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e Double-kink fishbone instability caused by circulating
energetic ions

1. High frequency (® >> ®4;,) EPM in the symmetric case

(s1]=]s2])

2. “Doublet” instability in the non-symmetric case ( |s;| #

|S2] )

¢ Quasi-interchange fishbone mode induced by circulating
energetic ions in low-shear tokamaks

1. Motivation
2. m = n = [ fishbone in plasmas with 7 — g, ~ ¢;

3. “Infernal” fishbones with arbitrary (m, n)

e Summary



Double-kink fishbone instability

“Top-hat” eigenfunction for the (m, n) radial displacement amplitude
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Generic dispersion relation
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FIG. 1. A particle orbit crossing the region where a double kink mode is localized (shaded
region): a, the orbit width exceeds the mode width; b, the mode width exceeds the orbit width.
Notations: 75 and rso are two rational surfaces with the same q(7), 7pmin is the radius where
q = Gmin, OA and OB are the cosines of the angles 0,1 and 0, at which a particle crosses the

edges of the mode localization region.



A. The case of large orbit width

Short summary: EPM is absent; only diamagnetic fishbone mode is possible
with strongly reduced growth rate (in comparison with internal Kkink case)

B. The case of small orbit width
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Similar to internal kink case
[R. Betti, Plasma Phys. Control. Fusion 35 (1993) 941]
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B1. High frequency EPM in the symmetric case (|s{|=|s;|)
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FIG. 2. Nyquist contour in the plane (ReQ,Im ) and its map in the plane (Re D,Im D)
when s; = s9, A\c = —0.5 for various 7m,. Notations: Q = w/ws1, ws = |31]vﬁa/(chors),

o X —dfg/dr
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FIG. 3. Normalized growth rate, I' = «v/ws1, and the mode frequency, 2 = w/wsi, of the

EPM fishbone instability in a plasma with a monotonic B,(r) and A, = —0.1.



B2. “Doublet” instability in the non-symmetric case (|s;|#[s2|)
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Two-frequency instability in ASDEX-U
[S. Guenter et al., Nucl. Fusion 43 (2003) 161]
e m=n=1mode with f;= 15 kHz and f,= 20 kH?
e off-axis tangential NBI [ f,(r) non-monotonic]|
e two g = I surfaces due to off-axis NBI CD
e doublet frequencies comparable with the fishbone

frequency during the radial injection (consistent with
s~ Wp )
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FIG. 4. Map of a Nyquist contour in the case of “doublet” instability for Ae = —0.01: solid

line, s1/s2 = 0.6, mo1 = —2.5, ma2 = 2.4; dotted line, s1/s2 = 0.2, my1 = —1.5, ma2 = 1.35.



Quasi-interchange fishbone mode induced by circulating
energetic ions in low-shear tokamaks

Motivation

e “Hybrid” regime with ¢ = const = I in the central core has
been proposed recently as a third operational scenario for
ITER

e Flat g(r) with m — nq ~ ¢ in the central core are typical for
high g discharges in ST

e Strong NBI (and/or a-heating for ITER)
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Kinetic stability in the presence of energetic ions

m = n =1 fishbone in plasmas with 7 —g,~ ¢

MHD counterpart: quasi-interchange mode [Wesson (1986)]

e Eigenfunction of “cellular” character (in contrast with rigid
kink for 1 — g, >>¢)

e Finite average power transfer at the fundamental resonance
o = kj v, for all particles deposited in the shear-free core
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e Possibility of the EPM with w ~ (1 — ¢y )v,/ Ry <<v,/R,



Dispersion relation for the QI fishbone mode
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Model fast ion distribution

ﬂa(r) = 18050[1_(:) }
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Eigenmode equations
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General solution for &,
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C{ & } can be neglected

e

Asymptotic solution in the shear-free region
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Final form of the dispersion relation
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Infernal fishbone modes with arbitrary (m,n)
Eigenmode equations in the shear-free core with |q)— m/n| ~ ¢
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Model pressure profile
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Continuum damping
v+m
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m=2 fishbones in NSTX (Darrow et al., poster EX/P2-01 in the 19™
IAEA Fusion Energy Conference)
Parameters
80 keV D co-NBL,m=2/n =1, qaz 1. 7, Ro/a = 1.5, Va/VA ~ 2, l"z/a =~ 0.6
(v=6,41=4)=[0,=1/8 0,(w)=const, r;/a=0.85r,/a=r,/a]

Marginal MHD stability without fastions (/,=w =0)
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Experiment

(B,)=2%, f =~ 45kHz



Summary

High frequency ( o >> g, ) fishbones can be
destabilized by circulating energetic ions for both
internal kink mode and double kink mode

For reversed shear with | s; | # | s; [, and off-axis
deposition of energetic ions, “doublet” instability is
possible (consistent with observation in ASDEX-U)

In plasmas with shear-free core and 1 — ¢y ~ ¢;, quasi-
interchange fishbone mode can be destabilized with

frequency o ~ ky v, << v,/ qR (particularly relevant
for ST)

Infernal fishbones with arbitrary ( m, n ) and similar
properties are also possible in weak-shear plasmas

Reasonable quantitative agreement with NSTX
observations

Work on high frequency “infernal” fishbones, with
o ~ (kg +S/qR)v, and S==1,is in progress





