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Magnetic Reconnection at various scales in tokamaks
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Magnetic reconnection consists of a modification of magnetic field topology
and generates magnetic island shape structures (in 2D).

Magnetic reconnection is ubiquitous in nature

September 2005, captured in the X-ray waveband by NASA’s
TRACE satellite.
[Courtesy of the University of California Berkeley,
all rights reserved]
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TYPICAL m/n=2/1 TEARING MODE ON 
KSTAR (#6123) 

1-D diagnostics and KSTAR ECEI system 

Edge Localized Mode 
(ELM) is suppressed / 
mitigated by RMP 
 
After the turned-off 
static RMP, large 
amplitude oscillation is 
observed at Mirnov 
coils, interferometer, 
and ECE signals 
 
Oscillations turned out 
to be the 2/1 tearing 
mode numbers from 
Mirnov coil and 
ECE/ECEI signals 

L-mode 

Large magnetic island in KSTAR
[Minjun J. Choi, 2021]
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Ø Origin and
control of large
magnetic islands ?

In fusion devices, instabilities lead to magnetic island formation
from small to large scales.

Magnetic reconnection at various scales

Ø Impact on
electron  heat
transport ? 

[Rutherford PF 16 (1973)]

[Hazeltine et al. PF 18 (1975)]
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Large (few cm)
magnetic islands

« Tearing » instabilities:
Magnetic field lines are
torn then reconnected
on resonant surfaces (in red)
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Magnetic reconnection is at the heart of open issues in fusion

v Origin and control of large magnetic
island(s) called NTM(s) [Kong PPCF 2022]
EFTC Conference 2023 : I.8 E. Poli

v Micro-tearing modes is found unstable
in JET pedestal [Hatch NF 2016]

v Magnetic reconnection is observed in
sawtooth crashes [Yu NF 2022]

v Runaway electrons can drive magnetic
reconnection [Grasso JPCS 2022]
EFCT Conference 2023 : P.1.28, D. Grasso et al.

v Magnetic reconnection will play a role in
compact high fields tokamaks with high 𝛃.
What is the relevance for fusion
applications of such configurations ?
[Guo Nat. Comm. 2015]

=> Understanding magnetic reconnection theory is crucial for many challenging
issues of fusion plasmas 

NIMROD code
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A brief history of Magnetic Reconnection 1/2
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v Magnetic reconnection is first and foremost an electromagnetic phenomenon taking place
in a medium in the plasma state.

v Historically: Space plasma context
During MR reconnection process, magnetic energy is converted into kinetic energy
=> Particles are locally accelerated
 - Observed and studied since the 1940s
 - First models : in a 2D fluid framework

v Concept of « magnetic field line motion » proposed by Alfvèn in 1943
 [H. Alfvèn, Cosmical Electrodynamics, Oxford Univ. Press. 1950]

In ideal MHD,  induction equation = equation of motion/transport of B in a moving (u)
plasma
Magnetic flux    and  Magnetic connectivity are conserved:

𝜕!𝑩 = ∇× 𝒖×𝑩

M2M1

M’1 M’2

B(t)

B(t+dt)!" + d(!")

∆"

(u+∆()dtudt
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v T.G. Cowling : Frozen-in law can be broken due to conductivity

        [T. G. Cowling, Visitas in Astronomy, 1955]

v In 1946, Giovanelli : on sunspost of solar flares particles are accelerated around a local
« reversing layer » where « the magnetic field vanishes » . Giovanelli highlights also the 
imporance of the conductivity. [R. G. Giovanelli, Nature, 1946]

v Importance of the work of Dungey: [J. W. Dungey, Phil. Mag., 1953]

 « |curlH| is very large in a small region near the neutral point. The field is not frozen 
into the gas in this region and the line of the force can regarded as being broken and 
rejoined in the way just described » => Magnetic reconnection is born

v In 1958, the resistive Sweet-Parker model of MR highlights for the first time the physical 
mechanisms at play and gives a first evaluation of the characteristic time of a MR process

