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!SYMMETRY	BREAKING	BY	MHD	

MHD	activity	can	alter	the	symmetry	properties	of	magnetic	plasmas.	The	3D	equilibrium	solver	
VMEC	[1]	has	been	applied	to	model	the	breaking	of	the	axisymmetry	in	RFPs	[2]	and	tokamaks	[3].		
In	stellarator	experiments,	very	long-lasting	oscillations	characterized	by	low	n	and	m,	which	break	
the	periodic	symmetry,	have	been	detected	in	many	devices	like	the	TJ-II	Heliac	[4]	and	the	Large	
Helical	Device	(LHD)	[5].		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
We	contend	that	the	deformations	observed	constitute	nonlinear	saturated	ideal	MHD	interchange	
structures	with	low	n	driven	by	the	interaction	of	the	pressure	gradient	with	the	magnetic	field	line	
curvature.		
3D	free	boundary	ideal	MHD	VMEC-equilibrium	calculations	in	a	nominally	4-field	period	Helias	
reactor	including	edge	distortions	that	break	the	periodicity	imposed	by	the	coil	system.		
FINDING:	Configurations	with	broken	symmetry	are	more	stable	than	the	symmetric	ones.	
	
MHD	CALCULATIONS	
Computation	of	3D	MHD	equilibrium	states	with	the	VMEC	code	imposes	nested	magnetic	flux	
surfaces	[1]	without	magnetic	field	lines	breaking	and	reconnecting	=>	ideal	MHD.	
A	4-field	periods	Helias	reactor	configuration	has	been	chosen	because	the	spectrum	of	modes	
required	is	much	narrower	than	that	OF	TJ-II	Heliac.	Furthermore,	the	Helias	configuration	
represents	one	of	the	most	attractive	concepts	for	stellarator	reactor.	The	plasma	energy	is	given	by	
	
	
The	equilibrium	state	is	obtained	by	varying	the	energy	functional	with	respect	to	an	artificial	time	
variable	employing	a	steepest	descent	energy	minimization	scheme.	We	allow	the	4-fold	periodicity	
breaking	by	including	all	toroidal	mode	numbers	in	the	range	−20	≤	n	≤	20	and	poloidal	mode	
numbers	0	≤	m	≤	11.	The	4-fold	periodic	Fourier	components	of	R	and	Z	at	the	LCFS	are	R0,0	=	17.7,	
R0,4	=	0.72,	R1,0	=	2.15,	R1,4	=	0.99,	Z0,0	=	0,	Z0,4	=	0.33,	R1,0	=	2.448,	Z1,4	=	1.33	(all	in	m).		
Edge	periodicity-breaking	introduced	through	δi,	R1,1	=	Z1,1	=	δi	and	R1,−1	=	Z1,−1	=	−δi.	
Null	toroidal	current	J(s)	=	0	and	pressure	profile	p(s)	=	p(0)(1−s)(1−s4).		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

TJ-II	NBI-plasmas.	Long	lasting	Llow	frequency	(4	kHz	︎	f	 ︎	15	kHz)	oscillations.	
The	toroidal	mode	numbers	can	be	resolved	according	to	the	relative	phase	of	the	modes	
detected	with	three	AXUV	arrays	located	at	sectors	separated	π/2	toroidally	plus	another	array	
located	at	a	fraction	of	this	(see	scheme	in	Figure).		
The	poloidal	mode	numbers	(for	m	<	7),	can	be	identified	by	the	poloidal	chords.	
	
	
	
	
	
	
	
	
	
	
	
	
Figure:	a)	Time	traces	of	TJ-II	shot	#32888,	heated	with	counter-NBI	(Te0	≈	200	eV,	Ti0	≈	100	eV)	and	top-view	scheme	of	the	radiation	
arrays.	b)	Spectrogram	of	a	central	radiation	chord	signal	(D	@	ρ	≈	0.1).	c)	Phase	of	coherence	of	the	different	oscillations	separated	π/
2	toroidally	(D	and	A).	d)	Poloidal	correlation	of	one	reference	channel	(A	@	ρ	≈	0.1)	with	all	poloidal	chord	signals	of	bolometer	array	A	
for	the	≈	6	kHz	mode.	e)	Toroidal	correlation	of	equivalent	chords	(@	ρ	≈	0.1)	from	each	array	with	the	reference	channel	of	A.	The	
labels	in	c)	correspond	to	the	toroidal	mode	numbers.		

	
In	this	case,	f	≈	6	kHz	and	m	=	2	and	n	=	3.		
The	detected	phase	shifts	of	this	oscillation	correspond	to	those	expected	for	n=3.		
Other	oscillations	happen	for	f=12	kHz	and	n=6,	and	f=18	kHz	and	n=9,	and	m=even.		
Modes	are	rather	core	localized	so	they	are	hardly	detected	by	magnetic	coils.		
Only	in	a	few	cases,	mostly	(n,	m)	=	(3,	2)	and	(n,	m)	=	(5,	3),	can	be	detected.		
Toroidal	mode	numbers	evidence	that	the	mode	structures	are	non-	natural	(no	multiple	of	4),	
=>	Necessarily	break	the	periodicity	imposed	by	the	TJ-II	coils	set.	
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MHD	STABILITY	AND	SYMMETRY	BREAKING	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
PROPERTIES	OF	THE	NEW	CONFIGURATION	
In	current-free	stellarators,	MHD	instabilities	driven	by	the	interaction	of	the	pressure	gradient	with	
the	magnetic	field	line	curvature.	The	relevant	function	is	2√gpʹ(s)κ	·	∇s	calculated	for	⟨β⟩	=	0.5%		
Top	row:	perturbed	configuration	(n=1	distortion).	Bottom	row:	periodic	configuration.	
	
	
	
	
	
	
	
	
	
	
	
Structure	of	2√gpʹ(s)κ	·	∇s	on	flux	surfaces	close	to	LCFS:	
-	Strong	change	from	the	periodic	to	the	perturbed	configuration	.		
-	The	most	destabilising	contribution	(most	negative)	concentrates	near	the	outside	edge	of	one	of	
the	bean-shaped	cross	sections	indicating	an	important	n	=	1	distortion.		
-	The	structure	when	the	4-fold	periodicity	is	relaxed	is	more	closely	magnetic	field	aligned.		
-	The	range	of	values	for	2√gpʹ(s)κ	·	∇s	is	neutral	(with	respect	to	positive	and	negative	values)	when	
the	periodicity	constraint	is	relaxed	indicating	marginal	stability.	However,	it	tends	to	be	more	
negative	when	the	4-fold	periodicity	is	enforced	suggesting	that	this	configuration	is	linearly	unstable	
to	ideal	MHD,	a	condition	we	have	confirmed	with	the	TERPSICHORE	code	[6].	The	
periodicity-breaking	deformations	constitute	a	saturated	ideal	MHD	instability	state.	
	
The	Helias	reactor	configuration	examined	approaches	conditions	of	quasi-isodynamicity	[7].	The	
poloidal	closure	of	the	contours	of	the	2nd	adiabatic	invariant	J	in	a	polar	plot	for	trapped	particles	
imply	the	good	NC	confinement	of	fast	and	bulk	ions.		
	
