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Magnetic islands (MHD perturbatio

A closed equilibrium magnetic field
line dM x B,, = 0 satisfies

[from www.vacet.org, NIMROD]

q(r) = d¢/d6 = rBy(RBy)*
=q(rs) =Cte

Mres. surf./Mres. surf. -

Thus, a closed line winds onto a ra-
tionnal magnetic surface.

o Equilibrium: B., = By@ + By (Nested magnetic surfaces)

o A perturbation B = B(r, t)expi(m,.0 — n,..¢) is resonant
If mpert/npert = M. surf./nres. surf.

e Any resonant pertubation h = E(r, t) expi(Myer — M)
satisfies VHh =B,'B,-Vh=0

(V|h=im,.B, Bg eq/r(l—npe,,m/mpmn)hzo )
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Magnetic islands are resonant pertu

low order rational equilibrium magne

[http://www.vacet.org/,NIMROD]

= (Helical Sym.) Mono-helicity simulation

e Magnetic islands are non local perturbations of the
equilibrium. Thus, low order rationnal surface are required
(see drawing...)

o Large islands are seeded on low order rationnal surfaces
mres. surf./nres. surf. — 2/1 or 3/2

o Islands are helical structures => Symmetry
yo<O—m/n@, xo<r—rg
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Growth of magnetic islands by current d

instability

[from A. Poyé Thesis, Aix-Marseille Univ. (2012)]

@ Left: Mono-helicity simulation (only modes with m/n=2 evolve)

@ Right: Full 3D simulation (global simulation: all the modes evolve)

No difference...
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Stability Diagrams

[from Biskamp, Nonlinear MHD, Cambridge (1993)] [from Williams Hornsby,IPP (not yet published)]
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Fig. 42. Stability diagram for kink modes in a straight tokamak for current (eex 1 X x x
profiles j(r) = jo(1 — r?/a?)". The stable region is unshaded (from Wesson, 1978). s 2 f

o Left: The kink stability domain (ideal) is strongly
constrained in tokamaks

e Right: Full 5D simulations using GKW

=> Islands generically grow in the stability domain
(to avoid them further stability and discharge path
analysis are required.)
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the radially extended magnetic islanc

[T.C. Hender et al, Nuc. Fusion 47 (2007)]
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e Tearing instability, MHD event,... can generate a
magnetic island. Neoclassical physics can amplify it.

o When w > w,,;, Seed islands = Radially extended islands
or NTMs

e Neoclassical amplification is linked to a reduction of the
bootsrap current (not only: polarization effects also,...)
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Figure 2.10: A schematic ovcrvicw, showing the statistics of the sequence of evenls for 1654
unintentional disruptions at JET during the period 2000 to 2010. The width of the connecting
arrows indicales the frequency of oceurrence with which eack sequence took place (only those
ote that the disruption process could start at
any node (cvent) in the but necessarily, flows from left to right. The

labels corvespond Lo those listed i tables 2.1 and 2.2,

paths with an occurrence of > 0.2% are showit).
serview, which generalh

Label

ics probla

Main types of p

General (rotating) n — 1 or 2 MAD _MHAD
Mode lock ML

Low q or g5 = 2 LOQ
Edge q dlose to rational (> 2) QED
Radiative collapse (Prad RC

Greenwald limit (nGW) GWL
Strong pressure profile peaking PRP
Large edge localized mode (ELM)  ELM
Vertical displacement event VDE

Table 2.1: Examples of physics problems
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Impact of NTMs

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

_AW 0.4
Wenser 5| v . | Reduction in energy confinement AW /W
1o, s due to (3,2) NTMs on ASDEX Upgrade
02 2 s, (same results in JET)
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e Path to disruptions, but not only...
o Degradation of the energy confinement o< w and/or

=[B= pressure
~ magnetic energy

e Existence of unexpected high confinement regimes at high
Bn = 2.3, call FIR-NTM regimes
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Metastability of NTMs

[R.J. Buttery et al, IAEA Conference, (2004 and 2008)]
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o NTMs should be metastable in ITER: B > B,...
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Origin of seed islands (w <

Wcri )

[S. Fietz et al,415t EPS Conf. on Plasma Physics (2014)]
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[A. Isayama et al,Plasma and Fusion Research 8 (2013)]
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Onset of (2,1) NTMs in high B, discharges
in JT60U Tokamak.

