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Magne&c	Islands	at	various	scales	in	tokamak	
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Basic	Mechanism	leading	to	Large	Magne&c	Island	:	

� �

�

Resonant surface 

Ø  Equilibrium Ø  Tearing instability 
Ø  Tearing and reconnection 
of magnetic field lines 
Ø  Large (few cms) magnetic islands 

Ø  Disruption 
Ø  Origin and 
Control of large 
magnetic islands ? 

Magne'c	reconnexion	is	ubiquitous	in	nature	and	it	consists	in	a	modifica&on	of	magne'c	
field	line	topology	between	two	moments.	
In	magne'zed	hot	plasmas,	current	driven	instablity	leads	to	magne&s	island	forma'on	at	
various	scales.	



Magne&c	Islands	at	various	scales	in	tokamak	

1	

Basic	Mechanism	leading	to	Micro	Magne&c	Island	:	

� �

�

Resonant surface 

Ø  Equilibrium Ø  Micro-Tearing instability 
Ø  Tearing and reconnection 
of magnetic field lines 
Ø  Micro (mm) magnetic islands 

Ø  Stochaztisation 
Ø  Impact on the  
electron heat transport  

Magne'c	reconnexion	is	ubiquitous	in	nature	and	it	consists	in	a	modifica&on	of	magne'c	
field	line	topology	between	two	moments.	
In	magne'zed	hot	plasmas,	current	driven	instablity	leads	to	magne&s	island	forma'on	at	
various	scales.	



Magne&c	Island	Forma&on	Recipe’s	
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Open questions in tokamaks context relative to magnetic 
reconnexion at small and large scales : 
 
1. Non ideal phenomenom to violate the 
frozen flux condition locally ? 

 => modification of the magnetic field line topology is allowed 

 resistivity and collisions, electron mass inertia, other mechanisms ? 
 

2. Free energy to let the island grows ? 
 large island :  magnetic equilibrium, resistivity, pressure gradient, turbulent modes, … 
 micro island : electronic temperature gradient, collisions, curvature, 
     electric potential fluctuations, … 

 

3. Saturation mechanisms ? 
 

 Size of large island at saturation . 
 Electron heat transport due to micro-reconnexion at plasma edge ? 

 



Outline	
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I. Classical theory of the tearing instability 

 1. Resistivity at the origin of the reconnection 
 2. Equilibrium current for the growth and the saturation 
 3. Saturation ? 

 

II. Turbulence Driven Magnetic island 
 1. Resistivity at the origin of the reconnection 
 2. Turbulent modes drive the island growth 
 3. Saturation ? 

 

III. Stability of Micro-Tearing Modes 
 1. Collisions at the origin of the reconnection 
 2. Instability growth : electron temperature gradient, 
 curbature, electric potential fluctuations 
 3. Saturation ? 

 

Conclusions 
 



I.	Classical	Theory	of	the	Tearing	instability	
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2D	Reduced	MagnetoHydroDynamic	Model	
	

Large	island	=>	Minimal	model	RMHD	
Fluctua'ons	dynamics	evolu'on	of	the	electrosta'c	
Poten'al	Φ	and	of	the	magne'c	flux	Ψ	
	

2D	model	=>	near	a	resonant	surface	in	a	(x,	y)		
poloidal	cross	sec'on	
	

Fourier	decomposi'on	of	Φ	and	Ψ	in	poloidal	direc'on	:	
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The	model	is	solved	numerically	using	the	semi-spectral	code	AMON	in	a	2D	[Lx,	Ly]	box.	



I.	Classical	Theory	of	the	Tearing	instability	
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u  Tearing	instability	of	the	mode	m=1	
	

	-	Resis'vity	allows	magne'c	reconnec'on	(step	1)	
	

	-	Magne'c	equilibrium	B0	induces	an	equilibrium	
	current	j0	allowing	the	growth	of	a	magne'c	island	
	(step	2)	

	

	=>	An	important	parameter	Δ’	
	

	 	Δ’	is	a	measure	of	the	magne'c	energy		
	 	avalaible	in	the	equilibrium	for	the	magne'c	
	 	island	growth	