	
	
	
	
	
	
	
	
	
CONCLUSIONS	
-  Long-lived	low	frequency	oscillations	with	n	smaller	than	the	machine	periodicity	detected	in	

stellarators	such	as	TJ-II.		
-  We	report,	for	the	first	time,	free	boundary	VMEC	stellarator	equilibria	with	3D	distortions	to	the	

LCFS	that	break	the	ORIGINAL	periodicity.		
-  The	Fourier	spectrum	of	R	and	Z	at	the	LCFS	is	dominantly	m	=	1,	n	=	±1	at	⟨β⟩	=	5%.	The	m/n	=	1/	

±	1	structures	are	nonresonant	as	ιmax	<	0.95.		
-  We	contend	that	these	geometric	deformations	correspond	to	saturated	ideal	MHD	interchanges.		
-  The	2√gpʹ(s)κ	·	∇s	structure	confirms	a	n	=	1	modulation	around	the	torus.	
-  	The	quasi-isodynamic	properties	of	the	Helias	configuration	are	not	significantly	altered.	
-  FAVOURABLE	conditions	for	the	Helias	stellarator	as	reactor.	
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as R0,0 = 17.7, R0,4 = 0.72, R1,0 = 2.15, R1,4 = 0.99,
Z0,0 = 0, Z0,4 = 0.33, R1,0 = 2.448, Z1,4 = 1.33
(dimensions in m). Initial edge periodicity-breaking
components are prescribed though the parameter δi,
such that R1,1 = Z1,1 = δi and R1,−1 = Z1,−1 = −δi.

All calculations performed in this article have vanish-
ing toroidal current within each flux surface 2πJ(s) = 0
and pressure profile prescribed as p(s) = p(0)(1− s)(1−
s4). The rotational transform profiles ι(s) for the He-
lias reactor configuration examined at ⟨β⟩ = 0.5% and
⟨β⟩ = 5% are plotted as a function of s in Fig. 1. Note
that ι = 1 is outside the plasma; the main low order res-
onances that break the 4-fold periodicity of the coils are
n/m = 10/11, 9/10, 7/8, 6/7 and 5/6.
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FIG. 1. The rotational transform profiles in a nominally 4-
field period Helias reactor configuration at ⟨β⟩ = 0.5% and
⟨β⟩ = 5% in which the periodicity imposed by the coils is not
enforced.

The shape of the LCFS for the Helias reactor system
under consideration at each of the tear-drop cross sec-
tions throughout one toroidal transit are projected onto
one plane in Fig. 2 at ⟨β⟩ = 0.5%, 2% and 4%. There are
visible deformations of the LCFS in this range of ⟨β⟩ val-
ues. The Plasma-Vacuum Interface shape at the bean,
tear-drop and triangular cross sections over 1 toroidal
transit at ⟨β⟩ = 5.0% shows the small corrugation of the
edge surface at each superimposed plane in Fig. 3.
To address the question for the motivation to impose

initial periodicity-breaking deformations, we perform an
ideal MHD stability investigation of Helias reactor equi-
libria constrained to satisfy the 4-fold periodicity im-
posed by the external coils with respect to the n = 1
family of modes with the TERPSICHORE code [15, 16].
Convergence studies of the configuration as a function of
the inverse number of radial grid points squared is plotted
at ⟨β⟩ = 0.6%, 1.6% and 2.6% in Fig. 4. Marginal sta-
bility at infinitesimal mesh occurs for ⟨β⟩ = 0.6% (never-
theless the system is very weakly unstable at finite mesh
size). The parameter δi that we apply to generate equi-
librium states without the periodicity constraint imposed
consequently constitutes a proxy for the m/n = 1/ ± 1
components of the linear displacement vector of the lin-
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FIG. 2. The superimposed shape of the LCFS at the 4 tear-
drop cross sections at ⟨β⟩ = 0.5% (top), at 2.0% (middle) and
at 4.0% (bottom) in a Helias reactor system. The superim-
posed shapes match exactly when the 4-fold coil periodicity
constraint is imposed.

ear stability calculations at the plasma boundary. We
would like to repeat that δi represents only an initial
periodicity-breaking displacement; it is not a persistently
applied external field like a resonant magnetic perturba-
tion. It should be noted that error fields and eddy cur-
rents in the surrounding metallic walls will also produce
periodicity-breaking perturbations that could be partic-
ularly relevant below the linear ideal MHD stability lim-
its. The results presented in Fig. 4 justify increasing δi
with ⟨β⟩. Fig. 5 shows the variation of the volume aver-
age total energy

〈〈

p+B2/(2µ0)
〉〉

within the plasma as a
function of the parameter δi that shows that the absolute
minimum energy state is achieved for δi = 0.31m. For

The	estimated	rotational	transform	profiles	ι(s)	for	the	Helias	reactor	
configuration	for	⟨β⟩	=	0.5%	and	⟨β⟩	=	5%.		
ι	=	1	is	outside	the	plasma.	the	main	low	order	resonances	that	break	the	
4-fold	periodicity	of	the	coils	are	n/m	=	10/11,	9/10,	7/8,	6/7	and	5/6.	

3 THC

precludes magnetic field lines breaking and reconnecting. We have decided to simulate a Helias reactor
configuration with a coil system that dictates 4-field periods around the torus because the spectrum of
modes required to obtain converged equilibrium solutions is much narrower than that for the 4-field period
TJ-II Heliac. This makes the problem more tractable to address. Furthermore, the Helias configuration
represents one of the more attractive options for nuclear power production based on the stellarator
concept. The plasma energy is given by

µ0W =
ZZZ

d3x
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2
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µ0p(s)
�� 1

�
, (1)

where B is the magnetic field, p(s) is the plasma pressure as a function of the radial variable s (0  s  1),
which is proportional to the enclosed toroidal magnetic flux function �, and � is the adiabatic index.
The equilibrium state is obtained by varying the energy functional Eq. 1 with respect to an artificial
time variable employing a steepest descent energy minimisation scheme. A Green’s function technique
is applied to evolve the plasma-vacuum interface to obtain free boundary MHD equilibria where the
vacuum magnetic fields are calculated using Biot-Savart’s Law from all toroidal and poloidal field coils
discretised into finite sized filaments. In free boundary mode, initial guesses for the Fourier amplitudes
of R (the distance from the major axis) and Z (the height above the midplane) at the magnetic axis and
at the last closed magnetic flux surface (LCFS) must be provided. Though the coil set dictates 4-fold
periodicity around the torus, we relax this constraint to include all toroidal mode numbers in the range
�20  n  20 and poloidal mode numbers 0  m  11. Typically, the 4-fold periodic Fourier components
of R ⌘

P
m,n Rm,n cos(m✓�n�) and Z ⌘

P
m,n Zm,n sin(m✓�n�) (stellarator symmetry is assumed) at

the plasma-vacuum interface are chosen as R0,0 = 17.7, R0,4 = 0.72, R1,0 = 2.15, R1,4 = 0.99, Z0,0 = 0,
Z0,4 = 0.33, R1,0 = 2.448, Z1,4 = 1.33 (dimensions in m). Initial edge periodicity-breaking components
are prescribed through the parameter �i, such that R1,1 = Z1,1 = �i and R1,�1 = Z1,�1 = ��i.
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Figure 3: The superimposed shape of the LCFS at the 4 eggplant cross sections at h�i = 0.5% (left), at 2.0%

(middle) and at 4.0% (right) in a Helias reactor system. The superimposed shapes match exactly when the 4-fold
coil periodicity constraint is imposed.
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Figure 4: The superimposed shapes of the LCFS at h�i = 5.6% at the bean-shaped cross section (left), at the
eggplant cross section (middle) and at the triangular cross section (right) in a Helias reactor configuration. The
4 superimposed shapes match exactly at each of the cross sections when the 4-fold coil periodicity constraint is
imposed.