 => 𝜏"#~ 𝜏$𝜏% >> first experimental evaluations in the space and fusion context!!
 => Resistivity can not explain MR in these context !!???!!!!
 => Or maybe yes… Maybe resistivity can explain the orgin of MR and then another 

physical mechanism can accelerate/drive the growth of reconnected structures…



Magnetic Island Life

I. Origin : What non ideal phenomenon breaks the magnetic
field topology ?

II. Drive : What makes the island grow ?

III. Saturation: Prediction of the saturation ?
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I. Physics behind magnetic reconnection
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=> Magnetic reconnection is the result of a local non-conservation of 
magnetic connectivity between two times

v Conservation of magnetic conectivity in MHD :
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I. Scales competition in MHD generalized Ohm’s law

7

Ideal term Non-ideal ideal terms

induction resistivity Hall effect thermal effect ∝me

𝐿 (m) >>   𝑙$(cm, mm) ≥                Lri (mm)               >  Le

E =�u⇥B+hj+
1

nee
j⇥B� 1
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—pe +Einer= (�u+uHall)⇥B+E

NI

k
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At large scales
=> no magnetic reconnection
Ideal MHD is valid, the magnetic field and the plasma are frozen-in
together in a commun evolution  and magnetic connectivity is conserved &

&'
𝚫𝐥×𝐁 = 𝟎.

At small scales
=> magnetic reconnection leading to structures that reaches large scales 
Various non-ideal phenomena can break the frozen-in law and lead to
magnetic reconnection.

=> Magnetic reconnection is a multi-scales and a multi-physics problem
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Ideal term Non-ideal ideal terms

induction resistivity Hall effect thermal effect ∝me

𝐿 (m) >>   𝑙$(cm, mm) ≥                𝛒ri (mm)               >  de

E =�u⇥B+hj+
1

nee
j⇥B� 1

nee
—pe +Einer= (�u+uHall)⇥B+E

NI

k

1

Open question : Are resistivity or electrons inertia relevant to originate magnetic
reconnection in fusion devices ? Historical point of view => No!

Sweet – Parker mechanism (1957, 1958) gives an estimation of the reconnection rate based
on resistive reconnection :

 𝝉𝑹𝑴~ 𝝉𝜼𝝉𝑨   with 𝜏% =
,
-!

 , 𝜏$ =
,"

$
 and  𝝉𝑹𝑴 ∼ 𝑳𝝉𝑨

𝒅𝒆
	

§  Center of TCV (L ~ 0.25 m, B = 1.43 T, 𝜂~1012Ω	. 𝑐𝑚13) :  𝝉𝑹𝑴𝑻𝑪𝑽~	𝟐	𝒉	

§  Center of WEST (L ~ 0.5 m, B = 3.7 T, 𝜂~1017Ω	. 𝑐𝑚13) :  𝝉𝑹𝑴𝑾𝑬𝑺𝑻~	𝟑	𝒅𝒂𝒚𝒔 

§  Center of JET (L ~ 1 m, B = 3.45 T, 𝜂~101;Ω	. 𝑐𝑚13)       :  𝝉𝑹𝑴
𝑱𝑬𝑻~	𝟏𝟏𝟓	𝒅𝒂𝒚𝒔 

Estimation based on reconnection due to electron inertia :  𝝉𝑹𝑴 ∼ 𝑳𝝉𝑨
𝒅𝒆
	~	𝟏𝟎1𝟑𝒔

=> The growth of reconnected structures due to resistivity is too slow.
=> Reconnected structures due to electron inertia are too small.      

I. Scales competition in MHD generalized Ohm’s law



9
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Open question : Are resistivity or electrons inertia relevant to originate magnetic
reconnection in fusion devices? However

1. Magnetic reconnection is a multi-scales problem and reconnection is originated in a
thin non-ideal reagion

𝜏$ =
,"

$
, 𝝉𝜼𝒔𝒉𝒆𝒆𝒕 =

𝒍𝜼𝟐

𝜼
with	𝑙𝜂	~	0.01𝑚  => Increase of the resistive reconnection rate

  𝝉𝑹𝑴𝑻𝑪𝑽~	𝟏𝟎	𝒔. ‼‼!, 𝝉𝑹𝑴𝑾𝑬𝑺𝑻~	𝟐	𝒎𝒊𝒏. ‼‼!, 𝝉𝑹𝑴
𝑱𝑬𝑻~	𝟏𝟔	𝒎𝒊𝒏. ‼‼!

2. In the Sweet-Parker model, there is no distinction between the physical mechanism
breaking the Ohm’s law and the physical mechanism driving the reconnected structures.

