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Abstract. Plasma particle simulations are performed using GRAPE-6, a special-
purpose computer for calculating gravitational N-body systems. GRAPE-6 rap-
idly calculates the gravitational force between particles using specialized pipeline
processors. The peak performance of a unit of GRAPE-6 reaches 985 GFLOPS. We
investigated speeding up plasma simulations through the use of GRAPE-6 for the
calculation of Coulomb interactions, which have the same form of central force as
the gravitational force. As an example of plasma particle simulation using GRAPE-
6, we simulated the Buneman instability. As another example of plasma particle
simulation, we simulated a Coulomb crystal in a dusty plasma. The formation of a
Joulomb crystal was observed under typical laboratory conditions. We found that
GRAPE-6 can perform the entire operation of the simulation of a Coulomb crystal
with 5 x 103 particles up to 210 times faster than a 1.6-GHz Pentium4 CPU.

1. Introduction

Recently, in order to achieve high calculation speeds and lower the cost of the hard-
ware used for simulations, special-purpose computers have been developed. These
special-purpose computers are typically massively parallel processing computers
that contain numerous custom LSI chips that have been specifically designed to
calculate a few expressions. By limiting the versatility of the calculation, the hard-
ware complexity can be reduced drastically. Therefore, a special-purpose computer
can incorporate a greater number of processors onto a single chip, compared with a
general-purpose computer. GRAPE-6 (G6) is a special-purpose computer for solving
gravitational V-body problems [1]. G6 can rapidly calculate the gravitational force
between particles using specialized pipeline processors. The peak performance of
a G6 unit is upwards of 985 GFLOPS. We have used G6 for the calculation of
Coulomb interactions, which have the same form of central force as the gravitational
force, in order to accelerate plasma simulation [2]. In the following, we present the
basic concept of computation using G6. In addition, we present some examples of
simulation results and discuss the actual performance of G6.
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2. Calculation by G6

One unit of G6 has 32 custom LSI chips, each containing six pipeline processors for
the calculation of gravitational interactions between particles. Since one pipeline
processor works logically as eight pipelines, G6 has 1536 pipelines per unit. G6
realizes high-speed calculations by efficiently using these pipelines in parallel. G6
is connected to a general-purpose host computer (Pentium4 personal computer)
through a communications interface. G6 calculates only the force due to gravitation
between particles, and the host computer performs the other calculations. The user
program runs on the host computer and can use G6 only by calling library functions.
G6 is comprised of multiple memory units and pipeline processors. ach LSI chip
has its own memory unit, and whole particle data are stored distributively in these
memory units. Thus, the calculation of the force exerted on a particle is divided
among all LSI chips. In addition, G6 calculates the forces on different particles in
parallel using pipeline processors on the LSI chip.
The gravitational force calculated by a pipeline of the G6 is given by

Lij ,
F; —GmZZm] +52)3/2, (2.1)

where x; and x; and m; and m; are the positions and masses of particles i and
J. respectively, r;; = x; — X;, G is the gravitational constant and S is a softening
parameter used to suppress any divergence of the force at r;; — 0. The value of the
softening parameter must be set so as not to influence the simulation results. The
Coulomb force between charged particles is expressed by

v
2.2
477'602 J (r7; +52) (r2 4 §2)3/2° (22)

i

where ¢; and g; are the respective charges of particles ¢ and j, and g is the dielectric
constant. This equation shows that we can accelerate computations using G6 for
systems that include Coulomb interaction, by replacing G, m; and m; in expression
(2.1) with —1/4meq ., ¢; and g;, respectively.

3. Simulation of the Buneman instability using G6

As an example of plasma particle simulation using G6, we have calculated the
Buneman instability. For the case in which the number of plasma particles is
extremely high, in order to use G6 to calculate the interactions between particles
of the entire space, a suitable boundary condition is necessary. The particle does
not exist outside the distribution space of the particle. In the case of periodic
boundary conditions, in which particles that leave the boundary are injected from
the opposite boundary, these particles are accelerated and the total energy in the
system increases. The total energy does not increase if the speed of the injected
particles is in accordance with the half Maxwell distribution.