All calculations performed in this article have vanishing toroidal current within each flux surface
2⇡J(s) = 0 and pressure profile prescribed as p(s) = p(0)(1�s)(1�s4). The rotational transform profiles
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Figure 3: The superimposed shape of the LCFS at the 4 eggplant cross sections at h�i = 0.5% (left), at 2.0%

(middle) and at 4.0% (right) in a Helias reactor system. The superimposed shapes match exactly when the 4-fold
coil periodicity constraint is imposed.
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Figure 4: The superimposed shapes of the LCFS at h�i = 5.6% at the bean-shaped cross section (left), at the
eggplant cross section (middle) and at the triangular cross section (right) in a Helias reactor configuration. The
4 superimposed shapes match exactly at each of the cross sections when the 4-fold coil periodicity constraint is
imposed.

All calculations performed in this article have vanishing toroidal current within each flux surface
2⇡J(s) = 0 and pressure profile prescribed as p(s) = p(0)(1�s)(1�s4). The rotational transform profiles

Shapes	of	the	LCFS	for	the	Helias	reactor	at	each	of	the	
eggplant	cross	sections	throughout	one	toroidal	transit	
for	⟨β⟩	=	0.5%,	2%	and	4%.	There	are	small	but	visible	
deformations.	
	
The	LCFS	at	the	bean,	eggplant	and	triangular	cross	
sections	over	1	toroidal	transit	at	⟨β⟩	=	5.6%.	A	small	
corrugation	of	the	edge	surface	appears.		

4 THC

◆(s) for the Helias reactor configuration examined at h�i = 0.5% and h�i = 5% are plotted as a function
of s in Fig. 2. Note that ◆ = 1 is outside the plasma; the main low order resonances that break the 4-fold
periodicity of the coils are n/m = 10/11, 9/10, 7/8, 6/7 and 5/6.

The shape of the LCFS for the Helias reactor system under consideration at each of the eggplant cross
sections throughout one toroidal transit are projected onto one plane in Fig. 3 at h�i = 0.5%, 2% and
4%. There are visible deformations of the LCFS in this range of h�i values.

Figure 5: The pressure distribution µ0p (in units of Pa⇥H/m) at the mid-plane as a function of the toroidal angle
� and the distance from the major axis R for the Helias reactor minimum energy equilibrium state at h�i = 5%.

The Plasma-Vacuum Interface shape at the bean, eggplant and triangular cross sections over 1 toroidal
transit at h�i = 5.6% shows the small corrugation of the edge surface at each superimposed plane in Fig. 4.
The mid plane pressure distribution through a full toroidal transit (0  �  2⇡) at h�i = 5% is presented
in Fig. 5. It shows that the bulk plasma retains the underlying 4-fold periodicity of the system. However,
near the plasma boundary the inner and outer edge positions are slightly displaced from one period to
the next confirming a small n = 1 modulation.

Eddy currents in the surrounding metallic walls produce periodicity-breaking perturbations that can
also be enhanced by linear MHD instability dynamics (the system investigated is unstable to linear ideal
MHD modes when h�i exceeds 0.6%). This justifies increasing �i with h�i. Fig. 6 (a) shows the variation
of the volume average total energy

⌦⌦
p + B2/(2µ0)

↵↵
within the plasma as a function of the parameter

�i that shows that the minimum energy state is achieved for �i = 0.31 m. For lower h�i, the energetically
favoured MHD equilibrium solutions are achieved with progressively lower values of the initial distortion
�i prescribed at the plasma boundary. We define hhAii ⌘
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Figure 6: Left: The value of the volume averaged total plasma energy
˙˙

p + B2/(2µ0)
¸¸

at the minimum energy
state as a function of the initial guess of the distortion �i in a Helias reactor system at h�i = 5.0%. The initial
Fourier amplitudes of R and Z corresponding to the m = 1, n = ±1 components are R1,1 = Z1,1 = �R1,�1 =

�Z1,�1 = �i. Right: The value of the di↵erence of the volume averaged total plasma energy
˙˙

p + B2/(2µ0)
¸¸

at
finite �i (which corresponds to the minimum energy state) with that at �i = 0 as a function of h�i. The values of
�i are labelled at each value of h�i plotted.

The minimum energy state in the range h�i = 0.5% – 5.6% is plotted in Fig. 6 (b). The initial
guesses for the m = 1, n = ±1 components of R and Z specified by �i that yield the minimum energy
states at each h�i are identified in the plot. �

⌦⌦
p + B2/(2µ0)

↵↵
corresponds to the di↵erence between⌦⌦

p + B2/(2µ0)
↵↵

evaluated at finite �i and �i = 0. Note that the ordinate values in Fig. 6 (b) are
negative indicating that the volume averaged total plasma energy obtained at the finite values of �i is
lower than that for �i = 0 in the range of h�i explored.

The	mid	plane	pressure	distribution	for	0	≤	φ	≤	2π	at	⟨β⟩	=	5%.		
The	bulk	plasma	retains	the	underlying	4-fold	periodicity	of	the	
system,	while	a	small	n	=	1	modulation	is	visible	close	to	the	edge.	

Fourier	decomposition	of	R	at	the	
LCFS	at	⟨β⟩	=	0.5%	(left)	and	5.0%	
(right).	The	periodicity-breaking	terms	
have	been	limited	to	the	range	0	≤	m	
≤	4	and	−13	≤	n	≤	13	because	they	are	
significant	only	for	low	m,	n.		

Left:	Fourier	decomposition	of	Z	at	the	
LCFS	at	⟨β⟩	=	5.0%	(right).	The	
periodicity-breaking	terms	have	been	
limited	to	the	range	0	≤	m	≤	11	and	
−20	≤	n	≤	20.	
Right:	the	same	for	B	
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unstable to ideal MHD, a condition we have confirmed with the TERPSICHORE code [23, 24]. The
periodicity-breaking deformations constitute a saturated ideal MHD instability state.

Figure 9: The distribution of the interaction of the pressure gradient with the magnetic field line curvature
2
p

gp0
(s) · rs on a magnetic flux surface close to the edge of the plasma at h�i = 5%. The top row represents

the equilibrium state with unconstrained periodicity. The bottom row represents the equilibrium state constrained
to satisfy the 4-fold periodicity of the coils.

