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Abstract

Particle-magnetohydrodynamic (MHD) hybrid simulations were carried out to investigate nonlinear evolution of
precessional fishbone instability using parameters similar to the PDX experiment. Spatial profile of the fishbone mode
is different from that of the kink mode. The fishbone mode frequency shifts downward at saturation of the instability,
while it is close to the experimental value in the linear growth phase. The saturation level of the plasma displacement
is comparable to the radius of the q 1= surface.
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1. Introduction

Fishbone instability was first observed during near-
perpendicular neutral beam injection in the PDX tokamak
[1]. The instability takes place in recurrent bursts,
accompanied by frequency decrease during each burst. Two
types of fishbone modes, precessional fishbones [2] and
thermal ion diamagnetic drift fishbones [3], were
theoretically predicted. Nonlinear simulations of the thermal
ion diamagnetic drift fishbones were carried out in Ref. [4]
where a perturbative description was applied. On the other
hand, little is known about self-consistent nonlinear evolution
of the precessional fishbones. Perturbative approach is not
valid for the precessional fishbones, since the mode
frequency emerges from the shear Alfvén continuous
spectrum and depends intrinsically on the energetic ion
distribution. This makes the problem more difficult and
interesting than the thermal ion diamagnetic drift fishbones.
We carried out particle-MHD hybrid simulations with
parameters similar to the PDX experiments. This is the first
simulation of the precessional fishbone that demonstrates the
saturation of the instability and decrease in the mode
frequency.

In Sec. 2, simulation model and method are described.
Simulation results are reported in Sec. 3. Section 4 is devoted
to disccussion and summary.

2. Simulation model

In the particle-MHD hybrid simulation model [5] plasma
is divided into two parts, bulk plasma and energetic ions. The
bulk plasma is described by the ideal MHD equations. Two
fluid effects which might be important to the kink and
fishbone instabilities are not taken into account in the present

study. Electromagnetic field is given by the MHD
description. This approximation is reasonable under the
condition that the energetic ion density is much less than the
bulk plasma density. The ideal MHD equations are, 
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where 0n is the vacuum magnetic permeability, c is the
adiabatic constant, t is the mass density, v is the velocity,
and p is the pressure. The MHD equations are solved using a
finite difference scheme of 4th order accuracy in space and
time.

The drift-kinetic description is employed for the
energetic ions which are generated by the neutral beam
injection. The guiding-center velocity u is given by 
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where v is the velocity parallel to the magnetic field, n is
the magnetic moment, mh and qh are mass and charge of an
energetic ion, and b is a unit vector paralell to B. The effects
of the energetic ions on the bulk plasma are taken into
account in the MHD momentum equation:

(12)

where Q and Qh are the total charge density and energetic-ion
charge density, and jh is the energetic-ion current density.
The total charge density Q is negligible in the MHD
approximation where the quasineutrality is satisfied. Paying
attention to the fact that Q Eh- cancel out with the Lorentz
force due to E B# current of the energetic ions, Eq. (12) is
rewritten to

(13)

(14)

(15)

where M#d is the energetic ion magnetized current,
P Pandh h9 are the energetic ion parallel pressure and
perpendicular pressure, respectively. For the initial
distribution, the energetic ions are assumed to be isotropic in
the velocity space. Equation (13) has an exact simple form
for isotropic energetic ion distributions,

(16)

The fd particle simulation method [6] is applied to the
energetic ions. Time evolution of the j -th particle’s weight,
w j , is described by 

(17)

(18)

(19)

where f 0 is the initial distribution which is a function of the
magnetic surface and energy. Using this weight, the energetic
ion current hjl in Eq. (14) is evaluated through

(20)

(21)

where ( )S x X j- is the shape factor of each super particle.

3. Simulation results

Results of particle-MHD hybrid simulations of the kink
instability and the fishbone instability are reported in this
section. In the simulation, parameters are similar to the PDX
experiments. The major radius is .R 1 430= m and the minor
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radius is .a 0 43= m. The magnetic field at the axis is 1.5 T.
The plasma density is taken to be uniform 5 1019# m 3- . The
bulk plasma is hydrogen and the energetic ion is deuterium.
The initial distribution of energetic ions in the velocity space
is a slowing down distribution with the maximum energy 
50 keV. The slowing down distribution is taken to be
isotropic in the velocity space for simplicity. The spatial
profile of energetic ion pressure is a Gaussian with pressure
gradient scale length 0.15 m at the q 1= surface, where q is
the safety factor. Two runs where the central energetic ion
beta values ( )b 0h are, 0 % and 3 %, respectively, were
carried out.