	
	

		
u Linear	predic&on	of	instability	
	

Δ’	is	an	good	index	stability	parameter	
Δ’	<	0	No	island	growth	
Δ’	>	0	Tearing	instability	

	Island	growth	
	
	

u Island	size	at	satura&on	?	An	open	ques&on	
	

	Rutherford	model	
	
	
	
	
	
	

∂twm=1 = ∂tw1 = hD0+NL

1

[R.J. La Haye, POP 13 (2006)] 



I.	Classical	Theory	of	the	Tearing	instability	
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u  Tearing	instability	of	the	mode	m=1	
	

	-	Resis'vity	allows	magne'c	reconnec'on	
	

	-	Magne'c	equilibrium	B0	induces	an	equilibrium	
	current	j0	allowing	the	growth	and	the	satura'on	
	of	a	magne'c	island	

	

	=>	An	important	parameter	Δ’	
	

	 	Δ’	=	equilibrium	current	integral	over	the	
	 	radial	profile	
	 	Δ’	is	a	measure	of	the	magne'c	energy		
	 	avalaible	in	the	equilibrium	for	the	magne'c	
	 	island	growth	

	
	

		
u Linear	predic&on	of	instability	
	

Δ’	is	an	good	index	stability	parameter	
Δ’	<	0	No	island	growth	
Δ’	>	0	Tearing	instability	

	Island	growth	
	
	

u Island	size	at	satura&on	?	An	open	ques&on	
	

	Rutherford	model	
	
	
	
	
	
	

Does	not	work	for	large	island.	Δ’	is	not	the	good	
parameter.		

∂twm=1 = ∂tw1 = hD0+NL

1

[R.J. La Haye, POP 13 (2006)] 



I.	Current	sheets	adract/repulse	islands		
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u  w1		in	the	Rutherford	model	measures	the	m=1	mode	width	and	not	the	full	
island	size	is	given	by	taking	into	account	all	the	mode	=>	a	good	measure	of	the	
island	width	ws	can	be	done	directly	using	the	simula'ons.	
	

u  Different	satura'on	widths	ws	if	current	sheets	are	crossed	

	

[A.	Poyé	et	al.,	POP	20	(2013)]	
[A.	I.	Smolyakov	et	al.,	POP	20	(2013)]	
	

=>	External	current	sheets	do	modify	island	size	at	satura'on	
=>	Physics	far	from	the	resonance	can	not	be	casted	into	Δ’	parameter	
What	is	the	missing	ingredient	to	predict	the	saturated	island	size	?	

      Current sheets and island size  

14"IV.-Current-sheet-and-Island-

1.  Profiles-A-and-C:-same-than-H-but-with-external-signed-current-sheets-

2.  ------fixed:--different-saturation-widths-if-current-sheets-are-crossed-

a)  External-current-sheets-do-modify-island-size.--

b)-Physics-far-from-resonance-cannot-be-cast-into---------parameter-
-
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      Current sheets and island size  
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b)-Physics-far-from-resonance-cannot-be-cast-into---------parameter-
-
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[A.	Poyé	et	al.,	POP	21	(2014)]	
[A.	I.	Smolyakov	et	al.,	PPCF	56	(2014)]	



I.	Island	size	predic&on	using	Neural	Network		
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28	

Improving perceptron predictions… 

Marseille,	May,	2019		

5% correct predictions 623/870	

IV.		Magnetic	island	size	predictions	

5%	correct	predic'ons	623/870		
		

u  Neural	Network	training	using	MDH	simula'on	of	magne'c	island	ws	with	different		
equilibrium	current	profiles	composed	of	various	external	current	sheets	

25	IV.		Magnetic	island	size	predictions	

Prediction of the saturated island size 

Marseille,	May,	2019		

ws
<latexit sha1_base64="v7Ow7ie72Md/UAvfZYk01ZlNhRk="></latexit>

Profiles	of	the	series	(Dataset	2):	
	
§  	Select	a	family	of	profiles	with	narrow	

current	sheets		

§  Harris	current	sheet	at	the	resonance	(x=0)	
				+									current	sheets	far	from	resonance	
	
		
	
§  Current	sheet	parameters:		

o  Amplitude		
o  Radial	width	
o  Position	

	
	
	
	