The Helias reactor configuration examined approaches conditions of quasi-isodynamicity [15, 16]. The
poloidal closure of the contours of the 2nd adiabatic invariant J in a polar plot for particles with pitch
angles that vary from deeply to barely trapped represents a good measure of the confinement of fast ions
and of neoclassical transport properties in general. We have found that the relaxation of the periodicity
exacted by the external coils does not modify in a significant way the contours of the J for di↵erent
particle pitch angles. A comparison of the J behavior for the general equilibrium case and the 4-fold
periodic case at h�i = 5% demonstrates that both are very similar, as shown in Fig. 10. Thus energetic
particle confinement and neoclassical transport should not be seriously impacted whether periodicity is
enforced or not.

Figure 10: The contours of the second adiabatic invariant J in polar coordinate representation for a Helias reactor
configuration at h�i = 5%. The radial variable is ⇢ =

p
s and ✓ is the poloidal angle. The columns correspond to

reference magnetic field values Bref = 4.55 T, 4.6 T, 4.7 T and 4.8 T from left to right, respectively. The particle
pitch angle correspond to � ⌘ µ/E = 1/Bref . The top row represents the equilibrium state with unconstrained
periodicity. The bottom row represents the equilibrium state constrained to satisfy the 4-fold periodicity of the
coils.
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In summary, long-lived low frequency oscillations with toroidal mode number smaller than the machine
periodicity have been detected in stellarator system such as TJ-II. We report, for the first time, free
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The	relaxation	of	the	periodicity	
does	not	modify	significantly	the	
contours	of	the	J	for	different	
particle	pitch	angles	(⟨β⟩	=	5%).	
Energetic	particle	confinement	
and	NC	transport	should	not	be	
seriously	impacted	when	
periodicity	is	broken	
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TJ-II Heliac 
B(0)< 1.2 T; R=1.5 m, a<0.22 m 
0.9 < i/2p<2.2 
ECRH (0.3 + 0.3 MW);  
NBI ( 0.6 + 0.6 MW)  
co- and counter injection 
 

MOTIVATION 
3D Geometry relevant for Stellarators and Tokamaks (TBM, RMP, Islands) 
=> Physics and simulation methods 
NC Transport Enhanced and onset of ambipolar Er. => Impact on 
Fuelling and Transport: 
Fuelling -> Pellets 
Impurity Transport.  
Dispersion Relation of waves and instabilities => Changes in AEs, GAMs, 

 
IMPURITY TRANSPORT 
Impurity accumulation is an issue in stellarators (NC effect in ion root)  
 
 
 
Experiments w/o accumulation: Mode HDH in W7-AS and Impurity Hole 
in LHD. 
Look for regimes without impurity accumulation: 
    - Revisit impurity hole [M Yoshinuma et al. NF 2009] 
    - 3D NC calculations predict that asymmetries in potential modify the 
impurity flux. [M Yoshinuma et al. NF 2009] 
 
Electric field is negative but small in Impurity Hole conditions, despite the large 
grad(Ti).  
Because of this, the outward and inward pinches are almost balanced. Resulting 
in a small inward impurity flux. 
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3D effects on transport and plasma control in the TJ-II stellarator 

NBI-Co 

NBI-Count. 
HIBP1 

HIBP2 

Pellet Inj. 

Γ I = −nIL11
I n 'I

nI
−
ZIeEr

TI
+δI

T 'I
TI

#

$
%

&

'
(

Electric field is 
negative but small in 
Impurity Hole 
conditions,  
despite the large 
grad(Ti).  
 
 
 
Because of this, the 
outward and inward 
pinches are almost 
balanced. Resulting 
in a small inward 
impurity flux. 
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Additional terms can play a relevant role: turbulence, asymmetries,… 
Empirical actuators to try to make Er more positive (less negative): ECRH. 
 

J. L. Velasco et al., NF 2016, In press 
A. Dinklage. EX/P5-1 

Ion Root Impurity Hole  
 

Impurities are more sensitive to 
Er than bulk ions (charge state). 
An asymmetric first order 
potential (usually neglected in 
NC calculations) Φ1 is 
calculated using EUTERPE 
code.  
Φ1 has effects on impurity 
transport.  
 
- Asymmetries pronounced in 
TJ-II: CAN BE DETECTED 
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C6+ Flux in LHD with and without Φ1 

J. M. García-Regaña et al., Submitted to PPCF 2016 
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•  Poloidal/ toroidal 
potential variation in the 
order of 10 – 30 V in 
floating potential. 

•  Poloidal / toroidal 
asymmetries decrease 
when temperature 
decreases.  

M. A. Pedrosa et al., NF 2015 

ECRH: Er less 
negative. 
The sign of Er 
depends on 
density and 
power. 
ECRH+NBI 
plasmas: higher 
turbulence level 
than in NBI. 

Dual HIBP: LRC 
found (at ρ=0.6) in 
potential but not 
in Density or Bpol 
fluctuations. 

C. Hidalgo et al., IAEA 2016 

Influence of ECRH on fluctuation levels.  

The influence of ECRH heating on the profile of total current fluctuation levels is 
illustrated in Fig. 3. In these studies HIBP-1 was in the radial scanning mode covering 
the whole TJ-II plasma cross-section (from the low to the high field side region). The 
level of density plasma fluctuations is significantly increased from the deep core (rho ≈ 
0) up to edge (rho ≈ 0.8) in the ECRH phase.  

The increasing in the level of fluctuations is due to the amplification of broad-band 
fluctuations in the range 1 – 300 kHz and is empirically correlated with the peaking in 
the electron temperature profile while keeping plasma density roughly constant in the 
ion root (negative radial electric field) regime. Thus, electron temperature driven 
instabilities (e.g. TEM) are candidates to explain the observed influence of ECRH on 
TJ-II fluctuation levels. 

It is interesting to note that previous experiments in the AUG tokamak [5] have shown 
that the influence of ECRH power on the turbulence level is only observed close to the 
ECRH deposition location, whereas in the TJ-II stellarator the influence of ECRH on 
the level of fluctuations is observed in the whole plasma cross-section.  

Influence of ECRH on LRC  

The amplitude of Long-Range-Correlations (LRC) increases for potential fluctuations 
but not for density and poloidal magnetic fluctuations as shown in Fig. 4. Furthermore, 
LRC in plasma potential are dominated by low frequencies (< 20 kHz) with cross-phase 
consistent with zero value in agreement with previous LRC studies using edge probes 
[9]. These results are consistent with the development of ZF structures that are 

!

 

Fig. 3 Influence of ECRH in fluctuation levels and LRCs in core plasma potential fluctuations (shot 
41725) measured with HIBP-I in the scanning mode.  
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- Core Plasma Fuelling, despite 
outside ablation observed in 
NBI plasmas. 

-  Pellet Injection as a tool for core fuelling 
(NC transport afterwards understood) 

J. L. Velasco et al., PPCF 2016. 
A. Dinklage. EX/P5-1 

Experiments beyond core fuelling: Direct 
observation of the Relaxation of Potential 
Oscillations. 

•  Evolution of plasma 
density, Halpha, 
plasma potential 
and electric field.  

