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Open boundary particle simulation of
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We have developed a 2%—dimensional open boundary particle simulation model and
have studied the current-driven electrostatic ion-cyclotron instability and related
d.c. potential difference. Fresh streaming electrons are injected smoothly from the
boundaries at each time step, avoiding unphysical accumulation of charged particles
in front of the boundaries. As a current-driven electrostatic ion cyclotron instability
grows, a d.c. potential difference along the magnetic field lines is created.

1. Introduction

There is growing interest in particle simulation modelling including particle absorp-
tion and emission at boundaries. In the 1980s, Birdsall and co-workers developed
bounded plasma modelling, and studied sheath and related plasma—wall interac-
tions in front of solid walls or electrodes (Birdsall and Langdon 1985). They also
studied plasma phenomena observed in @ machines.

On the other hand, the above method, in which particles are injected into the
system without correlation of outgoing particles, is not appropriate for cases in
which a local system is connected smoothly to an external plasma system. Although
there were some attempts to treat such boundary conditions, it was reported that
an undesirable effect appears near the boundary (Barnes et al. 1985).

Recently, Takamaru et al. (1997; see also Sato et al. 1995) have succeeded in
developing an open boundary model in which the internal plasma is continuously
and smoothly connected to an external plasma source such as a current generator.
This model is applicable to the auroral field-line region in which fresh streaming
electrons along the magnetic field lines are supplied from the plasma sheet.

Oscillations around the ion cyclotron frequency have been observed in magne-
tized plasmas in both space and the laboratory. D’Angelo and Motley (1962; see also
Motley and D’Angelo 1963) reported the first clear-cut observation of these oscilla-
tions in a laboratory plasma. The oscillations were induced by applying a positive
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Figure 1. Schematic view of simulation configuration.

potential to a small disc electrode immersed in a single-ended  machine. An elec-
tric current was generated along magnetic field lines, and thus the oscillations were
considered to be caused by the current-driven electrostatic ion cyclotron instabil-
ity predicted by Drummond and Rosenbluth (1962). Many detailed measurements
were subsequently performed (Rynn et al. 1974; Correll et al. 1975; McWilliams et
al. 1986).

In space plasmas, oscillations around the ion cyclotron frequency have also been
observed (Kintner et al. 1978, 1979). Ion cone formation and d.c. potential dif-
ference associated with ion heating have been discussed in connection with the
current-driven electrostatic ion cyclotron instability. In particular, it has been re-
ported that a V-shaped potential structure and electrostatic ion cyclotron waves
are simultaneously present above the auroral ionosphere (Mozer et al. 1977).

Although many numerical simulations have revealed growth of current-driven
electrostatic ion cyclotron instability, saturation, and ion perpendicular heating
(Okuda et al. 1981; Pritchett et al. 1981), they have not demonstrated the creation
of a d.c. potential difference along the magnetic field lines by the instability.

In this paper, we present an extension of the open boundary particle simula-
tion model for a two-dimensional configuration, and show that a current-driven
electrostatic ion cyclotron instability grows and creates a d.c. potential difference.

2. Open boundary particle simulation model

We have developed a 2%—dimensional open-boundary particle simulation model by
adopting the method developed by Takamaru et al. (1997) for a one-dimensional
simulation. For the time integration and the particle weighting, we use the standard
particle-in-cell (PIC) simulation method (Birdsall and Langdon 1985), in which the
leap frog time integration method and first-order particle weighting are used.

Figure 1 shows a schematic view of the simulation configuration of the 2%—
dimensional open-boundary particle model. The left and right boundaries are open,
whereas a periodic boundary condition is applied in the y direction. The system
is assumed to be divided into segments in the y direction, where each segment
is assumed to be connected to an external constant current generator. We can
specify a different velocity distribution function in each segment, and we assume
that the velocity distribution function of the ith segment is f%(vy, vy, v,). The net
flux crossing the boundaries of the ith segment is given by

X o] (o] o0 .
I = / / / Vg [ (Vg Uy, V) dUg dvy dv.
— 00 — 00 — 00
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Figure 2. Time history of the ion density fluctuation (a) and the frequency spectrum (b),
with k‘Hpi =0.1 and klpz‘ =0.55.

