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Basic classification of MHD instabilities

1) drive of the instability
|_(source of the free energy)

//
a
current driven
instabilities
(tearing mode, kink

“
particle driven
instabilities
(fishbones, fast particle

pressure driven
instabilities
(neoclassical tearing
mode, kink mode at

mode,etc) - modes, TAEsS,
hlgh pressure, BAES, etc)
balooning modess, etc)
2) type of the distortion
(Is the plasma resistivity important?)
ideal instability © Yoo resistive instability |
(topology of the flux (topological ghanges
surfaces is conserved) are required)
- ’
.' 3 :
[} [ 3) location of the instabilityJ
.' / NS / Ta
| internal / fixed boundary mode| | external / free boundary mode |
T / / b N,
1 // ™~ -~ ~ \_\\
vy R WK
@ &a)=0 (c) —

_._ _§(a)i0

Internal kink mode Tearing mode External kink mode
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The one fluid MHD equations W

0 . . .
Pp_ ~V - (nv) equation of continuity

p(?; +(V- V)Vj =-Vp+jxB  force equation

E+vxB

a(p
dt\ p’

nJj =0if n=0 Ohm’s law
=> frozen-in B lines

0 equation of state

plus Maxwell's equations for E und B
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MHD: consequences of Ohm's law W

. _ = o= 1=
Consider equilibrium Ohm's law... E=—VxB+—
o
...and analyse how magnetic field can change:

_ _ . mmmmmmmmmmoylTTTTTTTTTTmmmmmmmm o magnetic
Advection (fluxis  5pB o IR | o e
frosen into —==-VxFE :EVX(V XB)H_—VX(VXB) ?cl;]::ilogs
magnetic field, no ~ OF homooooooooe- 1 HO | topolo%y)
topological o TTTTTTTTmmTmmeeeees |
changes) — 8_B =V X (\7 X E)+ b AB

Ot UyO

Typical time scale of resistive MHD:
Tp = Mool

Since ois large for a hot plasma, 7 is slow (~ sec for 0.5 m) — irrelevant?
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Reconnection in a hot fusion plasma W

Due to high electrical conductivity, magnetic flux is frozen into plasma

= magnetic field lines and plasma move together

A change of magnetic topology is only possible through reconnection
* opposing field lines reconnect and form new topological objects

* requires finite resistivity in the reconnection region
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Reconnection on ‘rational’ magnetic surfaces W

37
259 0.3 \
21 Typical q-profile | :
; P ap 02" Corresponding B,
_: 0.1 i
0.5 " _ | ] i
] position of q=2 —»
: ; 0] 0.1 0_2/ . 03 04 \0_5
0 0.1 02 , 03 04 05 1

Corresponding B,

BheI = Bpol(1 'qlqres)

Helical field (i.e. ,poloidal’ field relative
to resonant surface) changes sign:

 reconnection of helical flux can form
new topological objects - islands
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Reconnection on ‘rational’ magnetic surfaces W

Torus has double periodicity (toroidal + poloidal directions)

* instabilities with poloidal and toroidal '‘quantum numbers'

,Resonant surfaces’ prone to instabilites with g = m/n
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MHD description of tearing mode formation W

from force balance jxB=-Vp using high aspect ratio approximation

tearing mode equation
(for outer region)

y
/uO J(F%I/' W = 0
B,(1-"" q(r))

Deformation of flux surfaces opens up island of width W

 Tearing Mode equation ( Vp =j x B) singular at resonant surface:

implies kink in magnetic flux v, jump in B y(r): helical magnetic flux

— current sheet on the resonant surface j(r): current profile
q(r): safety factor profile

m,n: mode numbers
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MHD description of "classical" tearing mode formation W

. 0.7 .
Classical | : _stabil
tearing "outer” i "outer' ‘
. 0.56 1 |
modeisa layer i
= !
cu_rrent 3 042
driven S
. agm =
instability £ 281 _ _
o instabil
0.14- "resistive"
|
layer
0 -—
0 0.2 0.4 0.6 0.8 1

minor radius

Solution of tearing mode equation can be made continuous, but has a kink
 implied surface current will grow or decay depending on equilibrium j(r)

* the parameter defining stability is A = ((dy/dr) ;gp — (dw/dr) ) / v

 if A°> 0, tearing mode is linearly unstable — this is related to Vj

resonant surface
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MHD description of "classical" tearing mode formation W