In about 80% of the discharges, (2,1) NTM
appear from a small amplitude without any
noticeable triggering event.  Turbulence
might be a trigger of such NTMs [Muraglia et

al, NF 2017]
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© The pressure flattening inside magnetic islands and the
degradation of the confinement
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Island structure

[PhD Thesis A. Poyé, AMU (2012)]

o EqUI|Ibrlum => Island . |mpOSSIb|e in Ideal MHD because a
change of field line topology requires the violation of local magnetic flux conservation (Frozen in
Theorem)

o y(x,y) = wo(x)+ 82(t)cos(kyy) with k; = 2L—7yr and
B.a(x) = ¥5(¥)9. Jual(x) = yg(x)2,
B(x,y.1) = 2 x Vi (x)

e Structure of a magnetic island: Separatrices, X-point,

O-point. w =4, /jf% is the width of the island

O. Agullo
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Pressure Flattening in experiments

[L. Vermare et al, PPCF, 47, 1895 (2005)] J. A. Snape et al, PPCF 54 085001 (2012]

19
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e Both, density n and electronic temperature T, profile can
be flattenned by the growth of a magnetic island if it is
large enough...
O. Agullo
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Pressure flattening mechanism

e Hyp 1: no source in the vicinity of an island, thus

O. Agullo

V-qe =0

Vige=—=V1-(nx1ViTe)=V)-(nx V| Te)

with X = XH(Te) o< Tel/2L|| and

xo=xrree = x(Te,VIe/Te)

Hyp 2: The island size w satisfies x, /w? < x”Lﬁ,

=> VH = A” Te=0.

In other words, if w > we = /%1 /x| L) then Te = Te(v)
In fact, V| ~ L[l =kiw/Ls, we = (XL/ZH)I/“« /Ls/ky

The flux accross the island is
0 :< V : qe >isla\nd:< qe -n >Sep: Té(lll) < nXJ_VJ_Il/ >

=> T(y) = Cte in a magnetic island if w > w,

For the density, we need D, /w? < D”Lﬁ but

Dy /Dy~ xi/x)(mi/me)®

=> Temperature flattening occurs before density flattening

18



Degradation of the confinement

@ Degradation of the confinement:
Topology + parallel diffusion
=> The heat follows the separatrices (resistive
layer) => Radial short circuit for the heat
from the core to the edge

— avecilot
sans lot|

()

@ The cylindrical Belt model: x(r- <r <ry)=+oo
(Infinite conductivity in the vicinity of the island)

...see blackboard, [Chang et al, Nuc; Fus. 30 211 (1990)]

o AE,/E, = f(rs)% with f(y) = 4y? for the belt model where
no, Xo and Qp are supposed constants (f depends on island
geometry and equilibrium density and temperatures)

@ NTMs can have easily 10% of the radius. So
[Sauter et al, PPCF 52 025002 (2010)]

- Belt model at mid-radius, gives a degradation of 5%
- Belt model at 0.8a, gives a degradation of 20%
=> 2/1 NTMs have a much stronger impact than 3/2

O. Agullo 19
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Minimal resistive MHD equations

o Equilibrium: no plasma flow, B.,(x) = Bo = y{(x)9,

jua(X) = YE()2,W0(—x) — Yo (x), po — Constant
(uncompressible)

o Perturbation:
B(Xa.ya t) =2X VII/: V x (—1[12), V(X,_y, t) =2X V¢

@ Linearized MHD equations

JB i
5 = VX(VXB)+LTOAB (1)
)
oS = —Vp+Hy((VxB)xBo+(VxBo)xB) (2)
V-B=0 V-v=0 (3)

Consider perturbations y(x,y,t) = y(x)exp(yt+ iky) with
k = mky = m2L—7yr.

Taking (1)-& and V x (2) -2, gives ...

