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Neoclassical tearing modes: why is it important?

large scale MHD instabilities that arise due to
filamentation of current density in plasma

magnetic island is amplified by bootstrap
current filamentation

pressure gradient inside the island is reduced
due to enhanced particle and heat transport
in radial direction

fusion power output is reduced

NTMs can lead to plasma disruptions
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= Ampere’s law (schematically)
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Contributions to NTM growth

= Ampere’s law (schematically)
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contributions,
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= We integrate across the island to obtain current hole
aA TsTW
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(Determined by global physics,
comes from ideal MHD)

= |sland width w is proportional to 4, and thus
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NTM threshold and stabilisation by ECCD

» Replace lost bootstrap current inside island with ECCD
= Below threshold width, island stabilises

Experimental prediction:
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Objectives

To develop a predictive model of the NTM threshold width w.

. dw/dt island grows
| A oc — / /
requires 4, “o4, dy [ d§oJ)cos§ A »

= need to consider small islands,

. . . W, Wsat
comparable to ion banana orbit width £
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* hence, need to use kinetic theory at
this length scale



Theoretical background

* finite beta finite aspect ratio tokamak

= equilibrium quantities localised to magnetic island resonant
surface

* island width, w~ banana orbit width, p;, < minor radius, a
expandin A=w/a « 1

_ e L e : : :
solve dr!ft kme.tl.c equation for ions with momentum lw.E0,A.V;0)
conserving collision operator up to 0(Ag),

g is perturbed distribution function  if in terms of toroidal angular momentum

et L. : . {p ,f,ﬂ.,V;G}

= solve drift kinetic equation for electrons, coupled to ions ¢

= p, (¥, 0, A,
extends E. Poli Phys. Rev. Lett. 88 7 (2002) 075001 Py =Dy (¥, 0, A, V)

. . . . . . * small collisions < free streamin
= solution consistent with field equations; electrostatic S,AV;oh ©

potential determined from quasi-neutrality S =5 Py, &N V)
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Dimensionality reduction

= Split distribution function into equilibrium piece and
perturbation related to the NTM island

fi = (1—?)) Fr( = 0) + G(,€,0,)\,v,0) G=Y 6, (_)k

* To leading order
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Free streaming

along unperturbed field
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Orbit averaged equation: 4D model

* Proceed to next order in A to eliminate G,
* Provides a 4D orbit-averaged drift kinetic equation for G,

Magnetic drift
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4D solution

Colour contour plots of ion
distribution  function in

(¥, ) plane.

Dashed line: magnetic island
separatrix

Solid lines: contours of
constant §
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3D solution: Drift islands

= 4D problem in terms of {p(p,é,/l,V;O'}
= is equivalent to 3D when written in terms of {S,4,V;0}

" S introduces drift islands explicitly:

passing
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* radial shift is proportional to p, "PPF 63 2021) 054001

* radial shift dependsono =V /|V,]|, i.e. magnetic island is
localised between g =+/- drift islands
e distribution function is flattened across drift islands



S contours compared to island flux contours

» Passing constant S contours are same topology as island, but radially
shifted by 0(py), py is the Larmor radius calculated with the poloidal field

= Constant S drift islands shift in opposite directions for opposite V

* large islands « small islands close to threshold

magnetic *drift



Distribution function across drift islands

= distribution function is found to be flattened across drift islands rather than
magnetic island

* This restores density gradient across small islands
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Density and parallel flows

e density profiles: * parallel current profiles: > Do
* large islands (matches conventional W > po;
1.10 - 0.00020
model) 2 -
- 0.00015
> 1057 L 0.00010
=
(7p] L
100, §0- 0.00005
S - 0.00000
0.95 - —0.00005
—2 —0.00010
0.90 - . .
flattening across large island 0.00 0.0l O bZ 0 b3 0 b4 0 b5 —0.00015
Y 0 2 ww ' ' 1!" ' . 'p
~PYi
* 1.06 W~p19i 0.0008
2
1.041 L 0.0006
> ]
B 10 - 0.0004
S 1.00; ¢0
] - 0.0002
0.981
0.0000
0.96 1 -2
004 —0.0002
“"] steepening across small island ' ' ' '
: . 0.00 0.01 0.02 ,0.03 0.04 0.05

-2 0 é ‘(I)/W l/}
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Triangularity effects

" negative triangularity
amplifies negative flows,
making them spread
further into island region,
enhancing drift island
effects

stabilising

" positive triangularity

_0.05  0.00 0.05 -0.05  0.00 0.05  amplifies positive flows
Y= Ys Y= Ys
—0.0010.000 0.001 0.002 0.003 0.004 0.005 0.006 = higher triangularity
stabilising destabilising plasma is more prone to

NTMs



NTM threshold vs. triangularity &
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Finite aspect ratio effects

ion density gradient supported by
passing ion drift island effects (key
parameter is py;)

electron density gradient then
supported by quasi-neutrality

trapped particle dynamics is
introduced via

* trapped-passing boundary

* perturbed electrostatic potential

trapped particle parameter is pp;

scaling up to € = 0.3 indicates this



Poloidal beta effects

" w, as a function of S
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Summary

= self-consistent drift kinetic theory of magnetic islands, valid for w~pg4; and small
ITER relevant collisions

= particle distribution function is flattened across drift islands, which are radially
shifted by a value « pg; compared to magnetic island

= /n/VT is not removed inside the magnetic island of w~py;:
* jon density gradient is restored due to passing (ion) drift island effects
* perturbed electrostatic potential restores electron density gradient (plasma is
qguasi-neutral)
 perturbed electrostatic potential and trapped-passing boundary layer ensure
coupling to trapped particles

" This suppresses NTM drive when w is small

" model captures realistic tokamak geometry



Summary

1/2

= finite aspect ratio effects: w./py; X € /“uptoe = 0.3

" at € = 0.3, finite aspect ratio effects play a role:
e pp; = €Y?pg; is no longer valid

" higher triangularity competes with stabilising drift island effects, i.e. higher
triangularity plasma is more prone to NTMs

= effects of plasma elongation are not found to be significant (note: drift kinetic
theory assumptions)

Future work

* more accurate treatment of separatrix layer

* quantify effects associated with energetic particles

* relax small poloidal field assumption (extensions to gyrokinetics)
* identify experimental tests



