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Abstract

One dimensional electromagnetic simulation code based on a three-fluid model is used
to study evolution of perpendicular magnetosonic pulses in a two-ion-species plasma. A
magnetosonic pulse accelerates heavy ions in the direction parallel to the wave front, which
results in the excitation of a long-wavelength perturbation behind the original pulse. Thus
the original pulse is damped even if the plasma is collisionless and the pulse amplitude is
small. The damping rate of a solitary pulse is theoretically obtained. It decreases with
increasing amplitude. The theory is in good agreement with the simulation result. Also,
it is confirmed that small-amplitude periodic waves are not damped.

1. INTRODUCTION
Recently, it has been found that in a plasma containing multiple ion species magne-

tosonic waves behave quite differently from those in a single-ion-species plasma [l]-[5].
First of all, the magnetosonic wave is split into two modes in a two-ion species plasma;
the low- and high-frequency modes. The low-frequency mode has the ion-ion hybrid res-
onance frequency u;_r, while the high-frequency mode has the lower hybrid resonance
frequency u>+r. Even though the high-frquency mode has a cutoff frequency of the order
of ion cyclotron frequency, Korteweg-de Vries (KdV) equations were derived for both of
the modes [1]. The solitary wave of the low frequency mode has a soliton width about the
ion skin depth. The KdV equation for this mode is valid when the wave amplitudes are
quite small. On the other hand, the solitay wave of the high-frequency mode has a soliton
width about the electron skin depth. The KdV equation for this mode is valid when the
amplitude t is not too small. It is because this mode has a finite cutoff frequency u>+0 and
the frequency is nearly constant in the long-wavelength region, k < kc ; kc is denned as
ui_r/vA with VA the Alfven speed.

Furthermore, in a multi-ion-species plasma, a magnetosonic pulse (high frequency
mode) can accelerate heavy ions to high-energies as well as some of the hydrogens [2],[5];
here, as in a space plasma, hydrogens are assumed to be the dominant component. As
in a single-ion-species plasma, some fraction of hydrogens are reflected (accelerated) by
the longitudinal electric field. The reflection does not take place when the amplitude is
small. On the other hand, heavy ions are accelerated by the transverse electric field. If
the pulse has a large-amplitude shock-like profile, all the particles of all the heavy species
are accelerated to nearly the same speed. This result was applied lo the solar physics [5]
to account for the observations that the elemental compositions of solar energetic particles
are similar to that of the background plasma, i.e., the solar corona. When the pulse has
a small-amplitude soliton-like profile, all the heavy ions are also accelerated. In this case,
however, the maximum speed is lower and depends on ion species.
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Because of the heavy ion acceleration, magnetosonic pulses are damped, even when
they propagate perpendicular to a magnetic field with small amplitudes. In this paper,
using a one-dimensional electromagnetic simulation code based on a three-fluid model,
we study the collisionless damping of perpendicular magnetosonic waves (high-frequency
mode) in a two-ion-species plasma.

2. WAVE D A M P I N G
In a two-ion-species plasma, the heavy ion acceleration occurs in either large-amplitude

or small-amplitude magnetosonic pulses [2]. A small-amplitude soliton-like pulse can
accelelate heavy ions to the speed

bym (1)

where Bn is the amplitude of the perturbed magnetic field normalized to the external
field, Bo, and the coefficient gvB is denned as

4a'1/2 ft&wjL / a

Here, upj and £lj are the plasma and the cyclotron frequencies of particle species j ,
respectively. The subscript a refers to the lighter ion species and the subscript b refers
to the heavier ion species. The coefficient a' is an order-unity quantity, T/ is of the order
of me/ma, and the speed t?h is slightly higher than the Alfven speed v&; for their precise
expressions, see ref. 3.

The heavy ion acceleration causes the damping of the original pulse. The physical
process of energy transfer is summarized as follows. In the pulse region, heavy ions are
accelerated in the direction parallel to the wave front up to the speed (1). This heavy-
ion motion across the magnetic field produces a long-wavelength perturbation behind the
original pulse (see Fig. 4 in the next section). Simulations show that the wave number
of such a perturbation is k ~ kc and thus the frequency is u> ~ w+0. The energy of
the original pulse is thereby gradually transferred to the long-wavelength perturbation
through the acceleration of the heavy ion.

The wave-enegy density of the long wave length perturbations can be written as
w(<jS)vlym, where W(LO) is given by

1 mbnb0 \(L0-T , (^2-^ r)
2 \ , ^

W{UJ) = o {manaQ + mbnb0) —— -\ -rj-z — . (3)
I mana0 \ LO* u;^u;+0 — a>_r)/

The amount of energy that the perturbation gains per unit time is w(u)v2
ymMvh, where

Mvh. is the propagation speed of the original pulse (M is the Mach number). This is equal
to the time rate of change in the totla wave energy Ew of the original pulse

(4)
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The total energy of the original pulse can be given by

Substituting the soliton solution into this equation, we can obtain the specific form for
Ew of the original pulse as a function of the normalized amplitude Bn. The wave energy
Ew is proportional to B^2, because the wave-energy density is proportional to B2 and
the soliton width is proportional B~1^2.