ü  10.000	profiles	

Dataset	used	for								predictions	:	

Nc.s
<latexit sha1_base64="jk8572J8e3UerLvVd7988kbo+Mw="></latexit>

Nc.s 2 {0, 1, 2}
<latexit sha1_base64="pA2Jnrq1JDYIFTvnh+J7d+XXJYY="></latexit>

cu
rr

en
t

sh
ee

ts
<latexit sha1_base64="0GnX+Z367Tx4tos0TLS5ZOwl2qI="></latexit>

ws
<latexit sha1_base64="/fSCUcsg7IAQKDUbwwwgD3kz0MA="></latexit>

28	

Improving perceptron predictions… 

Marseille,	May,	2019		

5% correct predictions 623/870	

IV.		Magnetic	island	size	predictions	

[O.	Agullo	et	al.,	ICDDPS,	Marseille	(2019)]	



I.	Island	size	predic&on	:	Importance	of	Jeq	
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29	Marseille,	May,	2019		

Which points are important for      predictions ? ws
<latexit sha1_base64="v7Ow7ie72Md/UAvfZYk01ZlNhRk="></latexit>

ü  The	forest	of	decision	tree	has	scored	points	where	current	sheets	are	located	
	
(In	the	dataset	2,	they	were	at																																							)	
	
ü  No	scoring	at	the	resonance!					(lack	of	profile	diversity	at	the	resonance	x=0	?)		

ü  Scoring	is	concentrated	on									dataset	(as	expected)	

Results	clearly	differ	with	the	ones	of							predictions.		
	
=>	Comparisons	with	random	profiles	have	to	be	done	…	(random	bumps,	no	clear	bumps)	
	

x/⇡ = 0.5, 1, 1.5
<latexit sha1_base64="JAHvCfXfiCXpwejObie3s8EIUzY="></latexit>

Jeq
<latexit sha1_base64="6QVbIsapW/hxfHqcJlYkDAjt+xY="></latexit>

�0
<latexit sha1_base64="W5SLU+YAaEZ2goI8KJPJZy7QDKA="></latexit>

IV.		Magnetic	island	size	predictions	

u Which	radial	points	are	important	for	ws	predic'ons	?		[O.	Agullo	et	al,	ICDDPS	2019]	

u The	forest	of	decision	tree	has	scored	points	where	current	sheets	are	loacted	(in	the	
dataset	they	were	at	x/π	=	0.5,	1,	1.5)	
	

u No	scoring	at	the	resonance!	(lack	of	profile	diversity	at	the	resonance	x=0	?)	
u Scoring	is	concentrated	on	Jeq	dataset	
	
=>	Δ’	is	insufficient	to	predict	saturated	island	size	
	

=>	Indeed,	the	radial	structure	and	the	amplitude	of	the	equilibrium	current	profile	affect	
also	the	saturated	island	size	ws	
	

[O.	Agullo	et	al.,	ICDDPS,	Marseille	(2019)]	



I.	Classical	Tearing	Mode	–	Conclusion	
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u  In	the	classical	theory,	magne'c	reconnec'on	is	allowed	thanks	to	resis'vity	
(step	1)	
	
u The	growth	of	the	island	is	due	to	free	energy	avalaible	in	the	equilibrium	
magne'c	field	(and	in	the	equilibrium	current	profile)	(step	2)	
	
u Open	ques&on	:	predic&on	of	the	saturated	island	size	(step	3)	?	
	
However	:	

	Tearing	instabiliy	is	stable	in	tokamaks	although	a	seed	magne&c	island	(?)	
can	be	amplified	by	neoclassical	effects	and	lead	to	a	nonlinear	growth	of	a	
Neoclassical	Tearing	Mode	(NTM)	which	can	damage	the	device.	
	
=>	Since	tearing	is	stable,	what	is	the	origin	of	a	such	seed	island	in	tokamak?	
=>	Can	there	be	other	physical	mechanisms	to	explain	seed	magne&c	
island	growth	in	tokamaks	?	
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II. MHD-Turbulence Interaction, a Multi-Scales Problem 

u  Interchange like instabilities coexist with 
macro 

MHD instabilities and lead to micro-turbulence 
in fusion devices. 
 

u The interaction of magnetic island with 
interchange is a multi-scales problem. 
 