Figure 1 shows the initial beta profiles and q-profile for
( ) %b 0 3h = . Figure 2 shows spatial profiles of the radial

velocity vr in the linear growth phase. Solid and dashed
curves represent the sine and cosine part of the / /m n 1 1=

harmonic, respectively. Here m is the poloidal mode number
and n is the toroidal mode number. Dashed-dotted curves
show the q -profile. In Fig. 2 the phase is chosen so as to
maximize the sine part amplitude. The well-known top-hat
structure of the kink mode is seen in Fig. 2(a). This mode is a
purely MHD mode. For the central energetic ion beta value
of 3 % a fishbone mode is destabilized. We have investigated
energy evolution. Only the energetic ion energy is decreasing
while the magnetic energy, MHD fluid kinetic energy, and
MHD thermal energy are increasing. This clearly indicates
that the instability is driven by the energetic ions. We can
conclude that the instability is the fishbone instability. It can
be seen in Fig. 2(b) that the spatial profile of the fishbone
mode is different from that of the kink mode shown in 
Fig. 2(a).

For the fishbone instability, amplitude evolution of
/ /m n 1 1= harmonics of the radial velocity vr is shown in

Fig. 3(a). The frequency evolution of / /m n 1 1= harmonics
of the radial magnetic field fluctuation is shown in Fig. 3(b).
Frequency in the linear growth phase is 18 kHz which
corresponds to /. v R3 5 10 A

2
0#+~ - and is close to the

fishbone frequency in the PDX experiments, where ~ is the
fishbone mode frequency, and vA is the Alfven velocity. 
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Fig. 1  Initial beta profiles and q-profile.
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clear as Ref. [7] predicts. We should notice that Ref. [7]
assumed that no energetic particles are present around the
q 1= surface. In the simulation presented in this paper,
energetic ions were distributed in a Gaussian form with
regard to the minor radius and were present around the q 1=

surface. The energetic particles around the q 1= surface in
the present simulation might modify the two step structure.
Another simulation where the energetic particles are absent
from the q 1= surface will be useful to test the conjecture.

In this paper we have investigated the preccessional
fishbone instability using parameters similar to the PDX
experiment. The spatial profile of the fishbone mode is
different from the top-hat structure of the kink mode. The
saturation of the fishbone instability and the frequency
downshift have been demonstrated. The saturation level of
the plasma displacement was comparable to the radius of the
q 1= surface. More work is needed to clarify the mechanism
of saturation and frequency downshift.

The frequency shifts downward at saturation. The saturation 
level of the total velocity is /v v 2 10A

3#+ - . This 
gives the plasma displacement at the saturation

1=/ . . .v R a r5 7 10 0 18 0 6 q
2

0#+ + + +p ~ - , where 1=rq

denotes the minor radius of the magnetic surface where the
safety factor is q 1= . Thus, the saturation level of the plasma
displacement is comparable to the radius of the q 1= surface.
This saturation level is a factor of 7 larger than that found 
in the simulation of the thermal ion diamagnetic drift
fishbone [4].

4. Discussion and summary

It was theoretically predicted in Ref. [7] that the
fishbone mode has a two step structure and the width of the
individual steps is a factor /c ~ smaller than the distance
between them, where c and ~ are the growth rate and the
real frequency of the mode, respectively. In the fishbone
simulation results they are 8 10 3#+c ~-

A and
4 10 2#+~ ~-

A , where /v R0=~A A . The ratio is / .0 2+c ~ .
We can see a two step structure in Fig. 2(b), but it is not so
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Fig. 3 (a) Amplitude evolution of / /m n 1 1= harmonic of the
radial velocity vr and (b) frequency evolution of

/ /m n 1 1= harmonic of the radial magnetic fluctuation
Brd .

Fig. 2 Comparison in radial velocity spatial profiles of (a) 
kink mode for ( ) %0 0h =b and (b) fishbone mode for

( ) %0 3h =b .
Solid and dashed curves represent the sine and
cosine part of the / /m n 1 1= harmonic, respectively.
Dashed-dotted curves show the q -profile.
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