The Mach number M is related to Bn through Bn — 2(M — 1). We therefore obtain
a differential equation for the amplitude of the magnetic field

dB3J2/dt = -(3/2)75n(l + BJ2), (6)

where 7 is

7

If we neglect the second term on the right-hand side of eq. (6), we have

(8)

When the second term in the square bracket on the right-hand side of eq. (8) is smaller
than unity, this equation can be approximated as

0)~V% (9)

The damping rate, 7^, is thus given by

7 d = 7#- 1 / 2(0) . (10)

Note that it decreases with increasing initial amplitude J5n(0) (The soliton theory for this
mode is valid for amplitudes (me/mi)^2 C B n C 1.). If we retain the second term on
the right-hand side of eq. (6), we have

£n(i) = 2 tan 2 [C-7^/ (2^2)] , (11)

where C is given by C = arctan [Bn(0)/2]1/2. When t and Bn are small, eq. (11) reduces
to eq. (8).

3. Simulation Results
We consider waves propagating in the x direction (d/dy = d/dz = 0) in a magnetic

field B that points in the z direction. To study the space-time evolution of finite amplitude
waves, we carry out numerical simulations of the three-fluid model, employing the pseudo
spectral method.

We simulate a hydrogen-helium plasma. Thus we have chosen the mass and charge
ratios between heavy and light ions as mb/nia = 4 and qb/qa — 2, respectively. The
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density ratio is nj,/na = 0.1, as in space plasmas. The mass and charge ratios between
light ions and electrons are ma/me = 1000 and qa/qe = — 1. The magnetic field strength
is |fie|/wPe = 0.5, so that C/VA — 68.3 and VA/V^ = 0.967.

First, let us confirm that a small-amplitude periodic (sine) wave is not damped.As
the initial wave profile, we use a sine wave with the amplitude, Bn — 0.001. Figure 1
shows the amplitude as a function of time. Even though Bn(t) oscillate with very small
amplitude, it is constant on average; the damping is not observed for periodic waves.

Let us also confirm that a solitary wave is not damped in a single-ion-species plasma.
We impose a solitary wave solution for a single-ion-species plasma. Figure 2 represents
the time variation of the amplitude, Bn(t). In the early stage, the pulse propagation is not
stationary, because of the initial disturbance. However, after the self-consistent solitary
wave is established, i.e., flat •> 10, it propagates steadily, and its amplitude becomes
nearly constant in time.

Now, we study the damping of solitary pulses in a two-ion-species plasma. As initial
wave profiles, we set solitary wave solutions obtained from the KdV equation for the high-
frequency mode. In Fig. 3 we show profiles of the magnetic field at various times for a
solitary wave with the initial amplitude Bn(0) =0.1. Figure 4 shows the profiles of i»(,y,
the y component of the velocity of the heavy ions. Although the magnetic field nearly
keeps its initial profile, the heavy-ion velocity vt,y, which is quite small at t — 0, increases
with time in the pulse region; in this case it reaches its steady state value, V\,y ~ O.Oluji,
at about u>pet = 1500. That is, even in the fluid model, the heavy ions are accelerated
in the direction parallel to the wave front. The heavy-ion motion across the magnetic
field produces a long-wavelength perturbation behind the pulse region. This is the high-
frequency mode, with the wavelength A ~ 2ir/kc: more precisely, A = 1.2(2n/kc) (and
hence u = 1.053a>+o) for this case.

Because the energy is transfered to the long-wavelength perturbation, original pulse is
gradually damped. Plotted in Fig. 5 is the time variation of the amplitude of the original
pulse. The dots show simulation results, while the.straight line represent the theory,
eq.(10). When the solitary wave solution is imposed at t = 0 in the simulation, small-
amplitude fluctuations (such as backward waves) as well as solitary wave are generated.
Thus, the magnetic amplitudes in the simulation also have small fluctuations. We observe
that the solitary wave is damped and that the theoretical damping rate agrees well with
the simulation result.

We have carried out simulations with different initial amplitude, keeping the other
parameters unchanged. Figure 6 shows the dependence of the maximum value of v^y on
the amplitude Bn(0). Here, the solid line was obtained from the theory, eq.(l). In the
region Bn > 7], the agreement between the theory and simulation is especially nice. We
show in Fig. 7 the damping rate as a function of the amplitude of the original pulse. The
theoretical line represents eq.(10). Again, in the region Bn > 77, the theory agrees well
with the simulation results.
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Figure 1: Time variation of the amplitude
of a periodic wave.
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Figure 3: Magnetic field profiles of a solitary
wave in a two-ion-species plasma at various
times. The initial amplitude is Bn(0) = 0.1
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Figure 2: Time variation of the amplitude of
solitary wave in a single-ion-species plasma.
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Figure 4: Profiles of the heavy ion velocity
parallel to the wave front, Vby, at various
times.
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Figure 6: Maximum value Vbym as a function
of the normalized amplitude Bn(0). The
theoretical curve (-) is compared with the
simulation results (•).
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Figure 7: Damping rate 7<j as a function of
the normalized amplitude Bn(0). The theo-

Figure 5: Time variation of the amplitude of r e t i c a l c u r v e (_) i s c o m p a r ed with the sim-
a solitary wave in a two-ion-species plasma. m a t i o n r e s u i t s (.). The theory is valid for
The solid line and the dots show theory and R fn) ~ r?
simulation results, respectively.
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