Thus the net number of particles crossing the boundaries of the ith segment in the
positive = direction in each time step becomes

Nt =T'6yAt,

net

where 6y and At are the widths of the segment and the time step respectively. In

each time step, we count the numbers of particles going out of the left, Nf;}fft, and

right, N(fl’ll:ght, boundaries of the 7th segment, and calculate the numbers of particles

injected from the left, Nf;l’lm, and right, Nifl’right, boundaries of the ith segment from
the equations

i,left _ i 1,left c
Niu - Nnet - ]Vout ) (21)
i,right _ ,right i o <
Nin o= ]Vuutb - Nllct‘ (22)

Here the velocities of injected particles are generated using the cumulative distri-
bution function (Birdsall and Langdon 1985).

Since the total number of particles in the system is kept constant in time, the
total charge in the system is also kept constant, and set equal to zero. Thus the
x components of the electric field at the left and right boundaries can be fixed to
zZero.

3. Electrostatic ion cyclotron instability

The developed 2%—dimensional open boundary particle simulation model is applied
to study current-driven electrostatic ion cyclotron instability. The external uniform
magnetic field points in the positive z direction. The open-boundary condition is
applied for electrons, while the reflection boundary condition is applied for ions. This
is because we assume shifted Maxwellian electrons and non-shifted Maxwellian ions.

The ion motion is followed in three-dimensional velocity space and two-
dimensional real space to track the ion cyclotron motion, whereas we adopt the
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Figure 3. Grey-scale contour plot of the potential (a) and ion density (b) profiles at
wpet = 3000.

drift kinetic approximation for electrons and trace the electron motion only along
the magnetic field lines. This is because the electric field has only z and y compo-
nents, so E x B drift motion points in the z direction, which is not considered in
our model.

We show the simulation results with the following simulation parameters: the
system sizes are L, = 512Ap. and L, = 128\p, and the grid number is 512 x 128,
where Ap. is the Debye length. The system is assumed to be divided into 16 seg-
ments in the y direction, and thus the width of each segment is 8A\p.. The num-
bers of ions and electrons are 67 108 864 respectively, and thus 1024 particles per
unit grid cell are used. The ion-to-electron mass ratio is 400 and the temperature
ratio is % The electron cyclotron frequency we. = 5wpe and the ion cyclotron fre-
quency we; = 0.0125wy,e, where wp, is the electron plasma frequency. The electron
velocity distribution is a shifted Maxwellian, with drift in the = direction, and the
drift velocity is given by vge = 0.70t.. Here ve (= (Te/me)‘/Q) is the electron ther-
mal velocity, and T, and m, are the electron temperature and mass. The time-step
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Figure 4. Grey-scale contour plot of the d.c. potential profile at wpet = 3000 together with
the z-direction profile at y/Ape = 64.

width At = 0.2w;€] . In a uniform infinite plasma, a linear kinetic dispersion analysis
(Kindel and Kennel 1971) predicts that the fundamental modes of the electrostatic
ion cyclotron wave with 0.08 < kjp; < 0.18 and 0.5 < k1 p; < 1.5 are unstable for
the above simulation parameters, while the ion acoustic wave is not unstable.

Figure 2 shows the time evolution of the magnitude of the ion density fluctuation
(a) and the frequency spectrum (b) for the mode with kp; = 0.1 and k1 p; = 0.55,
where we use a cos k,xexpik,y transform to obtain the spatial spectrum. This
is a typical unstable mode for the electrostatic ion cyclotron wave for our choice
of simulation parameters as previously described. The peaks of the frequency are
around w ~ £1.3wg;, indicating that the mode corresponds to the ion cyclotron
wave, which has a phase velocity w/kj ~ 0.5v:, and w/k; =~ 0.08vs. and thus
propagates at £80° with respect to the magnetic field, with speed w/|k| &~ 0.08v.