Saturation (experimentaly relevant)

Nonlinear phase,
‘y Rutherford, 1973, Phys. Fluid
Rutherford equation

tlme

Linear phase, W
Furth, 1963, 1973, Phys. Fluid

2/5
0.55 a aq' 45
V= 2'2/52'3/5 [n__j (aA )

Aprox. 70ms for typical parameters

W 16621 (& (W)-a)

dt Ky

The island size has
saturated value at

N(W,)=a,
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MHD description of "classical" tearing mode formation W

Saturation (experimentaly relevant)

W Nonlinear phase,
‘y Rutherford, 1973, Phys. Fluid
Rutherford equation

dw N
i E=1.66;O(A (W)—aw)
Linear phase, Wi | The island size has
Furth, 1963, 1973, Phys. Fluid saturated value at
2/5
055 a aq’ 45 N(W,)=aW,
V= 2'2/52'3/5 (”E?j (aA )

| Unfortunately, other effects play important
Aprox. 70ms for typical parameters  yq|ag and this equation should be extended
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Two fluid 3D nonlinear MHD equations W

The density equation,

v, .
a_T +V-nv=_5, +Maxwell equations
The momentum equation,
,ri:r = p[— + (v V)v] = jeuriB — Vp — V- I — v pVv.
The pressure equation:
dp 5
o = —ﬁp‘ﬁ' vV + [Q V.q-—1I1:Vv|.
The generalized Ohm’s law
- . L9 Ga
E'I'V.l""l.B— JE'L +mat+v ]+ Zm—ﬂ(vj3“+v+nﬂ),
ideal MH L resistive MHD g ’ » 4
electrom inertia closures
Ohm's law, neglecting inertia: + helic. Flux surf aver
) N\
5.~ B ~B-V(@+)-B- TEH ——— Modif. Rutherford equ.
N -
dw/dt A AL MRE
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Tearing Modes — nonlinear growth W

Consider various helical currents on resonant surface...

Be(”:)_Be(’"s_) ocol =1, +1,,+1

extern

Lop  JouaWV o WAV oc a2 dW,/ inductive

Ly, oc Jy W oc —VPB w pressure driven
o

L oxern externally driven

...leads to the so-called Modified Rutherford Equation (MRE)

., V 1
Tres d%f = alA _|_a2 % — 613 extern W2

where A’ = (By(rs' ) - Bo(rs)) / v
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Tearing Modes — nonlinear growth W

Interpretation of the different terms

v,V 1
T, d%f — alA _|_a2 %V —a, extern W2

_— \ T

for small Vp, current gradient for larger Vp, pressure  adding an
(A) dominates = 'classical gradient dominates: externally driven
Tearing Mode', current driven = 'neoclassical Tearing helical current can

(most of the time stable except  Mode', pressure driven  stabilise
if q profile is "tweaked", which

is why resistive MHD was

never a big thing up to end

1990s for tokamak

interpretation)
3D MHD simulations show that full non-linear NTM is more complicated
"Inner” layer much larger than expected
Outer and inner layers cannot be realy separated

Analysing 3D MHD saturated mode and MRE can lead to large differences
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Modified Rutherford Equation (MRE) W

Many terms can contribute to total // current within island

dw 0 | | | |
o = — [,mi’[w;} + I{j,,.f_“'.'rm_ -+ ;;Hj::mj 1 I”Hﬁ;:m.!: + f’aﬂ:ﬂ

Al

r
adl T s 'j"-mrtr'. uping T s R pew ] '

"classical" + bootstrap + curvature + polarisation + (EC)CD

Glasser-Greene-Johnson
wall and mode coupling can also be important

\in particular, efficient locking of 2/1 mode

Despite limits of MRE, method/coeff. described in Sauter et al PoP 1997 and PPCF
2002 + Ramponi PoP 1999 for A', ,, describes essentially all exp. Results+prediction

wal
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Unlocking and locking of NTM in ASDEX Upgrade W

Shot: 30530, time 4.4899, \* = 2.86
1= 1800

11600

0.5} 11400

11200

.3]

1000

3
(=]
Power [Wm

3
<!