=> In fusion devices, resitivity or electron inertia can originate magnetic reconnection.
Then another physical mechanism drive the growth of resulting magnetic island(s).

I. Scales competition in MHD generalized Ohm’s law



Magnetic Island Life

I. Origin : What non ideal phenomenon breaks the magnetic
field topology ? Conclusions

II. Drive : What makes the island grow ?

III. Saturation: Impact on confinement ?

v Resistivity (and collisions) and electron mass inertia are relevant to explain the 
origin of magnetic reconnection in tokamaks. 

v Probably, another physical mechanism can drive/accelerate island(s) growth 
(part II).

=> Open question : Possible kinetic mechanism breaking the frozen-in law ? Multi-scales
picture of magnetic reconnection ?

 



Magnetic Island Life

I. Origin : What non ideal phenomenon breaks the magnetic
field topology ?

II. Drive : What makes the island grow ?
Small scale:
v  Drive of micro-tearing mode by electronic temperature gradient

Large scale:
v « Classical » tearing mode
v NTM (magnetic island seed is required!?)
=> Drive of large magnetic island by turbulence – TDMI mechanism
 (Turbulence Driven Magnetic Island)

III. Saturation: Impact on confinement ?
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II. Drive of Micro-Tearing Mode (MTM) in fusion devices?
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v Recent gyrokinetic simuations that found MTM unstable in weak collisional regime

[Applegate et al (2007)]
[Doerk et al, Guttenfelder et al (2012)]
[Dickinson et al, Predebon et al (2013)]
[Swamy et al (2014)]

     
MTM in pedestal JET  [Hatch (2016)]



II. Destabilization of a MTM
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Magnetic drift and electric potential 𝝓
destabilize MTM

12

� MTM unstable for the collisionality of experimental interest
� ϕ and magnetic drift (ωd) enhance the growth rate (γ)

� No instability so far at 𝜈 ~ 0  

Results:

[A.K Swamy, phys. Plasma (2014), 
D. Dickinson, Phys. Rev. Let (2012)]≠

GKW : gyrokinetic code (version flux tube) 

No 𝛟/ 𝛚𝐝

No 𝛟/𝐍𝐨 𝛚𝐝

𝛟/𝐍𝐨 𝛚𝐝

𝛟/ 𝛚𝐝

Exp

v No instability without collisions => Magnetic reconnection is not allowed

v In experiences, collision frequency is large enough to allow tearing parity
structures at small-scales. Then electron temperature gradient can drive MTM.

v Magnetic curvature and electric potential fluctuations can not destabilize
MTM without collisions. However, in presence of collisions, they enhance
the MTM growth rate.

[M. Hamed et al. POP (2019)]
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II. Drive of large magnetic island by small-scales turbulence
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v In fusion device large magnetic island cohexist with small-scales turbulence 

=> Can turbulence drive magnetic island (initially allowed by resistivity or electron inertia)
in tokamaks?    => Yes, it can!

v Observations of multi-scales coupling between NTM and turbulence

 [Minjun J. Choi, Nat. Phys. 2021] 

=> What is/are the possible
physical mechanism(s) at play?

Turbulence
L ~ mm
Tint ~ 𝛍s

Magnetic island
L ~cm, m

T𝛈 ~ 1 – 103 s

Multi-scales interaction



v 1 : TDMI formation 
Turbulence can drive magnetic island originated by resistivity and
can accelerated the growth of the island [M. Muraglia et al., PRL (2011)]

v 2 : NL growth of NTM 
TDMI can be amplified by neoclassical effects leading to the growth
of NTM. [M. Muraglia et al, NF (2017)]

 

II. NTM growth from a 2D TDMI in MHD framework

Δ’<0
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II. Physical mechanism of 2D TDMI
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v Ohm’s law projection on the mode m=1 :

[Intss, Intss] � Tearls
Magnetic island generation by nonlinear

beating of interchange modes

v All the non linearities of the model satisfy :
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[Muraglia et al., PRL (2011) & Ishizawa, PPCF (2019)]
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[Muraglia et al., PRL (2011) & Ishizawa, PPCF (2019)]

𝛾3CD ∼ 2𝛾E∗D ≫ 𝛾3D



II. TDMI in 3D MHD cylindrical model
v In 2D slab geometry, turbulence and magnetic island are located around the same resonant
surface however, in fusion devices, no systematic overlap between turbulence area and
magnetic island.