•  Evolution of plasma potential 
well simulated by GK 
calculations.  

A. Alonso et al. Submitted to Phys. Rev. Letters.  
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- Experiments on TJ-II using liquid metals with a 
CPS. 
- LiSn alloys tested: liquid limiter. 
- Results: Clean plasmas, small H retention ( ~ 
0.01% H/(Sn+Li) at T< 450º C),  
- Insertion of a LiSn sample w/o significant 
perturbation of the plasma parameters.  
- These results provide good perspectives for use 
of liquid LiSn alloys as a PFC in a Reactor. 
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F. L. Tabarés et al. PSI, 2016 

Dynamics of the interaction between flux and gradient in fusion edge turbulence 9

ρ"

Figure 5. Calculated well depth profiles for a series of configurations of TJ-II.

Figure 6. Flux-gradient curves for a series of configurations of TJ-II with di↵erent
magnetic well.

8/5 

- Stable 
plasmas in 
Mercier-
unstable 
configurations.  
- No change in 
the plasma size 
(no effect of 
rational). 

A. M. de Aguilera et al. NF 2015 

GAM strongly damped at different temp. in TJ-II. 
Need an external drive to exist. 

!

Sun Baojun et al. EPL, 2016 

Acoustic Mode (Possible GAM) 
destabilised by fast electrons. 
Close to rational surfaces. Non-
linear interaction with islands. 
Toridal structure (n>0) 
Propagation 

E. Sánchez et al., PPCF, 2013 

F. Castejón et al. PPCF, 2016 

Also observed: GAM destabilised 
by fast ions 

- OH configuration scan: introduce the 
3/2 rational in the plasma core. 
- Doppler reflectometer measures the 
flow: changes twice direction when 
crosses the rational. 
- Increase in the perpendicular flow 
fluctuations (f< 50 kHz).   
- Synchronous: A reduction in the 
density fluctuation level is measured. 
- Transport Barriers and rationals.  
- L-H Transition fostered by rationals 

2	

Fixed	magnePc	configuraPon	+	OH	current	

The	effect	of	the	3/2	magnePc	island	on	plasma	flow	is	experimentally	invesPgated	in	
ohmically	induced	magnePc	configuraPon	scans	using	Doppler	reflectometry	
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Mirnov Coil Spectra 
CNPA spectral flux  

•  CNPA flux proportional to neutral density. 
•  AEs degrade fast ion confinement. 

We get chirping modes w/o 
ECRH at given values of the 
rotational transform. 

A.V. Melnikov et al

5

form appears to be quite fast, giving quite sharp borders for the 
ι window, coinciding for both ι increasing and ι decreasing 
as a function of time. Figure 5 shows furthermore that the ι 
windows, determining the chirping and steady-frequency forms 
of the modes are alternating. The slowing-down time τs for fast 
particles for the considered cases, highlighted in figure 4(g ), is 
different due to the slightly different densities (figure 4( f )) and 
electron temperatures (figure 4(h )): τs  =  75 ms for ι increasing 
while τs  =  125 ms for ι decreasing. The different time evol ution 
of τs illustrates clearly that the nonlinear evolution of the modes 
from the chirping state to the steady state cannot be due to a 
difference in the slowing-down evolution of the fast particles. 
Thus, we conclude that specific ι windows seem to be required 
for the appearance of the chirping modes for the present plasma 
characteristics, namely density and fast ion population.

The apparent paradox of having somewhat larger mode 
amplitude in the case of shorter slowing-down time (see  
figures  4(c) and (g )) can be explained by considering the 
actual shape of the fast ion distribution. This family of config-
urations have similar plasma shapes and neoclassical transport 
properties, therefore the fast ion distribution depends on the 
actual plasma characteristics. It is possible that the population 
of resonant fast ions might be larger in the case of the shorter 
slowing-down time.

5. Discussion

In TJ-II we typically observe multiple modes, not single 
modes. In the present study the transition from chirping to 
steady mode was observed for one single mode. Indeed, as 
figure  4 shows, there could be multiple modes, specifically 
chirping and steady-frequency modes coexisting at the same 
time in this shot. We used bi-coherence analysis to check 
quadratic nonlinearity for the mode interaction. For the set of 

shots used in this paper we did not find indications of three-
wave mode interaction, so we interpret the nonlinear effects 
as a result of the mode and fast ion interaction as described 
in [31].

The beam–AE interaction depends on the ratio between the 
Alfvén resonance energy, EAres, and the critical energy, Ecrit, 
the energy above which most of the NBI power is deposited to 
the electrons. If EAres/Ecrit  <  1, the beam particles at the reso-
nance interact with the plasma ions, so pitch-angle scattering 
and diffusion take place [32]. If EAres/Ecrit  >  1, the beam inter-
acts with the plasma electrons and electron drag takes place. 
The Alfvén energy, EA, and the critical energy are given by

E B nkeV 246 T 10 m ,A
2

e
19 3( ) ( )/ ( )= − (3)

E TkeV 1 5 keV .crit e( ) ( )= (4)

In the discussed experimental conditions at TJ-II, AEs are 
excited by 32 keV sub-Alfvénic fast particles from NBI. The 
modes are likely to be excited by a mixture of resonances 
with passing and trapped beam ions, with a passing par-
ticle–wave resonance at VNBI  =  VAres  =  VA/3 [24], and some 
trapped particle–wave resonances determined by poloidal 
and toroidal bounce frequencies, which have a complicated 
structure in the stellarator geometry. Estimates show that 
Ecrit  <  ENBI  <  EA/9, and EA/(9Ecrit) ≫ 1 in the considered 
conditions of NBI+ECRH, so electron drag is the dominant 
mechanism, replenishing the beam distribution function at 
the resonance between passing beam ions and the wave. In 
contrast, for the resonances between trapped beam ions and 
the wave, pitch-angle scattering may play a major role, thus 
enhancing the diffusive mechanism of replenishing the beam 
distribution function at the resonance. Basically, electron drag 
is expected to favor the generation of chirping [9, 10]. Figure 4 
contributes to the discussion of the role of electron drag in 

Figure 5. Nonlinear evolution of AEs as a function of ιvac. Bpol spectrograms from figure 4, plotted with the time coordinate converted to ι, 
using model (2) at ρ  =  0.55. Note that in the upper box the evolution of time is opposite to that of ι. The borders separating the ι windows 
that favor the existence of the chirping modes and steady-frequency modes are marked with vertical red dashed lines. The two modes, 
marked in figure 4 by yellow boxes, coincide in frequency and iota, and thus in fact represent the same mode.

Nucl. Fusion 56 (2016) 076001

A. Melnikov, et al., Nucl. Fusion 2016 

Chirping w/o ECRH 

The mode frequency decreases with Magnetic 
Well (Understood by AE calculations). 