We simulate the Buneman instability using this boundary. In the initial con-
ditions of this simulation, we let electrons have relative drift velocity to ions and
generate the Buneman instability. Electrons and ions are distributed uniformly
within the system, and the velocity distribution is set to the Maxwellian velocity
distribution with a plasma temperature of 1 eV. The drift velocity of electrons is six
times faster than the electron thermal velocity. The electron to ion mass ratio is 64.
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Figure 1. Time evolution of the potential at the center of the system.
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Figure 2. Coulomb crystal structures calculated using (a) the Coulomb potential,
(b) the shielding potential and (c) two particles.

As an example of the simulation of the Buneman instability, a temporal variation
of the potential in a certain fixed location is shown in Fig. 1.

The wave of the potential in Fig. 1 grows with time. A result of a spectral analysis
of time evolution of the potential corresponds approximately to the theoretical
value. Therefore, G6 can simulate the Buneman instability if a suitable boundary
condition is used.

4. Simulation of Coulomb crystallizations in plasmas

In this section, we examine the simulation of Coulomb crystallization in plasmas
using G6 [3]. In the molecular dynamics simulations of Coulomb crystallization,
the Yukawa system is often employed to represent dusty plasmas [4].

The Coulomb potential is computed in G6, but the Debye shielding is not con-
sidered. Therefore, we approximate the Debye shielding using two particles. Using
this method, G6 can take into account the shielding potential.

In this example, we used a neutral gas pressure of 0.3 torr and a plasma density of
1.5x10'® m=3. The electron and ion temperatures were 1 and 0.026 eV, respectively.
As the initial conditions of the simulation, dust particles are distributed uniformly
within the system using random numbers, and the velocity distribution is set to the
Maxwellian velocity distribution for a temperature of 0.026 eV. The movement of
dust particles is obtained by calculating the equation of motion using the leap-frog
method. The crystal structure is shown in Fig. 2 for both of the cases in which the
shielding potential was and was not taken into account.

The crystal structures calculated using the Coulomb potential, the shielding
potential and the potential of the two particles are shown in Figs 2(a), (b) and
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Figure 3. Comparison of the calculation time using G6 with the time required
by a 1.6-GHz Pentium4 CPU.

(¢), respectively. The averaged distance between particles is given as ‘a’ at the top
right corner of each figure. Using the potential of the two particles, G6 can be used
to compute the shielding potential.

5. Evaluation of the calculation speed of G6

Finally, in order to evaluate the actual calculation speed of G6 during the simula-
tion, we compare the calculation speed of G6 with that of a Pentium4 processor.
Figure 3 shows the computation time required to perform the entire operation of a
simulation using either G6 or only the 1.6-GHz Pentium4 CPU host computer. The
simulation of the Coulomb crystal calculated using the Coulomb potential presented
above was used for this comparison. In the case of the potential of two particles,
the calculation time becomes twice that of the Coulomb potential. The Pentium4
required seven hours to perform the simulation with 5 x 103 particles, whereas G6
required only two minutes. This advantage becomes even more striking in the case
of simulations containing more than 103 particles.

6. Conclusion

We have performed plasma particle simulations using G6, a special-purpose com-
puter system for solving gravitational N-body problems. As an example of plasma
particle simulations using G6, a simulation of the Buneman instability was presen-
ted. It was confirmed that the G6 can compute plasma particle simulations. In
addition, we have calculated the Coulomb crystal in a dusty plasma using G6. The
crystalline structure of the dust particles was observed in the plasma—sheath bound-
ary under typical laboratory conditions. By approximating the shielding potential
using two particles, high-speed calculation using G6 became possible. Simulation of
a Coulomb crystal in a dusty plasma with 5 x 10% particles was confirmed to be
performed 210 times faster using the G6, as compared with 1.6-GHz Pentium4 CPU.
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