Is nonlinear beating of interchange
mode still efficient in 3D cylindrical model ?

Non linear evolution : Case B with q = 2

-1 0 1

-1

0

1

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

M. Muraglia Magnetic island dynamics in a turbulent medium 14

v NL drive of (2, 1) magnetic island at stable location

15

[A. Poyé et al, POP 22 (2015)]
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II. TDMI in 3D : coherent and non local beating
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v The beating with turbulent modes produces with large tearing radial structure (5, 2),
(7, 3) and (9, 4) in the QL phase and remains efficient in the whole NL phase.

v The beating of such modes generates (2, 1) at the tail of the eigen function, i.e. at q=2.

[A. Poyé et al, POP 22 (2015)]

v 3D Nonlinear coherent and nonlocal
beating rules for TDMI growth :

 1. The modes beat if they overlap.

 2. The beating is effcient if the resulting
      mode is resonant at its birth location.

v The (2, 1) island growth with a interchange
time. 
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II. TDMI in 3D MHD : Impact of toroidal geometry
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EFTC Conference 2023 : P.1.18, N. Dubuit et al.
[N. Dubuit et al, POP 28 (2021)]

that, as in the 3D cylindrical case, the island width dynamics is much
more fluctuating than in the single helicity case.

All modes of suitable parity that are resonant on a given magnetic
surface contribute to the width of the magnetic island on that surface.
On inspection of Fig. 8, one observes that as discussed in Sec. III, due
to the linear toroidal coupling, an island appears on the q¼ 2 surface
immediately after the growth of the (5, 2) mode around t ’ 20 000sA;
this island is produced by the (4, 2) mode. The (2, 1) mode itself grows
later (t ’ 30 000sA) due to nonlinear triad interactions. In the final
steady state, the size of the islands in the turbulent edge (q¼ 2.5) and
stable core zones (q¼ 2) is of the same order of magnitude even
though the magnetic energy of the (5, 2) mode is much higher.
Moreover, with a higher pressure source level, the q¼ 2 island gets
comparatively stronger than q¼ 2.5, in terms of both size and
energetic content. This is discussed in Sec. IVC.

B. Influence of the input power on the island size
The turbulence is the mediator tapping the free energy from the

pressure gradient and driving the linearly stable q¼ 2 magnetic island.
This is in contrast to the case where a current-driven instability occurs
in a turbulent medium: the tearing is then unstable, and in addition to
the direct nonlinear drive, the turbulence might accelerate its growth
by easing reconnection through anomalous resistivity. In the latter
case, turbulence is not the free energy source. Therefore, a major ques-
tion concerning turbulence-generated magnetic islands is the depen-
dence of the island size on the turbulence level. Previous work6,14

using 2D mono-helicity and 3D cylindrical models has shown the
saturated island size to be a linear function of the quasilinear anoma-
lous heat diffusivity estimate DQL ¼

Pck>0
k

ck
k2y
, surprisingly not cancel-

ing in the limit of a vanishingDQL (low turbulence level). On the other
hand, recent work with a linearly unstable tearing mode has shown the
presence of a finite threshold in the island size for the acceleration of
island growth by turbulence;8,10 in other words, small islands (below
some threshold) are stabilized by the presence of turbulence. If this
result is also valid in the case of a linearly stable tearing mode, this
suggests that no island would be present at all for low, but finite, turbu-
lence levels. Therefore, the parametric dependence of the nonlinearly
generated island size at low turbulence levels should be addressed.

Here, we use flux-driven simulations, where the steady-state heat flux
corresponds to the integral of the source through energy conservation
and is, thus, an input parameter, as already discussed at the end of
Sec. II.

We find that the island size is proportional to the input power
source [Fig. 9(a)]. For the highest source simulations, the proportion-
ality breaks down because the island starts to be limited by the radial
domain size, even though the island separatrix remains far from the
domain boundary. Using the above quasilinear estimate, computed
from linear simulations using (nonlinear) steady-state profiles, does
not recover the behavior from previous works [Fig. 9(b)]. Indeed, the
island size evolution appears to be parabolic in DQL. This is a conse-
quence of the growth rate behavior of interchange-like instability being
proportional to

ffiffiffiffiffiffiffi
rP
p

, with the most unstable modes being the same
n ’ 7 for all cases and the source (flux) being proportional to the gra-
dient (Fig. 3, right).