F. Castejón et al., PPCF, 2016 

AEs and Magnetic Well 

Magnetic Islands Change the Spectrum 
Gap: MIAEs  S. Baojun et al. NF, 2015 

MAGNETIC WELL SCAN: STABILITY 
 
 
 
 
 
 
 
 
 
 
 
 
 
CANDIDATES TO GAMS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

EFFECT OF 3/2 RATIONAL ON PLASMA FLOW AND 
FLUCTUATIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FAST PARTICLE CONTROL 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
CONCLUSIONS 
- 3D Physics Relevant for tokamaks and Stellarators: NC transport and Er (Bulk Plasma & 
Impurities); Waves and instabilities. 
- Impurity Transport: Understanding Impurity Hole 
- Influence of Asymmetries: Potential Asymmetries detected in TJ-II. 
- Fuelling: Pellet injection as a tool for core fuelling (NC-effect). Neutrals Blobs.  
- Innovative PFC power exhaust: LiSn alloys relevant for a reactor. 
- Stability: Stable plasmas found in Mercier unstable configurations. 
- Candidates to GAMs found in TJ-II despite the large damping. Drivers exist: Fast ions and 
fast electrons. 
- Effect of 3/2 rational on plasma flow and reduction of ñe. 
- Fast Particle Physics: Controlling AEs using ECRH and Magnetic configuration flexibility 
(rotational transform, magnetic well and magnetic islands) 
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4 THC

◆(s) for the Helias reactor configuration examined at h�i = 0.5% and h�i = 5% are plotted as a function
of s in Fig. 2. Note that ◆ = 1 is outside the plasma; the main low order resonances that break the 4-fold
periodicity of the coils are n/m = 10/11, 9/10, 7/8, 6/7 and 5/6.

The shape of the LCFS for the Helias reactor system under consideration at each of the eggplant cross
sections throughout one toroidal transit are projected onto one plane in Fig. 3 at h�i = 0.5%, 2% and
4%. There are visible deformations of the LCFS in this range of h�i values.

Figure 5: The pressure distribution µ0p (in units of Pa⇥H/m) at the mid-plane as a function of the toroidal angle
� and the distance from the major axis R for the Helias reactor minimum energy equilibrium state at h�i = 5%.

The Plasma-Vacuum Interface shape at the bean, eggplant and triangular cross sections over 1 toroidal
transit at h�i = 5.6% shows the small corrugation of the edge surface at each superimposed plane in Fig. 4.
The mid plane pressure distribution through a full toroidal transit (0  �  2⇡) at h�i = 5% is presented
in Fig. 5. It shows that the bulk plasma retains the underlying 4-fold periodicity of the system. However,
near the plasma boundary the inner and outer edge positions are slightly displaced from one period to
the next confirming a small n = 1 modulation.

Eddy currents in the surrounding metallic walls produce periodicity-breaking perturbations that can
also be enhanced by linear MHD instability dynamics (the system investigated is unstable to linear ideal
MHD modes when h�i exceeds 0.6%). This justifies increasing �i with h�i. Fig. 6 (a) shows the variation
of the volume average total energy

⌦⌦
p + B2/(2µ0)

↵↵
within the plasma as a function of the parameter

�i that shows that the minimum energy state is achieved for �i = 0.31 m. For lower h�i, the energetically
favoured MHD equilibrium solutions are achieved with progressively lower values of the initial distortion
�i prescribed at the plasma boundary. We define hhAii ⌘
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Figure 6: Left: The value of the volume averaged total plasma energy
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at the minimum energy
state as a function of the initial guess of the distortion �i in a Helias reactor system at h�i = 5.0%. The initial
Fourier amplitudes of R and Z corresponding to the m = 1, n = ±1 components are R1,1 = Z1,1 = �R1,�1 =

�Z1,�1 = �i. Right: The value of the di↵erence of the volume averaged total plasma energy
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at
finite �i (which corresponds to the minimum energy state) with that at �i = 0 as a function of h�i. The values of
�i are labelled at each value of h�i plotted.

The minimum energy state in the range h�i = 0.5% – 5.6% is plotted in Fig. 6 (b). The initial
guesses for the m = 1, n = ±1 components of R and Z specified by �i that yield the minimum energy
states at each h�i are identified in the plot. �
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evaluated at finite �i and �i = 0. Note that the ordinate values in Fig. 6 (b) are
negative indicating that the volume averaged total plasma energy obtained at the finite values of �i is
lower than that for �i = 0 in the range of h�i explored.

4 THC

◆(s) for the Helias reactor configuration examined at h�i = 0.5% and h�i = 5% are plotted as a function
of s in Fig. 2. Note that ◆ = 1 is outside the plasma; the main low order resonances that break the 4-fold
periodicity of the coils are n/m = 10/11, 9/10, 7/8, 6/7 and 5/6.

The shape of the LCFS for the Helias reactor system under consideration at each of the eggplant cross
sections throughout one toroidal transit are projected onto one plane in Fig. 3 at h�i = 0.5%, 2% and
4%. There are visible deformations of the LCFS in this range of h�i values.

Figure 5: The pressure distribution µ0p (in units of Pa⇥H/m) at the mid-plane as a function of the toroidal angle
� and the distance from the major axis R for the Helias reactor minimum energy equilibrium state at h�i = 5%.

The Plasma-Vacuum Interface shape at the bean, eggplant and triangular cross sections over 1 toroidal
transit at h�i = 5.6% shows the small corrugation of the edge surface at each superimposed plane in Fig. 4.
The mid plane pressure distribution through a full toroidal transit (0  �  2⇡) at h�i = 5% is presented
in Fig. 5. It shows that the bulk plasma retains the underlying 4-fold periodicity of the system. However,
near the plasma boundary the inner and outer edge positions are slightly displaced from one period to
the next confirming a small n = 1 modulation.

Eddy currents in the surrounding metallic walls produce periodicity-breaking perturbations that can
also be enhanced by linear MHD instability dynamics (the system investigated is unstable to linear ideal
MHD modes when h�i exceeds 0.6%). This justifies increasing �i with h�i. Fig. 6 (a) shows the variation
of the volume average total energy
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�i that shows that the minimum energy state is achieved for �i = 0.31 m. For lower h�i, the energetically
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�i prescribed at the plasma boundary. We define hhAii ⌘
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state as a function of the initial guess of the distortion �i in a Helias reactor system at h�i = 5.0%. The initial
Fourier amplitudes of R and Z corresponding to the m = 1, n = ±1 components are R1,1 = Z1,1 = �R1,�1 =
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at
finite �i (which corresponds to the minimum energy state) with that at �i = 0 as a function of h�i. The values of
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The minimum energy state in the range h�i = 0.5% – 5.6% is plotted in Fig. 6 (b). The initial
guesses for the m = 1, n = ±1 components of R and Z specified by �i that yield the minimum energy
states at each h�i are identified in the plot. �

⌦⌦
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corresponds to the di↵erence between⌦⌦
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evaluated at finite �i and �i = 0. Note that the ordinate values in Fig. 6 (b) are
negative indicating that the volume averaged total plasma energy obtained at the finite values of �i is
lower than that for �i = 0 in the range of h�i explored.