[F. Militello et al, POP 15 (2008)] 

[F.L. Waelbroeck et al, PPCF 51 (2009)] 
[M. Muraglia et al, PRL 103 (2009)] 
[A. Ishizawa et al, POP 17 (2010)] 
[F. Hariri et al, PPCF 57 (2015)] 
[L. Bardoczi et al, POP 24 (2017)] 
 
 

u Turbulence Driven Magnetic Island (TDMI) 
 

[M. Muraglia et al, PRL 107 (2011)] 
[A. Poyé et al, POP 22 (2015)] 
[W. Hornsby et al, PPCF 58 (2015)] 
[O. Agullo et al, POP 24 (2017)] 
[A. Ishizawa et al, PPCF 61 (2019)] 
 
u TDMI amplified and at the origin of a NTM 
 

[M. Muraglia et al, NF (2017)] 
J. Frank, PhD thesis, CEA and PIIM Lab 
 
 
 
 

0.1cm	 10cm	

Magne'c	
Island	1	kHz	

100	kHz	

1	MhZ	

Temporal	
scale	

Spa&al	scale	

10	kHz	

1cm	

Interchange	
like	instabili&es	



	 II. Model: 2D Reduced MHD 

u  Instability characterization : THE PARITY of the eigenfunctions    
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u Model includes both resistive Interchange and Tearing  Mode : 
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[M. Muraglia et al, NF 49, 055016 (2009)]  
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	 II. Linear Turbulent spectrum 

u Δ’<0 Linear spectrum is stable 
with respect with tearing instability 
 

 => No island 
 
u Stable large scales modes 

u Small scales turbulence  driven 
by interchange instability 
 
=> What ‘s about non-linear  
dynamics ?  

Δ’<0 

Interchange 
unstable 
modes 
m* = 46 

m = 1 and large 
scales modes 

are stable  

12	



	 

0 5000 10000 150000

0.1

0.2

0.3

0.4

0.5

0.6

0.7

t/τA

Is
la

nd
 s

iz
e

 

 

wo bootstrap current

u NL generation of TDMI by a beating of interchange modes 
[M. Muraglia et al, PRL 107 (2011)] & [A. Poyé et al, POP 22 (2015)] 
[W. Hornsby et al, PPCF 58 (2015)] 
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u Self-consistent generation of NTM from TDMI 
1. TDMI formation => Seeding regime 
2.  NL growth of NTM => Amplification (by neoclassical effects) regime 
[M. Muraglia et al, NF (2017)] 
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II. NTM growth from a TDMI 

Δ’<0 

14	

Neoclassical	effects	
Neoclassical	effects	



	 II. TDMI - Conclusions 

15	

u The	tearing	instability	is	stable	in	tokamaks	(Δ’<0).	

u However,	it	has	been	shown	that,	in	presence	of	resis'vity	(even	weak),		
turbulent	modes	at	small	scales	can	drive	at	large	scales	
a	seed	magne'c	island		(step	2).	
	
u Such	seed	island	can	be	amplified	by	neoclassical	effects	and	a	large	magne'c	
island	can	damage	the	device.	
	
u Open	ques&ons	:	

	1.	Predic&on	of	the	saturated	island	size	in	presence	of	turbulence	(step	3)?	
	

	2.	Experimental	signature	of	such	mechanisms	
	
	
At	small	scales,	Δ’<0	and	resis&vity	in	tokamak	is	considered	too	weak	for	
Micro-reconnec&on.	However...	



III.	Contexte	for	micro-reconnec&on	
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u  Challenge	:	
control	of	the	confinement	

u Open	ques'ons	:	
	

-  Mechanisms	leading	to	H-mode	?	Pedestal	
Physics?	

-	Origin	of	electronic	turbulence	?	Origin	of	heat	
electron	transport	?	
	

u Possible	candidate	:	

	
=>	Micro-TearingMode	(MTM)	instability	?	