The main reason for this discrepancy with previous work is that
previous cylindrical simulations were run without any pressure source

FIG. 8. Island size evolution for islands located on the q¼ 2.5 resonant surface
(red dashed) and on the q¼ 2 resonant surface (solid purple).

FIG. 9. Island size on the q¼ 2 surface, as a function of input power (a) and as a
function of a quasilinear estimate of the turbulent heat diffusivity DQL(b). The black
error bars correspond to the standard deviation during the last 5000 sA of the simu-
lation; the gray bars represent the min/max values.
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v Toroidal geometry introduce a new path toward TDMI
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II. Interaction with Zonal Flow : New path toward TDMI

18

EFTC 2023 Conference 2023: P.2.6, D. Villa & N. Dubuit et al.
v Recent 6-fields MHD results between 2D coupling between KBM modes and zonal  
flows at low magnetic shear

1. The KBM interchange modes get tearing parity at the
begining of the nonlinear regime.

2. In presence of zonal flow, coalescence of modes
towards the m = 1 scale.

 

Open question : physical mechanism at play ? 

Before coalescence

With Zonal Flow: towards m=1 mode

[Courtesy of D. Villa & N. Dubuit]



II. Resilience of TDMI mechanism in GK model

19

[W. Hornsby et al, PPCF (2016)]

v TDMI is observed in global girokinetic simulation including collisions (with GKW).

=> ITG turbulence accelerates the growth of the resistive tearing mode

W A Hornsby et al

4

coherent form (bottom left). Also visible are islands generated 
at higher order mode numbers (e.g. m/n  =  8/3, 9/4) that are 
linearly stable, but here are non-linearly excited and causing 
stochastisation from island overlap [32, 33].

4. Turbulence interaction

As the equilibrium density and temperature gradients are 
increased, the ITG becomes unstable and electromagnetic 
turbulence forms. A snapshot of a ψ ζ−  plane during a 

turbulence simulation is shown in the right hand panels of 
!gure  2. They show the electro-static potential (top) and 
electromagnetic potential (bottom) at point where the island 
saturates t R v700 / thi∼ . The turbulence, in turn, interacts with 
a growing magnetic island.

Firstly we concentrate on a simulation with an electron 
0.05%eβ = , (case 1 in table  1) here the turbulence is fun-

damentally electro-static, and the tearing mode has a large 
singular layer width (Since 1/e e iδ β ρ∼ ∼ ). The equilib-
rium temperature and density gradients have the logarithmic 

Figure 2. (top) The time evolution of parallel vector potential amplitude (A∥) at the q  =  2 resonant surface for (black dashed) 0.1%eβ =  
with R/Ln  =  1.0 and R/LT  =  3.5, (blue) 0.05%eβ =  with R/Ln  =  1.5 and R/LT  =  5.0 the dashed line represents the linear scaling of 
the unstable TM with these parameters. The solid black line is the same simulation as the dashed black line, but transposed so that the 
amplitudes match at the end of the island seeding phase. (middle) A snapshot of φ and (bottom) A∥ at island saturation. Vertical dashed lines 
correspond to the radial positions of the singular layers.
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Case 2, No turbulence
Case 3, no TM drive
Case 3 no TM drive, n=10
As Case 2, time shifted t’=t−250
Case 1
Case 1, Linear scaling
Case 1, ES potential, φ n=1

Plasma Phys. Control. Fusion 58 (2016) 014028



II. Collisionless TDMI driven by ITG turbulence

20

[Courtesy of F. Widmer & E. Poli]

v TDMI is observed in global girokinetic simulation of collisionless tearing mode in presence
of ITG turbulence (with ORB5)

=> In presence of ITG, the growth of tearing mode is accelerated.



Magnetic Island Life

I. Origin : What non ideal phenomenon breaks the magnetic
field topology ?

II. Drive : What makes the island grow ? Conclusions
Various mechanisms in fusion devices can accelerate the growth of
magnetic island (initially originated by collisions/resitivity or electron inertia):

 - Electronic gradient, magnetic curvature and electric potential (for MTM
at small scales)
 - Turbulence (Interchange, Balooning, KBM, ITG, … ?) can drive large
magnetic island TDMI
 - … ?

