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Abstract

The kinetic stabilization process of the tilting instability in field-reversed configurations

is investigated by means of a three-dimensional particle simulation. For the case of no ion beam

the growth rate of tilt instability decreases as the plasma beta value at magnetic separatrix (3sp

increases. This stabilization effect originates from the character of anchoring ions which exist

in the vicinity of the magnetic separatrix and play a role as an "anchor" to hold the internal

plasma to the external plasma. The tilt mode is also found to be stabilized by injecting an ion

beam with about 20% of the ion thermal energy at the neighborhood of the null point even for

small /3sp plasmas.

1 Introduction

A field-reversed configuration (FRC) is attractive for a fusion reactor because it has

several superior features compared with the representative nominated reactor, e.g., toka-

mak. For example, there is no structure intersecting plasma torus, a high-beta plasma

can be confined by a simple magnetic geometry, and so on. The analysis based on the

ideal magnetohydrodynamic (MHD) theory predicts that the FRC plasma will be unstable

against the tilt mode if its separatrix shape is prolate [1-3]. However, many experimental

observations show that FRC plasmas remain stable much longer than the tilt growth time

[4-6]. Many papers have so far tried to explain this contradiction by examining non-ideal

MHD effects in FRC plasmas, such as the finite ion Larmor radius (FLR) effect[7, 8], the

profile control effect[9, 10], the ion beam effect[ll], and so on. However, the contradiction

can not be fully solved up to the present. For example, the kinetic simulations[7, 8] have

disclosed that the tilt mode can be stabilized for the kinetic plasma of s w 1, but it tends

to be unstable as s increases. Here, the FLR parameter s is defined by

rr,
= / rdr/{rspi), (1)

J R.

rs is the separatrix radius, R is the radius of the field null, and pi is the local ion gyroradius.

Thus, there remains a big discrepancy between the experiments and the theories in the

moderately kinetic plasma of 2 < s < 5. This paper will discuss the tilt stabilization of
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FRC plasmas due to the FLR effect, the current profile control effect, and the ion beam
effect, based on the results obtained from a three-dimensional full particle simulation and
an MHD simulation.

2 Simulation model

Let us consider the FRC plasma confined by a uniform external magnetic field
within the cylindrical conducting vessel with the periodic length 2Zd along the z-axis
and the radius R^. The dynamical evolution of FRC plasmas is solved by making use of
the three-dimensional electromagnetic particle simulation code which relies on the semi-
implicit scheme[8, 12].

As an initial condition we adopt two-dimensional equilibrium solution which satisfies
the equations

- V P + - j d x B = 0, (2)

V x B = — (jd+j&), (3)

where j<* and j& are the diamagnetic component and the beam component of an electric
current, respectively, and the pressure profile P(^) is given by[10]

for ̂  ° (4)
for X > 0 , K J

ty denotes the poloidal flux function, X — ̂ l\^ax\, ^ax is the value of ^ at the field null, PQ
is constant, Ko = (3sp(l — D/2)/(l — /3sp), (3sp[= P(®)/P{x = 1)] is the normalized pressure
value at the magnetic separatrix, and D is the hollowness parameter. The parameter /3sp

represents roughly the plasma beta value at the separatrix. The current profile jg/r
is spatially peaked for D < 0, flat for D = 0, and hollow for D > 0 where jg is the
azimuthal component of the diamagnetic current density. The initial particle distribution
of the diamagnetic component is assumed to be a shifted Maxwellian with a spatially
constant temperature. The ion beam with zero temperature is injected along the toroidal
(azimuthal) direction near the field null point so that it satisfies the radial force balance
equation.

We carry out several simulation runs for a moderately kinetic plasma of 2 < s < 5.
The important parameters used for the simulation are as follows. The ratio of ion to
electron mass mi/me is 50, the aspect ratio of the simulation cylinder (2Zd/Rd) is 6,
and u>pe/uce = 5, where ujce is the electron cyclotron frequency defined by the magnetic
field at the vessel wall on the midplane and upe is the electron plasma frequency defined
by the density at the field null. In the present model, five parameters can be controlled
independently. The first three are the FLR parameter s, the plasma beta value at magnetic
separatrix (3sp, and the hollowness parameter D. The ion beam is controlled by the total
beam current /<, and the total number of beam ions Nt,. In order to compare the particle
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Figure 1: Dependence of growth rate on sep-

aratrix beta for peaked current profiles where

D = —0.6, s = 3. Open and closed circles

correspond to the results obtained from the

MHD simulation and the particle simulation,

respectively.
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Figure 2: The tilt growth rate as a func-

tion of the number flux of anchoring ions

where the kinetic growth rate normalized by

the MHD rate is plotted for three different

hollowness parameters.

simulation results with the MHD ones we carry out a three-dimensional MHD simulation

which relies on the fourth-order Runge-Kutta-Gill scheme[13].