III.	Origin	of	Micro-Tearing	Mode	(MTM)	?	

17	

u Disagreement	between	
								 	analy&cal	theory	and	gyrokine&c	simula&ons		

	
	
	
	
	
	
	
	
u Possible	physical	mechanisms	at	the	origin	of	MTM	destabiliza'on	

	 	 	-	Collisions	?	
	 	 	-	Magne'c	curvature?	
	 	 	-	Electric	poten'al	fluctua'ons?	

Stable	MTM	in	weak	collisional	
regime	
	

=>	No	MTM	in	tokamaks	
	

[Hazel'ne	et	al	(1975)]	
[Drake	and	Lee	(1977)]	
[Garbet	(1990)]	
[Smolyakov	(1990)]	

Unstable	MTM	in	weak	collisional	
regime	
	
[Applegate	et	al	(2007)]	
[Doerk	et	al,	Gurenfelder	et	al	(2012)]	
[Dickinson	et	al,	Predebon	et	al	(2013)]	
[Swamy	et	al	(2014)]	
[Hatch	(2017)]	



III.	Reconcilia&on	between	theory	and	simula&ons	

18	
[M.	Hamed	et	al.	CPP	(2018)]	
	

convergence was reached, since velocity dependent numerical dissipa-
tion may artificially trigger MTMs. An exact value of the pulsation can
be derived in the collisionless limit from the dispersion relation Eq.
(16), namely,

Xr ¼
1
ge
þ 1
2
: (27)

This value agrees well with the numerical result Fig. 3(b) when
!GKWei ! 0, keeping in mind that all frequencies are normalized to

vthi/R (GKW convention) so that xGKW
r ¼ xTheory

r
x#TeR
vthi
¼ 1:2xTheory

r .

Hence, the value of the pulsation, xtheory
r ðvthi=RÞ ¼ 0:69 [in Fig. 3(b)]

at !GKWei ¼ 10&3 becomes xtheory
r ¼ 0:57 when normalized to x#Te, i.e.,

quite close to 1/ge þ 1/2¼ 0.533. At the same collisionality,
xGKW

r ðvthi=RÞ ¼ 0:8 becomes xGKW
r ¼ 0:66 when normalized to x#Te.

Note also that, numerically with the GKW code, this asymptotic value
cannot be tested at lower collisionality than !GKWei < 10&3, since the
nature of the least stable mode changes (interchange parity), below
this value, see the blue point in Fig. 3(b). Surprisingly, the agreement
between numerical and analytical values of the growth rate remains
quite good when increasing the collision frequency up to

!GKWei ' 3( 10&2 while the difference in the pulsation increases nota-
bly. Both c and xr differ from theoretical values at collisionality higher
than !GKWei < 2( 10&2. At high collisionality, the current sheet width
becomes wider, and the “constant w” approximation is debatable.11

The main result here is that the magnetic drift plays an important
destabilizing role but only in conjecture with a finite collisionality. The
fair agreement between the linear theory and GKW simulations and
the structure of the mode presented in Fig. 4 legitimates a posteriori
the use of an effective magnetic drift in the electromagnetic model.

C. Structure of microtearing modes
In the GKW31 code, MTMs are clearly identified by their eigen-

functions. Numerical simulations show that the perturbed electric
potential /̂ is odd and extended along the magnetic field lines whereas
the vector potential Âk is even and more localized around the low field
side midplane. This agrees with the classical theory of tearing/micro-
tearing mode. Figure 4 shows the real (blue curve) and imaginary (red
curve) parts of the eigenfunctions for linear simulations. The black
curve represents the real part of the mode found analytically using the
set of parameters given in Table II. In Fig. 4(a), the blue and black
curves represent the real part of the vector potential ÂkðsÞ along the

FIG. 3. (a) Green plus sign and pink star points represent the analytical and numerical linear growth rates of microtearing modes as a function of electron–ion collision fre-
quency !GKWei for the set of parameters presented in Table II and the blue point is the analytical linear growth rates of interchange parity mode. (b): Green plus sign and pink
star points represent the analytical and numerical real frequency of microtearing modes and the blue point is the analytical real frequency of the interchange parity mode.

FIG. 4. Real and imaginary parts of the
numerical eigenfunction of a MTM at
!GKWei ðvthi=Rref Þ ¼ 0:016 using the set
of parameters given in Table II. (a): vector
potential ÂkðsÞ along the magnetic field
line in the ballooning space. (b): radial
structure of the vector potential AkðxÞ in
real space. Dashed lines indicate resonant
surfaces.
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Goal: What is the role of the curvature and the electric potential?