S)
o

200

—1.0k ]
2.5
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TM or NTM? I

Drives: . . :
. = Bo/Ly 5
TM (current driven) —= ol iz
% : marginal § value _?
ﬂ decoupling
: a 3
NTM (pressure driven) ol 16
Power ramp down W \5
experiments help to : ) 1
distinguish NTM from obe o v
™ 4.2 4.4 4.6 4.8
. time [s]
Figure 1. 8,/L,(2TVn +nVT)/Vp at the island’s rational surface
NTM does r?Ot grow as a measure of the bootstrap current density fraction and (3, 2)
below marglnal B value island size in power ramp down experiments. The pressure gradient
independent of its size length has been corrected here to account for the different influence

of temperature and density gradients on the bootstrap current
density. The arrow indicates the time after which the island size is
not correlated to the bootstrap current density any more.

S. Glinter ef al Nucl. Fusion 43 (2003) 161-167
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Onset of NTM W

Typically triggers come from other events. Examples are from ASDEX Upgrade

Sawtooth
Fishbones b : NTM
b I e
Shot 27861 MHA CC|9 01 o :
00T L LR O AP i T AT LR e I o L T 9

LT L

a0

B v e 1 'iHW"|lﬂl‘\InJ"|4'l-w‘.‘w‘ﬁ-\l\!ﬂ-*l"ﬂMH\' Il
] =

i 'M'WHH'HIUWMM'
P RN R

i mhmmmnmmﬂmmﬂmﬂ.": ﬁm ST pT
¢ . Fishbones [ |\ iﬂ‘:.

I'.'.'f'l'”w e TR G A
zn TRLTOL T . ..'Ih. '
llumi.l.w*l-ﬂ wwrwm **I"Wﬂ'{ Ll
EH E I b

1
1R IR

TR

ol
I
i

SXR

Triggers on NSTX tokamak: fast particle modes and ELMs
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Onset of NTM W

But there are also cases when the mode grows almost from noise!

a) 28
3.0 T T T
26 O sawtooth trigger @ °
. fishbone trigger
< o5 no trigger ®
: : )
o O'.
- _20F 8.:
L 5" -
= 18 5 3
z o)
e 1.5
15
(1.1) 1.0 ' ' '
(fishbones) 1.0 2.0 3.0 4.0 5.0
by 13— -
3 Ti / keV
evenn W
(au) ¢ ELM
odd n T T T ' Figure 7. On,onsetIp versus the ion temperature at the
(a.u) rational surface of the (3,2) mode, T;, for gos = 4...4.5.
t,=2335s + 16 ms +20 ms +30 ms Additionally the scaling, B~ onsetIp o< v/ 13, is shown.

Gude, NF, 1999
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NTM control
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Magnetic islands deteriorate performances W

:_‘\mssure P(r) Influence of different NTMs on
5 p plasma confinement
- modge ,+ .
i / P
SN A A (3,2) NTM loss up to 20%
/ ;/ " ~l:}\\ II, ,I /rIS,
0 =380 i
li / € (2,1) NTM loss up to 30-40%
MR Aere ‘1‘}\ 7 (ultimately could lead to
'||” [ 2 g ,’ ,/II . .
it '\'\\\‘\ /gjf i o disruption)
l‘\‘\ W \\\\\:;// //{”/ I/ ll/ Il
TN
\ NN 4 S L : :
oo ] This situation is unacceptable.
NN We can not live with big NTMs!

Local transport stays same outside island
But "short-circuit" across island
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What to do with NTM? Possible strategies. W

Main problem:Neoclassical Tearing Mode flattens pressure and
temperature profile — smaller g, (Fusion power ~ 3. )

pressure p(r)

Possible approaches:

mode

» keep the mode at small level
(small influence on the plasma confinement)

* replace the missing bootstrap current in the island

» modify density and(or) temperature profile,
reduce the probability of the NTM excitation

No bootstap current in

- avoid triggers for NTMs the ii'a”d
Current hole in the island
« completely avoid dangerous resonant surfaces l
(3,2) and (2,1) Mode grows

BINP/ Feb 2016 / Lecture for Ph.D. Students 23 Valentin Igochine



Could we live with NTM in principle?

Frequently interrupted regime of
neoclassical tearing mode (FIR-NTM)

A new regime was discovered in
ASDEX Upgrade in 2001. The
confinement degradation is strongly

reduced in this regime. [A. Gude et.
al., NF, 2001, S.Giinter et. al. PRL, 2001]

Neoclassical tearing mode never
reach its saturated size in this
regime. Fast drops of NTM
amplitudes appear periodically.

