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Extensive linear and nonlinear simulations have been carried out to investigate the energetic
particle-driven fishbone instability in spherical tokamak plasmas with weakly reversed ¢ profile
and the g¢,,;, slightly above unity. The global kinetic-MHD hybrid code M3D-K is used.
Numerical results show that a fishbone instability is excited by energetic beam ions preferentially
at higher g,,, values, consistent with the observed appearance of the fishbone before the
“long-lived mode” in MAST and NSTX experiments. In contrast, at lower g,,, values,
the fishbone tends to be stable. In this case, the beam ion effects are strongly stabilizing for the
non-resonant kink mode. Nonlinear simulations show that the fishbone saturates with strong
downward frequency chirping as well as radial flattening of the beam ion distribution. An
(m, n)=(2, 1) magnetic island is found to be driven nonlinearly by the fishbone instability, which
could provide a trigger for the (2, 1) neoclassical tearing mode sometimes observed after the fishbone

instability in NSTX. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4824739]

I. INTRODUCTION

In a magnetic fusion reactor such as ITER, the energetic
fusion alpha particles can play a key role in plasma stability
and confinement. For example, alpha particles can excite col-
lective shear Alfvén waves which may lead to significant
alpha particle loss and damage of the reactor first wall." In
this work we consider a particular energetic particle-driven
instability, called the fishbone, in spherical tokamak plasmas.
The fishbone was first discovered in the poloidal divertor
experiment and was so named because the mode amplitude
evolution resembles the bones of a fish.? The mode is driven
unstable by trapped energetic beam ions via wave particle
resonance between the shear Alfvén wave and the toroidal
precession of trapped particles.” The classical fishbone has
(m, n)=(1, 1) kink mode structure localized within the ¢ =1
flux surface for a monotonic ¢ profile. Here ¢ is the magnetic
field safety factor, and m/n is the poloidal and toroidal mode
number for the shear Alfvén wave in a toroidal plasma. In
contrast, we consider the fishbone instability associated with
the non-resonant (1, 1) internal kink (NRK) mode in a spheri-
cal tokamak with weakly reversed shear ¢ profile and the min-
imum ¢ value slightly above unity. In the neutral beam-heated
spherical tokamak experiments with this type of reversed
shear q profile, the fishbone instability has often been
observed with strong downward frequency chirping before the
appearance of a steady state saturated kink mode called the
“long lived mode” (LLM).* The instability can cause signifi-
cant fast ion redistribution and losses.

In this paper, we present the first linear and nonlinear
simulation results for the energetic particle-driven fishbone
instability in spherical tokamak plasmas with weakly
reversed shear g profiles. The global kinetic/MHD hybrid
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code M3D-K (Ref. 5) was used to study energetic particle
interaction with the non-resonant kink mode. In the hybrid
model, the thermal plasma is described by the resistive MHD
model while the energetic beam ion species is treated by the
drift-kinetic equation and simulated by the particle-in-cell
method. The model includes the kinetic physics of the wave
particle resonance between Alfvén waves and energetic par-
ticle. The model is fully nonlinear including both fluid and
kinetic nonlinearity.

Il. LINEAR SIMULATIONS OF ENERGETIC PARTICLE
EFFECTS ON THE INTERNAL KINK MODE

This work extends our previous nonlinear MHD simula-
tions of the NRK in NSTX, where it was shown that the non-
resonant (1, 1) internal kink mode can reach a steady state
saturation consistent with the long-lived mode observed in
MAST.® Here we focus on the linear stability and nonlinear
dynamics of the energetic particle-driven fishbone instability
associated with the non-resonant kink mode. Our model is
self-consistent including the non-perturbative effects of ener-
getic particles on the mode in both the linear and nonlinear
regimes.

We choose plasma parameters and profiles similar to a
beam-heated discharge in NSTX considered previously.’
The main parameters are major radius R = 0.858 m, minor ra-
dius @ =0.602 m, inverse aspect ratio ¢ = a/R = 0.701, to-
roidal magnetic field By =0.44 T, number density ny = 9.3
x 10" m~3, central thermal plasma Bnermaro = 023, and

Alfvén speed vs = Bo/(poo)"> = 7.07 x 10° m/s. The ¢
profile versus ﬂ is shown in Fig. 1 with minimum ¢, g,
ranging from 1.02 to 1.27, where the radial coordinate V/ is
normalized poloidal flux. The beam ion distribution is a
slowing-down distribution in energy® and a peaked distribu-

tion in pitch angle (A = uBo/E): f(A) ~ exp(— (AA*//\\Q)Z).