The	minimum	energy	state	is	obtained	in	the	range	⟨β⟩	=	0.5%	–	5.6%			
The	initial	guesses	for	δi	that	yield	the	minimum	energy	states	at	each	⟨β⟩	are	
identified	in	the	figure.	∆(︎︎p	+	B2/(2μ0) ︎︎	corresponds	to	the	difference	between	
︎︎p+B2/(2μ0) ︎︎	evaluated	at	finite	δi	and	δi	=	0.	
The	ordinate	values	<0	indicating	that	the	volume	averaged	total	plasma	energy	
is	lower	at	finite	values	of	δi	(in	the	range	of	⟨β⟩	explored).	
	
	
	
For	⟨β⟩	=	5%,	the	most	stable	values	appear	for	finite	values	of	δi	≈	0.28	and	
0.31.	Eddy	currents	in	the	vacuum	chamber	produce	periodicity-breaking	
perturbations	that	can	be	enhanced	by	linear	MHD	instability	dynamics	(the	
system	investigated	is	unstable	to	linear	ideal	MHD	modes	when	⟨β⟩	exceeds	
0.6%).	This	justifies	increasing	δi	with	⟨β⟩.	
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MOTIVATION 
3D Geometry relevant for Stellarators and Tokamaks (TBM, RMP, Islands) 
=> Physics and simulation methods 
NC Transport Enhanced and onset of ambipolar Er. => Impact on 
Fuelling and Transport: 
Fuelling -> Pellets 
Impurity Transport.  
Dispersion Relation of waves and instabilities => Changes in AEs, GAMs, 

 
IMPURITY TRANSPORT 
Impurity accumulation is an issue in stellarators (NC effect in ion root)  
 
 
 
Experiments w/o accumulation: Mode HDH in W7-AS and Impurity Hole 
in LHD. 
Look for regimes without impurity accumulation: 
    - Revisit impurity hole [M Yoshinuma et al. NF 2009] 
    - 3D NC calculations predict that asymmetries in potential modify the 
impurity flux. [M Yoshinuma et al. NF 2009] 
 
Electric field is negative but small in Impurity Hole conditions, despite the large 
grad(Ti).  
Because of this, the outward and inward pinches are almost balanced. Resulting 
in a small inward impurity flux. 
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3D effects on transport and plasma control in the TJ-II stellarator 

NBI-Co 

NBI-Count. 
HIBP1 

HIBP2 

Pellet Inj. 
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Electric field is 
negative but small in 
Impurity Hole 
conditions,  
despite the large 
grad(Ti).  
 
 
 
Because of this, the 
outward and inward 
pinches are almost 
balanced. Resulting 
in a small inward 
impurity flux. 
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Additional terms can play a relevant role: turbulence, asymmetries,… 
Empirical actuators to try to make Er more positive (less negative): ECRH. 
 

J. L. Velasco et al., NF 2016, In press 
A. Dinklage. EX/P5-1 

Ion Root Impurity Hole  
 

Impurities are more sensitive to 
Er than bulk ions (charge state). 
An asymmetric first order 
potential (usually neglected in 
NC calculations) Φ1 is 
calculated using EUTERPE 
code.  
Φ1 has effects on impurity 
transport.  
 
- Asymmetries pronounced in 
TJ-II: CAN BE DETECTED 
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C6+ Flux in LHD with and without Φ1 

J. M. García-Regaña et al., Submitted to PPCF 2016 
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•  Poloidal/ toroidal 
potential variation in the 
order of 10 – 30 V in 
floating potential. 

•  Poloidal / toroidal 
asymmetries decrease 
when temperature 
decreases.  

M. A. Pedrosa et al., NF 2015 

ECRH: Er less 
negative. 
The sign of Er 
depends on 
density and 
power. 
ECRH+NBI 
plasmas: higher 
turbulence level 
than in NBI. 

Dual HIBP: LRC 
found (at ρ=0.6) in 
potential but not 
in Density or Bpol 
fluctuations. 

C. Hidalgo et al., IAEA 2016 

Influence of ECRH on fluctuation levels.  

The influence of ECRH heating on the profile of total current fluctuation levels is 
illustrated in Fig. 3. In these studies HIBP-1 was in the radial scanning mode covering 
the whole TJ-II plasma cross-section (from the low to the high field side region). The 
level of density plasma fluctuations is significantly increased from the deep core (rho ≈ 
0) up to edge (rho ≈ 0.8) in the ECRH phase.  

The increasing in the level of fluctuations is due to the amplification of broad-band 
fluctuations in the range 1 – 300 kHz and is empirically correlated with the peaking in 
the electron temperature profile while keeping plasma density roughly constant in the 
ion root (negative radial electric field) regime. Thus, electron temperature driven 
instabilities (e.g. TEM) are candidates to explain the observed influence of ECRH on 
TJ-II fluctuation levels. 

It is interesting to note that previous experiments in the AUG tokamak [5] have shown 
that the influence of ECRH power on the turbulence level is only observed close to the 
ECRH deposition location, whereas in the TJ-II stellarator the influence of ECRH on 
the level of fluctuations is observed in the whole plasma cross-section.  

Influence of ECRH on LRC  

The amplitude of Long-Range-Correlations (LRC) increases for potential fluctuations 
but not for density and poloidal magnetic fluctuations as shown in Fig. 4. Furthermore, 
LRC in plasma potential are dominated by low frequencies (< 20 kHz) with cross-phase 
consistent with zero value in agreement with previous LRC studies using edge probes 
[9]. These results are consistent with the development of ZF structures that are 

!

 

Fig. 3 Influence of ECRH in fluctuation levels and LRCs in core plasma potential fluctuations (shot 
41725) measured with HIBP-I in the scanning mode.  
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- Core Plasma Fuelling, despite 
outside ablation observed in 
NBI plasmas. 

-  Pellet Injection as a tool for core fuelling 
(NC transport afterwards understood) 

J. L. Velasco et al., PPCF 2016. 
A. Dinklage. EX/P5-1 

Experiments beyond core fuelling: Direct 
observation of the Relaxation of Potential 
Oscillations. 

•  Evolution of plasma 
density, Halpha, 
plasma potential 
and electric field.  

•  Evolution of plasma potential 
well simulated by GK 
calculations.  

A. Alonso et al. Submitted to Phys. Rev. Letters.  
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- Experiments on TJ-II using liquid metals with a 
CPS. 
- LiSn alloys tested: liquid limiter. 
- Results: Clean plasmas, small H retention ( ~ 
0.01% H/(Sn+Li) at T< 450º C),  
- Insertion of a LiSn sample w/o significant 
perturbation of the plasma parameters.  
- These results provide good perspectives for use 
of liquid LiSn alloys as a PFC in a Reactor. 
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F. L. Tabarés et al. PSI, 2016 

Dynamics of the interaction between flux and gradient in fusion edge turbulence 9

ρ"

Figure 5. Calculated well depth profiles for a series of configurations of TJ-II.

Figure 6. Flux-gradient curves for a series of configurations of TJ-II with di↵erent
magnetic well.

8/5 

- Stable 
plasmas in 
Mercier-
unstable 
configurations.  
- No change in 
the plasma size 
(no effect of 
rational). 

A. M. de Aguilera et al. NF 2015 

GAM strongly damped at different temp. in TJ-II. 
Need an external drive to exist. 

!