04 T T
FIR-NTM
03 F < -1
I’ .
< P
o © 8’/’ -
2z 02 ® %%, & -
°%
. -
el
01 F # -1
"f
li ;‘
4
< ] ]

I}l-z. 1.5 2 . 2.5 I 3 - 3.5 ._ 4
B nonset confinement
reduction 10%
#10560 #9800

S 40
3 20f
£ 0 0
‘B ok 20}
—~ 0.03 0.02¢ _
- ®)
H ]
£ ]
' o0 0.0
3.14 3.24 334 1.95 2.05 2.15

t [s] t[s]

Figure 9. Comparison of reduction in energy confinement

(AW /W) due to (3,2) NTMs on ASDEX Upgrade (open symbols)
and JET (full symbols). Very good agreement is seen, both in the
relative confinement degradation as well as in the Sy value above
which FIR-NTMs cause less energy losses. The lower figure shows
the NTM behaviour for two ASDEX Upgrade discharges at about
Bn = 2.3. The time-averaged amplitude for the FIR-NTM is
significantly smaller (b) than the saturated amplitude of the

smoothly growing mode (a). [T Hender et. al. NF’ 2007]
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Could we live with NTM in principle?

Frequently interrupted regime of

neoclassical tearing mode (FIR-NTM)

A new regime was discovered in
ASDEX Upgrade in 2001. The

confinement degradation is strongly

reduced in this regime. [A. Gude et.
al., NF, 2001, S.Giinter et. al. PRL, 2001]

Neoclassical tearing mode never
reach its saturated size in this
regime. Fast drops of NTM
amplitudes appear periodically.

Transition to this regime may be an
option for ITER.

04 T T
FIR-NTM
03 < -1
/’ .
< P
< 8’/’ -
2z 02 °%%0, +
et I

ER |

2 2.5 3 3.5 ._ 4
B nonset confinement
reduction 10%
#10560 #9800

S 40

3 20f

£ 0 0
'8 Lol -20¢

~ 0.03 0.02 J

3 ]

)
2 0.0 0.0

3.14 3.24 334 195 2.05 2.15

t [s] t[s]

Figure 9. Comparison of reduction in energy confinement

(AW /W) due to (3,2) NTMs on ASDEX Upgrade (open symbols)
and JET (full symbols). Very good agreement is seen, both in the
relative confinement degradation as well as in the Sy value above
which FIR-NTMs cause less energy losses. The lower figure shows
the NTM behaviour for two ASDEX Upgrade discharges at about
Bn = 2.3. The time-averaged amplitude for the FIR-NTM is
significantly smaller (b) than the saturated amplitude of the

smoothly growing mode (a). [T Hender et. al. NF’ 2007]
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Frequently interrupted regime of neoclassical tearing mode W

It was found that the reason for this fast periodic drop is interaction of the (3,2)
neoclassical tearing mode with (1,1) and (4,3) ideal modes. Such interaction
leads to stochastization of the outer island region and reduces its size. (The
field lines are stochastic only during the drop phase.)

(3,

R

s X 0.15
= =
) T}
= =
=3 2 0.10 =
S E
0.05
0.00 — ”'- I._ - L I L = I . L - I- —— l”""”““"""‘:‘.l 0.00 - T 4 T v L T T — 1
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
poloidal angle poloidal angle

Figure 3. The (3, 2) mode is used as a perturbation. Shape of the Figure 5. The (1, 1), (3, 2) and (4, 3) modes are used as
perturbation is shown in figure 2. The ASDEX Upgrade discharge perturbations. Shapes of the perturbations are shown in figure 2.
No #11681, ¢ = 2.98s. The ASDEX Upgrade discharge No 11681, = 2.98s.