Analytical linear study of Micro-Tearing Modes
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Analytical linear theory

- 𝝎𝒅 = 𝟎 , 𝝓 = 𝟎
- 𝝎𝒅 ≠ 𝟎 , 𝝓 = 𝟎, hydrodynamic limit (𝛚 ≫ 𝐤∥𝐯∥, 𝛚 ≫ 𝛚𝐝 )

σ ω,ωd =
ω −ωT

∗

ω − k∥v∥ − ωd
v∥2

𝑑𝑒2𝛻⊥2 ሚ𝐴∥ = 𝜎 𝜔,𝜔𝑑 ሚ𝐴∥ −
𝑘∥𝑣𝑇𝑒
𝜔

෨𝜙 Ampère’s law

𝜔+𝜔𝑇
∗

𝜔
𝜌𝑖2𝛻⊥2 ෨𝜙 = 𝑘∥𝑣𝑇𝑒

𝜔
𝜎(𝜔,𝜔𝑑) ሚ𝐴∥ −

𝑘∥𝑣𝑇
𝜔

෨𝜙 Poisson’s equation

u Ater	a	lot	of	theory	…		
	Reduced	Kine'c	Model	equivalent	to	the	RMHD	model	in	fluide	theory	

	

u Successful	compari'on	between	theory	and	gyrokine'c	simula'ons	
	In	par'cular,	MTM	is	stable	in	weak	collisions	regime	



III.	Destabiliza&on	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

u No	instability	without	collisions	=>	Magne'c	reconnec'on	is	not	allowed	
	

u Unstable	MTM	in	the	pedestal	region	even	if	collisions	are	weak	(step	1)	

u Magne'c	curvature	and	electric	poten'al	fluctua'ons	can	not	destabilize	
MTM	without	collisions.	However,	in	presence	of	collisions,	they	enhance	
the	MTM	growth	rate	(step	2)	
	

[M.	Hamed	et	al.	POP	26	(2019)]	
	



III.	MTM	-	Conclusions	
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u Deriva'on	of	a	reduced	kine'c	model	for	the	MTM	stability	
	

u Reconcilia'on	between	theory	and	gyrokine'c	simula'ons	
	

u  In	par'cular,	without	collisions,	MTM	is	stable		
		

u However,	collisions	are	sufficient	in	tokamaks	to	let	MTM	unstable	
in	the	pedestal	(step	1)	
	

u Electron	temperature	gradient	drive	MTM.	Magne'c	curvature	and	
electric	poten'al	fluctua'ons	enhance	the	growth	of	unstable	modes.	
(step	2)	
	
u Open	ques&on	on	satura&on	mechanisms	:	impact	of	MTMs	on	heat	
electron	transport	(step	3)	
	



General	conclusion	
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u  In	hot	magne'zed	plasmas	of	tokamaks,	magne'c	equilibrium	is	such	as	the	
tearing	instability	is	stable	(Δ’<0).	
	
u  However,	magne'c	reconnec'on	can	occur	:	

	 	-	at	large	scales	:	nonlinear	growth	of	Neoclassical	Tearing	Mode	can	lead	to	
disrup'on	and	can	damage	the	device	
	

	 	-	at	small	scales	:	micro-tearing	instability	can	lead	to	magne'c	field		stochas'sa'on	
and	enhance	the	heat	electron	transport	in	the	pedestal	region	
	

u  Although	resis'vity	and	collisions	are	weak	in	such	device,	they	are	sufficient	to	
allow	magne'c	reconnec'on	
	

u  It	exist	various	mechanisms	leading	to	an	island	growth	:	
	 	-	Small-scales	turbulent	modes	can	drive	nonlinearly	a	large	magne'c	island	

	 	-	Electron	temperature	gradient	can	drive	micro-tearing	mode	in	the	pedestal	
		
u  Open	ques'on	:	Satura'on	mechanisms	?	

	 	-	Saturated	size	of	large	island	?	
	 	-	Electron	heat	transport	due	to	MTM	?	

	
	