Open question : Signatures [O. Agullo POP 2017] and existence of TDMI ?
 

III. Saturation: Prediction of the saturation ?



Magnetic Island Life

I. Origin : What non ideal phenomenon breaks the magnetic
field topology ?

II. Drive : What makes the island grow ?

III. Saturation: Prediction of the saturation ?

v At small-scale, saturation mechanism of MTM ? Still an open question ...
Investigation of the role of the electric potential in the MTM saturation
mechanism [M. Hamed et al., POP (2023)]

v Relevance of Rutherford model for large magnetic island and NTM
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III. History of tearing mode saturation

21

v Evolution of the island size? An open question
EFTC Conference 2023 : P.2.10, B. Momo et al.

v Evaluation of the island size/ radial witdth from
poloidal mode 1 [P.H. Rutherford POF 16 (1973)]

v Derivation of Rutherford model from the projection
of the Ohm’s law on m=1 mode:
[P.H. Rutherford POF 16 (1973)]

v Saturation of the mode m = 1 => POEM model
[Escande and Ottaviani (2004) & Militello and Porcelli (2004)] 

1) Valid only for m = 1 and small island
2) Valid only at the resonance => 0D model
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III. Systematic comparisons between theory and simulation

22

v Saturation of the island taking into account modes 0 and 1 
[A. Smolyakov et al. POP 20 (2013)] 

             => Should be confronted
             to simulations
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[M. Muraglia et al, PPCF (2021)]

=> Model fails to predict the complete dynamics
=> What’s about NTM dynamics prediction by Rutherford-like models ?
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III. Validity of Rutherford model for NTM

23

v Rutherford equation for NTM does not depend on seeding mechanism
[O. Sauter et al., POP (1997)]

v Systematic comparison between theory
 and simulation for a NTM seeding with a
 tearing mode:   =>Theory fails

∂tw1 = 1.22hD0 �1.22h 0.41
a2 w+aCbv⇤ w

w2 +w2
d

1

Theory

Numerics

Empirical fitting
with α=18, wd=1
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v NTM seeding by turbulence : Rutherford-like
models do not include the physics of island      
seeding mechanism

[M. Muraglia et al, PPCF (2021)]



III. Topological aspects are important

24

[D. Borgogno, POP 14 (2014)]

v Rutherford-like models have been designed in a context of 2D symmetric island taking
into account current equilibrium  at the resonant surface and at the X-point.

v Saturation of tearing mode depends of the shape of the equilibrium magnetic field profile.
[F. Militello et al., POP 18 (2011), A. Poyé et al., POP 20 (2013), A. Poyé et al., POP 21 (2014)]

v In fusion devices magnetic reconnection processes are by nature 3D. And
sometimes, multi-helicities are involved. How define the island size ?
[D. Borgogno et al., POP 12 (2005) & M. Veranda et al., NF 57 (2017)]

MHD model of the impact of ECCD curent injection
on a tearing mode :

=> The evolution of the island depends on the
balance of the total current between the 0- and X-
points and not only at X-point!

where the minus occurs when Jec peaks on the O-point and
the plus when it peaks on the X-point. Equation (6) reveals
that the growth of the magnetic island depends on the bal-
ance of the total current (J! Jec) between the X- and
O-points of the island. Note that the nonlinearity of this
behavior is hidden in the fact that the plasma current density,
J, depends strongly on the injected current, Jec. The ECCD
contribution to the island evolution equation becomes negli-
gible at the flip because of the island suppression. Since the
equilibrium configuration is still unstable, the magnetic
island starts to grow again, driven by the positive sign of the
dominant term in the RHS of Eq. (5) right after the flip,
JX! JO. In the two cases with higher b parameter, the growth
ends around t¼ 460, when, the ECCD contribution is likely
to restore the negative sign of the RHS, as shown in Fig. 3.
From now on the island shrinks again until t¼ 540. It is re-
markable that this happens even though the ECCD is cen-
tered at the island X-point after the flip. This is because in
presence of a wide ECCD beam a significant amount of the
control current reaches the region around the island O-point,
which is the optimal deposition site. The case d¼ 0.1
behaves differently because the injected current is strongly
located at the X-point, driving new unstable modes that lead
to a strong modification of the magnetic island and to a total
loss of the control.