3 Stabilization by anchoring ions

The dependence of the tilt instability on the parameters s, D and /?sp are examined

for the case of no ion beam ( Ib, Nb = 0 ). The growth rate of tilt mode is slightly affected

by the FLR parameter s and the hollowness parameter Z)[12]. On the other hand, it

is found that the growth rate strongly depends on the plasma beta value at magnetic

separatrix fisp. The normalized growth rate is plotted as a function of the parameter /?sp

in Fig. 1 for the case where s = 3, D = —0.6, the growth rate is normalized by the Alfven

transit time tA and the growth rate obtained from the MHD simulation is plotted with

open circles for comparison. The initial condition and the boundary condition for the

MHD simulation are the same as those for the particle simulation. The kinetic growth

rate is almost the same as the MHD one for the case of /5sp = 0.01. The kinetic growth

rate decreases as the parameter (3sp increases, while the MHD growth rate is almost

independent of j3$p. Thus, the kinetic stabilization becomes effective for a large /3sp plasma

( flsp ^ 0-2 )• This result indicates that the plasmas in the vicinity of the magnetic

separatrix can play an important role in the suppression of the tilt instability. Let us

examine the role of gyrating ions crossing the magnetic separatrix repeatedly ("anchoring

ions"). The number flux of anchoring ions is found to increase in proportion to (3sp

where the flux is defined by the total number which times anchoring ions move across

the magnetic separatrix in one Alfven time. Figure 2 shows the relationship between the

growth rate and the number flux of anchoring ions. The kinetic growth rate decreases
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Figure 3: Temporal evolution of azimuthal

angle of tilt mode for the case of j3sv = 0.02

where the parameter 6 stands for the az-

imuthal angle at which the tilt amplitude be-

comes maximum.

Figure 4: Top view of five typical orbits of

beam ions for the case where I^/Ip = 0.022

and Nb/Ni = 0.01. The faint translucent el-

lipsoid represents the magnetic separatrix.

with the number flux regardless of the hollowness parameter D. Thus, the tilt stability

is realized for a large number flux of anchoring ions.

The kinetic stabilization mechanism by the anchoring ions is as follows. Tilt instability

is triggered by the internal mode, i.e., the collective motion of plasma is generated inside

the magnetic separatrix. The ions which make a gyrating motion across the separatrix

do not follow the collective motion when they are moving outside the separatrix. On the

other hand, the unstable internal motion grows while drifting slowly towards the azimuthal

direction due to the finite Larmor radius effect, as is shown in Fig. 3. In this way, the

phase difference is created between the motion of anchoring ions and the unstable internal

motion. When anchoring ions come back inside the separatrix, the internal tilting motion

is disturbed by the motion of anchoring ions. The stabilization effect by anchoring ions

becomes more effective as the number flux increases. Consequently, the tilt stability is

realized for a large beta at the separatrix ( /3sp > 0.2 ). In other words, the anchoring

ions play a role as an "anchor" to hold the internal plasma to the external plasma, thus

stabilizing the tilting motion through their "anchor" effect.

4 Stabilization by ion beam

The beam stabilization effect for small j3sp plasmas is examined by controlling the

total beam current /& in two ways[14]. First by changing the beam particle number while

keeping the beam velocity nearly equal to 3.0 of the thermal ion velocity, and the other

by changing the beam particle velocity while keeping the beam particle number equal to

0.01 of total number of thermal ions. The typical orbits of beam ions are shown in Fig. 4

for the case of h/Ip = 0.022 and Nb/Ni = 0.01, where Iv and JVj are the total current of

thermal plasmas and the total number of thermal ions, respectively. It is clearly seen in
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Figure 5: Dependence of growth rate on the

beam current /;, for the cases where the beam

number is changed (closed), and the cases

where the beam velocity is changed (open).

Figure 6: Dependence of growth rate on the

energy ratio of beam ions to thermal ions

^Kb/^KP for the same cases as Fig. 5.

Fig. 4 that the stable orbit of beam ions exists in the vicinity of the magnetic separatrix

and undergoes the small oscillation in the radial direction.

Figure 5 shows the dependence of growth rate on the total beam current It, for the

case where D = —0.6, s — 3, /3sp = 0.02. For both cases the growth rate remains almost

unchanged until the beam current reaches a critical value ( h < 0.03/p ). The growth

rate gradually decreases as the beam current increases above the critical value. Figure 6

shows the dependence of growth rate on the ratio of beam ions to thermal ions energy

tKb/
eKp for the same cases as Fig. 5. For the cases where the beam velocity is changed

(open circles), the tilt stabilization is realized when the beam energy is about 50% of the

ion thermal energy. For the cases where the beam number is changed (closed circles), the

tilt stabilization is realized when the beam energy is about 20% of the ion thermal energy.

It is concluded that the beam stabilization effect is evaluated in terms of the beam

current, and the effective stabilization with a relatively small beam energy is realized by

controlling the total number of beam ions.

5 Conclusions

We have investigated the tilt stabilization mechanism of FRC plasmas by means

of a three-dimensional particle simulation and an MHD simulation. The tilt stabilization

in the moderately kinetic regime ( 2 < s < 5 ) i s attributable mainly to the character of

anchoring ions which exist in the vicinity of the magnetic separatrix and play a role as an

"anchor" to hold the unstable internal plasma to the stable external plasma. The beam

stabilization effect is evaluated in terms of the beam current, and the effective stabilization

with a relatively small beam energy, i.e., about 20% of ion thermal energy, is realized by

controlling the total number of beam ions even for small (3sp plasmas.
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