© 2013 AIP Publishing LLC
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FIG. 1. Non-monotonic ¢ profile of NSTX equilibrium with g,,;, rescaled to
1.07.

Figure 2 shows the linear growth rate and eigenmode
frequency of the n =1 mode as a function of beam ion pres-
sure fraction at the magnetic axis Ppeam/Piorar- The thermal
pressure is fixed for this result. The corresponding eigen-
mode structure is shown in Fig. 3 for two values of beam
pressure fraction: Ppeam/Pio = 0 and 0.33. At zero beam
ion pressure, the mode is a pure MHD mode (non-resonant
kink) with zero mode frequency and up-down symmetric
structure at zero toroidal angle (Fig. 3(a)). At a small but fi-
nite beam pressure, the mode is still MHD-like with a small
mode frequency. The effects of beam ions on the MHD
mode are strongly stabilizing. Fig. 4 shows the dependence
of the beam ion stabilization on beam ion injection energy
and the peak pitch angle. We observe that the stabilizing
effect is stronger for higher energy and larger pitch angle.
This indicates that the stabilization is mainly due to energetic
trapped particles, which agrees with the previous work for
conventional tokamaks.”™'' In contrast, at relatively large
beam pressure of Ppogm/Proras > 0.2, the mode transitions
from the MHD-like mode to a fishbone-like energetic parti-
cle driven mode with a significant mode frequency. The
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FIG. 2. Linear growth rate and mode frequency with ferma=0.30 and
Gmin=1.05 as function of P}, /Pyq.

mode structure has a twisted character (Fig. 3(b)). The fre-
quency is comparable to the precessional drift frequency of
trapped beam ions (Fig. 5), indicating that it is similar to the
classical (1, 1) fishbone driven by trapped energetic particles.
We have performed a scan of central pitch value, Ao, to
study the dependence of mode character on the distribution
function. Figure 6 shows the mode frequency and growth
rate as a function of A,. It is found that the mode is
MHD-like for smaller values of Ay (i.e., the distribution con-
sists mainly of passing particles) and that the mode is
fishbone-like for Ag> 0.5 (i.e., the distribution has a signifi-
cant fraction of trapped particles). This result indicates that
the fishbone is driven mainly by trapped particles. Figure 7
shows the mode frequency and growth rate as a function of
Ey. Since the precessional drift frequency w,. o E, the
mode frequency grows as the energetic particle energy grows
while the growth rate decreases.

FIG. 3. The mode structure: (a) with-
out energetic particles, (b) with ener-
getic particles and Ppeqn /Prorar = 0.33.
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FIG. 4. Precessional drift frequency of trapped particles (v /vir = 1) ver-
sus particle energy.

In order to better understand the stability of the fish-
bone, we have carried out a systematic scan in the parame-
ter space Of Ppeum/Prors and ¢i,. Figure 8 shows the
stability results of this scan at fixed P,,;,;. The blue dots,
red dots, and black circles represent the unstable fishbone,
unstable MHD mode (NRK), and stable n = 1 mode, respec-
tively. We observe that for lower ¢,,;,, values, the beam ion
effect is strongly stabilizing for the MHD mode, and there
is no excitation of the fishbone instability. However, for
higher values of ¢,,;,, the fishbone instability can be driven
by beam ions at Ppeam/Poras > 0.1. This result indicates that
the fishbone is preferentially excited at higher ¢,,;, values,
consistent with the experimental observation of the appear-
ance of the fishbone before the LLM as g,,;, drops in time.*
Physically this g,,, dependence of fishbone instability is
due to weaker continuum damping at higher ¢,,,;,,.
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FIG. 5. Energetic particle effect on the NRK (w =~ 0) linear stability: linear
growth rate versus energetic particle energy with Ppeam/Proar = 0.09,
Gmin=1.05 (top), and linear growth rate versus energetic particle pitch angle
With Ppeam/Protar = 0.17, @i = 1.05 (bottom).
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FIG. 6. Mode frequency and linear growth rate versus energetic particle
pitch angle with Ppeam /Protar = 0.35, Gin=1.12.
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FIG. 7. Fishbone mode growth rate and frequency versus energetic particle
energy With Ppegm/Protar = 0.35, Gmin=1.05.
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FIG. 9. The NRK mode kinetic energy evolution of n =1 component.