For larger islands, the effect of Jec is investigated by turn-
ing on the control current at t1¼ 800, when the magnetic
island has reached a macroscopic size w# 1.6. In this phase,
we never observed the complete suppression of the deforma-
tion of the magnetic topology. The evolution of the area of the
magnetic island for different values of Jm and a fixed
d ¼ 0:5 $ ðwX ! wOÞjt1 is shown in Fig. 4. Low values of the
peak amplitude Jm, i.e., a ¼ jJm=ðJX ! JOÞjt1 j ' 2, have pro-
ven rather ineffective in counteracting the main m¼ 1 compo-
nent of the magnetic flux function perturbation. The magnetic
island area reduces almost monotonically on much longer time
scales than those observed in controlling small islands. A faster
island contraction is observed when a¼ jJm=ðJX!JOÞjt1 j(3.
In this case, however, the nonlinear growth of higher order

harmonics of the magnetic perturbation prevents the island
suppression. This is due to the onset of a secondary
Kelvin-Helmholtz (KH) instability22 which affects the strong
sheared plasma flows that form at the initial stages of the con-
trol process. The island response to the ECCD injection leads
to thin, bar shaped, velocity layers similar to jets distributed
along the x¼6xKH axes in Fig. 5 (top panel). The plasma ve-
locity inside the jets strongly depends on the width of the
ECCD beam, while it is almost insensitive to its amplitude. In
particular, smaller values of the width lead to higher shear
flows. The maximum jet velocity we observed is of order
VA/10, where VA¼L/sA. The magnetic field at xKH has a domi-
nant By component, that is significantly reduced compared to
the initial equilibrium value. Hence, the stabilizing effect of
the magnetic field on the plasma jets is weak and the KH insta-
bility can develop. For large ECCD beam, the jets are broad-
ened (Fig. 5, central panel), while they are almost completely
disrupted for smaller widths (Fig. 5, bottom panel). The KH
instability affects not only the velocity and vorticity patterns
but also responsible for the distortion of the magnetic island
separatrices. The magnetic surfaces w¼const. are in fact
advected by the plasma velocity towards the resonant surface
x¼0 where they are forced to reconnect. This results in the for-
mation of secondary island chains, corresponding to a wide
spectrum of modes for the magnetic flux field, with multiple
X– and O–points, whose position and number vary in time.
Such complex topology interferes with the ECCD control
action. In fact, after an initial decrease, the evolution of the
magnetic island area exhibits a new growth when these sec-
ondary modes in the w spectrum become comparable to the
originally dominant m¼1 component. It is worth noting that
while the onset of the KH instability depends also on the par-
ticular value of D0 we are considering, the phenomenon of the
bars formation on each side of the resonant surface is quite
general, as we recover it also for lower values of D0.

The ECCD effect on a magnetic island in the saturation
regime has been analyzed by turning on the control current
at the time t¼ 1500 of the free system evolution, character-
ized by a very large island size. In this case, the magnetic
island never shrinks to zero. This is true also for the less

FIG. 3. Time evolution of the RHS of Eq. (5) for the cases b ¼ d=ðwX

!wOÞjt1 ¼ 1 and b¼ 0.5. Solid lines correspond to the JX! JO term, while
dashed lines show the JecO! JecX term. The discontinuities, shown by the
arrows, are due to the island flip, when the X– and the O–points suddenly shift
of Ly/2.

FIG. 4. Time evolution of the controlled magnetic island area for ECCD cur-
rents with different peak amplitudes Jm and a fixed beam width
d ¼ 0:5 $ ðwX ! wOÞjt1 . The control current injection starts at t1¼ 800.
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Magnetic Island Life

I. Origin : What non ideal phenomenon breaks the magnetic
field topology ?

II. Drive : What makes the island grow ?

III. Saturation: Prediction of the saturation ? Conclusions

Although, in fusion devices Rutherford-like models are successfully used to control NTM
by fitting empirically coefficients of the Rutherford equation, systematic comparisons
of tearing mode saturation between models and simulations fail.

=> Open question : Rutherford models have to be improved to take into account :

- Island seeding mechanism (like turbulence)
- Full harmonic pertubutation and shape of the equilibrium profile
- 3D and multi-helicities aspects
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