Figure 3 shows grey-scale contour plots of the potential profile (a) and the ion
density profile (b) at wy.t = 3000, averaged over three times of the plasma period.
It is important to note that no sheathlike or any artificial noise appears near the
upstream and downstream boundaries, although fresh electrons are supplied from
both boundaries. A smeared, intersected wavefront pattern is discernible in the ion
density profile for z/Ap. > 200. This pattern corresponds to the electrostatic ion
cyclotron waves, which propagate almost perpendicularly to the magnetic field lines
with a small component of the propagation vector in the positive x direction. The
ion cyclotron wave is excited in the upstream region and develops as it propagates
from the upstream region to the downstream region. Hence the amplitude in the
downstream region is larger than that in the upstream region.

The formation of a d.c. potential due to the instability is shown in Fig. 4. This
shows a grey-scale contour plot of the potential profile together with the potential
profile along the magnetic field lines at y = %Ly, which are averaged over the period
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Figure 5. Time history of electron current in the system (a), and the numbers, of outgoing
electrons through the left (b) and right (¢) boundaries of the fourth segment.

of oscillation of the electrostatic ion cyclotron wave. The potential gradually rises
from z/Ap. = 150 to the downstream boundary along the magnetic field lines. The
potential difference reaches about eA¢/T. = 0.03. This d.c. potential difference is
created by the anomalous resistivity due to the instability. The anomalous resis-
tivity can be calculated from the relation = eE/noe*vge = e(Ap/Ly)/n0€*vge,
resulting in /1) ~ 10~*, where 1y = 47 JWpe.

Figure 5 shows the time evolutions of the electric current (a), and the numbers
of outgoing electrons through the left (b) and right (c¢) boundaries of the fourth
segment (24 < y/Ap. < 32). As the ion cyclotron wave grows, the oscillation
amplitude of the number of outgoing electrons through the right (downstream)
boundary increases. The fundamental frequency of the oscillation is that of the
ion cyclotron wave. In spite of this large amplitude oscillation, the electric current
through the system remains constant in time.
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4. Summary and discussion

We have developed a 2 %—dimensional electrostatic open boundary particle simula-
tion code and have shown that the current-driven electrostatic ion cyclotron insta-
bility is properly simulated. This open boundary model can smoothly inject fresh
particles from the boundary without creating unphysical noise. Furthermore, this
simulation succeeded in presenting not only a wavefront pattern accompanied by
the ion cyclotron wave, which has been shown in our previous periodic boundary
simulation (Ishiguro et al. 1997a), but also the creation of a d.c. potential difference
along the magnetic field lines. In this paper we have shown the results for the case
with a spatially uniform electron stream. We have also investigated a case with a
bell-shaped electron stream, and have succeeded in demonstrating that a V-shaped
d.c. potential structure is created by the current-driven electrostatic ion-cyclotron
instability (Ishiguro et al. 1997b).

In the usual Q-machine experiments, a positive potential is applied to a small
electrode in the plasma to induce an electric current, so the electric field has not only
a component along the magnetic field lines, but also a component across these lines.
This has given rise to many arguments about the generation mechanism of the oscil-
lation in Q-machine experiments (Hatakeyama et al. 1985; Sato and Hatakeyama
1985; Ishiguro et al. 1994). However, the propagation property reported by Cartier
et al. (1985) is consistent with the wavefront pattern observed in the case with a
bell-shaped electron stream (Ishiguro et al. 1997a.b).

In our 2%-dimensional configuration, ion E x B drift motion points in the z
direction, which is not considered; thus the ion transport due to this drift is not
included. It is interesting to investigate how this drift affects the d.c. potential
structure by performing a full three-dimensional simulation. This is an issue for
future work.
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