O. Agullo
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@ Linearized MHD equations

n , d 2
YBx = ikBoy Vi+ — ™ (@ — k) By (4)
2 ikBoy, , d*>  , By,
Po?’(@_k W = 1o (dx2 k _BTJy)BX (5)
—iky =B, and —ik¢ =V, (6)

@ Characteristic times:
- Alfvén time: 14 = a/ Vs where V4 = Bo_ s the Alvén

. . . C 0 VHop.
velocity, By is a typical magnetic field amplitude of the system
- Resistive time: g = ”OT"

- Lundquist Number: S = Tr/T4 ~ 102 in tokamaks,
S ~ 10 in the earth magnetosphere

@ Normalisations:
-X=x/a, k=ak, y="7/ta, F(x) Boy
- Wn(X) = ¥/ Vo = B/ Bo, 9n(x) = X

Bo, F' = dF /dx

S~

*I
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The ideal solution is singular at the

@ Linearized MHD equations (yny — v, ¢y — ¢)

2
M-F) =SNG0
) 2 1"
,}—,2(%7;(2)(}) = —l?F(%*EQ*F?)‘V (8)
F(x) = Bay/Bo. )

@ Characteristic time for the tearing instability:
<Ly l<r & <1< SY

v—Fp=0 (Flux freezing constraint)
Jwy=0  (Vjj=0o0rVx(JxB)=0]10)

The last equation correspond to a static force balanced! ...
@ Ideal MHD breaks down at the resonance where F(x) — 0:
¢ = w/F becomes singular.

O. Agullo
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Magnetic field discontinuity in the

@ The resistivity smooths the solution in a resistive layer around
the resonance. ..

d2 - "
0 aA'= A =limg_y "/(8/2)7—‘(’)';(78/2) caraterizes the ideal
discontinuity (Warning: A’ # A'(yx))

e Consider F(x) = By, /Bp,= tanh(x/a) with B.C y(4) =0,
then Eq.(11) can be solved and

@ The resistive solution will be unstable if and only if A ">0.
Here, A’ > 0 if ak <1 (small wave numbers as expected).

O. Agullo



|deal structure of the perturbation

v(x,y,t) = y(x)exp(yt + iky)

o Left: A’>0 Right: A’ <0
@ @)
o2 -
-2 ) 2 r R P 2 I

e
e

@ To obtain an island one has to draw ., = Yo+ ¥

@ To solve Vj = 0 for any equilibrium, one can use a shooting
method:y"(x <> t) = at(t)w(t) see blackboard

O. Agullo
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The resistive solution around the re

@ The resistivity smooths the solution in a resistive layer around
the resonance...

e Small island approximation: kx < kw<1 = d% >k and
F(x) ~ x (Taylor expansion with F(0) =0, a is now fixed and
is a magnetic shear length)

_ _ . d?
Ty —%9) - sy (12)
2 d%¢ _ o d?y
= T (13)
F(X) = Boy/Bo, (14)

- Constant-y approximation in the resistive layer: y =Ct but y' #0

O. Agullo
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The resistive solution: matching

o We introduce z = x/r, ¢(x) = sx(z), ¢" = Zx"(x)which gives

z+2%(2) = 2"(2)

ifs:—‘l’(-’—f and r4:%’2
Z! The equation for ¥ does not depends on the physical
parameters and is localized

@ The matching condition isa

_ / — uld( +8/2
A= lim Y2 =V(=E/2) L Iim/ v (x)dx
£—0p Yy Ye6p)—g/2

(15)
. A 1loi= T +2zp/2 %"
It gives A" = V—,f(%k,S)fth/2 “-dz.
@ Using that & = ffzih//zz X?”dz ~ j—:/z X?”dz ~ 2.12, one obtains
Al _ /?_1/2’)_/5/453/4527 (16)

O. Agullo
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The resistive solution: matching

o In other words,as &7 ~#/5 ~ 0.55 the linear growth rate for the
tearing instability is

YT = 0.55 A*/5k2/553/5 o n3/5 (17)

o The width of the resistive layer is r = §, o« n%/>

O. Agullo
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@ Conclusion
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Conclusion

O. Agullo

Magnetic islands are resistive structures growing on low order
rationnal surfaces

When the width of the island is large enough, pressure
flattening occurs

The degradation of the confinement is proportionnal to the
width

NTM are magnetic islands amplified by neoclassical
mechanisms and should be metastable on ITER baseline
scenario

NTMs and more generally, MHD resistive activity can be the
cause of a disruption

NTMs are seeded by MHD activity and, also, potentially, by
turbulence
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