Sun Baojun et al. EPL, 2016 

Acoustic Mode (Possible GAM) 
destabilised by fast electrons. 
Close to rational surfaces. Non-
linear interaction with islands. 
Toridal structure (n>0) 
Propagation 

E. Sánchez et al., PPCF, 2013 

F. Castejón et al. PPCF, 2016 

Also observed: GAM destabilised 
by fast ions 

- OH configuration scan: introduce the 
3/2 rational in the plasma core. 
- Doppler reflectometer measures the 
flow: changes twice direction when 
crosses the rational. 
- Increase in the perpendicular flow 
fluctuations (f< 50 kHz).   
- Synchronous: A reduction in the 
density fluctuation level is measured. 
- Transport Barriers and rationals.  
- L-H Transition fostered by rationals 

2	

Fixed	magnePc	configuraPon	+	OH	current	

The	effect	of	the	3/2	magnePc	island	on	plasma	flow	is	experimentally	invesPgated	in	
ohmically	induced	magnePc	configuraPon	scans	using	Doppler	reflectometry	
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J. Fontdecaba et al, In preparation 

Mirnov Coil Spectra 
CNPA spectral flux  

•  CNPA flux proportional to neutral density. 
•  AEs degrade fast ion confinement. 

We get chirping modes w/o 
ECRH at given values of the 
rotational transform. 

A.V. Melnikov et al

5

form appears to be quite fast, giving quite sharp borders for the 
ι window, coinciding for both ι increasing and ι decreasing 
as a function of time. Figure 5 shows furthermore that the ι 
windows, determining the chirping and steady-frequency forms 
of the modes are alternating. The slowing-down time τs for fast 
particles for the considered cases, highlighted in figure 4(g ), is 
different due to the slightly different densities (figure 4( f )) and 
electron temperatures (figure 4(h )): τs  =  75 ms for ι increasing 
while τs  =  125 ms for ι decreasing. The different time evol ution 
of τs illustrates clearly that the nonlinear evolution of the modes 
from the chirping state to the steady state cannot be due to a 
difference in the slowing-down evolution of the fast particles. 
Thus, we conclude that specific ι windows seem to be required 
for the appearance of the chirping modes for the present plasma 
characteristics, namely density and fast ion population.

The apparent paradox of having somewhat larger mode 
amplitude in the case of shorter slowing-down time (see  
figures  4(c) and (g )) can be explained by considering the 
actual shape of the fast ion distribution. This family of config-
urations have similar plasma shapes and neoclassical transport 
properties, therefore the fast ion distribution depends on the 
actual plasma characteristics. It is possible that the population 
of resonant fast ions might be larger in the case of the shorter 
slowing-down time.

5. Discussion

In TJ-II we typically observe multiple modes, not single 
modes. In the present study the transition from chirping to 
steady mode was observed for one single mode. Indeed, as 
figure  4 shows, there could be multiple modes, specifically 
chirping and steady-frequency modes coexisting at the same 
time in this shot. We used bi-coherence analysis to check 
quadratic nonlinearity for the mode interaction. For the set of 

shots used in this paper we did not find indications of three-
wave mode interaction, so we interpret the nonlinear effects 
as a result of the mode and fast ion interaction as described 
in [31].

The beam–AE interaction depends on the ratio between the 
Alfvén resonance energy, EAres, and the critical energy, Ecrit, 
the energy above which most of the NBI power is deposited to 
the electrons. If EAres/Ecrit  <  1, the beam particles at the reso-
nance interact with the plasma ions, so pitch-angle scattering 
and diffusion take place [32]. If EAres/Ecrit  >  1, the beam inter-
acts with the plasma electrons and electron drag takes place. 
The Alfvén energy, EA, and the critical energy are given by

E B nkeV 246 T 10 m ,A
2

e
19 3( ) ( )/ ( )= − (3)

E TkeV 1 5 keV .crit e( ) ( )= (4)

In the discussed experimental conditions at TJ-II, AEs are 
excited by 32 keV sub-Alfvénic fast particles from NBI. The 
modes are likely to be excited by a mixture of resonances 
with passing and trapped beam ions, with a passing par-
ticle–wave resonance at VNBI  =  VAres  =  VA/3 [24], and some 
trapped particle–wave resonances determined by poloidal 
and toroidal bounce frequencies, which have a complicated 
structure in the stellarator geometry. Estimates show that 
Ecrit  <  ENBI  <  EA/9, and EA/(9Ecrit) ≫ 1 in the considered 
conditions of NBI+ECRH, so electron drag is the dominant 
mechanism, replenishing the beam distribution function at 
the resonance between passing beam ions and the wave. In 
contrast, for the resonances between trapped beam ions and 
the wave, pitch-angle scattering may play a major role, thus 
enhancing the diffusive mechanism of replenishing the beam 
distribution function at the resonance. Basically, electron drag 
is expected to favor the generation of chirping [9, 10]. Figure 4 
contributes to the discussion of the role of electron drag in 

Figure 5. Nonlinear evolution of AEs as a function of ιvac. Bpol spectrograms from figure 4, plotted with the time coordinate converted to ι, 
using model (2) at ρ  =  0.55. Note that in the upper box the evolution of time is opposite to that of ι. The borders separating the ι windows 
that favor the existence of the chirping modes and steady-frequency modes are marked with vertical red dashed lines. The two modes, 
marked in figure 4 by yellow boxes, coincide in frequency and iota, and thus in fact represent the same mode.

Nucl. Fusion 56 (2016) 076001

A. Melnikov, et al., Nucl. Fusion 2016 

Chirping w/o ECRH 

The mode frequency decreases with Magnetic 
Well (Understood by AE calculations). 

F. Castejón et al., PPCF, 2016 

AEs and Magnetic Well 

Magnetic Islands Change the Spectrum 
Gap: MIAEs  S. Baojun et al. NF, 2015 

MAGNETIC WELL SCAN: STABILITY 
 
 
 
 
 
 
 
 
 
 
 
 
 
CANDIDATES TO GAMS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

EFFECT OF 3/2 RATIONAL ON PLASMA FLOW AND 
FLUCTUATIONS 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
FAST PARTICLE CONTROL 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
CONCLUSIONS 
- 3D Physics Relevant for tokamaks and Stellarators: NC transport and Er (Bulk Plasma & 
Impurities); Waves and instabilities. 
- Impurity Transport: Understanding Impurity Hole 
- Influence of Asymmetries: Potential Asymmetries detected in TJ-II. 
- Fuelling: Pellet injection as a tool for core fuelling (NC-effect). Neutrals Blobs.  
- Innovative PFC power exhaust: LiSn alloys relevant for a reactor. 
- Stability: Stable plasmas found in Mercier unstable configurations. 
- Candidates to GAMs found in TJ-II despite the large damping. Drivers exist: Fast ions and 
fast electrons. 
- Effect of 3/2 rational on plasma flow and reduction of ñe. 
- Fast Particle Physics: Controlling AEs using ECRH and Magnetic configuration flexibility 
(rotational transform, magnetic well and magnetic islands) 
 
 
 
 
 
 
 
 
 
 
  
 
 

 
 
 