[V. Igochine et. al. NF, 2006]
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Could we go to this FIR-NTM regime? W

Yes, we can if we act on the (4,3) resonant surface with current drive (ECCD)

L DL AL
: i S. Giinter et al
5 F ECRH [MW] 2 Nucl. Fusion 44 (2004) 524-532

210 1
215 F 3
220 [

: toroidal magnetic field
225 |

LR I AL L L R B B
. NBI heating power [MW]
10F | g

30F

26

22 :/W'»WW~-W ¥¥¥¥¥
Normal NTM — = B crECCD

L

. —

(3,2) amplitude

FIR-NTM

w [a.u]

4k (3.2) amplitude
i W =
3 i
E

-

2.0 2.5 3.0
Time (s)

triggering of ideal pressure driven (4/3) mode by g-flattening with ECCD
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Principle scheme of the NTM stabilization with ECCD W

Aim: fill the current hole

. ECRH/ECCD in the island
" deposition
.- (3/2)-NTM Rem.: deposition

on g=1.5 surface

outside the island give

0 !| ECRH beam negative effect.
3 ’ realtime m‘m Changes up and dOW.n
, ECRH mirror along the resonance is

possible with mirror

~ deposition layer,
controlled by B = Bt

Changes of the
resonant layer
position with B,,,

BINP/ Feb 2016 / Lecture for Ph.D. Students 28 Valentin Igochine



First stabilization of NTM W

NTM was stabilized for the first time in ASDEX Upgrade

Scan of the resonance position was done by changing B,,,

;PETCRH (MW).PNY1O - p20s7,

T — |

PR T WO ORI S R S T TR A

Beta normallzed wlth NTM (#12257] |
Beta norm zed W|thout NTM (#12255)

2.6JI'LI’, /34 42 4
/ timsea(s) © >

Reduction of the mode Gantenbein, PRL, 2000 & Zohm NF, 1999
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Problem with deposition width of the ECCD W

Early experiments,
narrow deposition,
Almost all current

is inside the island

ITER case

broad deposition due
to geometry of the
heating system.

A lot of current
outside the island
(destabilizing effect)

w/2d=2/1, a=0.0, aw=180

g‘_//—“\ T~

30 < < >

Pl ——  ——  —— 3
0 2 *ime o] © 8

w/2d=2/3, 0=0.0, ow=180

time [w]
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Modulated stabilization of NTM W

w/2d=2/3, a=0.0, aw=90
<*——» Dow

L~ ] L | L~ ]

™~ ~

Modulated ECCD is
more effective

-

(r - rres) / (w/2)

compare to constant 0 E PAN PN :
ECCD in case of broad B P— ~—] ~ 1 3
deposition. | o
0 2 time [] 8
...but we loose the half
of the power from _ | Nc;. 20942, DC ECCD s No. 20951, O-point rrl'lodullateld ECCD
gyrotrons... 22] Jrmpan e ] 473 22l NF2HNTM width W fa.u] 47
9] ]
20} 38 20 {38
= 2
1.8 2= 18] 2=
1.6 | {1 16 1
PEGCD ;
a3 s 5324 26 28
time [s] time [s]

Maraschek, PRL, 2007
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ECRH / ECCD following spatially the O-point (future)

HFS i
launch |’

* ECCD in O-point only is more efficient than DC operation = 50% duty cycle
* gyrotrons with small frequency variations can be combined and switched

to different transmission lines via a FADIS (FAst Direction Switch)

= follow O-point in 3d with ideally 100% duty cycle
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Control of a locked NTMs W

» As discussed in ST session, crashes
after long sawtooth period can trigger
several modes a)

* Modes can lock rapidly (within 0.4s in
this JET case)

50 ‘("'W ] H w N i

iy #W‘u ‘\H |

In this case O/point of the island
could be inaccessible for ECCD!

Additional actions are required!
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Rotation of the mode with externally applied perturbations

Sensors (B probes) - -

vvvvvvvvvvvvv

40 F

20 -
Onset | Locking
Acluators
2F =
ECAD Power (MW)
ok | . Plasma F{esponser (Sadd!e Loops)
2 BR amphtude (G)

I-Coils currents (kA) |

. . _ ook applied 3
e ~ Switch to rotating n=1 _ - phase
2000 2500 30(}0 3500 4000 4500 5000 100 "
time (ms) ook
Volpe MHD WorkShOp 201 0 ok 2000 2500 3000 3500 4000 4500 5000
H J

time (ms)
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In line ECE for island control in case of locked mode W

Feedback . i > Feedback Resonance

Plasma
A Notch 2N gielectric
filter i

Island

&/

Gyrotron } -
This unit to be replaced

by FADIS

* plasma emission measured directly near deposition

* main mirror will be FADIS system (transparent for ECRH and
reflecting for ECE emission, f-dependence!)