lll. NONLINEAR SIMULATIONS OF ENERGETIC
PARTICLE INTERACTION WITH THE INTERNAL KINK
MODE

This section will describe the nonlinear interaction
between energetic particles and an n=1 internal kink
mode (including the NRK mode and the fishbone branches).
Figure 9 compares the n = 1 component of the kinetic energy
of the NRK mode with and without energetic particle, which
shows a stabilizing effect on the linear phase, while it has
weak effects on the nonlinear saturation level. Figure 10
represents the energetic particle redistribution induced by the
NRK nonlinear evolution, which agrees with experimental
results in NSTX.'? The results also indicate that the redistrib-
ution mainly occurs inside the g,,;, surface, and when the
mode saturates (time ~ 300t,), the distribution function
reaches a steady state.

We now proceed to present our nonlinear simulation
results of the n =1 fishbone. Figure 11(a) shows the nonlin-
ear evolution of the n=0, 1, 2, and 3 components of the
mode energy. The corresponding mode frequency evolution
is shown in Fig. 11(b). We observe that the fishbone starts to
saturate at about time = 250 t4 when the frequency chirps
down strongly. The n=1 mode is saturated around an ap-
proximate steady state. The n =2 and n =3 mode amplitudes
are much lower, indicating that the n=1 mode is still the
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FIG. 10. The NRK induces energetic particle redistribution.
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FIG. 11. Nonlinear evolution of fishbone mode with Ppeam/Prorar = 0.35,
Gmin=1.05: (a) the kinetic energy by toroidal mode number, (b) mode
frequency.

dominant mode in the nonlinear saturation phase. These non-
linear results are similar to those of the classical (1, 1) fish-
bone.® The nonlinear saturation is due to radial flattening of
the beam ion distribution, which is observed in our simula-
tions at mode saturation (Fig. 12). Compared to the redistrib-
ution induced by the NRK mode, the flattening is also
mainly inside the g,,;, surface, but with wave particle reso-
nance, the redistribution effect of the fishbone is stronger,
and even after the mode has saturated, it still induces ener-
getic particle transport. In addition to these nonlinear results,
we find that a (2, 1) magnetic island is induced nonlinearly
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FIG. 12. The fishbone mode induces energetic particle redistribution at dif-
ferent time frames.
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FIG. 13. Poincaré plot of magnetic surfaces at time = 300 7,4.

by the fishbone around the ¢ =2 flux surface, as shown in
Fig. 13. Additional magnetic islands are also induced beyond
the ¢ =2 surface. These fishbone-induced seed magnetic
islands could trigger neoclassical tearing modes as some-
times they observed after the fishbone instability in NSTX"?
and also in conventional tokamaks.'*

IV. SUMMARY

In conclusion, we have performed extensive linear and
nonlinear hybrid simulations to investigate energetic particle
effect on the NRK and the energetic particle-driven fishbone
instability in spherical tokamak plasmas. Numerical results
from the M3D-K code show that the trapped energetic particles
have strong stabilizing effect on the NRK mode, and the fish-
bone instability is excited by trapped beam ions preferentially
at higher ¢,,;,, values, consistent with the observed appearance
of the fishbone before the “long-lived mode” in NSTX and
MAST experiments. Nonlinear simulations show that the fish-
bone saturates with strong downward frequency chirping as
well as radial flattening of the beam ion distribution inside the
Qmin surface. A (2, 1) magnetic island is induced nonlinearly
by the fishbone instability, which could provide a trigger for
the (2, 1) neoclassical tearing mode sometimes observed after
the fishbone instability in NSTX.'® Nonlinear results of ener-
getic particle interaction with the NRK mode show that with-
out wave-particle resonance, the NRK mode can also induce
significant energetic particle redistribution, which agrees with
experimental results. These results have important implications
for the stability of global MHD modes and the fishbone insta-
bility as well as energetic particle transport in present tokamak
plasmas and future burning plasmas such as ITER. In particu-
lar, the fishbone instability could be driven unstable in the
advanced tokamak operating regime with weakly reversed
shear ¢ profile and g,,,;,, near integer values.
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