spreading
of the turbulence, kinetic mechanisms remain to
be clarified.

Thank you for your attention
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Conclusions 2

MHD, Island and Turbulence activities started in 2008,
3 PhD students, 2 postdoctoral positions
(not only interaction between islands and turbulence)
A parallel code AMON has been developped to face the
multiscale character of the subject
Basic fluid models are endangered in the hot magnetized
plasma communauty, but we think they can still help to
open up some problems
Meso-scale physics (between MHD and Turbulent scales,
including kinetic aspects) should received an enhanced
attention, both theoretically and experimentally, because
MHD does not ignore that turbulence is present and
conversely.

Thank you for your attention
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Conclusions 3: some details

In the vicinity of a low order rationnal resonant surface,
interchange instabilities can drive seed TDMIs and NTMs.
TDMIs: Beating, NL generation of radially extended modes
are key mechanisms. Spreading of turbulence?
The mean island width weakly depends on the anomalous
diffusion coefficient, which caracterizes interchange energy
source.
The island energy contents is of the order of dominant
turbulent magnetic fluctuations in the absence of ZF
The ZF mitigates island width fluctuation levels on turbulent
time scales but it shows an irregular, possibly intermittent,
behavior on larger time scales. A predator-prey mechanism? A
link with FIR-NTM?
Resulting island widths appear to be possibly noticeably larger
than turbulent eddies and potentially comparable to the
require critical size for the growth of NTM. Impact of the
toroidal geometry?

Thank you for your attention
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Numerical parameters

Fixed parameters
Numerical parameters : NX = 128, NY = 128, NZ = 64,
dt = 0.01τA.
Diffusive parameters : η = 1 · 10−4, ν = 3 · 10−5, χ⊥ = 1 · 10−5.
Equilibrium parameters : κ1 = 0.1, v∗ = P ′

eq = −0.01, qmax = 2.9,
r ∈ [0.5, 1.5].

Scanning parameters

Setting the turbulence level : ρ∗2 ∈
[
1.5 · 10−4, 4 · 10−4].

Setting the presence of q = 2 : qmin = 1.9 or qmin = 2.1
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Turbulence driven island width evolution
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Turbulence affects strongly mean pressure profile:

D =
γm,n>0∑
m,n

γm,n

k2
m

with dD
dρ⋆ < 0

Island size and fluctuations decrease with ρ⋆ and depend on various
parameters controlling interchange instability
Evolution of the pressure gradient at rs :

0

−3

x10
4

x10

The pressure gradient is remaining low during all the simulation.
Nor tearing nor interchange can be generated at any moment.
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Why the island (5, 2) is vanishing ?

1 The turbulence develop on r > rp (edge zone).
2 Beating of dominant interchange localized modes generate

large radial structure mode: they reach r = r2.
3 Such mode beat themselve and generate the mode (2, 1).
4 The mode (9, 4), (7, 3) have a feed back from (2, 1): they

have comparable energy to (5, 2).
5 The density of rationnal surface mode amplitude are too high

to let the islands (9, 4), (7, 3) and (5, 2) distinctly appear.
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