* good initial guess required, no realtime equilibrium needed

E.Westerhof, 13t Workshop on ECE and ECRH, 2004
J.W. Oosterbeek, FEaD 82 (2007) 1117; M.R. de Baar, IAEA2008, EX-P9-12
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Realtime-loop for (N)TM- control at ASDEX Upgrade W

Real-Time Data Network Pecuzce Prrae
N Corre- =" mode —’% Bayesian ™~ MHD
> lation —— location = filters _D controller
PuTaires pE(‘H.FPT p =flo) lm IPm
- Wece(Ch.2) a—p p—> a
; EPP Pameee Torbeam lTorbeuam'1 |
1 "t L]J I'Z} * 4 ..,
l — ne(p)
' -proflle
1
1
I3 dB/dt T, ch: fu Oecu
Mirnov  ECE magn.
I L
I ! \ - ey p

N z(p)

magnetics provide rt equilibrium and expected p,,'S = Pryeq
ECE/SXRY/... detects mode location, if still possible

Mirnov diagnostic provides mode numbers, Wand LM = m,n, W, LM
rt - raytracing code (TORBEAM) provides p..., = Pecep

W

= p{N)TM,ECE’
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Conclusions W

 Basic physics of NTMs well understood

* Modified Rutherford Equation allows us to understand main physics
mechanisms

* Detailed "first principles” calculations should not rely on MRE but on
3D MHD codes coupled to kinetic codes

* Nevertheless "fitted" MRE can be used for fast predictive calculations

* In burning plasmas, performance will decide best strategy for NTM
control. Note small modes can have large effect on neutron rate.

* Best strategy depends on scenario, mode onset and available
actuators

 2/1 mode is clearly main mode to avoid/control
 Apart from 2/1 locking, one has time to control NTMs

« Sawtooth control for standard scenario and preemptive ECCD for
hybrid and advanced scenarios seem best at present
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Backup slides (for these who are interested in the details ©) W
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dw/dt [a.u.]

Typical behaviour of an NTM

0.40 T T T T T T T T
. NTMs are
5 metastable: require
- seed 1sland
020 [—| -
11_(
|
|

Z [1/m]

TTTTTITTTT O T TITTIT ]
N

~__ Pp,onset

@ T
I | I I I

0 2 4 6 W [a.u]
1: onset at B, ,nset > By crivy + S€€d-island

2: saturated size W, ~ B, st <> FIR-NTM
— ECCD stabilization requirement

un

9
(L) 8
| §
<
-

-0.10
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Other current drive techniques for NTM control W

Warrick C.D.et al 2001 Phys. Rev. Lett. 85574 COMPASS-D
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Avoidance of the excitation of NTMs W

. —
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With early ECCD (before the onset of the modes) the saturated island size never becomes
as large as in the late ECCD case. (JT-60U, Nagasaki K.et al 2003 Nucl. Fusion43L7)
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Avoidance of the excitation of NTMs W

2) Profile tailoring with wave heating (reduction of the pressure gradient—
small bootstrap current — small changes in MRE)
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Figure 14. Two otherwise identical discharges without (left) and with central (right) electron heating via ICRH are compared. From top to
bottom the applied heating power, the achieved By, the even magnetic amplitude d B, (n = 2)/dt, the total corrected pressure gradient and
its parts from Vn. and VT, are shown. At the bottom the n. and T. profiles at the indicated time points are shown for the two cases.
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Avoidance of the resonant surface W

3) Change of the current profile with LHCD to remove resonant surface
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Avoidance of NTM triggering MHD W

Different schemes to avoid:
» Sawteeth,

* Fishbones,

* ELMSs,

» strong fast particle modes

It is important to remember that:

B . (Sawtooth) <pB . . ( ﬁshbone) <pB . (ELM ) <pB .. (trigger — leSS)

Gude, NF, 99

Thus, some triggers are more dangerous then the others!
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Good review about NTM control W
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Control of neoclassical tearing modes
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Substantial amount of the material for this lecture was taken from the talk given by
O.Sauter on 480th Wilhelm and Else Heraeus Seminar on ,Active Control of Instabilities
in Hot Plasmas” (16-18 June, Bad Honnef, 2011)
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